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Neuronanomedicine is a promising interdisciplinary field combining two critical fields, neuroscience and nanotech-
nology. This study focuses on the engineering of magnetized nanoparticles (MNPs) in diagnosing and treating neurological
disorders and brain cancer. Additionally, this mechanism enhances the effectiveness of magnetic-guided drug delivery.
The alternating magnetic field is applied to control the directions of the MNPs to target the tumor cells. This study ap-
proaches the radiotherapy techniques of magnetic hyperthermia therapy (MHT), wherein the thermal radiative heat transfer
effect is applied to achieve homogenous heating to destroy cancer cells. MNPs are injected through the cerebrospinal fluid
(CSF) transport in the glymphatic system. The elastic properties of the cerebral arteries cause peristaltic propulsion for
the resulting nanofluid. Therefore, the effective Maxwell model for the nanofluid thermal conductivity is selected. The
nanofluid governing equations are solved using the perturbation technique under small wavelength number and long wave-
length approximation with small Reynolds number. Additionally, the effects of thermal slip and elastic properties boundary
conditions are incorporated. The graphical results for the streamwise velocity, pressure, and temperature distributions are
plotted using MATLAB package considering the different effects of the magnetic flux intensity, thermal radiation parameter,
thermal slipping at boundaries, elastic wall properties, and nanoparticle concentration. The results demonstrate the strong
impact of the magnetic field and radiation heating in terms of enhancing the nanofluid CSF flow behavior and destroying

cancer.
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1. Introduction

Brain cancer is one of the most arduous challenges in
modern medicine due to its aggressive nature, high mortal-
ity rates, and limited effective therapies. Despite advances in
traditional treatments such as surgery, chemotherapy, and ra-
diation therapy, the prognosis and elimination of brain cancer
continue to pose a significant challenge. This underscores the
urgent need for innovative approaches to improve early detec-
tion and enhance therapeutic efficacy while minimizing sys-
temic toxicity.!!]

Recently, neuronanoscience garnered great interest
among scientists as a promising field of study. This sig-
nifies the convergence of neuroscience and nanotechnology.
This field has the potential to revolutionize the diagnosis and
treatment of brain cancer.?! The brain tumor microenviron-
ment involves complex fluid dynamics, including interstitial
fluid flow, blood flow, and cerebrospinal fluid (CSF) circula-
tion. Neuronanoscience helps study these dynamics to under-
stand tumor growth and metastasis. It also provides innova-
tive strategies to overcome the limitations of traditional ther-
apeutics by utilizing the unique properties of integrated nano-
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materials. The blood-brain barrier (BBB) presents a signif-
icant challenge, as it is a highly selective physiological bar-
rier that hinders treatment by limiting the delivery of thera-
peutic agents to the tumor site. Nanoparticles can be engi-
neered to open and cross the BBB, facilitating the delivery
of chemotherapy drugs or gene therapeutic agents to the mi-
croenvironment of brain tumors while minimizing damage to
healthy tissue. This procedure is known as targeted drug de-
livery to brain tumors, ensuring efficient transport and distri-
bution of nanotherapeutics within the complex vascular and
interstitial spaces of the brain.*-! In addition to target drug
delivery, neuronanoscience also enables the development of
advanced diagnostic tools, such as nanoscale imaging agents
and biosensors, which can detect brain cancer at earlier stages
and with greater accuracy. These innovations not only facili-
tate timely intervention but also provide real-time monitoring
of treatment response.[*7]

Nanofluids hold immense potential in the biomedical en-
gineering field. Magnetic nanoparticles are dispersed through
the blood flow and used in improving flow behavior and de-
stroying tumors. The magnetic nanoparticles are smaller by
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one hundred to ten thousand times in size than the tumor cells.
They can also be directed by a controllable magnetic field and
penetrate malignant areas while they are being exposed to ther-
mal radiation heating, facilitating cancer elimination.!3]
Choi 10]
nanofluid and its dominant properties in terms of enhancing

and Eastman! established the concept of
the fluid flow and heat transfer processes. The detailed re-
view by Kumar ez al.!'' on nanofluids emphasized the differ-
ent theoretical nanofluid models that predict the best thermal
conductivity for enhancing heat transfer efficiency in various
applications. They also discussed the factors that influence the
thermal conductivity of nanofluids, including the base fluids’
type, nanoparticle volume fraction, shape factor, size, temper-
ature, surface charge, particle materials, nanoparticle’s Brow-
nian motion, clustering effect, nanolayer, and dispersion tech-
niques. They concluded that higher concentrations and tem-
peratures considerably improve thermal conductivity. Prior
studies!'>~131 reported that gold nanoparticles can effectively
transport therapeutic agents for drug delivery. These nanopar-
ticles exhibit strong ferromagnetic properties and high thermal
conductivity. These great features made them suitable for use
in photothermal and magnetic hyperthermia therapies aimed
at destroying malignant cells. Additionally, these ferromag-
netic gold nanoparticles were found to be safe, with no adverse
chemical interactions with blood flow or other biological flu-
ids in humans.

Magnetic hyperthermia therapy (MHT) and photother-
mal therapy (PTT) are emerging strategies in the manage-
ment of brain tumors, particularly glioblastoma. These meth-
ods primarily depend on the leverage from oscillating mag-
netic field and thermal heating by radiation resulting from
near-infrared laser to induce tumor cell death while minimiz-
ing damage to surrounding healthy tissue. The integration
of these therapies with other modalities, such as radiother-
apy, chemotherapy, and immunotherapy, boosts their effec-
tiveness in eliminating the cancerous. PTT utilizes nanoparti-
cles with high thermal conductivity that absorb radiation laser
light and convert light to heat, effectively targeting tumors.
This method can bypass drug resistance and reduce side ef-
fects on healthy tissues. MHT uses the magnetic field to di-
rect the gold nanoparticles to the tumors accurately. This ther-
apy involves raising tumor temperatures to induce necrosis or
apoptosis. Mild hyperthermia (41 °C—45 °C) can improve the
efficacy of chemotherapy and radiotherapy by enhancing the
tumor microenvironment, 618!

