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ABSTRACT

This study investigates the linear stability of double-diffusive convection
in magnetic nanofluids (MNFs) within a horizontal porous medium,
accounting for field–dependent viscosity (FDV). A modified Buongiorno–
type model incorporates Brownian motion, thermophoresis, magne-
tophoresis, and Darcy resistance. The resulting eigenvalue problem is
solved via a Chebyshev pseudospectral–QZ algorithm under rigid–rigid
(RR), rigid–free (RF), and free–free (FF) boundary conditions for both
water–based (Wb) and ester–based (Eb) MNFs. Results show that mag-
netic and solutal effects lower the critical Rayleigh number (Rac) from
the classical Darcy–Bénard limit of ≈39.48 to as low as ≈23.8, indi-
cating enhanced instability. In contrast, increasing the FDV coefficient
(δ), Langevin parameter (αL), and nanoparticle concentration difference
(�φ) raises Rac, stabilizing the system. Eb–MNFs exhibit consistently
higher Rac values—by 15%–20% compared to Wb–MNFs, due to greater
viscosity and lower thermal diffusivity. These findings clarify the interplay
of magnetoviscous damping and solutal buoyancy, offering predictive
insights for the design of magnetically tunable porous heat exchangers and
thermal management systems.
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Nomenclature

Dimensional Quantities

Symbol Description
cf Nanofluid specific heat
cp Nanoparticle specific heat
d Thickness of the nanofluid layer
DB Brownian diffusion coefficient
DH Magnetophoretic diffusion coefficient
DT Thermophoretic diffusion coefficient
g Acceleration due to gravity
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H Magnetic field
k Unit vector in the z–direction
k1 Thermal conductivity
kB Boltzmann’s constant
K Permeability of porous medium
M Magnetization
Ms Magnetic saturation
p Pressure
t Time
T Temperature
Tc Temperature at the upper surface
Th Temperature at the lower surface
q Filtration velocity of the nanofluid

Non-Dimensional Parameters

Symbol Description
Da Darcy number
Le Lewis number
Les Lewis number for solute
M1, M ′

1, M ′′
1 , M3, M ′

3, M ′′
3 Magnetic parameters

NA, N ′
A Modified diffusivity ratios

NB Modified particle density increment
NCT Soret parameter
NTC Dufour parameter
Pr Prandtl number
Ra Thermal Rayleigh number
Rn Nanoparticle Concentration Rayleigh number
Rs Rayleigh number for solute
Va Vadasz number
Greek symbol Description
α Coefficient of thermal expansion
αL Langevin parameter
β Uniform temperature gradient
κ Thermal diffusivity
μ Viscosity of nanofluid
μ0 Magnetic permeability of vacuum
ρ Density
δ field dependent viscosity coefficient
θ Perturbation in temperature
φ Nanoparticle volume fraction
φ0 Reference nanoparticle volume fraction
χ Tangent magnetization susceptibility
χ2 Chord magnetization susceptibility
ε Porosity
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Subscript Description
b Basic state
f Fluid
m Porous medium
0 Reference quantity
Operator Description

∇ ∂

∂x
+ ∂

∂y
+ ∂

∂z

∇2
∂2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2

∇2
1

∂2

∂x2
+ ∂2

∂y2

1 Introduction

Transport in porous media subjected to simultaneous thermal and compositional gradients plays a
pivotal role in geothermal systems, electrochemical processes, filtration technologies, and biomedical
flows. When heat and solute diffuse at different rates, their respective buoyancy contributions may
either compete or reinforce, resulting in double-diffusive convection (DDC) with complex stability
characteristics [1,2]. Nield and Kuznetsov [3] performed an analytical investigation on DDC in
nanofluids, revealing how Brownian motion, thermophoresis, and cross-diffusion modify classical
thresholds. Sharma and Singh [4] extended this to porous media with magnetic nanofluids (MNFs),
showing sensitivity to nanoparticle type and magnetic effects. Mahajan and Sharma [5] demonstrated
that Dufour and Soret parameters strongly influence onset conditions, especially under microgravity,
while Sunil et al. [6] highlighted subcritical instabilities via nonlinear energy methods for rotating
ferrofluid layers. These studies underscore the importance of buoyancy–magnetic coupling and cross-
diffusion in shaping DDC onset in MNF-saturated porous domains.

