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This study presents a compelling numerical simulation of hydromagnetic flow and heat transfer in a hybrid
nanofluid composed of carbon nanotubes (CNTs) and iron oxide (Fe;O,) over a rotating disk within a porous
medium. Driven by the urgent need to enhance thermal performance in next-generation energy and cool-
ing systems, the investigation integrates advanced physical mechanism of Hall currents, velocity slip, thermal
jump conditions, and the Buongiorno model to realistically capture transport behavior under extreme engi-
neering conditions. The nonlinear governing equations are computed using the overlapping spectral quasi-
linearization method, a highly accurate and efficient computational technique. The results uncover rich physical
insights: magnetic fields suppress flow via Lorentz forces while significantly enhancing thermal energy transfer
through Joule heating. Porosity and slip conditions markedly affect momentum diffusion and boundary layer
development, while nanoparticle effects such as Brownian motion, thermophoresis, and shape factors criti-
cally shape thermal conductivity and concentration distributions. Importantly, multi-walled carbon nanotubes
(MWCNT) demonstrate superior thermohydraulic performance over their single-walled counterparts, highlight-
ing their promise for high-efficiency thermal systems. These findings offer practical design implications for
thermal management technologies, energy harvesting systems, and microfluidic devices, advancing both the
scientific understanding and applied potential of hybrid nanofluid dynamics.

KEYWORDS: Binary Nanofluids, Hybrid Nanofluid, Activation Energy, Overlapping Spectral Quasi-Linearization, Entropy
Generation Optimization, Nanoparticle Shape Factor, Porosity, Rotating Disk.

1. INTRODUCTION

such as porous media, Mechanisms of heat transmission,

The study of fluid flow over rotating disks has gained
considerable attention due to its numerous applications
in engineering and industrial processes, such as bound-
ary layer control in turbine rotors, computer hard disk
drives, centrifugal pumps and rotating machinery.! Pio-
neering work by Karmdn? established the analytical solu-
tion for a steady, incompressible laminar flow driven by an
infinite rotating disk in a viscous fluid. Subsequent studies
have extended this analysis by incorporating complexities
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and the presence of nanoparticles.*® For instance, Spar-
row and Gregg’ examined the heat transfer characteris-
tics of a rotating disk in the presence of a magnetic field,
highlighting the impact of the magnetic field on flow
behavior and thermal properties. Mustafa® investigated the
magnetohydrodynamic (MHD) flow of a nanofluid over
a rotating disk, incorporating the Buongiorno model and
considering partial slip conditions. Meanwhile, Yin et al.’
focused on the heat transfer mechanisms associated with
fluid flow over a radially stretchable rotating disk. In recent
years, the use of nanofluids engineered by dispersing
nanometer-sized particles into base fluids has shown sig-
nificant promise in enhancing thermal and flow properties.
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Hybrid nanofluids, which combine different types of
nanoparticles, offer further improvements in thermal con-
ductivity, viscosity, and heat transfer rates compared to
conventional nanofluids. Researchers have demonstrated
that hybrid nanofluids exhibit enhanced thermal conduc-
tivity and improved heat transfer performance.'®"'? For
instance, Suresh et al.!* investigated the thermal prop-
erties of hybrid nanofluids containing Al,O; and CuO
nanoparticles and found a notable increase in thermal con-
ductivity compared to binary nanofluids. Similarly, Mur-
shed et al.'* highlighted the potential of SWCNT and
Fe;O, hybrid nanofluids in improving thermal proper-
ties and heat transfer rates. Ahmadian et al. ' carried
out an extensive investigation into the unsteady flow of
hybrid nanofluids, focusing on the simultaneous transfer
of mass and energy over a non-uniformly spinning disk.
They employed parametric continuation method (PCM)
to analyze the flow behavior. Their research highlighted
the significant impact of incorporating nanomaterials into
the primary fluid medium, which is particularly beneficial
for applications in hyperthermia treatment, power genera-
tion, and the microfabrication process. In a separate study,
Shahid et al.'® explored the effect of gyrotactic microor-
ganisms on the magnetohydrodynamic (MHD) flow of
nanofluids. They utilized the local linearization method to
understand these interactions and their influence on the
flow dynamics.

Exploring the behavior of nanofluid flow in the presence
of a magnetic fields holds significant importance in various
engineering applications. When an electric charge moves,
it generates a magnetic field, which is the region around a
magnet where magnetic forces can be detected. The incor-
poration of a magnetic field into nanofluid flow enhances
the analysis of thermal transport and magnetohydrody-
namic effects. This interaction induces Lorentz forces due
to the fluid’s electrical conductivity, thereby modifying its
flow dynamics and temperature distribution. These insights
are crucial for Practical implementations like pharmaceu-
tical delivery systems and the control of micro-scale flows
in microfluidic circuits and metallurgical processes espe-
cially in the purification they are given as: of molten met-
als. Pavlov!” was motivated by these industrial applications
and began examining the Conductive fluid flow near the
boundary layer caused by an elastically deforming panel.
Rashidi et al.'® formulated a mathematical model to inves-
tigate the impact of thermophoretic diffusion and Dufour
effects on a time-invariant magnetohydrodynamic (MHD)
flow generated by a rotating porous disk in the presence
of an external magnetic field. Hayat et al.'® investigated
the impact of hydromagnetic flow between two rotating
disks subjected to a magnetic field. In their study, Khan
et al.?% applied the Bvp4C numerical solver, incorporating
a shooting method, to explore the impact of Heat waves
and the consequences of heat sources and sinks on the
behavior of nanofluid circulation and heat transfer occur-
ring between two rotating coaxial disks. Ahmed et al.?'
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explored the unsteady thin film flow of Maxwell nanofluids
over a rotating disk using the Buongiorno model, employ-
ing the Bvp4C finite difference method for their analysis.
Hall currents, arising from the movement of the electrified
particles in a magnetic field, add complexity to the flow
dynamics of conducting fluids. These currents can modify
the flow structure and heat transfer characteristics in signif-
icant ways. Studies such as those by Raptis and Perdikis>*
have examined the impact of Hall currents on MHD flow,
finding that they are vital in establishing the overall behav-
ior of the fluid flow. In the context of nanofluid flows over
rotating disks, the presence of Hall currents necessitates
a detailed analysis to accurately predict flow and thermal
patterns.?

The interest of scientists has been drawn to heat trans-
fer in carbon-based nanofluids across various technolog-
ical fields. Carbon nanotubes (CNTs) are made up of
cylindrically organized carbon atoms, have been widely
studied due to their exceptional thermophysical, chemical,
electrical, and mechanical properties. These characteristics
make CNTs an ideal choice as nanoparticles in base flu-
ids. The unique features of CNTs such as an extensive
outer surface, tubular shape, chemical stability, hardness,
and nanoscale dimensions compared to other nanoparticles
offer distinct advantages in heat transfer applications.

