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NOISIAI

tri-component nanofluid flow past an inclined stretching sheet embedded in a

permeable medium. The electrically conducting nanofluid is considered under the
impact of the Lorentz force. The nanoparticles of three types: Silver, Copper, and Ferric oxide,
are considered and mixed with the water taken as a base fluid. The proposed phenomenon in
the form of differential equations is solved numerically for the numerical outcomes. These
results reflect that the Maxwell fluid parameter has an increasing impact on the velocity of the
fluid and a decreasing effect on the temperature. The increasing magnetic force effects
highlight the increasing trend in temperature of the fluid and the decreasing impact on the
velocity of the fluid. The increasing number of nanoparticles has an increasing thermal effect
on the fluid. Similarly, the skin friction and rate of heat transfer are dependent functions of
pertinent parameters. The differential equations are solved using the exact solver bvp4c.
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Introduction:

A tri-component hybrid nanofluid is an advanced type of nanofluid formulated by
dispersing three distinct nanoparticles into a base fluid, commonly water, ethylene glycol, or
kerosene. The nanoparticles may consist of metals, metal oxides, or carbon-based materials
like graphene, with each type selected to enhance particular thermal, electrical, or chemical
properties.

In practical applications, fluid—surface interactions are often accompanied by mass
extraction (suction) and flow through permeable substrates. These mechanisms play a critical
role in regulating boundary layer development, stabilizing the flow, and controlling thermal
gradients. Additionally, porous media effects are inherent in many natural and engineered
systems, including geothermal reservoirs, filtration units, catalytic reactors, and subsurface
energy transport devices. The combined influence of permeability, extraction, and magnetic
forces introduces complex coupling between momentum, thermal, and mass transport
processes that cannot be captured through simplified fluid models.

Motivated by these considerations, the present study investigates the dynamic behavior
of a magnetized multi-component hybrid nanofluid flowing over an obliquely elongating
interface embedded in a permeable medium. The analysis aims to elucidate the roles of
magnetic interaction parameters, multi-nanoparticle composition, extraction intensity, and
porous medium permeability on the flow structure and transport characteristics. The
outcomes of this work provide insights into the controlled manipulation of hybrid nanofluid
systems and contribute to the advancement of efficient thermal and flow control strategies in
modern energy and manufacturing technologies.

The Objective of the Study:

The objective of the newly introduced framework is to explore the heat transfer
behavior of spherical Ag-Cu-Fe304 nanoparticles suspended in water through the application
of the MHD Maxwell fluid model. This analysis also examines the impact of stretched inclined
surfaces accompanied by suction phenomena within a porous medium. The research involves
analyzing various governing factors such as a suction coefficient, permeability factor, magnetic
influence, temporal relaxation factor, Maxwell fluid characteristic, and buoyancy effect. The
findings from this analysis will carry significant relevance across multiple industrial domains,
including thermal energy stations, manufacturing equipment, and the aerospace sector.

The Novelty of the Statement:

The present investigation introduces a newly designed numerical scheme specifically
developed to analyze the complex behavior of tri-component hybrid nanofluids within a non-
Newtonian Maxwell fluid framework embedded in a permeable medium. The proposed
algorithm demonstrates enhanced accuracy, stability, and convergence when compared with
existing computational approaches. A key novelty of this work lies in establishing that the
inclusion of three distinct nanoparticle constituents significantly improves the rheological
performance, heat transfer capability, and flow regulation of Maxwell-type fluids. Compared
with existing studies, this work offers a more complete understanding of the undetlying
physical mechanisms associated with magnetized hybrid nanofluid transport in permeable
environments.