Abdelsalam et al.!'! examined the effective role of hy-
perthermia therapy in treating cancer under the influence of
thermal radiation and activation energy. Their study evaluated
the behavior of the electroosmotic flow of Sutterby nanofluids
influenced by peristaltic waves in an asymmetric channel un-
der conditions of long wavelength (LWL) and low Reynolds

numbers (LRNs). The analysis revealed that augmenting the
temperature ratio parameter led to higher temperature and con-
centration levels within the fluid. The dimensionless reaction
rate substantially enhances the kinetic energy of the reactants
and the temperature field, while the magnetic Hartmann num-
ber has a resistive action against the fluid motion. Tharwat et
al.?Y focused in their study on the injection of gold nanopar-
ticles (AuNPs) driven by peristaltic waves into blood vessels
for cancer therapy, highlighting the impact of their significant
thermophysical properties on treatment outcomes. Their study
investigated various factors affecting the behavior of blood
flow, including heating processes, slipping conditions, gravity,
and the shapes of AuNPs. The Hamilton—Crosser model was
utilized to represent the thermal conductivity of the nanofluid,
ensuring accurate predictions of the behavior of nanoparticles
in the bloodstream. The governing equations for the incom-
pressible non-Newtonian nanofluid were solved using a per-
turbation strategy with small wavenumbers and long wave-
length approximation. The results collectively highlighted the
potential of using AuNPs in enhancing blood flow dynamics
for effective cancer treatment through photothermal therapy.
Higher concentrations of AuNPs tended to resist flow motion
and reduce streamwise velocity. Different shapes of AuNPs
(bricks, cylinders, and platelets) were analyzed, with the brick
shape showing the highest velocity profiles and temperature
distributions due to its larger surface area. The temperature
distribution profiles indicated that the nanofluid’s temperature
was highest at the core of the tube and decreased towards
the boundaries. Increased heat source intensity and gravita-
tional effects have contributed to higher temperature distri-
butions. Magdy et al.!”!! addressed a significant theoretical
approach to enhance the effectiveness of cancer therapies us-
ing AuNPs. Their study has highlighted that these nanopar-
ticles can effectively target and eliminate cancer cells when
exposed to magnetic and heat flux fields. The research has
explicitly examined the magnetohydrodynamic (MHD) peri-
staltic flow of nanofluids within the elastic-compliant outer
walls of the annulus tube under the condition of slip and ther-
mal effects. The approximated LWL strategy was used to
solve the nonlinear governing equations. Subsequently, the
results were compared with numerically finite volume and el-
ement methods, demonstrating the effectiveness of the LWL
approach. The outcomes indicated that the flow velocity has
increased with the slipping conditions, that higher heat sources
led to elevated temperatures to kill tumors, and that the rise
in magnetic strength has resisted the flow motion. Nuwairan
and Souayeh!??! reported the effects of different shapes of
AuNPs on the electro-magneto-hydrodynamic (EMHD) peri-
staltic propulsion of blood in a microchannel, including ac-
tivation energy, bioconvection, radiation, and gyrotactic mi-
croorganisms. The governing equations were simplified us-
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ing assumptions such as LRN, LWL, and Debye—Hiickel lin-
earization (DHL) for accurately modeling the complex inter-
actions in the system and solved using MATLAB, specifically
with the boundary value problems, that is, bvp4c function.
Their study emphasized the increasing interest in AuNPs due
to their great role in biomedicine, such as cancer radiotherapy,
drug and gene delivery, and optical bioimaging. The results
revealed that the nanoparticle volume fraction was increased
with rising values of the Brownian motion parameter and ac-
tivation energy. The concentration of motile microorganisms
was found to decrease with the increase in temperature ratio
parameters and Péclet numbers. Platelet-shaped nanoparticles
exhibited the highest microorganism concentration, unlike the
brick-shaped ones.

Recent related researches?3->

I discussed the significant
issue of cancer treatment and the innovative approach of us-
ing directed AuNPs to target and destroy malignant tumors.
These studies highlighted the urgency of this effective treat-
ment due to its high atomic numbers, strong thermal conduc-
tivity to the heat transfer process, and great thermophysical
properties, which enable heat generation when exposed to cer-
tain stimuli, such as transverse magnetic field and thermal ra-
diation, effectively targeting and destroying cancer cells. In
the investigation, different nanofluid models were considered,
for instance, the Jeffrey nanofluid, the Carreau nanofluid, and
the Casson nanofluid models under the impact of different
thermophysical and flow parameters, such as relaxation time,
various stresses (normal, axial, and shear) in blood vessels,
magnetic Hartmann number, current density, variable electri-
cal conductivity, electromagnetic parameter, thermophoresis,
Brownian motion, activation energy, thermal radiation, Nus-
selt number, Péclet number, thermal Grashof number, bio-
convection Rayleigh constant, electroosmosis, nanoparticles’
shape, and nanoparticles’ volume fraction. The authors pre-
sented various mathematical models based on nonlinear partial
differential governing equations, which were solved using an-
alytical and numerical methods, for instance, the Adomian de-
composition method (ADM), LWL and LRN approach, lubri-
cation approximations, and the homotopy perturbation method
with the aid of MATLAB package and Mathematica software.
These studies encapsulated the innovative strategy of using
AuNPs in cancer treatment while addressing the complexi-
ties of blood flow and their interactions. Venugopal Reddy et
al.?9) explained the interaction between thermophysical prop-
erties of the electroosmotic peristaltic flow of Casson fluid.
These factors include wall slip, viscous dissipation, and Joule
heating in the context of MHD electroosmotic peristaltic mo-
tion through a rotating asymmetric microchannel. The LWL
and small Reynolds number assumptions were utilized to de-
rive the governing equations for both momentum and energy
balance. This approach simplifies the complex interactions in

the fluid flow equations, allowing for analytical solutions to be
obtained. The results indicated that the velocity, temperature,
and heat transfer rate of the Casson fluid are positively influ-
enced by the increase in the electroosmotic force. One signifi-
cant finding was that an increase in magnetic field intensity led
to a decrease in the velocity profile within the channel’s core
region caused by the Lorentz force. The temperature distribu-
tions were significantly enhanced by the increase in both joule
heating and the Casson parameters. Given the brain’s sensitiv-
ity and complexity, controlling the overheating delivery pre-
cisely is essential to avoid harming neural structures. Recent
advancements in nanotechnology and magnetic field engineer-
ing resulted in the creation of magnetic nanoparticles that pos-
sess optimized heat generation properties and enhanced bio-
compatibility with valuable insights into temperature gradient
distribution, ensuring the safety and effectiveness of magnetic
hyperthermia in clinical applications.?’~2°]

The primary motive force of biofluids in the human body
mainly depends on pulsatile and peristaltic forces. The peri-
staltic motion refers to the rhythmic contraction and relax-
ation of muscles that propel biological fluids through tubu-
lar structures such as the intestines and the blood vessels.
This wavy motion appears in CSF movement in the brain
and is influenced by the elastic properties of para-arterial
spaces surrounding cerebral arteries. Several recent theoret-

ical articles[30-39]

examined the peristaltic transport of bioflu-
ids through channels or tubes and their interaction with various
physical parameters.