Carbon nanotubes (CNTSs) are classified according to the
quantity of graphene layers they contain, resulting in two
main types: single-walled (SWCNTs) and multi-walled
(MWCNTSs) nanotubes. These forms exhibit varying prop-
erties that influence their performance in nanofluids. Khan
et al.** reviewed the thermodynamic aspect of entropy
generation in a rotating frame with CNT-based MHD
flow, demonstrating how the inclusion of CNTs contributes
to improved heat transfer efficiency in rotating systems.
Anuar et al.” examined the influence of magnetohydro-
dynamic (MHD) forces on steady, two-dimensional flow
of CNTs over a nonlinear surface, demonstrating the sig-
nificant impact of MHD on the induced flow character-
istics. Mahanthesh et al.?® examined the movement of
carbon nanofluids over a rotating disk, emphasizing the
effects of rotation on heat transfer properties and providing
insights into the behaviour of nanofluids in rotational sys-
tems, which are common in engineering applications. Gul
et al.”” developed a computational framework to evaluate
and contrast the thermal performance of hybrid and con-
ventional nanofluids over a stretching surface. The findings
highlighted that hybrid nanofluids comprising multiple
nanoparticle types offer improved heat transfer character-
istics compared to single-type nanofluids.

Incorporating a porous medium into fluid flow stud-
ies is critical for modeling real-world scenarios where
the fluid interacts with permeable materials. The Darcy-
Forchheimer model is commonly used to describe
such flows, taking kinetic and viscous interactions into
consideration.
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Studies have shown that the presence of a porous
materials can have substantial effects on the properties
of nanofluid movement and thermal transmission. For
example, Makinde and Aziz?® explored the behavior of
nanofluid flow in the boundary layer region along a stretch-
ing sheet in a porous material, highlighting the complex
interactions between the fluid and the porous structure.
Activation energy is a fundamental concept in chemistry
and physics, representing the minimum energy required
for a reaction to occur. Activation energy is the mini-
mum energy input to activate a chemical reaction. Svante
Arrhenius introduced the concept of activation energy in
1889. The Arrhenius equation quantitatively describes the
relationship between the reaction rate and the activation
energy. Initially, in a chemical reaction system, the acti-
vation energy may be considered negligible or zero under
certain assumptions. Activation energy refers to the least
amount of energy needed for reactant molecules to initi-
ate a chemical reaction and be converted into products, a
reaction proceeds once this energy threshold is overcome.
According to Maxwell’s distribution, only those atoms
with energy higher than this barrier can surpass it, hence
the activation energy is considered the Extent of the activa-
tion barrier. In the context of nanofluids, activation energy
pertains to the energy needed for the nanoparticles to over-
come interfacial forces and interact with the base fluid.
This interaction significantly influences the thermophysi-
cal properties of the nanofluid, such as thermal conduc-
tivity, viscosity, and heat capacity. Hayat et al.?> Explored
entropy production in the motion of Ree-Eyring nanofluids
between rotating disks, with Arrhenius activation energy
integrated into the formulation. The nonlinear governing
equations were tackled using a semi-analytical solution
method. Similarly, Kumar et al.* explored the entropy pro-
duction mechanisms in nanofluid flow over a stretching
surface, factoring in activation energy. Additionally, Khan
et al.’! examined the entropy production in magnetohydro-
dynamic radiative flow of nanomaterials, considering an
activation energy-driven chemical process of the second
order.

Building on the existing literature, this research exam-
ine the steady-state movement of a nanofluid combination-
consisting of carbon nanotubes (CNTs) and Fe,O, above
a spinning disk embedded in a fluid substance, a con-
figuration that is highly relevant for advanced engineer-
ing applications such as cooling systems, energy conver-
sion devices, and chemical reactors. The rotating disk,
subjected to a uniform magnetic field perpendicular to
its surface, simulates real-world scenarios where magnetic
control of fluid flow is critical. By incorporating Hall cur-
rents and partial slip conditions, this study captures com-
plex boundary interactions that are often overlooked but
are cardinal for optimizing the interpretation of nanofluid-
based systems in industrial processes. Furthermore, the
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use of the Buongiorno model enables a detailed exami-
nation of the consequences of heat exchange and Brown-
ian motion offering deeper insights into the thermal and
mass transport characteristics of the hybrid nanofluid. The
numerical solution is obtained using the overlapping spec-
tral quasilinearization method, which enhances computa-
tional efficiency and accuracy, enabling the simulation of
larger domains with fewer grid points. This research not
only forge ahead the understanding of hybrid nanofluid
dynamics but also provides practical contributions to the
design and optimization of high-performance thermal sys-
tems, underscoring its engineering relevance and unique
impact in the field.

2. PRACTICAL DESCRIPTION OF
THE PROBLEM

In the framework of this research, we investigate the move-
ment of an electrically performing hybrid nanofluid com-
posed of carbon nanotubes (CNTSs) and iron oxide Fe;O,
over a spinning disk with the following assumptions:

e The movement is assumed to be steady and occurs
within a porous medium, typical in numerous engineering
usage, such as filtration systems and geothermal reservoirs,
where fluid interactions with porous materials significantly
affect the overall flow behavior.

e The thermally insulated rotating disk is situated at z =
0 and it rotates about z — axis with an angular velocity of
Q.

e A consistent magnetic force, B, is utilized perpendicular
to the surface of the rotating disk. Including this term is
crucial for simulating environments where magnetic fields
control fluid flow, such as in electromagnetic pumps and
cooling systems for nuclear reactors.

e Presence of Hall current, m = 7,w,, where w, repre-
sents the electron frequency and 7, represents the electron
collision. This effect becomes significant in cases involv-
ing strong magnetic fields and high electrical conductiv-
ities, where the deflection of charged particles impacts
the nanofluid’s flow and heat transfer characteristics. This
term is essential for accurately capturing the fluid’s elec-
trodynamics under such conditions.

e The Buongiorno model is adopted to take into consid-
eration impacts of thermophoresis and Brownian motion
resulting from the presence of nanoparticles.

e Slip boundary conditions are employed in this study
to account for the partial adherence of fluid particles to
the rotating disk surface, which becomes significant when
dealing with micro- and nano-scale flows or surfaces with
low adhesion. Physically, this implies that the fluid does
not strictly follow the classical no-slip condition; instead,
it experiences a finite velocity relative to the surface due to
weak intermolecular interactions. This condition is partic-
ularly relevant When the typical roughness height is neg-
ligible compared to the boundary layer depth, as is often
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the case in engineered porous media, high-speed rotat-
ing systems, or microfluidic devices. Incorporating partial
slip allows for a more realistic representation of wall-fluid
interactions under such circumstances and helps to better
predict flow behaviour and shear stress distributions near
the surface.

e The movement belongs to the cylindrical positional
framework (r, 9, z) , with v,, v, and V5 in r, ¥ and z
directions.

o T, T, C, and C, are temperatures and concentra-
tions on the dlSk interface and in the region extending
outward as seen in the flow geometry depicted in Figure 1.