Magnetic nanofluids (MNFs)–suspensions of magnetic nanoparticles in conventional base
fluids—introduce a tunable mechanism via external magnetic fields, enabling control over body forces
and material properties [7,8]. This controllability has spurred interest in MNFs for applications in
directed cooling, magnetically enhanced heat exchangers, and smart fluid systems. Two magnetically
induced phenomena are particularly significant in MNFs. First, magnetic body forces, governed by
field strength and orientation, enter the momentum balance and may suppress or enhance buoyant
flow [9]. Second, many MNFs exhibit field–dependent viscosity (FDV), wherein the effective viscosity
increases with field intensity due to particle chaining or aggregation. FDV introduces additional
viscous damping, directly influencing the onset of convection. Empirical studies and theoretical
models have consistently demonstrated that FDV alters critical thresholds and flow regimes [10–14].
Recent analyses further quantify the effect of FDV on near-wall transport and thermal performance
in boundary layers [15], while magnetohydrodynamic (MHD) studies on hybrid nanofluids confirm
strong sensitivity to magnetic parameters and nanoparticle properties [16]. Because the onset
conditions determine the operational envelope for these devices, an accurate stability criterion that
accounts for FDV is indispensable for reliable engineering design and control of magnetically-driven
transport.

Porous structures amplify these complexities. Parameters such as porosity, permeability, and
Darcy/Brinkman drag influence how thermal and solutal gradients interact with magnetic effects,
often stabilizing longer wavelengths while generating non-trivial parameter couplings [3,5,17]. Studies
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involving hybrid nanofluids in magnetized porous domains show that fluid composition, particle
morphology, and magnetic alignment govern separation points and instability boundaries [18].
Syam [19] numerically investigated the heat and mass transfer characteristics of nanofluid flow over
a rotating disk embedded in a Darcy–Forchheimer porous medium, highlighting the pronounced
effects of magnetic field strength, velocity slip, and thermophoretic forces on velocity suppression
and thermal enhancement in microfluidic and energy systems. Similar conclusions emerge from
investigations of radiative MHD nanofluids in porous environments, where thermophoresis, Brownian
motion, and thermal sources/sinks play crucial roles [20]. These studies underscore the need for
formulations that consistently capture FDV, nanoparticle migration, magnetization, and porous drag
in a unified framework.

Foundational theories—such as ferrohydrodynamic convection [8,9] and the Buongiorno model
for nanoparticle transport—laid the groundwork for understanding MNF behavior [21]. Extensions to
porous domains, including Nield–Kuznetsov-type models, have since identified the thermal and solutal
Rayleigh numbers, Lewis numbers, and cross-diffusion effects as key stability parameters [3,22]. More
recent studies incorporating Dufour/Soret coupling, rotation, and hybrid compositions illustrate how
added physics influence thresholds and modal selection [6,23,24]. Crucially, the omission of FDV in
many prior analyses has been identified as a major source of predictive inaccuracy; its explicit inclusion
is essential for reliable modeling of convective onset in MNFs [11,12].

Complementing classical analyses, current research trends increasingly employ data-driven meth-
ods and thermal optimization to capture complex multiparameter interactions. Recent high-impact
contributions demonstrate how hybrid nanofluids and confined geometries respond sensitively to
thermomagnetic effects [25], and how surrogate models based on machine learning can optimize
thermal performance [26]. Advanced models, such as those employing the Caputo–Fabrizio fractional
model [27], the Casson fluid model with activation energy [28], and the modified operational matrix
method (OMM) [29], provide computational efficiency and insight into complex fluid properties.
Despite these advancements in modeling methodology, a fundamental gap persists: the exclusion of
FDV from many porous-MNF stability models continues to limit accuracy in predicting convective
thresholds and scales. This work addresses this critical limitation by developing the first unified, Darcy-
scale linear stability model that rigorously couples double-diffusive effects with Field-Dependent
Viscosity in a porous magnetic nanofluid.