Motivated by the aforementioned investigations, this re-
search is motivated by the urgent need to develop innovative
therapies for brain cancer leveraging the unique properties of
magnetized AuNPs and the dynamics of CSF. The ability of
nanoparticles to cross the blood—brain barrier (BBB) highly
depends on their physicochemical properties, particularly par-
ticle size and surface functionalization. It has been widely re-
ported that nanoparticles with diameters less than 100 nm are
more likely to penetrate the BBB through transcytosis mecha-
nisms such as adsorptive-mediated or receptor-mediated trans-
port. Smaller particles not only exhibit enhanced diffusivity
but also reduce the risk of being captured by the reticuloen-
dothelial system, thereby increasing their circulation time and
accumulation in brain tissue. In addition to size, surface mod-
ification strategies play a crucial role in modulating nanopar-
ticle interactions with biological barriers. To avoid the up-
take of nanoparticles by the mononuclear phagocytic system,
they should be designed for prolonged circulation in the blood-
stream. This can be achieved through surface modifications
that reduce recognition by immune cells. These design as-
pects are crucial in developing nanocarrier systems aimed at
brain-targeted drug delivery, emphasizing the intersection of

nanotechnology and neuropharmacology. 40411
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The main purpose of the current study is to analyze the
combined effects of varying magnetic fields and thermal radi-
ation heat transfer on the injected magnetized gold nanoparti-
cles through the CSF with peristalsis through a tubular artery
in the brain for cancer treatment. The effective Maxwell model
is selected to describe the thermal conductivity of the result-
ing nanofluids. The critical factors of study include thermal
slipping at artery walls, brain wall elasticity and permeabil-
ity at the glial layer boundaries, arterial curvature, magnetic
field strength, heat source hyperthermia, radiation parameters,
and AuNPs concentration. The complex governing equations
representing this intricate nanofluid flow and its domain ac-
quire mathematical simplification for the series solutions used
following the perturbation strategy. This simplification fol-
lows the effective approach of LWL and LRN approximations.
Consequently, the streamwise velocity, the through-flow ve-
locity profiles, the pressure and pressure gradient distributions,
the deformation of brain tissue profiles, and the temperature
distribution were obtained and discussed.

2. Problem formulation
2.1. Geometry description

The geometrical construction of the undertaken model is
centered around the perivascular space (PVS). The magnetized
AuNPs are injected through the blood vessel contained in the
PVS region. The geometry of the PVS is conceptualized as a
thin annular space surrounded by impermeable elastic artery
walls and the brain tissue, creating a distinct environment for
the cerebrospinal nanofluid flow. The inner boundary of the
PVS is defined by a permeable elastic glial wall and serves as a
separator between the PVS and the brain tissue that is modeled
using a linear elastic tube law. This modeling provides insights
into the peristaltic deformation of the walls and the dynam-
ics of the system, including the pressure difference effects of
the nanofluid flow./*?! The external walls are exposed to trans-
verse varying magnetic fields and varying thermal radiation for
target gold nanoparticle delivery and tumor destruction in the
brain artery. The PVS geometry is mapped to the glymphatic
system, which features an elastic annular structure, reflecting
the anatomical arrangement where CSF flows around cerebral
arteries. This configuration is bounded internally by the ar-
terial wall and externally by the permeable, compliant glial
(astrocytic) layer, aligning well with observed physiological
structures (as shown in Fig. 1). This model closely approxi-
mates the real PVS system and is compared with prior studies
that use similar simplifications.*>*3] The nanofluid model is
represented using a cylindrical coordinate system (R—Z). In
this system, the Z-axis denotes the axial direction along the
centerline of the tube, while the R-axis represents the radial di-
rection. The nanofluid filling the PVS is assumed to be Newto-
nian and incompressible fluid with constant viscosity. In real

physiological environments, CSF exhibits complex rheologi-
cal behaviors under high shear rates.

Heat radiation Permeable elastic

Gold nan}opm’llclc brain tissue d(z,/)

4

i iti /) 901 I Y :é B

Ellistlc Eerastalmc Wave propagatioh | (
artery h(z) spread ¢ Magnetic field

[
Gy @ Brain

I

(b)

Fig. 1. Structure geometry for PVS model with elastic boundaries: (a) geom-
etry of the problem, (b) the schematic graph for blood—brain barrier.
However, under normal conditions, CSF is generally
treated as a Newtonian and incompressible fluid model, where
shear rates are relatively low and non-Newtonian effects are
negligible. Many research studies support the CSF as a New-

42.44-47] Thege studies have

tonian incompressible fluid model. !
provided strong justification for the Newtonian approximation,
where CSF has a low protein content, which is treated as water,
exhibiting Newtonian and incompressible rheology. Addition-
ally, CSF carries solute concentrations too low to alter flow;
thus, the viscosity and density remain essentially identical to
those of water. Normal CSF is mostly water and behaves as a
Newtonian viscous fluid, meaning that in a shearing flow, the
shear stress is proportional to the strain rate. In this regard,
flows in the PVS are simpler to analyze than the flow of blood,
which is non-Newtonian because its shearing resistance is re-
duced at higher strain rates as the suspended blood cells and
proteins become elongated and aligned with the flow. The vis-
cosity of normal CSF, which contains only a small amount of
solutes or suspended particles, differs little from that of pure
water. Therefore, when analyzing perivascular flows, we fo-
cus on the flow of an incompressible, Newtonian viscous fluid.
The governing equations are simplified by LWL and LRN ap-
proximations and are subsequently solved following the pro-
cedures of perturbation methodology. The wall of peristalsis
oscillates according to h(z,t) = hisin[2w/A(z — ct)], and the
preamble elastic glial wall is deformed according to d (z,t),
where £ is the imposed deformation of the traveling peristaltic
wave, i, A, and ¢ are the amplitude, wavelength, and velocity,
respectively, z is the traveling (axial) direction, ¢ is the time,
and d represents the glial boundary deformation. The pressure
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in the brain tissue is p., whereas p, and p, are assumed as
pressures at the extrema of the PVS and py, < p,.