Based on these assumptions, we define the flow equa-
tions following®:3?
v, v v,

= 1
ar ar r (1)

o, 1o5, B 80
:Mhnf<71+__l__l+_l> @)

b, 195, 0, &b
e 2) (3)

v 1 dv v
_+__3+_3> (4)

Fig. 1.

Mlustration of the model’s flow configuration.
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LT Tk (82T+82T+18T>
h—+y—=— [ — -
1 (pC,),; \Or2 322 roor

ar oz
. dT 9C 9T IC
+8*| D, — 4+ ——
dz 0z

o[ i<zf>2+<%>2}]

dq,

dz
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vV, — V,— = _— _— _—
Uor 39z B\ar2 " ror o0z

R G AN
T, \dr2 ror 9z%
The boundary conditions defined as®*? are:
v v ]
=L* il 5 V=rQ+L* Y ; 0,=0;
0z dz

aT acC DT aC
T Twr+L* ;
9z s T, 9z

®)

=0; atz=0,

v,—>0; 0,>0;T—>T,.;

C—>C, asz— o0 |
™)

Where L*, is the wall slip coefficient, L*, is the temper-
ature slip coefficient, wy,;, Ph Kh.nf, a1.1d (pC,,)l?nf, these
terms correspond to the dynamic viscosity, electrical con-
ductivity, density, thermal conductivity, and the volumetric
heat capacity of the hybrid nanofluid. The radiative heat

flux, g,, is defined according to the expression in Ref. [33]
4o* 9T*
3k* 0z

In this context, o* denotes Boltzmann’s constant, while
k* represents the absorption coefficient.

We define the hybrid nanofluid properties with the phys-

ical properties displayed in Table I. These definitions are
in accordance with Ref. [34] as:

K
(1- )’

ERE )
Py Py

Thermophysical features of H,O, Fe;O,, and CNTs.

4y = —

Mhnr =

Table 1.

Physical features H,O0 Fe, O, SWCNT MWCNT

Density, p (Kgm™) 997.1 5200 2600 1600
Heat capacitannce, C, (JK’I) 4179 670 425 796
Thermal conductivity, k (Wm™" K~') 0.613 6.0 6600 3000
Electrical conductivity, o (Sm™') 0.05 250000 107 107
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The transformations are given as:

20 , )
n=y [z, h=rQf(m), B=rg(),
f
i — T—T.
Uy =—/rQu.f (1) , B(n)=ﬁ, (®)
c-cC.
7(ﬂ)=ﬁ, P=P_ +2Qv,P(n)

ws oo

The system of non-linear ODEs obtained after the trans-
formation are:

ki k(= Dk, — @ (ky — k)
Ot _ 3¢, (Uz/o'bf - 1)
Oy (Uz/o'bf+2) (0'2/0'bf - 1) ©,
Ty _ O-Fe304+(n - 1) Oy — (n—1)¢ (O'f - U'Fe304)
Oy Ope,0, T (1 — 1) oy + ¢ (O'f - O'Fe3o4)

In this case, n is the shape factor of Fe;O, nanoparticle
and it is given as n = 3/i, where ¢ is the shape fac-
tor parameter. For the current study, we consider Fe;O,
to assume spherical shape (¢ = 1.0), cylindrical shape
(y =0.61) and platelet shape (¢ = 0.53). ¢, and ¢,
are the nanoparticle fractions of Fe;O, and CNTs respec-
tively. ¢, p,., p;, and (C,)_are used to define the hybrid
nanofluid viscosity, density, and heat capacity in terms of
the nanoparticle weights rather than the crystalline parti-
cles’ typical volumetric concentration

and they are given as:

_ (p1 % wi)+ (py X W)

A

wy + W,
o= wy; + w,/p,
wy + wy/pg + we/py
(Cp)s — ((Cp)l X wl) + ((Cp)z X w2)

wy + W,

To address the order of partial differential Eqs. (1)
(6) numerically, subject to condition (7), we employ the
boundary layer approach via the introduction of similarity
transformations. This approach is chosen due to its proven
effectiveness in simplifying complex fluid flow problems
while retaining the essential physical characteristics, par-
ticularly in scenarios involving rotating disks and mag-
netic fields. This approach has been successfully applied
in numerous studies, such as Refs. [8, 32], providing accu-
rate and computationally efficient solutions. In this study,
the BL approach allows for the detailed examination of
near-wall effects, such as slip conditions and thermal gra-
dients, which are critical in understanding the nanofluid
behavior. These Transformational techniques are adopted
to create an analogous Nonlinear ODEs obtained through
the reduction of the governing nonlinear PDEs. The over-
lapping grid spectral quasilinearization approach is then
used to solve the resultant system.

1 f/// +ff// lf’2 + 1 2 T2 M (f/ )
— I ot 2 —m
T, 27 T8 T T U my g
\*
—f=0 9
Tlf ©)
1 //+f ’ f/ T2 M ( + f/) A" 0
— — I m o =
Tlg 8 8 7, 1+ m?) 8 Tlg

(10)

1 (T, 4
o (7 50 ) 778 + MY £ NET =0 (1)
r 4

Nt
7 _ A S /=0 12
VP Sy (12)

The transformed limiting conditions are:

1 (0)=377(0),  f(0)=0,g(0)=1+13¢(0),

N,
BO)=1+aB(0), ¥ (0)+=B(0)=0. atn=0,
b

f'(0) =0, g(00) =0, PB(0) =0,

Y(00) >0 as n— oo,

(13)

From an engineering perspective, the parameter

C (Rea)l/ 2 C, (Rea)l/ 2 (representing skin friction),

N, (Re,)”"/* (the Nusselt number) and Sh, (Re,) ™"/ (the

Sherwood number) are highly significant. These param-

eters are essential and described by the following non-
dimensional equations:

g (0),

Ivtgy (Rea)_l/z = '}/ (0)

1 1
12 1 12
CrRen) "= /(0. G Reo) = 7

1

N, (Re,)™"? = - T, (0),

Where;

Qr?
Re,=—, T,=(1-¢)" <1 - ¢+¢<&>>,

Uy Py

T,=(1-¢)" <1 — ¢+¢<Z—;>>,
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Kt 52 (pCP)s ))
T, = , T,=(1- I — o+ ,
K ( ?) ( P+e <(p c),

0B vy
2pr’ r (pC,,)f’
v 7D,C ™D, (T, — T.
SC= _f’ Nb — B oo’ Nt _ T( ws oo)’
Dy v, v, T,
Lo Lo 4TS
19=Ll > =L [—, md —
v, v, k*kf

Here, M represent the magnetic field parameter, Pr
denote the Prandtl number, Sc refers the Schmidt num-
ber, The parameters N, and N, relate to the influence of
thermophoretic forces and Brownian particle movement,
respectively, while ¥ is the velocity slip coefficient and
a represent the thermal slip coefficient.