Literature Review:

Jalal Mohammed Zayan et al. [1] explored the synthesis and performance evaluation
of novel ternary hybrid nanomaterials designed as heat transfer enhancers in H,O. Farah
Nadzirah Jamrus et al. [2] investigated the stability of unsteady flow of a ternary composite
nanofluid over a shrinking surface, incorporating the effects of wall mass suction. 4. O.
Akindele et. al. [3] studied the phenomenon of thermal behavior of three-component hybrid
nanofluid moving over an inclined magnetized surface illuminated by solar radiation. Prabhu
gouda Mallanagouda Patil [4] discussed the transport of a ternary hybrid nanofluid with
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Casson-Williamson characteristics over an angled cylinder, considering multiple slip effects.
Asad Ullah et al. [5] investigated enhanced heat transfer in a ternary hybrid nanofluid (SiO, +
Cu + MoS;/H;0) under symmetric flow conditions adjacent to a nonlineatly deforming
surface. Shilpa Choudhary et. al. [6] describe the thermal behavior of kerosene-based ternary
hybrid nanofluids containing two distinct nanoparticle combinations (CNT-Graphene-FezOy,
and MgO-Cu-Au) as they flow across a sheet that stretches in two directions. S. Manjunatha
et. al. [7] conduct a theoretical analysis of convective thermal transport in a ternary nanofluid
over a deforming sheet. P. Priyadharshini et. al. [8] ternary composite nanofluid dynamics over
a symmetrically elongating surface, enhanced via a machine learning prediction technique. Nur
Syahirah Wahid et. al. [9] conducted a study about a ternary hybrid nanofluid with first and
second-order velocity slips.

Kiran Sajjan et al. [10] conducted the study on the nonlinear transfer of thermal energy
regarding a ternary nanofluid passing a Darcy-Brinkman porous framework under a transient
heat source/sink. Rupam Shankar Nath and Rudra Kanta Deka [11] presented a simulation-
based examination of the behavior of a magnetohydrodynamic tri-nanoparticle suspension
fluid (Cu—Al,O3-TiO,/H,0) flowing over a vertically stretched cylinder within a porous
structure influenced by thermal stratification. W. Shinwari et. al. [12] presented the
phenomenon of a numerical exploration of the fluid dynamics of water-based triple hybrid
nanoparticles over a stretchable bent sheet. Faizan et al. [13] presented a theoretical analysis
of ternary hybrid nanofluids within the framework of the Williamson fluid model. Digbash
Sahu and Rudra Kanta Deka [14] performed a computational investigation of an MHD tri-
nanoparticle suspension fluid (Ag—CoFe;04~7Zn0O/C,H¢O, + H,0) and examined the effect
of thermal stratification on a vertically extending cylinder embedded in a permeable medium.
Noman Sarwar et. al. [15] carried out the study regarding the implementation of ternary
nanoscale particles for heat exchange in a non-Newtonian magnetohydrodynamic fluid
system. Ehab A. El-sayed et. al. [16] explained the process of modeling insights into the role
of particle shape and enhanced thermal performance in magneto-free convection of a polar
tri-hybrid nanofluid around a heat-emitting sphere. Rupam Shankar Nath and Rudra Kanta
Deka [17] presented a simulation study of the MHD tri-nanoparticle suspension fluid (Cu —
Alp03 — TiO2/H20) in the existence of temperature stratification and radiation effects

along a vertically elongated cylinder embedded in a porous medium. Zaheer Abbas et. al.
[18] explore the idea regarding the improvement of convective motion in a ternary hybrid
nanofluid driven by metachronal propulsion. Vishalakshi A. B. et. al. [19] predict the
mechanism of flow of tri-nanoparticle suspension fluid induced by radiative heat transfer and
mass transfer over a permeable stretching or contracting surface. Vakapalli Ramu et. al. [20]
carried out the study of heat transfer flow of tri-nanoparticle suspension fluid (Al,05-Z10,-
MgO) over a sinusoidal wavy surface. Hossam A. Nabwey et. al. [21] explored the mechanism
of thermal energy transport in magnetohydrodynamic (MHD) flow of Carreau-type ternary
hybrid nanofluid across an exponentially stretched curved surface. B.J. Gireesha and L. Anitha
[22] examined the impact of shape-dependent ternary hybrid nanoliquid flow through a
microchannel, incorporating quadratic radiative heat transfer, with a focus on irreversibility
analysis. Javali Kotresh Madhukesh et. al.

