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Abstract: The present study has potential applications in
biomedical engineering, particularly in drug delivery systems
and diagnostic imaging of stenotic arteries. The purpose of
this study is to explore the key role of Fe;04 and Cu nano-
particles, which are submerged together in human blood in
the presence of magnetohydrodynamics flow through ste-
notic arteries. The main motive for selecting Fe;04 and Cu
nanoparticles is their importance in drug delivery because
they possess potential usefulness in drug transference as well
as imaging properties. Therefore, the governing equations
that define the flow as well as heat transference of blood
are changed from partial differential equations to ordinary
differential equations by utilizing the appropriate similarity
variables. The shooting technique was applied to achieve the
numerical solution in Maple software to observe the influ-
ences of the used nanoparticles and the parameters in ste-
notic arteries. Velocity and temperature profiles, along with
engineering interest quantities, skin friction, and Nusselt
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numbers, were detected for various values of parameters
and nanoparticle volume fractions. The main findings show
that dual solutions exist for S > 1.7591, A > —0.82435,and 0 < y <
0.7385. Moreover, the blood flow performance can be
decreased by increasing the suction and magnetic para-
meters and the rate of shrinking in the stenotic arteries.
The temperature of the blood can be raised by increasing
the rate of thermal radiation and magnetic parameters. An
increase in the thermal slip parameter decreased the tem-
perature of the blood in the arteries. Such modeling and
investigation of solutions can play an important role in pre-
dicting the reasons for atherosclerosis.

Keywords: human blood, nanofluid, shooting method,
thermal radiation, magnetic field

Nomenclature
Ug Velocity constant
R(x) Radius
u, v Velocity components
Ly/2 Length of the stenotic artery
Cu Copper
Temperature
T, Ambient temperature
Ty Constant reference temperature
Ty Wall surface temperature
X Flow parameter
Kint Thermal conductivity
V) Kinematic viscosity
Re, Reynolds number
n Transformed variable
k* Absorption coefficient
y Unknown eigenvalue
B(x) Magnetic field
Rd Thermal radiation
M Hartmann number
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Pr Prandtl number

St Thermal slip parameter

Vyy Suction/injection velocity
Upns Dynamic viscosity

Phnt Density

(pcp)nne  Heat capacity

A Stretching/shrinking parameter
S Injection/suction parameter
Nu Local Nusselt number