3. OVERLAPPING GRID SPECTRAL
QUASILINEARIZATION SOLUTION

This iterative approach breaks the solution area into
multiple intersecting sub-domain and employs quasi-
linearization, an adapted Chebyshev spectral collocation
approach alongside Lagrange interpolation using Gauss—
Lobatto points. The Spectral Quasi-Linearization Method
(SQLM) is recognized for its superior stability, accuracy,
and reduced computational time compared to conventional
computational approaches like the Runge—Kutta method,
Shooting approach, and Keller-Box scheme are commonly
employed. The application of SQLM greatly increases
the precision and processing performance when used on
multiple grids. This method demonstrates notable advan-
tages, especially in maintaining stability across bigger sub-
domains using fewer grid points, enhancing accuracy, and
lowering computational cost. These improvements stem
from the use of matrices of irregular coefficients, which
streamline matrix-vector and inversion of the matrix oper-
ations, leading to faster computations. The implementation
procedure is outlined below:

The nonlinear ODEs are transformed into a linear form
through the quasilinearization method, following the con-
ventional SQLM procedure., leading to

a*O,rfrW + a*l,rfr// + a*Z,rfr/ + a*3,rfr + a*4,rgr = R*l,r
(14)

b*O,rg;, + b*l,rg; + b*Z,rgr + b*3,rfr, + b*4,rfr = R*Z,r (15)
C*O,rB/r/+C*l,rB/r+C*2,rfr+C*3,rY; = R*3,r (16)
d*O,r’Y;,_i_d*l,rgD/r+d*2,rfr+d*3,rﬁlr, = R*4,r (17)
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The variable coefficients are obtained with respect to the
operators (F, G, T, H) as:

S B L
aO,r_af,,,_T]’ a l,r_af/,_ ro
. OF [ M A"
a = —a _—— -,
o n\(+m?)) T
L e O T M
a?r af_r’ 4,r ag r T] (l+m2)
LG 1. G,
O,r_ag,/_Tl ’ l,r_ag,_ roe
b, G T2< M ) A"
2= T T \aEey) T
G T, M
b* EEp . [ — ,
w=37=5 =7 ()"
o _9G_ . _0T 1 (T 4
= —_—= N C r: = — _— =1V, N
ar = 5r 8- 0r= 58 P\T, 73 d
; aT , ,
c 1Lr— aB, Zfr+2NtBr+NbYr
or . aT ,
C*2,r=¥=Br’ C3,r=a_y,=NbBr’
oH oH
di =~ =1, d* =2-=Scf,,
N a,y// s a,y/
g _OH o _0H N,
= — =DC . ==,
2,r 8f Yr 3,r aB// Nh
1, 1
R*l,r:frf;,_ifr2+§gr2’
R*Z,r:frg; - f/rgr’
R*s, = f,B+N,B]+N,B.v,
R*,, =Scf,y,

(18)
To illustrate the effectiveness regarding the breakdown
of the conflicting domain SQLM, we begin by approximat-
ing the primary semi-infinite solution domain (0, co) with
a finite solution domain 7 = [0, 7]. The selected 7, is
sufficiently large enough to ensure that the flow character-
istics closely approximate those at infinity.>> The confined
solution area I, is split into g overlapping computational
regions, as illustrated below:

I = [n’o, ”’Mn]’ I=1,2,3,4, ....... Lq (19
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Each subdomain, I, is segmented into M, + 1 colloca-
tion points with uniform domain length defined as:**3’

N

q+(1—q)<1—cos<Mln))

The total domain length is determined using the
Gauss-Lobatto collocation points, z; = cos (7 i/M,) , i =
0,1, 2,3, ...., M, resulting in:

n:%(l —cos(ﬂ%))(l—q)%—qL (21)

We take into account how each interval is transformed,
L =[7, n’MW] into z; = [—1, 1] by the use of the linear
transformation 1, = L/2(z;+1), z;, = cos (wi/Mn) .

The unknown functions f (), g(n), B(n), and y(n)
are each approximated using the univariate Langrange
interpolation polynomial. The approximation of f (n) for
instance is defined as:

f() ~F(n)=Y""F (1) Vi (m)

The functions Vi(m) denote the Lagrange basis
polynomials, with their respective derivatives approx-
imated at the collocation nodes over the truncated

L= (20)

(22)

interval.7; (j=0, 1,2, ...... ., M,) as:
df (n) M , M
W ~ Zi:Z)F m)V'i(m) = Zi:% Dli,jFI(nj) =D'F
) (23)
Where D' = 2/(7n M, ~ 1',) D is the differential matrix
onland F=[f(n'y)., f(n'}), ...... , f('y)]". D rep-

resents the basic the Chebyshev differential matrix which
is a differential operator of the first order with order
(M77 + 1) X (M77 + 1). An approximation of the n-nth-order
derivative of f wrt space over the full domain is given by:

a“Ff o D"F (24)
dn"

o~

The newly defined matrix-vector F, representing the
solution over the entire set of sub-intervals, can be
expressed as follows:

A T
F=[7m).f ). s (n,)] (25)

A comparable approach is employed to provide a close
representation of the other unknown functions and their
respective derivatives. Once the spectral collocation tech-
nique has been applied, the discrete derivatives on (9)—
(12), the resulting matrix equations are as follows

A1,1ﬁ+A1,2G+A1,3i+A1,4FI =R1,r (26)

A2,1ﬁ+A2,2é+A2,3T +A2,4 I:I = Rz,r (27)
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A3,1ﬁ+A3,2é+A3,3T+A3,4ﬁ =R;,
A F +A,G+A,,T+A H=R,,

(28)
(29)

Equations (26)—(29) can be expressed in matrix form as:

AL A LA A, If R,,
Ay Ary Ays Ayy q _ R,, (30)
Ay Az Ay Agy 7: R;,
Ay Ay Ay Ay H R,,
Where;
A, = [a*O,rD3 +a*, ,D*+a*, D+ a*3,r] ,

Ay = [b*3,rD2+b*4,rD]’
Az,z = [b*O,rD2+b*l,rD+ b*Z,r] >

Ay; =0, Ay, =0,

Ay = [C*Z,r]’ A, =0, A5 = [C*O,rD2+c*l,rD]’