[23] explain the process of analysis regarding the heat transfer characteristics of a
ternary hybrid nanofluid in a permeable inclined cylinder/plate. Moh Yaseen et. al. [24]
presented the idea about the flow of a tri-nanoparticle suspension fluid with gyrotactic
microbes across three distinct shapes modeled using the Cattaneo—Christov approach.
Khaled Algawasmi et al. [25] investigated the flow of a ternary hybrid nanofluid over a disk
using computational methods, considering nonlinear heat generation and absorption governed
by Fouriet’s heat conduction model.

November 2025 | Vol 7 | Issue 4 Page | 2930



OPEN (3} ACCESS

International Journal of Innovations in Science & Technology

Mathematical Formulation:

A two-dimensional constant laminar steady fluid flow over a deforming layer with
boundary suction in a permeable medium capable of conducting electricity, Maxwell-type
viscous tri- component hybrid nanofluid is investigated.

O0x0out0oyov=0 (1)
uoxou+voyou=pthnfuthnf(0y202u+0x202u)—pthnfB(u20x202u+v20y202u+2uvoxdyo2u
)—gPthnf(T—Too)sing+pthnfothnfBO2u—KOvthnfu (2)
(pCp)thnf(uoxoT+voydT)=kthnfoy202T 3)

The above three equations (1) to (3) are subjected to the given constraints.
u=Uw(x)=cx,v=-v0,T(x,0)=Tw,C(x,0)=Cwat y=0,u—0,T—Too,C—Cooas y—.(4)

Here, the components u and v are the velocity components with horizontal coordinate
x and vertical coordinate y, respectively. The symbols of density, kinematic viscosity, dynamic
viscosity, heat transfer capability, conductance of electricity, specific heat capacity and heat-
induced expansion of tri-component hybrid nanofluid are pthnf ,vthnf , uthnf , kthnf ,
othnf , (CP)thnf and fthnf respectively also used in the above model and the involvement
of density, kinematic viscosity, dynamic viscosity, heat transfer capability, conductance of
electricity, specific heat capacity and heat-induced expansion of base in the governing model
are also discussed which are symbolized as pf vf, uf, kf, of , (CP)f and Bf respectively.
The symbols T, Tw, T, C, Cw and C® represent the fluid temperature, the heat level at the
surface of the flexible sheet, the background assessment of the mean motion-based energy of
the particles in a substance, the fluid concentration, the surface concentration, and the
concentration in the free stream region, respectively and B, ¢, g, B2, and K denote the
relaxation time constant, the inclination angle of 0 0 the stretching surface, gravitational
acceleration, magnetic field intensity, and the permeability constant, respectively.

Solutions Methodology:

In this section, the complete approach used to solve equations (1) to (3) under the
conditions of fluid flow specified in Eq. (4) is detailed. The subsequent subsections describe
the process by which the partial differential equations (1) to (3) with the flow constraints in
equation (4) are transformed into ordinary differential equations (ODEs). Additionally, the
method employed to solve the resulting ODE is presented.

Similarity Analysis:

In the following, the similarity transformation provided in (5) will be applied to
simplify the set of interconnected and nonlinear partial differential equations (PDEs) shown
in (1-3), along with the given constraints specified in (4), into a system of ODEs. We
define the corresponding similarity variables as follows.~

u=cxf'(n),v=—cvff(n), 0(n)=T-TooTw—Toon=cvfy.(5)\theta(\eta) = \frac{T -

T \infty} {T w - T \infty}, \qquad \eta = \sqrt{\frac{c} {\nu_f}}\, y. \tag{5}06(n)=Tw—Tewo
T—Toom=vicy.(5)