2.2. Mathematical formulation

The transformation of the unsteady frame (r,z) of the
cylindrical coordinates system to the steady one (R, Z) using
the same wave speed (c) requires the following method

R=r, Z=z—ct, UR,Z,T) = u(r,z,1),

W(R,Z,T) =w(rz,1), P(R,Z,T)=p(rz,1).
|

The governing equations for the incompressible Newtonian
MHD nanofluid flow with constant viscosity across the elas-
tic PVS model are represented as follows: 42481
(i) Governing equations

The continuity equation:

1 /dru ow
r<ar)+az—°' )

The r-momentum:

or "ar TVWor; T p \ or plr\or arr = 9|
The z-momentum:
dw  dw dw 1 (dp w1l /ow ’w  *w 5
at*“aﬁWaz—‘p<az>+p[r<ar>+arz+azz}“’ﬁow- )
The heat equation:
oT  dT  JT *’T 19T 9°T 10
(pCP)nf {at—Fuar +W&Z] = Kuf {8;’24_;’8;’4_822} +Q0_;E(”‘h)- )

Peristaltic deformation of the artery wall about average
radii: 5
h(z,t) = hsin [f (z— ct)] . 6)

The thermophysical properties of the nanofluid are the den-
sity, the effective dynamic viscosity, and the heat capacitance,
respectively, taking the form of Ref. [49] as follows:

Pt = (1= 9)ps+¢ps, (6)
u

Hnt = mv @)

(Pep)nt = (1= @) (pcp)r+ P (pep)s. (3)

The powerful Maxwell model for the thermal conductivity of
the nanofluid is selected according to Ref. [50] as follows:

ot _ kp+ 2ki +29 (kp — k) o)
ki kp+2ki— 0 (ky —kp)

Table 1 lists the thermophysical properties of gold nanoparti-

cles and CSF base fluids.!>!! Notably, the CSF properties are
approximated to agree with water properties.

Table 1. Thermophysical properties.

Thermophysical properties ~ CSF base fluid  Gold nanoparticles

Cp (J/kg°C) 4180 128.8
p (kg/m?) 100 19320
K (W/m-°C) 0.606 314.4

(i) Boundary conditions

The thermal slip represents the thermal resistance at the
CSF brain tissue interface due to the presence of microstruc-
tural heterogeneities at the interface, which prevents complete

thermal equilibrium at the boundary. In the case of nanofluid
transport, this condition reflects the influence of microscale
surface effects and nanoparticle interactions at the wall, where
classical no-slip assumptions for temperature gradients do not
hold due to partial energy accommodation. Moreover, in bio-
logical systems, the arterial walls exhibit varying thermal con-
ductivities due to regional vascular composition and cellular
activity, further supporting the use of a thermal slip condition
to capture nonideal heat transfer at the interface.'>*! The glial
boundary is modeled as a permeable surface to account for
CSF exchange between the PVS and the surrounding brain tis-
sue. This parameter is introduced using Darcy’s law-based
assumptions, which are standard for modeling flow through

porous media. Wang and Olbricht!>?!

provided foundational
estimates for fluid permeability in brain tissue and glial bound-
aries, which are used to define a realistic range.

No-slip boundary conditions at the peristaltic elastic

artery, r =ry+h

w(rz,t) =0,
dh(z,1)
ar
Maximum temperature distribution at the artery wall, r =
ri+h

(10)
Y

u(r,z,t) =

oT

5 =

Permeable boundary conditions at the elastic glial layer,
r=ri+b+d

0. (12)

ad
u-n=—+me(p—pe), (13)

ot
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212
t= 0} ofyb 0]
u-t=0, (14) p=H®p g Bo  pa=Fai®p
P~ De € Hnf £
- E. (15) Hnf @
] po="100, (19)
Thermal slip at the outer wall, r = r; +b+dy . b £t b2 "
oT w:X,SZI, Rezi,H:B,
T-To=-75.. (16) H .,
r r &
Ri==, Ry===Ri+1, Do=7, [=AL, (20)
The pressure boundary conditions at PVS entrance = z = b b b
0 and PVS exit = z = [ under the assumption that B, < P, 0 — r— TO, go = &7 o = Kot ) 1)
Ty bAw (PCp)nt
pP=pa at =0, a7
Applying the dimensionless analysis parameters Eqs. (18)—
p=pp at z=1. (18) . . )
(20) to the governing equations (1)—(4) and their correspond-
Nondimensional parameters: 1ng boundary conditions (6)—(13) results in the fOllOWiIlg
T nondimensional equations.
r=>bR, z=AZ, t= o 4= boU, w=2A0W, Nondimensional governing equations:
|
1J(RU) 0
R J(R) 2(Z)
oU U ouU oP  L,[1dU J°U »*J°U
ERe | ==+t U—+W—| =—= ——t =t 5= 23
e[aT+ oR az} JR [R or "oz Tz azz]’ 23)
oW W ow OP [10W J’W  ,3*W] &€*A?poB
ERe | ==+ U= +W——o | =—+ | 5= € — w 24
e[aT+ or * az} &Z+[R&R+&R2 322} U ’ @4
Kyt 20 a0 Ky [0°60 106 ,0°6 1 d a0
-— ==zt t+e== —Ry,===(R== ). 25
O K [ JOR +Waz Ki |OR?2 " ROR 072 +B PROR \" OR (25)

Nondimensional peristaltic deformation of the artery wall
about average radii:

H=Hsin2x(Z-T)]. (26)

The noslip boundary conditions at R = R| + H:
W(R,Z,T) =0, (27)
U(R,Z,T)= M (28)

aT

Maximum temperature distribution at the artery wall, R =

R +H:

a0
E—O.

Permeable boundary conditions, Ry =R;+ 1+ D:

(29)

oD oD
V.nzg—Tﬁ»Me(PfPe) — U:aiT+Me(P7Pe)v(30)
Vit=0— W=0, 31
V=Ue+We,
n=1¢+0e¢ -, (32)
t=0¢ +1e;
P—P,
D=—. 33
E. (33)
Thermal slip at the outer wall, Ry = Ry + 1+ D:
00
0=—y—. 34
Y5z (34)

The pressure distribution boundary conditions at the PVS ex-
trema (PVS entrance = Z = 0, and PVS exit Z = L) under the
assumption that i, < P,
P=P, at Z=0,
P=Ph at Z=1L,

(35)
(36)
where V| n, té,, and é; are the flow velocity vector, normal

unit vector, tangent unit vector, radial unit vector, and axial
unit vector, respectively.