A3,4=["*3,rD]’ Ay = [d*lr]’ Ay =0,

Az = [d*o,rDz]’ Ayy = [d*o,rD2+d*l,rD]

A sparser matrix system is derived by applying the
boundary conditions to the main diagonal sub-matrices
within ‘matrix system (30), the system is subsequently
solved using appropriate initial estimates that comply
with the boundary conditions, allowing for the simulta-
neous computation of numerical solutions across all sub-
domains. The initial guesses adopted for the present model
are as follows:

fo(m) =0,
— 1 -n
g (n) = (1"1'19) e,
_ - (1)
Bﬂm—<“+$ e,
Yo (M) =~ (E) e

4. VALIDATION

Table II presents the numerically obtained results of
—pB(0) and compares them with the results from the pre-
viously published study.*?> The values computed using the
overlapping grid SQLM show excellent agreement with the
reference study, as shown in Table II, confirming the high
accuracy, dependability and effectiveness of the suggested
approach. To further evaluate the method’s performance,
convergence behavior was assessed by analyzing solu-
tion and residual errors. Solution errors were determined
by comparing function values across successive iterations.
Additionally, residual errors were computed by the infinity
norm and replacing the approximate solutions into Eqgs. (9-
12) of the resulting discrepancies. Figures 2-5 illustrate the

400

J. Nanofluids, 14, 394-410, 2025



Oluwaseun and Agbaje

Table II.
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Comparison of the numerical values of the Nusselt number

against results of Mustafa®® for different values of P., M and N,.

P. M N, Mustafa®? Present study
5.0 0.5 0.5 0.254657 0.25465673
6.2 0.276789 0.27678914
8.0 0.303769 0.30376926
13.0 0.358263 0.35826315
7.0 0 0.482752 0.48275174
0.2 0.399324 0.39932407
0.4 0.323281 0.32328124
0.8 0.206541 0.20654127
0.5 0.1 0.407715 0.40771454
0.3 0.347439 0.34743863
0.5 0.289524 0.28952413
0.7 0.180515 0.18051547

error trends for f (1), g (n), B(7m) and 7y (n), respectively.
Initially, convergence errors are relatively high due to the

use of an approximate initial guess, which may be far from
the true solution. However, these errors drop sharply—by
several orders of magnitude—within the first five itera-
tions, reaching approximately 10~'* for f(m), g (1), and

10° ‘ ‘
—+—Residual Error
——Convergence Error
LS\ -5
_é 10
=
=
2l
3 4n4-10 1
< 10
10-15 . .
0 5 10 15
Iterations

Fig. 2. Residual and convergence errors for f ().

10° ‘ ‘
—*—Residual Error
\\ —— Convergence Error

lﬂh 108+ i
8
=
>
= 10710} 1
8]
E ‘w

10—15 L 4

0 5 10 15
Iterations

Fig. 3. Residual and convergence errors for g (7).

10° N ‘ i
o —+— Residual Error
—— Convergence Error
LTSQ,
T 51
K 10
=
&
w
S 40101
< 10 |
10-15 . .
0 5 10 15
Iterations

Fig. 4. Residual and convergence errors for ().

107'2 for B(7), v (n). The rapid fall indicates that the
procedure is quickly approaching a stable solution. This
rapid decline indicates that the method converges quickly
toward a stable solution. After the fifth iteration, the con-
vergence error levels off, implying that further iterations
result in negligible changes, thus confirming convergence.
The trends observed in the residual errors closely mirror
those of the convergence errors, starting at high values and
decreasing significantly within the first few iterations. This
suggests that the early stages of the procedure are effec-
tive at narrowing the gap between numerical and analyti-
cal solutions. The residual error approaches its minimum
around the same number of iterations as the convergence
error, indicating that the solution has stabilized. It’s worth
noting that the residual error for f (n), B(n), and 7y (n)
reduces to approximately 107, and for g (m) it reaches
around 107, which is lower than the convergence error.
This illustrates that the numerical method is quite pre-
cise in meeting the governing equations, even when small
changes in the solution occur between iterations.

ol : ‘
10 —*—Residual Error
—— Convergence Error
-
|
3 1070}
E
>
S 410
e 100771
10—15 . .
0 5 10 15
Iterations
Fig. 5. Residual and convergence errors for y (7).
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Default values:

A*=02, M=05 J=0.25,
P.=70, N,=05, N, =07,

W, =w =w, = 2.0, n=3.0, a=0.25,
N,u=05, ¢ =01, ¢,=0.2,

5. RESULTS AND DISCUSSION

This segment provides a comprehensive and in-depth
examination of the temperature, concentration, and char-
acteristics of the conducting hybrid nanofluid’s movement
made of carbon nano tubes (CNTSs) and iron oxide (Fe;0,)
above a revolving disc. The model is based on several key
assumptions, including steady-state flow in an imperme-
able substance, the impact of a consistent magnetic field,
the consideration of Hall currents, Buongiorno contribu-
tion, temperature leap and sliding velocity, all of which
introduced different parameters to the model. The influ-
ence of some of these variables are presented with tables
and figures, as well as a detailed analysis of the distribu-
tions of temperature, velocity, and concentration. Further-
more, the Sherwood, Nusselt, and skin friction numbers
are displayed.

The application of a magnetic field introduces electro-
magnetic interactions that influence the motion of nanopar-
ticles suspended in the fluid. The resulting Lorentz force
acts in a direction perpendicular to both the magnetic field
lines and the velocity of the fluid, thereby opposing and
slowing the fluid’s motion. Figure 6 for axial velocity
f (m), Figure 7 for radial velocity f’(n), and Figure 8
for tangential velocity g (n) show a significant decrease
in fluid velocity across all components as the magnetic
parameter M increases. In Figure 9, we observed that axial
velocity decreases as the porosity parameter increases.
This is because a higher porosity means a less perme-
able medium, which increases fluid resistance by forcing
the fluid to flow via narrower channels. The centrifugal

0.35
0.3r PP —
T el
o e
0.25¢ ‘,::.»" -
Rt
S
— 0.2r¢ 1974 g
S %, M=0,0.2, 04,06
=
S~
0.15 ]
0.1} —————— Fe,0,-MWCNT-H,0 ]
005 | ——meme - Fe,0, - SWCNT - H,0 |
0 . . .
0 2 4 6 8 10

Fig. 6. The influence of M on f (7).
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0.08 |

Fe:‘xO4 -MWCNT -H,0

e Fe,0, - SWONT - H,0

Fig. 7. The influence of M on f’ (7).

force generated by the disk’s spinning principally drives
the fluid’s radial motion. In a porous medium, raising the
porosity parameter increases the effective drag force in
the radial direction, reducing radial velocity, as seen in
Figure 10. The peak of radial velocity occurs close to
the rotating disk. In Figure 12, with a rise in porosity
value, the tangential velocity decreases. This reduction is
most noticeable close to the surface of the disk. Hall cur-
rent generally causes deflection of charged particles within
a conducting fluid, affecting the overall current density
distribution within the fluid and lessening the impact of
the Lorentz force on the fluid motion. As the Hall cur-
rent parameter m increases, the opposition to fluid flow
decreases, resulting in an acceleration of the fluid, which
explains the increase in the velocity profiles in all direc-
tions as depicted by Figures 13—-15. The velocity slip con-
dition minimizes the fluid’s interaction with the surface,
resulting in a smaller boundary layer.