By using the variables of similarity given in (5) into equations (1-3), the continuity
equation is observed to be verified, and the rest of the expressions are expressed as follows;
f"+Af"—A(f)2+AGrOsin(®)—-(M+K)f'=0,(6)
0"+(APr)f9'=0.(7)
f(0)=S,'(0)=1,06(0)=1,f'(n)—0,6(n)—0as n—o0.(8)

v
Where A="" f , Gr = 9Bthns AT is buoyancy parameter with AT = (T —T othnf B2)
M = vthnf c2 w o pthnf ¢ magnetization parameter, K = vthnf is dimensionless porosity
parameter, Pr = Vthnf is Prandtl

c Ko
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k
aumber with @ = —LITL as thermal diffusivity, § = _
athnf
is the parameter of suction (vo > 0).
(pCp)thnfevt

Here, 1 is basically a variable of similarity, and the prime symbol, ', is the representation
of the rate of change w.r.t 7.
The relevant physical parameters are the coefficient of skin friction and the Nusselt
number, which are expressed as follows
uthnf thnf C =2 (0u) ,Nu=—xk (0T) f pthnf U2 0y x kref (Tw— Tx) dy W y=0
=0 (9
Using (5), in (9), and carrying O)ilt SE)H)lC algebraic manipulations, the following
modified engineering quantities are obtained
uthnf Rel2C =2 uf f"(0), Re—12Nu=— kthnf 0'(0) x f pthnf x x kref pf (10)

2
Where Re = X

vf
Be the Reynolds number. In the following Table 1, water’s thermal and physical
propetties in base fluid role, Fe;04, Ag, and Cu are illustrated.

Table 1. Heat conduction and flow properties

Physical properties p(Kgm>) | k (W mK™) Cp J Kgflel) alSm™)
Base fluid water (H.0) 997.1 0.613 4179 5.5x107°
Iron (Fe304) 5180 9.7 670 0.025
Silver (Ag) 10500 429 235 63
Copper (Cu) 8933 401 385 59.6x10°

The equations for the thermophysical features of Ternary Hybrid Nanofluid (THN)

are shown below;

pnf =pf (1 - ¢1) + pl(psl)
uf

pnf =(1-¢)2.5

1

(pCp) =(pCp) (1 — ¢1) + ¢1 (pCp)

nf f s1

knf = ksl +2kf — 2(kf — ks1)¢1

kf ksl + 2kf + ¢1 (kf — ks1)

phnf =(1 = ¢2)(pf (1 — @1) + p1 ps1) + ¢2 ps2

uf

phnf = (1 — @)2.5(1 — ¢)2.5

1 2

(pCp) =((1 = 92)(pCp) (1 — ¢1) + p1 (pCp) ) + 2 (pCp)
hnf f sl s2

khnf = ks2+2knf —2(knf— ks2)¢2,

knf  ks2 +2knf +@2(knf —ks2)

pthnf =(1 — $3)[(1 — $2)[(1 — 1)pf + P1 ps1] + ¢2 ps2 |+¢3 ps3
uf

pthnf = (1 - ¢@ l=¢)(1-9)

1)2.5( 225 325
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(eCp) =1 = @3)[(1 = ¢2) (pCp) (1 — P1) + P1 (pCp) ) + P2 (pCp) |
thnf f s1 s2

+ ¢3 (pCp)

s3

kthnf = ks3 + 2khnf — 2(khnf — ks3)¢3

khnf ks3 + 2khnf + ¢3 (khnf — ks3)

2y

Where ¢1,$2, and ¢3 are volume fractions of solid nanoparticle Aluminum (Fe304),

Silver (Ag), and Copper (Cu), respectively. Here, 1,51, s2, and $3 are used to differentiate
the thermo-physical properties of the base fluid and nanoparticles of the first kind (Fes0y),
second

kind (Ag),and third kind (Cu).