3. Method of solution

The perturbation methodology involves expanding the
flow variables as a power series in terms of a small pertur-
bation wavenumber € as follows:

W =Wo+eW, +e*Wo + W3 +---, (37)
U=Uy+eU +€Uy+Us+--, (38)
P=Py+eP +&P+€Py+---, (39)
D=Dy+eD|+€Dy+€Dy+---, (40)
0=06)+€6,+*0>+€0;+-- (41)

After incorporating the perturbation procedures (37)—(41) into
the governing equations (22)—(25) and their respective bound-
ary conditions (26)—(34), the system analyses results in the
following sets of equations.
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. d0H(Z,T
The zero set is Uo(R,Z,T) = (;T7 ) 7 (47)
1 d(RUy)  d(Wo)
2 V) 42 96
R OR 0z ’ “42) Tlg =0. (48)
dPy
T OR =0, (43) Boundary conditions at R = R; + 1 4+ Dy
ory 19wy 9°Wy b*pof?
_do _ oM 0 bPoB . (44)
dZ R OR OR? u Wo =0, (49)
K¢ 8290 106, 106, 829() o dDy
) R, |24+ =2 =0. 45 Up= - +Me (P~ Fe), (50)
Kf{aRz R OR PRy R JR  OR? @ 87;9 e e
6o
Boundary conditions at R = R + H 6o = TS b
Wo(R,Z,T) =0, (46)  The first set is
|
1J(RU,)  d(W)
— =0 52
R JR 0z ’ ©2)
dP
R (53)
W oWy W oP [1ow,  J*W,
R U W =——4|z== 54
[8T+08R+082} 9Z " |R IR '~ OR? |’ >4)
K 861 891 nf 3291 1 891 1 391 (9261
U W =—t=-= — -t = 55
nrKs [ 98 M9z | Tk |9 TROR TB—Ro | 23R T o (53)
\
The boundary conditions at R = R; + H are expressed as fol- The boundary conditions at R = R; + 1+ Dy is
lows:
W =0, (39
dDy
Wi(R.Z.T) =0, (56) Ur="37 T M (R, (€0
UI(R.Z,T) =0, (57) o =70, (61)
a0,
SR 0. (58)  The second set is
|
1 Jd(RU,) | d(W2)
— =0 62
R orR oz U (62)
Uy Uy U] _ 9P [19Uy  9*Uy
R U W =——4|z= 63
[8T+08R Oaz} “OR " |ROR " OR? |’ (63)
ow; oW, W oW, Wy o~ [1W, J*W,  9J*W
R. U U W W =——= 64
[BT+OBR+18R+082+182] oz Tror tor Yoz | ©4)
Kut 96, 96;] Kot [0°6, 196, 96 106, 026,
Uy—=——+W; = -+ == - -+ == 65
oiKs [ R "oz 9k TRar "oz | TP R R TR 65)
Boundary conditions at R = Ry +H 0 =7 TRZ ) (71
Wa(R,Z,T) =0, (66)
Us(R,Z,T) =0 (67) The perturbation technique primarily relies on expanding a
96, power series solution, where the zero-order solution already
9R 0. (68) captures the dominant behavior of the flow and thermophysical
Boundary conditions at R» = Ry +1+D eld. The first- and second-order terms produce minor quan-
y ) 1+14+D, field. The fi d d-ord d i
Ws =0 (69) titative refinements without altering the qualitative trend. Fur-
g 3’1)2 thermore, the complexity of including second-order or higher
U, = o +Me (Py), (70)  terms was not warrante, as their contribution to the physi-
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cal quantities of interest (velocity, pressure, and temperature  the results, as also noted in prior studies.!!°! Thus, for sim-

distributions) was minima. This aligns with standard prac-  plicity, the zero-order solution suffices for convergence, while
tice in low Reynolds number and long-wavelength approxima- the first and second sets are complex, with their values not sig-
tion, where higher-order perturbation effects become asymp-  nificantly affecting the results. The solutions of the velocity,

totically small and do not significantly impact the accuracy of  pressure, and temperature distributions are as follows:

6(r) = CiIn(r) +Cy + D5 12, (72)

W(F)ZC3I() <1/ufBr>+C2Ko <1/'ufBr> +f(r), (73)
Hnf Hnf

oc, Kt (Vu/ma0Br)  acyh (Vu/ma0Br) g 22p c

=27 D, 9z D, Tz T 74

A A
Py(z) = Cgexp (, / lZ) + Cyexp (— lZ>
Ao 0
Ry A A A A
Z0 ey /5L 2z) o/ Hexp| - /22 76
37 S\ Ay exp ( Ao "\ Ay exp 2C (76)

Ds=———— (77)

- (75)

where

( (Ms/ tnt z)
)

)Br,
( (Ue/ Ung) By

Dg = , (78)
I (\/ (Ue/ tng) B Vz) 0 (\/ (Ms/ tnt)B Vl)
Ko ( (Ue/ tnt)B Vz) -
Iy (\/ (Ue/ Ung)B r1)
Ci=-2Dsr}, (79)
_ 2
Cr=—vy [205 r+ Ds rl} —Dsr3+2Dsr In(ry), (80)

ci= ( (WLM)BFZ) {@Ko(\/ﬁn) +f(rz)}7 81)

]0 (1 /‘ufBr2>
Cy= ! all
Ky (UMBU) I()(,/MBrQ) Iy (“ufBVl)
KO ( & B }’2) o Hnf Hnf Hnf
Honf I < /ufBrl)
Hnf

f(r)=f(r) |, (82)

_ [9Cs —ry Ur dCs 1y jir i 9*PRy

&= |52 5 (aen )+ 2 et ( dtn) - 35522 ) &
Co=P+ ﬁ -, (84)

- [ne&len (g 0)
0 7 (85)

exp( ﬁ ) (w)

aC —19%R

52 g oz o
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Iy <‘ / ﬁB r2> B
HUnf

The low Reynolds number was selected based on the high vis-
cosity dominance created by viscous damping, compared to
the low inertial effect, as indicated by the slow CSF velocities
that vary between 10~ m/s and 10~® m/s. Then, the estimated
range for R, was [5 x10712:2 % 10’4} . The long wavelength
approximation was selected according to the short length scale
for PVS width /, which ranges from 10> m to 10~* m. Then,
the range for long wavelength A was estimated as [0.2:0.6],
while the PVS length (L =1/A) was [2:20]. All other flow
and geometrical parameters are indicated in Table 2 accord-
ing to Refs. [42,52]. The assumptions of LWL and LRN may
break down in scenarios where the flow velocity increases sig-
nificantly, such as during the injection of nanoparticles into
the CSF. This could lead to higher Reynolds numbers, indi-
cating a transition from laminar to turbulent flow. This study
primarily focuses on conditions where the Reynolds number is