Figures 15-17 show that the thinning effect reduces
velocity near the surface by transferring less momen-
tum into the fluid. In general, from Figures 6-17, the
MWCNT—Fe;0,—H,0 hybrid nanofluid significantly out-

Fe,O, - MWCNT - H,0

s Fe,0, - SWCNT - H,0

M=0,0.2,04,06

Fig. 8. The influence of M on g (7).
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0.15
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Fig. 9. The influence of A* on f (7).
0.06 T
0.05 1
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=003} :
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0.02§
0.01§
0 -
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Fig. 10. The influence of A* on f' (7).

performs the SWCNT —Fe;O,—H,O in terms of the veloc-
ity distributions owing to the presence of nanoparticles of
larger diameter and multiple graphene layers in the struc-
ture of MWCNT.

Fe,O, - MWCNT - H,0

0.6
—mmmees Fe,0, - SWCNT - H,0
=
> 04 A
A'=05,1.0,2.03.0

0.2 1

0
0 2 4 6 8

n

Fig. 11. The influence of A* on g (7).
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Fig. 12. The influence of m on f (7).

0.14

0121 77, Fe,0, - MWCNT - H,0

—mmm s Fe,0, - SWONT - H,0

0.1+

—~ 0.08
S i

N j
" 0.06 i/ m=0.1,0508 15

0.04 |,

0.021

Fig. 13. The influence of m on f’ (7).

In Figure 18 we identified that the tempera-
ture distribution of both MWCNT-Fe;O0,—H,O and
SWCNT—-Fe;O0,—H,0 Rises as the parameter value
grows of the magnetic parameter M. Physically, the
increase in temperature distribution with increasing M

0.8

Fe,0, - MWCNT -H,0

0.2

oo Fe,0, - SWCNT-H,0

m=0.1,05,08,15

0 2 4 6 8

Fig. 14. The influence of m on g (7).
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0.25 - w w : 1
V205102030 2= ———— Fe,0,-MWCNT - H,0
ﬂ"
0.2 /" 08 e Fe,0,-SWCNT-H,0 |
0"' % ”‘
0.15 L4 0.6
E /4 =
= 77/ <
0.1 Y 04r
——————— Fe,0,-MWCNT - H,0
0.05} s Fe,0, - SWCNT - H,0 02f
0 2 4 6 8 10 0 5 10 15 20 25
Fig. 15. The influence of ¥ on f (7). Y
Fig. 18. Repercussion of M on B (7).
0.1
—————— Fe,0, - MWCNT - H,0 ! '
0.08[ =~ %374 2
Fe,0, - MWCNT - H,0
e Fe,0, - SWONT - H,0 0.8
0.06 | ’ s Fe,0, - SWCNT - H,0
= ;

¥=0.5,1.0,2.0,3.0

P,=3.0,4.0,50,7.0

0 5 10 15 20 25
Fig. 16. The influence of ¥ on f'(n).

. . . . Fig. 19. Repercussion of P, on .
is largely driven by electromagnetic effects, specifically & P Alm)

the enhanced Joule heating and the restriction of heat

convection mechanisms due to the Lorentz force, which is elevated in values. As seen, the temperature distribu-
facilitate the more local heat retention and conversion of ~ tion of the fluid improves with higher P,. It can also be
mechanical energy to heat energy. Figure 19 displays the ~ observed that for any particular P, value, the temperature

r

thermal profile of the nanofluid as the Prandtl number  distribution of MWCNT—Fe;0,—H,0 is slightly higher

0.8 . . ‘ ‘ 1

0.6 ——— Fe,0,-MWCNT-H,0 0.8 1

Fe,O, - MWCNT - H,0
s Fe,O, - SWCNT - H,0

0.6 e Fe,0, - SWCNT-H,0 1
—

04
D

0.2

Fig. 17. The influence n of ¢ on g (7). Fig. 20. Repercussion of n on B (7).
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1 1
Fe,O, - MWCNT - H,0 Fe,O, - MWCNT - H,0
0.8 0.8 1
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04r " 04r 1
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Fig. 21. Repercussion of N,, on B(n). Fig. 24. The influence of « on B (7).
1 ; 0.4
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0.8
0 L
0.6 Py Sc=02,04,0.7,1.0
= S.02
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Fig. 22. The influence of w, on B (1). Fig. 25. The influence of Sc on 7y (7).

between the nanoparticles and the surrounding fluid. These
interactions depend largely on the surface area-to-volume
ratio of the nanoparticles. As the surface area to vol-
ume ratio increases, the interactions become more rig-
orous, resulting in a uniform and higher fluid temper-

than that of SWCNT—Fe;O0,—H,0 highlighting the bet-
ter thermal conductivity offered by MWCNT. Generally,
the shapes of the nanoparticles greatly influence the ther-
mal distribution of the fluid, owing to the interactions

1 ‘ ‘ ‘ - 0.2 , ,
0.8 Fe,0, - MWCNT - H,0 1 or
—mmem—e- Fe,0, - SWCNT - H,0
0.6 -0.21
= = @=05,1.0,20,3.0
A &
04r N,=0.0, 0.5, 1.0, 2.0 -0.4
Fe,O, - MWCNT - H,0
0.2 -0.6 —mmm - Fe,0, - SWONT - H,0 1
0 : : : = -0.8
0 5 10 15 20 25 0 5 10 15
n n
Fig. 23. The influence of N, on (7). Fig. 26. The influence of a on y (7).
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Fig. 27. The influence of N, on 7y (7).
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Fig. 28. The influence of P, on y (7).

ature distribution. This key concept is demonstrated in
Figure 20, which presents the response of the thermal pro-
file to changes in the shape of the Fe;O, nanoparticles
with n = 3 (spherical shape) offering the least surface
to volume ratio and n = 5.7 (platelet shape) the highest

0.4 ‘ ey
0.2+
0 L
=
= - MWCNT - H,0
-0.2
e Fe,0, - SWONT - H,0
-0.4
-0.6 ' ' l
0 5 10 15 20 25
n

Fig. 29. The influence of w, on y (7).
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N;=00,05,1.0,2.0