Ce Skin friction coefficient

k Thermal conductivity

v Stream function

Re, Local Reynolds number

1 Introduction

Nanofluids are prepared using the suspension of nanosized
materials in traditional fluids. Such fluids exhibit a consid-
erable increase in thermal properties at low nanoparticle
concentrations. They exhibit several motivating properties,
and their unique structures offer extraordinary potential
for modern applications. It is seen that most of the nano-
fluid publications are about understanding their behavior
and characteristics so that they can be used where direct
improvement of nanofluids may dominate in different
applications of industries, biomedicine, nuclear, transpor-
tation, electronics, reactors, and food. The present work
mainly concentrates on a wide range of related biological
applications that particularly involve nanofluids. Different
nanomaterials used in different nanofluids are the main
resources in nanotechnology. The smallest range of nano-
particles is particularly used in medical applications,
including the treatment of blood vessels. Such fluids can
be used for the transportation of medications. Several
researchers [1-3] have used different types of nanoparti-
cles to investigate the changing aspects of blood due to
stenosed arteries. Atherosclerotic plaques or thinning of
the human arterial system, predictable as arterial stenosis,
is relatively common. Stenosis disrupts the natural arterial
flow pattern of blood. The human kidneys require suffi-
cient blood flow to assist in cleaning useless materials.
Due to arterial constrictions, a typical quantity of
oxygen-rich blood cannot reach the human kidneys, which
increases blood pressure and causes many injuries. In this
regard, Abdelsalam et al. [4] analyzed blood flow through
damaged arteries using the osmotic pressure forces of
hybrid nanoparticles. The blood flow of hybridized nano-
fluids through arteries for the respiratory circulatory
system and medication administration was studied by
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Shojaie Chahregh and Dinarvand [5]. While Shahzadi and
Bilal [6] considered the impact of permeability on the
hybridized flow of blood through the bifurcation of ste-
notic arteries, a drug transporter application was exposed
by Dinarvand et al. [7], who showed that the single shape of
the flow of blood of the nanofluids on a stretching surface
may improve the treatment of microcirculatory systems.
Shivalila et al. [8] investigated the role of thermophoretic
particle deposition effects in a blood nanofluid flow past a
stenosed artery with porous medium. Zhang et al. [9] ana-
lyzed the effect of a soft magnetic particle content on the
multiphysics field of a magnetorheological composite gel
clutch with a complex flow channel excited by a Halbach
array arrangement. Saeed et al. [10] investigated the flow of
the blood-based hybridized nanofluid in the presence of the
couple stress and electromagnetic field. The flow of nano-
fluids along the radiation effect over vertically damaged cor-
onary arteries was studied by Kot and Elmaboud [11]. The
Casson base hybrid nanofluid flow with up and down tawdri-
ness in thinner films was investigated by Alhussain and Tas-
saddiq [12]. Moreover, Sajid et al. [13] studied the influence of
oxic organisms as well as the diffusivity of diverse species on
gold blood relations. Mousavi et al. [14] inspected the magne-
tohydrodynamic flow of the heat radiative hybrid nanofluids
with dual solutions over the spinning thinner spine. Parveen
et al. [15] studied the energy transference and stress increase
of hybrid nanofluids with magnetic fields and endoscopic
effects induced using a computational technique.
Nanofluids are ultra-fine nanomaterial suspensions in
conventional fluids. The main reason for developing nano-
fluids was to enhance the thermal conductivities in the flows
of fluids that have been extensively validated for thermal
manufacturing and technical usage, similar to computer
disc drives, coolants in vehicles, turhojet engines, and che-
mical operations. The nanofluid was first introduced by
American scientists Choi and Eastman [16], who made it an
active field of research. Scientists and researchers have
emphasized the outstanding heat transfer proficiencies of
nanofluids in the literature. Farooq et al. [17] investigated
the flow of the bio-convective Carreau blood-based hybri-
dized nanofluids with Cattaneo Christov mass and heat
exchange. Li et al. [18] studied the second-grade nanofluid
flow with Wu’s slip and motile microorganisms. Nanotech-
nology is a comprehensive scientific research discipline.
Therefore, the development of nanostructures in medicine
and drug distribution in the body is mainly related to creating
an artificial nanometer-sized tailored delivery system for
medication. Microcapsules, liposomes, microparticles, nano-
emulsions, and many other drug-delivery methods exhibit a
wider range of useful properties. They have numerous advan-
tages and disadvantages. Each system was developed to
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address the shortcomings of previously used systems. In this
regard, Motasadizadeh et al. [19] examined a twin medication-
delivering hydrogel scaffold based on sodium alginate for the
treatment of chronic bone infections. Sabzi et al. [20] studied the
corrosion responses and bioactivity of ZnO nanoparticles placed
on an NiTi shape memory alloy. The surface narrative of nano-
composites along CuO for the visible-light antimicrobial appli-
cations and photocatalytic antibiotic degradation was investi-
gated by Hajipour et al. [21]. In this regard, some important
studies have been conducted [22-26].

This study aimed to investigate the importance of
Fe;0,—Cu/blood base hybrid nanofluids through stenosed
arteries. In this study, stretching/shrinking cases of porous
media were discussed. The effects of magnetic, suction, radia-
tion, thermal slip, and the combined effects of Fe;0, and Cu
were examined. To the best of our knowledge, such an inno-
vative study has not been reported in the literature. The gov-
erning partial differential equations (PDEs) are converted into
ordinary differential equations (ODEs) using appropriate simi-
larity transformations. Then, the equations are solved numeri-
cally by applying the shooting technique in Maple software.
The results were validated by comparing the results obtained
in this study with those previously reported in the literature.
Parameter duality in solutions is obtained at different ranges.
This study leads us toward fruitful applications of nanofluids
in medicine. However, there is a need to work in this field on
theoretical and experimental bases, considering different
types of nanoparticles and physical parameters.

2 Mathematical formulation

Let us consider the steady 2D MHD laminar, incompres-
sible, and heat transfer behavior of a Fe;0,—Cu/blood
hybrid nanofluid flow, along with the thermal radiation
effect through a stenosed artery. The following key
assumptions have been made:

* Flow Parameters: Various factors influencing the flow
are considered, such as thermal radiation effects, mag-
netic forces, thermal slip, and suction.