K()( ‘ufBrz)
V Hnt D

6+ =

1
B 87)

low, ensuring that inertial effects are negligible. The selected
ranges for nanoparticle volume fractions, thermal source in-
tensity, and other flow parameters are based on a combination
of published experimental data and previous computational
studies related to hyperthermia-based targeted therapy.!'>:16]
For instance, the chosen nanoparticle volume fraction values
(¢ ranging from 0.1 to 0.8) are known to provide effective
heat generation. Similarly, the thermal internal heat gener-
ation source parameter 3 represents hyperthermia and simu-
lates realistic heat loads delivered by magnetic or photother-
mal sources. Values were guided by therapeutic ranges doc-
umented in hyperthermia treatment studies, such as those by
Skandalakis er al.''3! and Zhu et al.,!'®! where localized tumor
temperatures are elevated to 41 °C—45 °C to promote apopto-
sis without damaging surrounding healthy tissue.

Table 2. Estimates ranges of geometrical and flow parameters.

Parameter Description (definition) Estimated range
Re Reynolds number (ep,wb? /1) [5x10712:2x1074]
€ perivascular film thickness (b/A) [1070:3.75x 1072
R inner radius of the perivascular layer (r; /b) [0.7: 103]
H amplitude of the peristaltic wave (%/b) [8x107:0.5]
L perivascular length (//1) [2:20]
M. permeability of the brain tissue (kg /be?) [1072: 10]
E. stiffness of the brain tissue (Eg€?/uo (R +1)) [2x10710:0.2]
R, thermal radiation parameter (6*T; /k*kr) [0:5]

4. Results and discussion

The current investigation examines the combined influ-
ences of thermal heat radiation and magnetic field strength
on the features of the dispersed magnetic AuNPs through the
nanofluid flow across the glial boundary of brain tissue using
a tribological model based on the first principles of the PVS.
The dynamics of the enhanced nanofluid depend on the phase
shift between the arterial peristaltic wave and the deformation
of the glial boundary which is disrupting the flow symmetry
and creating a steady stream. In order to gain thermophysical
insights, the profiles of the resulting nanofluid axial velocity
Wo(r,z). The throughflow velocity Ue(r,z), temperature distri-
butions, pressure distribution Py(z), pressure gradient distribu-
tion dPy/dZ, and elastic wall properties appearing in the de-
formation of the glial elastic layer at the boundary with brain
tissue Dy(r,z) are graphically represented. The graphical re-
sults are analyzed in Figs. 2—6 under the effect of sundry fac-

tors, including the magnetic field (B), heat source (f3), thermal

radiation parameter (Rp), thermal slip at the artery wall (7),
volume fraction of AuNPs (¢), brain tissue deformation (Dy)
corresponding to the wall at R,, permeability of brain tissue
(M.), stiffness of the brain tissue (E.), pressure in the brain
tissue (Pe), and inner radius of the artery (R;).

Figures 2(a)-2(f) demonstrate the streamwise velocity
profiles of the nanofluid versus radial direction under the in-
fluences of the magnetic field (B), volume fraction concen-
tration of nanoparticles (¢), thermal slipping factor (y), hy-
perthermia heat source intensity (f3), brain tissue permeabil-
ity (M.), and the pressure at the brain tissue wall (P.). Fig-
ure 2(a) emphasizes that the rise in Hartmann number leads
to augmentation in both magnetic field strength and electrical
conductivity. Therefore, this leads to an increase in the mag-
netic damping force, and the resistive Lorentz force appears
on the nanofluid flow, ultimately resulting in a reduction in the
nanofluid net velocity and flow rate for the same cross-section
area. Moreover, figure 2(b) illustrates the inversely propor-
tional effects of the volume fraction concentration of AuNPs
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(¢) on the streamwise velocity. This is because increasing (¢)
results in increasing the viscosity of the nanofluid due to the
internal friction and leads to a loss of average kinetic energy
and reducing the momentum transfer between nanofluid lay-
ers. Figure 2(c) displays that the thermal slipping factor ()
has a proportional effect on the streamwise velocity. The rise
in () enhances the thermal gradient at the boundary layers and
modifies boundary layer dynamics by boosting the nanofluid
momentum and increasing the net axial velocity. Figure 2(d)
elucidates that the augmentation in the heat source intensity
(B) results in internal hyperthermia and leads to increasing the
kinetic energy and, consequently, the streamwise velocity of

the nanofluid. This is because of enhancing thermal buoyancy
forces, which directly accelerate the fluid flow. Figure 2(e) as-
sesses the increase in brain tissue permeability (M, ), thereby
increasing the leaking of CSF at brain tissue and reducing the
streamwise velocity of the nanofluid in the presence of a mag-
netic field. Figure 2(f) indicates the reduction in the net axial
velocity as a result of increasing the pressure corresponding
to the brain tissue (P.). The increase in (P.) compresses the
glial wall toward the artery, causing the thin film thickness to
decrease and restrict the flow path; thus, the nanofluid flow ve-
locity reduces. The data corresponding to Figs. 2(a)-2(f) are
tabulated in Table 3.
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Fig. 2. The streamwise velocity distribution of the nanofluid versus the radial direction: (a) magnetic field strength effect, (b) the volume fraction of the gold
nanoparticles effect, (c) the thermal slipping factor effect, (d) the hyperthermia heat source effect, (e) brain tissue permeability effect, and (f) the pressure of

the brain tissue effect.

Table 3. Sundry emerging physical parameters corresponding to Figs. 2(a)-2(e).
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Fig. 3. The temperature distribution of the nanofluid versus the radial direction: (a) the heat source intensity effect, (b) the thermal slipping factor effect,
(c) effective thermal conductivity of the nanofluid effect, and (d) thermal radiation parameter effect.

The temperature distributions are plotted in Figs. 3(a)—
3(d) under the influences of several emerging thermophysical
parameters (8, ¥, Knr/Kt, and Rp,). Figure 3(a) shows the di-
rectly proportional effect of internal heat generation due to
high heat source intensity on the temperature profiles in the
presence of thermal slipping conditions at walls. This gener-
ates useful hyperthermia to destroy cancer cells. The temper-
ature enlargement is noticed in Fig. 3(b) according to the rise
in the thermal slipping at walls, which enhances the temper-
ature gradient at the thermal boundary layer. Moreover, the
nanofluid thermal conductivity was enhanced by increasing
the nanoparticles’ volume fraction. This improvement leads
to effective heat dissipation and increases heat transfer effi-
ciency to the tumors, reducing the temperature profiles of the
nanofluid, as shown in Fig. 3(c). This decay in the temper-
ature occurs due to the conversion of heat energy to kinetic
energy and the low viscosity of the nanofluid. The thermal ra-
diation parameter R}, is responsible for the heat production rate
due to the viscous dissipation effect and its conversion to heat
generation. This effect is observed in Fig. 3(d) with higher
temperature profiles for thermal slipping conditions.