Motivated by this, the present study develops a Darcy-scale linear stability model for MNFs
in a horizontal porous layer under simultaneous thermal and solutal gradients. The formulation
incorporates FDV explicitly within a Buongiorno-type nanofluid framework, includes magnetic body
forces in the momentum balance, and accounts for porous drag using Darcy–Brinkman resistance.
A Chebyshev pseudospectral–QZ algorithm ensures spectral convergence for smooth eigenfunctions.
The analysis isolates the influence of the FDV coefficient, Langevin parameter, particle loading,
Rayleigh and Lewis numbers, and Darcy effects on the critical Rayleigh number and preferred
wavenumber. We further confirm asymptotic consistency with classical limits and benchmark trends,
situating our results within the broader context of porous magnetohydrodynamic and nanofluid
literature [15,18,20,27,28,30,31].

2 Physical System Description

We consider a horizontal porous slab of thickness d, saturated with an incompressible MNF
formed by dispersing spherical nickel (Ni) nanoparticles of size ∼10 nm in water and ester carriers.
The layer is heated from below and subjected to a solutal gradient across its height. The vertical
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domain is taken as z ∈ [0, d], while the horizontal directions are assumed infinite, allowing convection
to be modeled by two-dimensional perturbations. The flow is governed by the Darcy–Boussinesq
approximation, which is valid for slow motion in porous structures where inertial forces are negligible.
Under this approximation, variations in density influence the dynamics solely through the buoyancy
contribution to the momentum balance.

The viscosity of the suspension is assumed to vary linearly with the applied magnetic field and
is modeled as μ1 = μ (1 + δ · B) , where μ is the reference viscosity in the absence of a magnetic
field, B denotes the magnetic induction, and δ = δ1i + δ2j + δ3k characterizes field dependent viscosity
coefficient. The formulation reflects how the viscosity of magnetic nanofluids increases with magnetic
field strength due to the partial alignment of nanoparticles. This magnetoviscous effect adds resistance
to flow, influencing the critical conditions for the onset of convection.

The linear FDV formulation used here follows earlier modeling efforts [13] and aligns with
experimentally observed trends under moderate fields [10]. For stronger fields, higher-order non-
linearities can be introduced as a future extension.

For isotropic media, the coupling is uniform so that δ1 = δ2 = δ3 = δ. Gravity g acts downward
along the z–axis, while a uniform external magnetic field H is applied vertically across the porous
layer. Both bounding surfaces are maintained at constant temperature and solute concentration,
imposing isothermal and isoconcentrative boundary conditions (see Fig. 1). The porous structure
itself is assumed homogeneous and isotropic, with uniform permeability and constant thermophysical
parameters.

Figure 1: Schematic of the physical system: a horizontal porous layer saturated with an incompressible
MNF, heated from below and subjected to a solutal gradient. The system is subject to gravity g =
(0, 0, −g) and a uniform transverse magnetic field H = (0, 0, H). The lower boundary is maintained
at temperature Th and concentration C0, while the upper boundary is fixed at Tc and C1

3 Analytical Framework and Mathematical Setup

We consider MNF as a two-component mixture consisting of magnetic nanoparticles dispersed
in a base fluid and adopt the following standard assumptions:

(i) the MNF is incompressible,

(ii) the suspension is dilute (i.e., the nanoparticle volume fraction satisfies φ � 1),

(iii) no chemical reactions occur,
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(iv) radiative heat transfer is negligible,

(v) viscous dissipation is negligible, and

(vi) the two constituents remain in local thermal equilibrium.

The system dynamics are governed by transport equations for continuity, momentum, nanopar-
ticle concentration, energy, solute, and electromagnetic fields. These equations and the associated
boundary conditions follow well-established formulations from previous studies [3,4,21,32,33], which
incorporate the effects of porous resistance, nanoparticle migration, and electromagnetic body forces
in magnetized nanofluids.

Continuity.

∇ · u = 0, (1)

where u = (u, v, w) is the Darcy velocity.

Momentum balance.
ρf

ε

∂u
∂t

= −∇p − μ1

K
u + μ0(M · ∇)H − ρgk, (2)

with ε porosity, K permeability, and μ1 = μ(1 + δ · B) the variable viscosity.

Nanoparticle concentration.