Stenosis Geometry: The stenosed artery has a total
length of Ly/2. The radius of the artery is represented
by R(x), with stenosis characterized by a height y and
a width in the unrestricted region of (2Ry).

Coordinate System: The coordinate system is chosen
such that the blood flow moves along the x-axis and
perpendicular to the r-axis.

Figure 1 illustrates the flow pattern and coordinate
system used in the model. The profile of the stenosed
region was based on the work of Sarwar et al. [27].
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0

R(x) = Ry otherwise.

Based on the above assumptions and boundary layer
approximations or scaling, the following leading equations
of the considered problem are given as follows [27]:

a(rv) . a(ru) _
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where g, is the radiation heat exchange and can be defined
as
4¢g* 0T*

. _4o7oT” 5)
©= T3 o

where k* is the mean absorption coefficient and ¢* is the
Stefan-Boltzmann constant. The temperature variance in
the flow is considered to be adequately smaller; therefore,
T* is defined as the linear relation of temperature T and
using truncated Taylor’s series on the free-stream flowing
fluid temperature T, and later, ignoring greater order
terms, there would be:

T* = - 3T4 + AT3T. (6)
Using equation (6) in equation (4), we obtain

160°T3 0T,
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The boundary conditions considered are as follows:

L-/2

Figure 1: Physical sketch of the flow model and the cylindrical coordinate
system.
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=A = T=T1 +N£ tr=R
u=2Au,, v=w, T=T, or TR, ®)

u—-0,T-T1T, as R~ oo,

where u and v correspond to the velocity components in
the directions of the x- and r-axis, respectively. oy is the
electrical conduction,T is the temperature of the hybrid
nanofluid, p; s is the density of HNFs, u . is the viscosity
of the HNFs, (0Cp)nnt is the heat capacity of HNFs, and Kynt
is the thermal conductivity of the HNFs that are further
defined in Table 1. Moreover, the stretching and shrinking
parameters is denoted by A, where A < 0 and A > 0 show
the shrinking and stretching cases of arterial surfaces,
respectively.

Continuity equation (1) is satisfied by presenting ¥ as
the stream function for the velocity components u and v
defined as

)

ror’

where ¥ = /%”fo(r)).
Using equation (9) in equations (3) and (7), we obtain
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To detect similarity solutions of equations (10) and (11),
the following similarity transformation is considered:
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which is obtained using similarity variables (12) in equa-
tions (10) and (11). Thus,

Hing/Hy
Prnt/Ps

+ f(nf (n) - [%‘fM +f ’(n)]/’(n) =0,

[+ 2n0f () + 2xf ()]
13)

1 [khnf + éRd] (14

Pr(pcp)me/(pep)e| ke 3
x [+ 20 () + 2x0°(m] + '(n)f (n) = 0,
with the following boundary conditions:

f0) =2, f(0)=S5, 6(0)=1+6610)

(15)
f{m) = 0, 6(n)—0 as n — o,

The dimensionless flow parameters are defined as

_ LooB} Magnetic parameter
T prtto
S = r [Ty Injection parameter
= _VWE =0
UtlUg
_ [vlo Flow parameter
X R2u0
_ 4013 Radiation parameter
Rd = -~
£l
s o 1/2N Thermal slip parameter
T= veLg
r= Prandtl number
(ﬂCp)f

3 Quantities of engineering
interest

- UX _ R uou s o P
=T, fm, v=— Ly f, The quantities of engineering interest, skin friction (Cy),
PR — (12)  and local Nusselt number (Nuy) are defined as
- 0
= —, 0(n) = (T - THI(T; - T),
n R\ v (m =( (T -~ To) 2, . xq,
1. ) and Nuy = ——————, (16)
UW £ kf(Tw - Tw)
Table 1: Correlation of the thermophysical properties between the base fluid and nanoparticles according to Sharma et al. [28]
Property Mathematical formulations of hybrid nanofluids
Density Prnt = [(A = Pres00Pr + Pres0,Pres0,]1 = Pc) + PeuPeu
Dynamic viscosity Uint = yf(l - (pCu)-Z»S(] - ¢Fe304)-25
Heat capacity (pcp)hnf = [(1 - ¢Fe3o4)(pcp)f + ¢Fe3o4(pcp)lfe304](1 - (Pcﬂ) + (PCu(pCp)Cu
Thermal conductivity ke + keu - 20cy(kn ~ kcw) _ 2Kg ~ 2ppeq0, (Kt ~ KFeg0y) + KFe304
Kant = ko oyl —kow < (Kt WHETE Kat = pg e Kregop * kregoy, ()
i ivi u + 20nf ~ 20¢y(0nf ~ 0Cu +20f = 20peq0,(0f ~ )
Electrical conductivity Ot = O+ 20nf ~ 29cu(9nf 0w (6.), where oy = OFe304 + 20f = 20peq0,(0t ~ OFe304 x (a)