Table 4. The Sundry emerging physical parameters corresponding to
Figs. 3(a)-3(d).
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The data corresponding to Figs. 3(a)-3(d) are tabulated
in Table 4. Specifically, the influence of thermal radiation is

discussed in the context of viscous dissipation and energy con-
version mechanisms. When radiation effects are significant,
the absorbed electromagnetic energy is converted into internal
energy, increasing the local thermal energy of the nanofluid.
This is particularly evident under thermal slip conditions at
the boundaries, where temperature gradients at the wall are
amplified, as demonstrated in Fig. 3(d).

This mechanism enhances localized hyperthermia, which
is beneficial for targeted cancer treatment through thermal ab-
lation. Moreover, the impact of nanoparticle volume fraction
on the effective thermal conductivity is clarified using classi-
cal nanofluid theory. The introduction of high-conductivity
nanoparticles into the base fluid increases the heat conduc-
tion pathways, thus improving the fluid’s ability to transfer
thermal energy. However, the observed temperature reduc-
tion in Fig. 3(c) is attributed to enhanced convective transport
and reduced fluid viscosity, which allows kinetic energy to
dominate, in line with the energy conversion model for low-
viscosity nanofluids. Additionally, we have elaborated on the
role of the internal heat generation parameter 8 and the ther-
mal slip parameter 7y in Figs. 3(a) and 3(b). Internal heat gen-
eration raises the core temperature of the fluid, simulating a
scenario of active metabolic or therapeutic heating. At the
same time, thermal slip alters the boundary-layer behavior, af-
fecting the near-wall thermal gradient and enhancing surface
heat transfer. Collectively, these insights illustrate a complex
coupling between electromagnetic, thermal, and fluidic forces,
all of which are crucial for designing efficient nanofluid-based
biomedical treatments. These results agree with the outcomes
of Adnan and Ashraf.3!

Figures 4(a)-4(d) illustrate the through-flow velocity pro-
files at the preamble glial boundary layer. This velocity indi-
cates the leakage rate of nanofluid in the radial direction. Fig-
ure 4(a) demonstrates that the increase in the magnetic field
reduces the glial preamble area and restricts the leak veloc-
ity. Figure 4(b) presents the same inversely proportional ef-
fect on the through-flow velocity due to the increase in gold
AuNPs volume fraction. The higher volume fraction concen-
tration increases fluid viscosity and reduces flow velocity due
to intensification in nanoparticle wall interactions. Figure c re-
veals that the increase in brain tissue permeability (M, ) boosts
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the leaking of nanofluid near brain tissue, consequently rais-
ing the through-flow velocity. The increase in the elastic brain
tissue deformation enlarges the porous area of the preamble

glial boundary layer and enhances the throughflow velocity, as
shown in Fig. 4(d). The data corresponding to Figs. 5(a)-5(d)
are tabulated in Table 5.
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Fig. 4. The through-flow velocity of the nanofluid at the glial boundary versus the axial direction: (a) the magnetic flux intensity effect, (b) the volume fraction
concentration of nanoparticles effect, (c) the permeability of brain tissue effect, and (d) the deformation of brain tissue effect.

Table 5. The Sundry emerging physical parameters corresponding to
Figs. 4(a)—4(d).

Figures 5(a)-5(d) highlight the pressure distribution
along the streamwise direction. Figure 5(a) illustrates the aug-
mentation of the magnetic field reduces total energy and pres-
sure distribution. Figure 5(b) shows that the increasing volume
fraction of nanoparticles leads to a decrease in the pressure
distribution as it enhances the fluid viscosity and resistance to
flow, reducing the nanofluid pressure along the streamwise di-
rection. Conversely, in Fig. 5(c), the increase in brain tissue
permeability (M, ) results in boosting the leaking of nanofluid
at brain tissue, consequently reducing the pressure. In con-
trast, the increase in the elastic brain tissue deformation im-
proves the pressure of the nanofluid, as illustrated in Fig. 5(d).

The data corresponding to Figs. 5(a)-5(d) are listed in Table 6.
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Fig. 5. The pressure distribution of the nanofluid versus the axial direction:
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(a) the magnetic flux intensity effect, (b) the volume fraction concentration of

nanoparticles effect, (c) the permeability of brain tissue effect, and (d) the deformation of brain tissue effect.

The pressure gradient (dPy/dZ) distributions of the
nanofluid flow under the influences of (B, ¢, Dy, M.) are in-
cluded in Figs. 6(a)-6(d). Figure 6(a) displays that the pres-
sure gradient increases by increasing the length of PVS. No-
tably, for a short length of PVS (0 < z < 1.28), the augmen-
tation in the Hartmann number reduces the pressure gradient.
Also, it becomes more negative, which means normal stream-
ing and assists the flow velocity. In contrast, for long lengths
of PVS (z > 1.28), the increase of magnetic field boosts the
chances of the reversal flow corresponding to a positive pres-
sure gradient, which resists the flow and reduces the average

kinetic energy of the nanofluid streaming. Remarkably, the

positive pressure gradients are not reached for the present con-
dition, and the backflow does not occur. The explanation of
these phenomena occurs according to the following analysis.
When a magnetic field is applied perpendicular to an electri-
cally conducting nanofluid, the Lorentz force arises due to the
interaction between the induced electric currents in the fluid
and the magnetic field. This force acts as an additional damp-
ing resistance opposing the motion of the fluid. In the initial
short segment of the PVS (0 < z < 1.28), the applied mag-
netic field tends to suppress fluctuations and streamline insta-
bilities, thereby reducing the local flow resistance. This sup-

pression leads to a more negative pressure gradient, which as-
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sists flow development in the axial direction. However, in the
longer segments (z > 1.28), the Lorentz force becomes domi-
nant and acts significantly against the flow direction, requiring
a larger positive pressure gradient to maintain momentum bal-
ance. This transition reflects a shift in the flow regime from

magnetically assisted streaming to magnetically resisted flow.