∂φ

∂t
+ 1

ε
u · ∇φ = ∇ ·

(
DB∇φ + DT

∇T
Tc

− DH∇H
)

, (3)

where DB, DT , and DH denote Brownian, thermophoretic, and magnetophoretic diffusivities.

Energy equation.

(ρc)m

∂T
∂t

+ (ρc)f (u · ∇T) = ∇ · (k1∇T) + ερpcp

(
DB∇T · ∇φ + DT

∇T ·∇T
Tc

− DH∇T · ∇H
)

+ (ρc)f DTC∇2C, (4)

where DTC is the Dufour type diffusivity. Here, the terms proportional to DB and DT represent the
effects of Brownian diffusion and thermophoresis, respectively, on the energy balance, following
the formulation of Buongiorno [21]. The term proportional to DH accounts for magnetophoretic
transport, introduced here as an additional contribution. These terms arise from the scalar product
−cp jp · ∇T , where the nanoparticle flux is given by jp = −ρp [DB∇φ + DT(∇T/Tm) − DH∇h] with
h = H/H0. In addition, the term involving DTC corresponds to the Dufour effect, i.e., the contribution
of concentration gradients to heat transfer [3]. Each of these contributions has the dimensions of a
volumetric heat source (W·m−3), ensuring the overall dimensional consistency of the energy equation.

Electromagnetic field.

∇ · B = 0, ∇ × H = 0, B = μ0(M + H). (5)

Magnetization.

M eq = H
H

[
M0 + χ(H − H0) − Km(T − Th) + Kp(φ − φ0) + Kc(C − C0)

]
, (6)
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with Kc = χH0/C0 coupling solute concentration to the magnetic field. The magnetization relation
is a linearized extension based on Curie-type response around a base field, consistent with classical
treatments of ferrohydrodynamics [9,13].

Solute concentration.
∂C
∂t

+ 1
ε

u · ∇C = DSM∇2C + DCT∇2T , (7)

where DSM is solutal diffusivity and DCT the Soret-type diffusivity.

Boundary conditions.

w = 0, T = Th, φ = φ0, C = C0 at z = 0,

w = 0, T = Tc, φ = φ1, C = C1 at z = d, (8)

together with the following velocity constraints:

∂w
∂z

∣∣∣∣
z=0

= 0,
∂2w
∂z2

∣∣∣∣
z=d

= 0. (9)

Modeling Assumptions and Dimensional Consistency

The assumption of local thermal equilibrium (LTE) between nanoparticles and the base fluid is
valid for particle diameters below 100 nm, since the interphase heat exchange time scale is orders of
magnitude smaller than the macro-scale conduction time. This is consistent with foundational models
of nanofluid transport in bulk fluids [21] and classical convection in porous media [34].

All governing equations were verified for dimensional consistency. The momentum equation
yields units of acceleration [L/T 2], while the energy and solute transport equations reduce to [K/s]
and [kg m−3s−1], respectively. The Darcy number, Da = K/d2, is based on realistic permeability values
K ∼ 10−10–10−8 m2 and domain height d ∼ 10−2 m, consistent with natural porous materials such as
foams, sandstone, and fibrous matrices.

These validations confirm that the adopted simplifications are physically grounded and appropri-
ate for the considered range of porous magnetic nanofluid configurations.

Non-dimensionalization.

Eqs. (1)–(7) are rendered dimensionless to obtain Eqs. (10)–(16) by scaling all lengths with d, time
with d2/κ, pressure with d2/(μ κ), velocity with κ/d, temperature with (Th − Tc), concentration with
(φ0 −φ1), the magnetic field with H0, and magnetization with M0. The corresponding starred variables
are

(x∗, y∗, z∗) = (x, y, z)
d

, (u∗, v∗, w∗) = (u, v, w) d
κ

, t∗ = κ

d2
t,

T ∗ = T − Th

Th − Tc

, p∗ = d2

μ κ
p, φ∗ = φ − φ0

φ0

, C∗ = C − C0

C0 − C1

,

H∗ = H
H0

, M∗ = M
M0

,

where κ = kf /(ρc)f denotes the thermal diffusivity of the base fluid. Substituting these scalings into
the dimensional balance laws and, for brevity, omitting asterisks thereafter yields the non-dimensional
systems (10)–(16).
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Rationale for non-dimensionalization.