acu + 20nf + Pcy(Onf ~ 9cu)

OFe304 *+ 20f * PFey04(0f ~ OFe304)
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where heat flux and shear stress are written as
Gy = ~knntTrlr=r + Gyaql r=r and

Tw = Uppelrl=r- a7

Using equations (12) and (17) in equation (16), we
obtain

JRe,C = %f”m) and
! (18)

Nuy//Rey = —[kz—;‘f + %Rd]@’(o).

3.1 Numerical procedure of the scheme

To obtain the numerical solutions of equations (13) and (14)
with boundary conditions (15), the shooting technique in
Maple software is applied. Generally, this method converts
boundary value problems into related initial value pro-
blems. Moreover, this method is very fast in providing
numerical results with good convergence and attractive
graphical visualizations. According to this methodology,
the equations are written as

f'=F, f”=Fp,
g/ My
———[(1 + 2nY)F; + FF
Prunt/Ps ke " a9
- (Fep)*=0
9 - 0Py
1 Kone | 4 ]
——— | — + =Rd|[A + 2ny)6 + 2x0O
Pr(pcp)hnf/(pcpn[ 3R 2000 30
+ FOp - 0 = 0,

with the following boundary conditions:

Fp(0) = A, F(0) =S, 6(0) =1+ 8:8p(0),

21
FP(’)) - 0) 9(’7) -0 as n— o,

where the values of the missing conditions should be care-
fully considered, as they might satisfy the specified
boundary conditions. The results are obtained using
shooting methods by aiding the shootlib functions in
Maple software. The convergence of all graphs is fixed at
blt = 12 for both achieved solutions.

3.2 Stability analysis

Because of the occurrence of dual solutions for each
value of the flow parameters, a stability analysis is per-
formed to check their accuracy. In this regard, the
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unsteady forms of equations (3) and (4) are considered
as follows:

0, Oy O B O _ Ot gy ()
ot or 0X Py TOT Phnt
oT VaT uﬂ _ ke 100T)
ot or ox  (PCp)nng T TOT
3 (23)
160"T, 0T

3(pcp)hnfk ar

Introducing a new time-dependent variable 7 and
modifying the transformations given in equation (5) for

unsteady flow, we obtain
— fo (n,7)
and 7

_ - R? u()
2R UfL

249

0(’1: T) -

where u = 7 “Ef(p,T) and v = - /u"vf f(n, ).
Thus, using equation (24) in equatlons (22) and (23), we
obtain

D),
on?

Pfm. 0 _(ofm. o

an? on

_ mMaf(n, 0 _ 1) _
Ot an onat ’

pne/ Mg
Prnt/P

[(1+ 2 n) azf(n, T)]

(25)

+f(n, )

1 [khnf . 4Rd
Pr(pcy)nne/(pCp)e | ke 3

96(n, 1)
[,

+(1+ 2ny ) (26)

a0(n, T) _
ot

0%0 (n, T)}

. 26(n, 1)
on

f(n,7) -

with the following boundary conditions:

of (0, ) 060(0, 7)
an

on

=1, f(0,7)=S, 6(0,7)-1= 67

27
af(n, ) @n

an - 0, 6(n,7)—~> 0 as n — .