Solution Approach:

In equations (6) to (7), together with the given constraints specified in equation (8),
are resolved by applying the integrated mathematical solver approach bvp4c. This algorithm
operates on the collocation method. Initially, the equations (6-7) along with the given
constraints from equation (8) are converted into a system of first-order ODEs and then
implemented in MATLAB’s bvp4c numerical routine to obtain the solution. The solution
procedure is given below:

E1=£,82=1,E3=1",64=0,55=0",(12)
E3'=—AE1E3+AE22-AGrE4sin(P)+HM+K)E2,(13)
E5'=APrE1&5.(14)
£1(0)=S,£2(0)=1,E4(0)=1,£2(n)—0,E4(n)—0as n—o0.(15)
Results:

This section presents the numerical outcomes of the governing dimensionless
equations describing the magnetized multi-component hybrid nanofluid flow over an oblique
clongating interface in a permeable medium with extraction effects. Emphasis is placed on the
influence of key control parameters on the velocity and thermal fields, along with associated
engineering quantities such as skin friction and heat transfer rate. The impact of the magnetic
interaction parameter is observed to suppress the axial velocity throughout the boundary layer.
This behavior is attributed to the Lorentz force, which induces resistive drag opposing the
fluid motion. Increasing the inclination (obliqueness) parameter enhances flow deceleration
near the surface while slightly expanding the momentum boundary layer thickness. In contrast,
fluid extraction at the interface significantly reduces the velocity profile and stabilizes the
boundary layer, indicating its effectiveness in controlling flow separation. The temperature
distribution exhibits a strong dependence on magnetic and porous medium parameters. An
increase in magnetic field strength elevates the thermal field due to enhanced Joule heating,
resulting in a thicker thermal boundary layer. Conversely, fluid extraction cools the system by
drawing heated fluid away from the interface, thereby lowering the temperature profile and
improving thermal regulation.

The presence of multi-component nanoparticles significantly enhances thermal
transport compared to conventional fluids. The surface shear stress is found to increase with
both magnetic and extraction parameters due to enhanced resistance at the fluid—solid
interface. However, higher permeability reduces the skin friction coefficient by allowing
smoother fluid motion through the porous medium. The local Nusselt number increases
notably with extraction and nanoparticle volume fraction, indicating improved heat transfer
performance. Magnetic effects slightly reduce the heat transfer rate at elevated field strengths,
primarily due to thermal boundary layer thickening.
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Opverall, the results obtained from the proposed mathematical model are systematically
analyzed using the bvp4c numerical solver, which is well known for its accuracy and robustness
in handling nonlinear boundary-value problems. The numerical outcomes are presented in
both graphical and tabular forms to provide a comprehensive understanding of the flow and
heat transfer behavior. The graphical illustrations are employed to examine the variations in
the velocity field f and the temperature distribution 0 within the boundary layer, allowing clear
visualization of the influence of governing physical parameters on momentum and thermal
transport.

In addition, the surface transport characteristics are quantitatively evaluated through
tabulated values of the skin friction coefficient Re'* C f and the Nusselt number Re-"*C f-

These parameters represent the wall shear stress and the rate of heat transfer at the surface,
respectively, and their numerical values facilitate a precise comparison of the effects induced
by variations in the controlling parameters.

The computations are carried out for a wide range of physically significant parameters,
including the Maxwell fluid parameter 3, which characterizes the viscoelastic nature of the
fluid; the buoyancy parameter A, which governs mixed convection effects; the magnetic
parameter M, representing the strength of the applied magnetic field; the dimensionless
porosity parameter K, accounting for the resistance offered by the porous medium; and the
Prandtl number Pr, which reflects the relative influence of momentum and thermal
diffusivities. The combined presentation of graphical profiles and numerical tables enables a
thorough interpretation of the individual and collective impacts of these parameters on the
flow structure and heat transfer performance of the system.