To facilitate systematic analysis and to elucidate the relative significance of the underlying
physical mechanisms, the governing equations are recast in terms of dimensionless variables. This
transformation preserves the fundamental physics of mass, momentum, energy, nanoparticle, and
solute transport, while condensing the formulation into a framework governed by key nondimensional
groups. In particular, the scaled system highlights the influence of the thermal and solutal Rayleigh
numbers, Lewis numbers, magnetization parameters, and field dependent viscosity coefficient, thereby
providing a transparent foundation for the stability analysis and subsequent parametric exploration.

∇ · u = 0, (10)

1
Va

∂u
∂t

= −∇p − u + λ1(M ·∇)H − {ν1(δ · M) + ν2(δ · H)}u

+
(

−Rnφ + Ra T − RaNNφ Tφ − Rs

Les

+ RsNφφC + ρ1φ − ρ2

)
k, (11)

∂φ

∂t
+ 1

ε
u · ∇φ = 1

Le
∇2φ + NA

Le
∇2T − N ′

A

Le
∇2H, (12)

A
∂T
∂t

+ u · ∇T = ∇2T + NB

Le
(∇T · ∇φ) + NANB

Le
(∇T · ∇T) − N ′

ANB

Le
(∇T · ∇H)

+ (∇T · ∇H) + NTC∇2C, (13)

χ2 ∇ · M + ∇ · H = 0, (14)

M = H
H

(1 + χ)

χ2

{
χ

1 + χ
H − M1

M3

T + M ′
1

M ′
3

φ + M ′′
1

M ′′
3

C + χ2 − 2χ

1 + χ

}
, (15)

∂C
∂t

+ Pr
DaVa

u · ∇C = 1
LeS

∇2C + NCT∇2T . (16)

The auxiliary dimensionless parameters introduced in the formulation are defined as follows:

λ1 = μ0M0H0K
κμ

, ρ1 = dKρf (φ0 − φ1)(αTc − α′C1)g
κμ

, A = (ρc)m

(ρc)f

,

ρ2 = dKρf

κμ
(1 + αTc − α′C1) g and Nφ = φ0 − φ1

1 − φ0

, ν1 = μ0M0, ν2 = μ0H0.

The corresponding non-dimensional boundary conditions are specified as follows:

w = 0, T = Th

Th − Tc

, φ = φ0

φ0 − φ1

, C = C0

C0 − C1

at z = 0,

w = 0, T = Tc

Th − Tc

, φ = φ1

φ0 − φ1

, C = C1

C0 − C1

at z = 1.

⎫⎪⎪⎬
⎪⎪⎭

(17)
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Non-dimensional parameters.

The system dynamics are characterized by a set of non–dimensional parameters that encapsulate
the influences of thermal, solutal, magnetic, and transport processes.

Ra = ρf gαdK(Th − Tc)

μκ
, Pr = μ

ρf κ
, Da = K

d2
, Va = εPr

Da
, Le = κ

DB

,

M1 = μ0χ
2H2

0 (Th − Tc)

ρf gαd(1 + χ)Tc

, M ′
1 = μ0χ

2H2
0 (φ0 − φ1)

ρf gαd(1 + χ)φ2
0

, M3 = μ0χH2
0

ρf gαdTh

,

M ′
3 = μ0χH2

0

ρf gαdφ0

, NB = ε(ρc)f (φ0 − φ1)

(ρc)f

, Rn = (ρp − ρf )(φ0 − φ1)gdK
μκ

,

NA = DT(Th − Tc)

DBTc(φ0 − φ1)
, N ′

A = DHH0

DB(φ0 − φ1)
, RaN = (1 − φ0)Ra,

Rs = ρf gα′dK(C0 − C1)

μDSM

, LeS = κ

DSM

, RsN = (1 − φ0)
Rs

LeS

, NTC = DTC(C0 − C1)

k(Th − Tc)
,

M ′′
1 = μ0χ

2H2
0 (C0 − C1)

ρf gα′d(1 + χ)C2
0

, M ′′
3 = μ0χH2

0

ρf gα′dC0

, NCT = DCT(Th − Tc)

k(C0 − C1)
.