Fe,0, - MWCNT - H,0

e Fe,0, - SWONT - H,0

0 5 10 15 20 25
n
Fig. 30. The influence of N, on 7y (7).

surface to volume ratio for both hybrid nanofluid composi-
tions. Figure 21 displays an increasing trend in the thermal
profile as the thermal radiation parameter N, increases
for both cases of the hybrid nanofluid. Physically, increas-
ing N, means that thermal radiation becomes more sig-
nificant in the energy balance of the system. The hybrid
nanofluid absorbs the excess thermal radiation, which
increases the energy within and, hence, a significant ele-
vation of the temperature profile of the fluid. In Figure 22,
we observed an elevated temperature movement of the
fluid as the Carbon nanotubes’ mass-fraction increased.
Carbon nanotubes have extremely high thermal conductiv-
ity, particularly MWCNT and SWCNT, As their concen-
tration increases in the hybrid nanofluid, the fluid’s over-
all conductivity of heat rises. This improvement makes
it possible for the fluid to transmit heat more efficiently
through its volume. Similar trends are observed for differ-
ent values of the thermophoresis parameter in Figure 23.
Figure 24 shows how the blended nanofluid temperature
distribution is affected by the thermal slip parameter o.
Typically, in the absence of thermal slip (« = 0) for this
configuration, the fluid adjacent to the disk would assume

0.4

0.2}

Fe3O4 - MWCNT - H20

S Fe,0, - SWCONT - H,0

n

Fig. 31. The influence of n on 7y (7).
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Table III.  Values of skin friction coefficients in numbers (Re, )"’ C; and (Re,)" zch for different values of M, m, A*, ¥ and w,.

M m A* 5} w,  (Re,)’C;, —MWCNT  (Re,)"’C, — SWCNT  (Re,)"’C,, — MWCNT  (Re,)"’C, — SWCNT
00 05 02 025 20 0.24051154 0.22886179 — 0.96394971 —0.79254224
0.5 0.28256876 0.25256085 — 1.32777183 — 1.10999031
1.0 0.31440325 0.27404697 — 1.58302705 — 1.32922879
2.0 0.35917301 0.30578598 — 1.95310137 — 1.64306979
0.5 00 0.14044403 0.12940168 —1.34959800 —1.12458576
0.5 0.28256876 0.25256085 —1.32777183 —1.10999031
1.0 0.35083879 0.31341483 —1.24940632 —1.04509370
2.0 0.36500946 0.32954821 —1.13178288 —0.99196393
05 0.1 0.32295162 0.28393216 —1.22296580 —1.03510357
0.5 0.20582993 0.18932635 —1.59697314 —1.30746466
1.0 0.14293673 0.13403548 —1.93771796 —1.56531512
2.0 0.08968427 0.08515772 —2.40916927 —1.93000964
02 00 0.42641747 0.39090745 —1.54618670 —1.30150327
0.5 0.19968830 0.17536128 —1.15694486 —0.96079017
1.0 0.11409110 —0.91627605 0.09801935 —0.75350621
2.0 0.05106475 —0.64569923 0.04295476 —0.52526850
025 00 0.19865521 —0.83497916 0.19865521 —0.83497916
0.5 0.21781581 —0.92450130 0.21164859 — 0.89034989
1.0 0.23889693 —1.03704079 0.22526162 — 0.95552334
3.0 0.32369303 — 1.70966357 0.27834498 — 1.29356051

a temperature very close to that of the disk, resulting
in a strong thermal boundary layer. However, as the slip
increases, thermal contact reduces, resulting in less energy
being transferred to the fluid and, thus, a lower temper-
ature profile near the surface. This temperature reduction
within the boundary layer indicates a less effective heat
transfer process, which is significant in applications requir-
ing thermal management and temperature gradient control.

Table IV. Numerical values of Nusselt number (Re,) " ZNMS for different values of M, a, w,, P, N, andN,

Figure 25 depicts dynamic characteristics of the hybrid
nanofluid concentration as Schmidt number, Sc increases.
With a higher Sc, the mass diffusivity decreases, mean-
ing that the ability of the nanoparticles to diffuse away
from the disk is reduced. As a result, the nanoparticles
tend to accumulate near the disk surface, leading to a
higher concentration in this region. The rotating motion
of the disk creates a strong centrifugal force, pushing

d*

M a w, P. N, N, (Re,) 2N, — MWCNT (Re,)”"?N, — SWCNT
0.0 0.25 0.5 7.0 0.7 0.5 0.76078542 0.84520727
0.5 0.75179019 0.80330111
1.0 0.73112091 0.76968758
2.0 0.69318650 0.72135326
0.5 0.2 0.75791502 0.80985005
0.4 0.73397266 0.78424985
0.7 0.70066963 0.74864103
1.0 0.67016300 0.71602266
0.25 0.0 0.83739200 0.86905562
0.5 0.82108886 0.85519569
1.0 0.80064775 0.83918586
2.0 0.69947790 0.76548204
0.5 5.0 0.66047226 0.70510977
6.0 0.70626036 0.75429699
7.0 0.75179019 0.80330111
8.0 0.79687279 0.85191684
7.0 0.2 0.77254944 0.82583520
0.7 0.75179019 0.80330111
1.0 0.73940776 0.78987687
2.0 0.69869384 0.74582801
0.7 0.0 0.78293776 0.83550387
0.5 0.75179019 0.80330111
3.0 0.65281091 0.69968612
5.0 0.60885840 0.65301516
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Table V. Numerical values of Sherwood number (Rea)fl/ ZS,ZS for different values of M, a, w,, P,, N, and N,

Oluwaseun and Agbaje

rnd *

M @ w, P, N, N, (Re,)""*S, — MWCNT (Re,)"'25, — SWCNT
0.0 0.25 0.5 7.0 0.7 0.5 —0.23804758 —0.24801818
0.5 —0.23541866 —0.23572121
1.0 —0.22894620 —0.22585763
2.0 —0.21706726 —0.21167438
0.5 0.2 —0.23733662 —0.23764293
0.4 —0.22733662 —0.23013079
0.7 —0.21941056 —0.21968172
1.0 —0.20985759 —0.21011016
0.25 0.0 —0.26222436 —0.25501625
0.5 —0.25711913 —0.25094919
1.0 —0.25071812 —0.24625125
2.0 —0.21903738 —0.22462355
0.5 5.0 —0.20682299 —0.20690787
6.0 —0.22116126 —0.22134140
7.0 —0.23541866 —0.23572121
8.0 —0.24953601 —0.24998704
7.0 0.2 —0.06911980 —0.06923818
0.7 —0.23541866 —0.23572121
1.0 —0.33077311 —0.33111712
2.0 —0.62511958 —0.62530360
0.7 0. —0.58854665 —0.58930302
0. 2 —0.16815619 —0.16837229
1.0 —0.11770933 —0.11786060
2.0 —0.05885467 —0.05893030