Table 2. Numerical Values of a) Rel/ZCf byRe " Pr =70, M =1.1; B=0.1,K = 1.1,

B |Rel/2 Cr|Re™1/2Nu
0.1] -3.3496 1,6629
03| -3.2477 1.6718
0.5] -3.1623 1.6797
0.7] -3.0893 1.6850
Table 3. Numerical Values of a) Rel/sz byRe'?, M = 1.1; B=0.1 ,Gr =0.7,K =
1.1;
Pr|Rel/2Cf |Re™1/2Nu
1.0 | 5.8381 0.0345
50 | 5.8381 0.1959
7.0 | 5.8379 0.2592
10.0] 5.8381 0.3288

Variation of f(#;) for different M values

Fe, O, MWater
— Fe, 0, -Ag/Water

0.8 —Fe 0, -Ag-Cu/Water

n
Figure 1. Variation in f' against M Pr=7.0, M=1.1; B = 0.1; G+=0.1; K = 1.1;
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S=0.0;Ec=0.1;.1=0.1; Re=0.1;Rd=1.1;

Variation of #(x) for different M values

Fe O, AWater
0.9 Fe,O,-AgMWater
0.8 Fe O -Ag-CuWater
0.7
0.6
—
~—- 0.5
T
0.4
0.3
0.2
0.1

n
Figure 2. Variation in 8 against M Pr=7.0,M=1.1; B =0.1; Gr=0.1; K = 1.1;
S=0.0;Ec=0.1;1.1=0.1;Re=0.1;Rd=1.1;

Variation of f'(#) for different K values

1
Fe O AWater
3 "a
0.9 Fe O -Ag/Water
0.8 Fe O -Ag-CulMater
0.7
0.6
i
= 05
o
0.4
0.3
0.2
0.1
o]
o 0.5 1 1.5 2 25 3 35 4 4.5 5

n
Figure 3. Variation in f" against K Pr=7.0, M=1.1; B = 0.1; G£=0.1; K = 2.1;
S=0.0;Ec=0.1;1.1=0.1;Re=0.1;Rd=1.1;

Variation of @(x) for different K values

Fe O  MNater
Fe O -AgWater
Fe O -Ag-Cu/Water

-
Figure 4. Variation in@ against K Pr=7.0, M=1.1; B = 0.1; Gr=0.1; K = 2.1;
S$=0.0;Ec=0.1;L.1=0.1;Re=0.1;Rd=1.1
Discussion:

Tables 2 and 3 present a comprehensive parametric analysis of the effects of the
buoyancy parameter 3 and the Prandtl number Pr on the skin friction coefficient C¢ and the
Nusselt number Nu, which characterize surface shear stress and heat transfer performance,
respectively. As shown in Table 2, a progressive increase in the buoyancy parameter 3 results
in a noticeable enhancement of the skin friction coefficient. Physically, B quantifies the relative
contribution of buoyancy-induced forces arising from temperature gradients within the fluid.
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An increase in § strengthens the buoyancy force, which accelerates the fluid motion in the
vicinity of the wall and intensifies the velocity gradient at the surface. This amplification of the
near-wall velocity gradient leads directly to higher wall shear stress, thereby increasing the skin
friction coefficient.

In contrast, the Nusselt number exhibits a decreasing trend with increasing B,
indicating a reduction in the rate of heat transfer at the surface. This behavior can be attributed
to the thickening of the thermal boundary layer caused by strong buoyancy-driven convection.
As buoyancy effects become dominant, thermal energy is redistributed away from the wall
region, reducing the temperature gradient at the surface. Since the Nusselt number is directly
proportional to the wall temperature gradient, its reduction reflects weakened conductive heat
transfer at the interface. Consequently, the relationship between the buoyancy parameter and
skin friction is directly proportional, whereas an inverse relationship exists between the
buoyancy parameter and the Nusselt number. These findings highlight the dual role of
buoyancy forces in enhancing momentum transport while simultaneously suppressing thermal
transport, a phenomenon commonly observed in buoyancy-assisted magnetohydrodynamic
and nanofluid flow systems.