The perturbed basic solutions f(n) = f,(n) and
0(n) = 6y(n) with disturbances are expressed as

f(n,©) =eVF@n, 1)+ fo(n)

(28)
0(n, ) = e'G(n, T) + Bo(n),

where y is the smallest eigenvalue and both F(n, 7) and
G(n, 7) are the smallest relative to f;(n) and 8y(n), respec-
tively. Using equation (28) in equations (25) and (27), a
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Table 2: Thermophysical properties of blood with Cu and Fe;0,4 nano-
materials as given by Mutuku-Njane [30]

p(kg-m3 ¢ (kg-kY) k (Wm?t-k?) o(sm™)
Blood 1,063 3,594 0.492 6.67 x 107"
Cu 8,933 385 401 5.96 x 107
FesO, 5,180 670 80.4 112 x 10°

linear eigenvalue problem is obtained.

Pine /By
Prnt! Pt

- Zfo —

9°F 02F 0%F
[(1 2)('7)5,7 M v ’ Hy foa_rlz
oF oF
an on

1 [khnf N 4Rd]
Pr(pcy)nnt/(pCp)e | ke 3

2
+(1+ 211)()a G

(29
O
onot

Ohnf

6’7

l f‘]a + Fo .

Ve 70

with the following boundary conditions:

F
oF _ 0, F(0,7)=0, G(0,7) =0,
on
3D
ﬁao G(n,t) >0 as n— o
an , n, n .

The solutions fn) = f; (7) and 6(n) = 6, () of the steady

equations (13) and (14) are obtained by considering 7 = 0
Therefore, F(7) = Fy (n) and G(17) = Go(n) in equations (29)
and (30) detect the initial decay or growth of solutions.
Ultimately, it is achieved as follows:

Hine/ L

oo L 2F 2+ Ry 4 fiF
Prn/Pr (32)
- ofy Ry - o MF; *+ VFi =
1 khnf 4Rd
_ —|[2¥Gy + (1 + 2nx)Gy
Pr(pcp)hnf/(pcp)f[ [2xGg + ( oGl (33)

+ foGg + Fofy + yGo =

Table 3: Comparative results of the temperature gradient -6"(0) for
various values of the other parameters used atRd = M = &1 = @y ; = 0

Pr A X Rangi and Ahmad [31] Present study
1 1 0.0 -0.985286 -0.985290
0.25 -1.079447 -1.079448
0.5 -1.173899 -1.173908
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Pr=4y=03A=—1Rd=07,M=0506,=05 |
= 1% Solution

25 {=2=d Solution B O.XQ'XS'Q.?‘
Se, =1.7591 P
24 S, = 1.9042
~ | Sc; =2.0852
o
Nt
Sey
1 .
05
1.7 18 19 2 S 21 22 23 24 25
Figure 2: Variations in f"(0) along S for various Fe,04 and Cu
nanoparticles.
with the following boundary conditions:
Fy(0) =0, F;(0) =0, Go(0)=0
0(0) 0(0) 0(0) 34)

Fg(n) = 0, Go(n) — 0, as n — .

The stability analysis of equations (32) and (33), with
boundary conditions (34), was performed for variations
in A and S to achieve the smallest related eigenvalues y
using bvp4c in MATLAB, as proposed by Harris et al. [29].
Moreover, a series of possible eigenvalues can be achieved
by relaxing one of the boundary conditions on Fy(n) or
Go(). In this problem, Fj(n) » 0 is relaxed as n — o«
as Fy(n) = 1.

145
Pr=4y=032=-1Rd=07,M=0506,=05 |
14 1% Solution QL
= 22d Solution ’

135

131 5., =1.7591
=~ Se. = 1.9042
S5 ] 2
1259 5, = 20852
[

12 4
115
SC
11 -
1.05 | Sey
1.6 18 2 S 2 24

Figure 3: Variations in 6'(0) along § for various Fe30,4 and Cu
nanoparticles.
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[Pr =4,4=035=15Rd=07,M=05,6, = 05
= 1% Solution
] =——21d Solution
1 /z‘. w('zl
0 4
—
81 | A, =-0.82435
?‘; Ae, =-0.74335
Ac, =-0.67582
2
3 4
4 . r :
-1 0.5 }. 0 05 1

Figure 4: Variations in f”(0) along A for various Fes04 and Cu
nanoparticles.