Nevertheless, under the present parameter conditions, the pres-
sure gradient remains negative overall, indicating that back-
flow does not occur, though it is approached asymptotically.
The same effect on the pressure gradient occurs in the case
of increasing the permeability parameter of the glial boundary

layer, as demonstrated in Fig. 6(c).
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Fig. 6. The pressure gradient of the nanofluid versus the axial direction: (a) the magnetic flux intensity effect, (b) the volume fraction concentration of

nanoparticles’ effect, and he permeability of brain tissue effect.

Table 6. The Sundry emerging physical parameters corresponding to
Figs. 5(a)-5(d).
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The permeability of the glial boundary affects how fluid
penetrates or interacts with the porous boundary layer. Higher
permeability lowers wall resistance, effectively allowing more
mass transport across the boundary. From a microscopic per-
spective, this alters the hydraulic resistance and boundary
layer thickness, resulting in a modified axial pressure distri-
bution. Similar to the magnetic field, increasing Dy tends to
reduce the axial resistance initially (short PVS length) but re-
quires a higher pressure gradient downstream to compensate
for altered flow behavior due to boundary-layer interactions.
The nanoparticle concentration effect is also incorporated in
Fig. 6(b).

For the short length of PVS (0 < z < 0.52), increasing
(¢) means more viscosity and less nanofluid velocity, and to
maintain the same flow rate, the pressure gradient must de-
crease because the flow resistance has increased due to the in-

creased (¢). The decrease in the pressure gradient adjusts to

balance this resistance. This effect is reversed in the case of
long lengths of PVS (z > 0.52) because the flow has a transi-
tion to a more stable and fully developed regime, wherein the
effects of viscosity are less dominant, and the pressure gradi-
ent increases to maintain the flow rate where the momentum
of the nanofluid becomes more significant. Adding nanopar-
ticles to the base fluid increases effective viscosity and ther-
mal conductivity. Microscopically, nanoparticles disturb the
local fluid layers, increasing intermolecular friction and mo-
mentum diffusion. In the short PVS region (0 < z < 0.52),
the rise in viscosity leads to increases in the resistance to flow.
Consequently, to maintain a constant flow rate, the pressure
gradient must decrease, aligning with the principles of viscous
drag compensation in laminar flow. In contrast, for longer seg-
ments (z > 0.52), the flow transitions toward a fully developed
regime where inertial effects become more significant and the
relative influence of viscosity diminishes. Here, the pressure
gradient increases to sustain momentum transport through the
nanofluid column, illustrating a nonlinear interplay between
viscosity enhancement and momentum dominance. The data
corresponding to Figs. 6(a)—6(c) are provided in Table 7.

Figures 7(a)-7(e) indicate the deformation of the glial
permeable brain tissue corresponding to axial flow direction
under the external effects of transversal magnetic field (B),
pressure in the brain tissue (P, ), stiffness of brain tissue (E.),
and brain tissue permeability (M, ). All these aforementioned
factors are causing a reduction in brain tissue deformability,
as investigated in Figs. 7(a)-7(d). The data corresponding to
Figs. 7(a)-7(d) are listed in Table 8.

024701-13



Chin. Phys. B 35, 024701 (2026)

Table 7. The Sundry emerging physical parameters corresponding to
Figs. 6(a)-6(d).
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Fig. 7. The deformation of the glial permeable brain tissue versus the axial
direction: (a) the magnetic flux intensity effect, (b) the stiffness of brain tis-
sue effect, (c) the permeability of brain tissue effect, and (d) the pressure of
brain tissue effect.

Table 8. The Sundry emerging physical parameters corresponding to
Figs. 7(a)-7(d).
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5. Conclusion

The detailed graphical analysis in this investigation elu-
cidates key aspects concerning the interactions among the
transverse magnetic field, hyperthermia heat source, ther-
mal heat radiation, thermal slipping at the boundaries, and
nanoparticles’ concentrations on the performance of gold
blood nanofluid during peristaltic flow. These insights are
helpful for understanding how these parameters influence the
streamwise and leak velocity, pressure gradient, and tempera-
ture distribution of the nanofluid through the PVS. This analy-
sis is essential for evaluating process efficiency. The governing
equations are solved following the procedures of the perturba-
tion strategy. The effect of the Maxwell model for nanofluid
thermal conductivity is also incorporated. Below are the criti-
cal remarks derived from the analyses.

(1) The net streamwise velocity of the nanofluid is sig-
nificantly reduced by augmentation in Hartmann number due
to the resistive action of Lorentz force related to the magnetic
field strength.

(i) Higher concentrations of nanoparticles increase the
viscosity of the nanofluid due to internal friction, leading to a
loss of average kinetic energy and reduced momentum transfer
between nanofluid layers, thus reducing streamwise velocity.

(iii) The increase in thermal slipping enhances the ther-
mal gradient at the boundary layers, boosting nanofluid mo-
mentum and increasing net axial velocity.

(iv) The rise of heat source intensity results in internal
hyperthermia that enhances thermal buoyancy forces that di-
rectly accelerate fluid flow by increasing the nanofluid kinetic
energy and streamwise velocity.

(v) The increase in heat source intensity enhances inter-
nal hyperthermia, which accelerates fluid flow and increases
the kinetic energy of the nanofluid.

(vi) The increase in thermal slipping at the walls en-
hances the temperature gradient at the thermal boundary layer,
thereby improving the thermal conductivity of the nanofluid.

(vii) Increasing the volume fraction of nanoparticles
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ameliorates the thermal conductivity of the nanofluid, lead-
ing to improved heat dissipation and increased heat transfer
efficiency to tumors.

(viii) The thermal radiation enhances the heat production
rate through viscous dissipation and results in higher tempera-
ture profiles.

(xi) Anincrease in the magnetic field strength reduces the
glial preamble area, which restricts the leakage velocity of the
nanofluid in the radial direction, leading to lower flow rates.

(xii) Higher concentrations of AuNPs result in increased
fluid viscosity, which negatively affects the flow due to inten-
sified interactions at the nanoparticle wall.

(xiii) Stronger magnetic fields reduce total energy and
pressure distribution in the nanofluid.

(ix) The pressure gradient of nanofluid flow changes with
the length of the PVS, shorter lengths exhibit a decrease in
pressure gradient with the increased magnetic field, whereas
longer lengths can lead to flow resistance and reduced energy.

(x) The concentration of nanoparticles impacts viscosity
at short PVS lengths, higher concentration leads to lower flow
velocity and pressure gradient, but at longer lengths, the flow
stabilizes and increases the pressure gradient to maintain the
flow rate.
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