the nanoparticles outward. However, with low mass dif-
fusivity, they can disperse into the fluid away from the
disk less. Away from the disk, the mass flux decreases
significantly. Similar trends are evident in the concen-
tration profile of increasing values of the thermal slip
and Brownian motion parameters, as seen in Figures 26
and 27. Increasing Prandtl number significantly elevates
the fluid mass flux for both MWCNT—Fe;0,—H,0 and
SWCNT—Fe;0,—H,0 as depicted in Figure 28. Reverse
trends are observed in Figure 29 as the mass-fraction
of Fe;O, increases owing to the existence of larger and
heavier nanoparticles. Figure 30 showcases the hybrid
nanofluid mass flux characteristics in response to varia-
tion of the thermophoresis parameter. It can be observed
that close to the rotating disk, where the temperature
is typically higher due to friction and heat generation,
thermophoresis causes nanoparticles to depart from the
disk surface. As N, increases, the strength of this migra-
tion increases, leading to a more significant depletion of
nanoparticles near the disk surface. As the nanoparticles
move away from the disk surface, they accumulate in
regions with less steep temperature gradients and weaker
thermophoretic force. Figure 31 displays the influence of
the shape factor of Fe;O, nanoparticles with the concen-
tration decreasing as the shapes change from spherical to
cylindrical and finally to platelet.

Table III presents the computational values of the radial
stress and defying torque at the rotating disk surface for
varying values of M, m, A*, 9, and w, Increasing values
of M, m, and w, increase the surface radial stress owing

to the increase in the opposing forces as a result of the
magnetic force interaction with the fluid, influence of the
Hall current and mass-fraction of the (Fe;O,) nanoparti-
cles with the variations more pronounced in MWCNT than
SWCNT. Radial stress decreases with rising values of the
porosity A* and slip i parameters. The trends observed
in the surface resisting torque are in reversed directions to
those of radial stress.

1. Table IV displays the computed values of the heat
transfer rate at the disk surface for different values of
M, a, w,, P., N,, and N.,. In general, heat transfer rate
is a critical undefined quantity that characterizes the rate
of heat transfer in a fluid flow. It represents the Compar-
ison between convective and conductive heat flux at the
boundary surface. It is used to assess heat transfer effi-
ciency in systems involving fluid flow. The hybrid fluid
temperature is significantly reduced for increasing values
of the M, w,, o, N,, and N, When M increases, the
induced Lorentz force generates an opposing effect on the
fluid motion, which usually results in a decrease in fluid
velocity. This diminution of mobility reduces the transfer
of heat through convection within the boundary layer. In a
similar version, increasing N, leads to a thickening of the
thermal boundary layer as the nanoparticles, which have
high thermal conductivity, move deeper into the fluid. This
thickened boundary layer reduces the temperature gradient
at the wall, resulting in a lower Nusselt number. Simi-
lar trends are observed for increasing values of the mass-
fraction of the Fe;O, nanoparticles, temperature slip and
thermal radiation parameters. An increase in the Prandtl
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number enhances the heat transfer rate, primarily because
higher values lead to reduced thermal diffusivity, result-
ing in a thinner thermal boundary layer compared to the
momentum boundary layer.

Table V serves the purpose of showcasing how the
surface mass flux rate changes in response to variations
in N,, M, a, w,, P, and N,. Increasing the Brownian
motion parameter improves the diffusion of nanoparticles,
which subsequently influences the concentration gradients
within the fluid. As such, the erratic motion of the particles
intensifies, and the overall mass transfer rate is enhanced.
Increase in the thermal slip parameter is accompanied
by reduction in boundary layer thickness which forces
a stronger convective response to maintain the nanopar-
ticle concentration gradient, hence, increases the Sher-
wood number. Similar observations are made for the mass-
fraction of (Fe;O,) nanoparticles and magnetic param-
eters. Increasing N, weakens the concentration gradient
which is a major factor that drives the mass flux close
to the revolving disc. The reduction in the concentration
gradient near the surface due to increased thermophoretic
movement causes the process of transferred mass to drop.
This also holds true for rising Prandtl number levels.

6. CONCLUSION

This study presents a comprehensive investigation into the
flow, temperature, and concentration characteristics of a
hybrid nanofluid composed of carbon nanotubes (CNTs)
and iron oxide (Fe;O,) over a rotating disk. The study
considers a range of physical factors such as magnetic
field, Hall current, and slip conditions. The analysis, con-
ducted through numerical simulations with an overlapping
spectral quasilinearization method, ensures high accuracy
and convergence. The significant findings of this research,
particularly in practical application areas such as enhanced
lubricant production, spacecraft thermal control systems,
enhanced oil recovery (EOR), and electronics thermal
management, can be summarized as follows:

e The implementation of a magnetic field significantly
impacts the velocity and thermal profiles of the nanofluid.
The magnetic field generates a Lorentz force that opposes
fluid motion, reducing velocity components in all direc-
tions. At the same time, the magnetic field enhances tem-
perature distribution within the fluid due to the Joule heat-
ing effect.

e Increasing the medium’s porosity results in a reduction
in velocity across all directions, particularly near the rotat-
ing disk. The higher porosity increases the drag force,
reducing the fluid’s momentum and affecting the overall
flow characteristics.

e The surface radial stress increases with increasing val-
ues of M, m and w, and decreases with increasing val-
ues of A* and . The surface resists torque in a reverse
manner.

Numerical Simulation of Hydromagnetic Flow and Heat Transfer of Hybrid Nanofluid Over a Rotating Disk

e The Hall current parameter increases the velocity of the
hybrid nanofluid in all directions by altering the distribu-
tion of charged particles within the fluid. The velocity slip
condition also reduces the interaction between the fluid
and the disk surface, leading to thinner boundary layers
and reduced momentum transfer.

e Prandtl number, Magnetic, nanoparticle and thermal
radiation parameters significantly influence the tempera-
ture of the hybrid nanofluid.

e Thermophoresis parameter and mass-fraction of the
Fe,O, improves the temperature profiles in both hybrid
fluids while thermal slip decreases the profiles.

e The Nusselt number significantly declines in response
to elevations in N,, N4, a, w, and M, while it improves
significantly as the Prandtl number increases.

e The concentration distribution of nanoparticles is influ-
enced by parameters such as the Schmidt number, Brow-
nian motion, thermal slip, and thermophoresis.

e Sherwood number increases with increasing values of
N,, w,, a and M. It decreases as N, and P, increase.

e MWCNT outperforms SWCNT in terms of the thermal
distribution and fluid motion.
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