4 Results and discussion

The system of non-linear equations (13) and (14), which
follow the boundary conditions (15), was numerically
solved using the shooting technique through Maple soft-
ware to examine the influences of specified nanomaterials
and various flow parameters in human blood flow that is
affected by the stenotic artery. The numerical values of the
thermophysical properties of different nanomaterials used
and base fluids are presented in Table 2. Owing to the
duality in solutions, the stability analysis of the solutions
was performed using MATLAB with the bvp4c. The

13
Pr=4y=035=15Rd=07.M=056,=05_|
1% Solution
12 { =214 Solution
11
S
>1 A,
>
1
09
038 -
= (P[:E'so“
0.7 42,, = -0.8243 @cu
. =-0.74335
A, =-0.67582
0.6 . . .
1 0.5 A0 05 1

Figure 5: Variations in 6'(0) along A for various Fes04 and Cu
nanoparticles.
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1.7
Pr=42=-1,5=18Rd=07,M=05,6;=0.5
1% Solution
15 = 2nd Solution
1.3 |
Xc
S Xa
\\/
Ql 1 Xe.
0.9 4 5
- = 125,0.1
Pcu = Pres0s 0.1,0
0.7 1
X, =0.385
Xo, = 0.2465
05 . : . . ; ey 005
0 0.05 0.1 0.15 02 X 0.25 03 035 04

Figure 6: Variations in f”(0) along y for various Fe304 and Cu
nanoparticles.

analysis shows that the first solution is physically feasible
and stable in all the graphs. In contrast, the second solution
is found to be unstable despite satisfying the initial and
boundary conditions of the problem. Therefore, in the pre-
sent study, only the results of the first solution are dis-
cussed, and the results of the second solution are ignored
because of their lack of feasibility. To validate the results
obtained in this study, they were compared with those
obtained previously by Rangi and Ahmad [31], as shown
in Table 3. The comparison shows that our results are
similar to those reported in the literature. Table 3 shows
the numerical values related to the Cu and Fe304

128
Pr=42=-1,5=18Rd=07,M=05,6;=0.5
126 1% Solution
= 21d Solution
124 Xc, =0.385
Ye. = 0.2465
122
S
-—12
)
1
118
116
114
1.12 T T T T
0 0.1 02 X 03 04 05

Figure 7: Variations in 6'(0) along y for various Fe304 and Cu
nanoparticles.
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Pr=4y=03A=-15=18Rd=07.M=0505.=05 |

1.8

17 4 Qe

fllg))

15 A
Pre,0,

14 A

13 A

12 T T
0.06 0.08 0.1

0 0.02 0.04
Phnf

Figure 8: A comparison of the variation in f”(0) for the suspension of
Fe304 and Cu nanoparticles.

Pr=4y=031A=-15=18Rd=07,M=0.5456=0.5

1.338 4

1.328 4

0 0.02 0.04 (phnf 0.06 0.08 0.1

Figure 9: A comparison of the variation in 6'(0) for the suspension of
Fe304 and Cu nanoparticles.

-0.2-

Pcu = Prezoa= 0.1,0.15,0.2

~0.4-
~
=
=~
S—
~0.6-
2=-1
Rd =0.7
-0.84 Pr=4
M=0.5
- x=03
1%t Solution $§=22
2#d Solution 8- =05
-15 - v T v T
0 2 4 6 n 8 10 12

Figure 10: Behavior of ¢, on f'(n).
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1% Solution 2=-1
0.4 ———2ud Solution Rd = 0.7
Pr=4
M=05
x=03
§=22
6+ =05
0.3
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nanomaterials as well as the base fluid (blood). Further-
more, in this study, the results of the change in velocity and
temperature profiles along the coefficients of skin friction
and the Nusselt numbers with variation in values of speci-
fied flow parameters and nanoparticle volume fractions
are discussed.

Figures 2 and 3 demonstrate the influence of the
volume fractions of the used nanoparticles on skin friction
and the Nusselt number with respect to the variation in the
suction parameter S. At various nanoparticle volume frac-
tions, critical points were obtained where both existing
solutions merged into a single common point. The results
show that an increase in the nanoparticle volume fraction
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Figure 17: Behavior of A on 6(n).