On the other hand, Table 3 reveals the effects of the Prandtl number. An increase in
Pr causes a marginal reduction in skin friction but leads to a notable enhancement in the
Nusselt number. Physically, higher Pr values correspond to lower thermal diffusivity, resulting
in a thinner thermal boundary layer and improved heat transfer rates. Consequently, the trends
associated with Pr are reversed relative to those of the buoyancy parameter, with a direct
relationship between Pr and Nu and an inverse association with Cr.

Figures 1 and 2 illustrate the influence of the magnetic parameter M on the velocity
and temperature distributions of Fe3O4/Water, Ag-Fe3O4/Water, and Ag—Cu—
Fe3O4/Water nanofluids. The results clearly indicate that an increase in MMM leads to a
significant suppression of the velocity profile throughout the boundary layer. This reduction
in fluid motion is caused by the Lorentz force generated when the electrically conducting
nanofluid interacts with the applied magnetic field. The Lorentz force acts as a resistive body
force opposing the flow direction, thereby increasing momentum resistance and decelerating
the fluid particles near the surface.

Simultaneously, the temperature profile exhibits an increasing trend with higher values
of M. The magnetic damping of the velocity field reduces convective heat transport away from
the surface, which promotes the accumulation of thermal energy within the boundary layer.
In addition, the work done against the Lorentz force enhances viscous dissipation, further
contributing to the rise in temperature. This combined effect results in a thicker thermal
boundary layer and elevated temperature levels for all considered nanofluids. The influence of
the magnetic parameter is more pronounced in hybrid and ternary hybrid nanofluids due to
their higher electrical conductivity, which intensifies the magnetic resistance and amplifies
thermal energy generation within the flow field.

Similarly, Figures 3 and 4 illustrate the effects of the permeability—magnetic interaction
parameter K on the velocity and temperature fields of the considered nanofluids. The results
indicate that increasing K leads to a noticeable suppression of the velocity profile and a
simultaneous enhancement of the temperature distribution for all nanofluid configurations.
Physically, higher values of K represent stronger magnetic resistance and reduced permeability
within the porous medium, which intensifies the opposing drag force acting on the fluid. This
additional resistance weakens fluid momentum, resulting in a thicker velocity boundary layer
and reduced convective transport.

The reduction in fluid motion limits the removal of thermal energy from the surface,
thereby thickening the thermal boundary layer and elevating the temperature within the flow
domain. A comparative analysis further reveals that Fe3O4/Water and Ag—Fe3zO4/Water
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nanofluids maintain relatively higher velocity magnitudes due to their lower effective viscosity
and magnetic interaction effects. In contrast, the Ag—Cu—Fe30,4/Water nanofluid exhibits the
highest temperature levels, which can be attributed to its enhanced thermal conductivity and
synergistic nanoparticle interactions that promote heat retention. These findings highlight the
critical role of the permeability—magnetic interaction parameter in controlling momentum and
heat transfer characteristics in magnetized porous media flows.

Conclusion:

This study has examined the dynamic characteristics of a magnetized multi-component
hybrid nanofluid flowing over an oblique elongating interface in the presence of fluid
extraction and a permeable medium. A comprehensive mathematical model was formulated
to capture the coupled influences of magnetic forces, porous resistance, surface inclination,
and multi-component nanoparticle interactions on the momentum and thermal transport
processes. By employing similarity transformations and an efficient numerical solution
strategy, the governing nonlinear system was solved with a high level of accuracy and stability.
The obliqueness of the elongating interface was also observed to markedly influence flow
separation tendencies and thermal gradients.

Overall, the present work provides valuable insight into the complex interplay between
magnetic effects, porous medium interactions, and multi-component nanoparticle dynamics.
The findings offer practical guidance for the design and optimization of advanced thermal
management systems, energy transport devices, and magneto-fluidic applications where
controlled heat and mass transfer are essential. Future investigations may extend this
framework to unsteady flows, non-Newtonian carrier fluids, and variable thermophysical
properties to further broaden its applicability.
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