decreases the drag forces (skin friction) and heat transfer
rate (Nusselt number) of blood in stenotic arteries. The
nanoparticle volume fraction with changes in the
stretching and shrinking parameters A on skin friction
and the Nusselt number are shown in Figures 4 and 5,
respectively. The merging points are shown in the graphs.
The results illustrate that an increase in the volume frac-
tion of the nanoparticles increases the drag force (skin
friction) for A > 0 (stretching case) and decreases for
A < 0 (shrinking case), while the rate of heat transfer (Nus-
selt number) decreases the blood in the stenotic arteries.
Figures 6 and 7 show the influence of the volumetric frac-
tion of nanoparticles on the skin friction and Nusselt
number due to the variation in the flow parameter y.
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The findings illustrated that the skin friction and Nusselt
number decreased with increasing nanoparticle volume
fractions. Figures 8 and 9 illustrate the comparative results
of the Cu-blood base nanofluid and Fe;0,4-blood base nano-
fluid for the variation in skin friction and local Nusselt
number, respectively. The Cu-blood base nanofluid exhib-
ited a greater rate of skin friction and Nusselt number
than the Fe304-blood base nanofluid. Figures 10 and 11
illustrate the significance of the volume fraction of nano-
particles on the velocity and temperature profiles, respec-
tively. The volume fractions of the nanoparticles showed
an increase in velocity and temperature profiles of blood
through the human stenotic artery when the number of
nanoparticles was increased. Figures 12 and 13 show the
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Figure 21: Behavior of M on 6(n).

influence of the flow parameter y on the velocity and
temperature profiles, respectively. The velocity and tem-
perature of the human blood rise with an increment in the
flow parameter y. Figures 14 and 15 illustrate the influence
of the suction parameter S on the velocity and temperature
profiles, respectively. The results indicate an increase in
the rate of suction, a decrease in the velocity, and tempera-
ture of human blood during flow through the stenosed
artery. Physically, owing to suction, the principle of con-
servation of mass and energy is affected, which alters the
balance of mass and energy, leading to a decrease in the
velocity and temperature of the flowing fluid. The effects of
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stretching/shrinking parameter A, velocity, and tempera-
ture profiles are illustrated in Figures 16 and 17, respec-
tively. Both the velocity and temperature profiles appeared
to decrease with an increase in the rate of shrinking.
Figure 18 shows the effect of the radiation parameter Rd
on the temperature profile. The temperature of the human
blood mixed with copper and iron oxide nanoparticles
appears to increase with an increase in the thermal radia-
tion parameter through the stenosed artery. On the other
hand, increasing the thermal slip parameter 67 decreases
the temperature of human blood during the flow through a
stenosed artery, as shown in Figure 19. Figures 20 and 21
show the influence of the magnetic parameter M on the
velocity and temperature profiles, respectively. These fig-
ures show that by increasing the magnetic parameter M,
the velocity field and temperature of the fluid in the
arteries decrease. This is because an increase in the mag-
netic field develops a Lorentz force, which tends to
decrease the blood flow, and due to resistance in the
flow, the temperature starts to increase.

5 Conclusion

In the present study, the effects of different flow para-
meters, i.e., magnetic, suction, thermal radiation, and
thermal slip parameters, on the hybrid nanofluid flow
along the combined dispersion of Cu and Fe;0, nanoparti-
cles were investigated. Blood is considered the base fluid in
this study. The coupled PDEs are converted by using sui-
table similarity variables to the ODEs to accomplish the
requirements of the numerical methodology used, namely,
the shooting method, using Maple software. Plasma flow,
blood circulation, wire pulling, hot rolling, motor oil trans-
ferring, copper deformation, die casting, crystal growth,
paper manufacture, engineering, as well as biological
science are affected by this problem. The main results of
the present study are as follows:
* The specified flow model may improve drug distribution.
* The combined use of Cu and Fe;0, nanomaterials is ben-
eficial for drug transport.
* The solutions (dual) exist only when S > 1.7591, A =
-0.82435, and 0 < y < 0.7385.
» The skin friction and Nusselt number decrease with
increasing nanoparticle volume fraction along with the
variations in suction, stretching/shrinking, and flow
parameters.
By increasing the rate of nanoparticles and the flow
parameter, the temperature and flow profiles of blood
increase in the arteries.

Mathematical investigation of Fes04-Cu/blood hybrid nanofluid flow == 11

* The concentration of blood flow can be decreased by
increasing the suction, magnetic, and rate of shrinking
parameters in the arteries.

¢ The temperature of the blood can also be improved by
increasing the rate of thermal radiation and the mag-
netic parameters.

+ To forecast the cause of atherosclerosis, such modeling
and numerical investigations can play an important role.
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