To streamline the formulation and eliminate redundancy, the dimensionless groups are organized
based on their physical hierarchy. The thermal Rayleigh number (Ra) and the solutal Rayleigh number
(Rs) are retained as independent primary control parameters, representing buoyancy forces arising
from temperature and solute concentration gradients, respectively. The nanoparticle Rayleigh number
(Rn) quantifies additional buoyancy effects due to nanoparticle concentration variations driven by
thermophoretic and Brownian diffusion mechanisms.

The Lewis numbers, Le = α/DB and Les = α/Ds, characterize distinct diffusivity ratios for
nanoparticle and solute transport, respectively, and are treated independently to preserve the integrity
of the coupled heat and mass transfer physics.

The remaining parameters—Darcy number (Da), Vadasz number (Va), and magnetic coupling
coefficients (M1, M ′

1, M ′′
1 , M3, M ′

3, M ′′
3 )—govern porous resistance, inertia, magnetization, and field-

dependent viscosity effects. This structured scaling reflects the conventional hierarchy in magneto-
convective stability analyses of porous nanofluids [3,9,31], where Ra and Rs serve as the primary
bifurcation parameters, and other dimensionless groups modulate the critical thresholds.

4 Steady State Configuration

To establish the reference or base state, the system is assumed quiescent, with no macroscopic
flow, i.e., ub = 0. Under this condition, the scalar variables pb, Tb, φb, and Cb, together with the vector
fields Hb and Mb, are assumed to depend solely on the vertical coordinate z.

Inserting these steady state assumptions into the non-dimensional Eqs. (11)–(16) reduces the
governing system to a set of coupled ordinary differential equations describing the equilibrium
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distributions.

− dpb

dz
+ λ1Mb

dHb

dz
− Rnφb + Ra Tb − RaNNφ Tbφb − Rs

Les

Cb + RsNNφ φb

×Cb + ρ1φb − ρ2 = 0, (18)

d2φb

dz2
+ NA

Le
d2Tb

dz2
− N ′

A

Le
d2Hb

dz2
= 0, (19)

d2Tb

dz2
+

{
NB

Le
dφb

dz
+ NANB

Le
dTb

dz
− N ′

ANB

Le
dHb

dz

}
dTb

dz
+ NTC

d2Cb

dz2
= 0, (20)

χ2

dMb

dz
+ dHb

dz
= 0, (21)

Mb = 1 + χ

χ2

{
X

1 + X
Hb − MT

M3

Tb + M ′
1

M ′
3

φb + M ′′
1

M ′′
3

Cb + χ2 − 2χ

1 + X
Tb

}
, (22)

1
LeS

d2Cb

dz2
+ NCT

d2Tb

dz2
= 0. (23)

The steady state system is complemented by the boundary conditions specified in (17). Following
the methodology outlined in earlier studies [21,22,32], closed–form expressions for the base-state fields
can be obtained as

ub = 0, p = pb(z), Tb = Th

(Th − Tc)
− z, φb = φ0

(φ0 − φ1)
− z,

Cb = C0

(C0 − C1)
− z, Hb = 1 − M1

M3

z + M ′
1

M ′
3

z + M ′′
1

M ′′
3

z,

Mb = 1 + 1
χ2

(
M1

M3

)
z − 1

χ2

(
M ′

1

M ′
3

)
z − 1

χ2

(
M ′′

1

M ′′
3

)
z. (24)

To examine the stability of the base state, we introduce infinitesimal perturbations to all dependent
variables:

u, p, T , C, M, φ, H.

Substituting the perturbed fields into the governing non–dimensional Eqs. (11)–(16) and lineariz-
ing about the steady state yields the following system of linearized equations.

1
Va

∂∇2w
∂t

= −(1 + δ∗)∇2w −
{

Ra M3M ′
1

M ′
3

+ Rs M ′′
3 M1

Les M3

− Ng − RaN

(
1 + Nφz

)} ∇2
1θ

−
{

Ra M3M ′
1

M ′
3

− Rs M ′′
3 M ′

1

Les M ′
3

− RasM ′
1 + Rn + RaNNφ(1 − z) − RsNNφ(1 − z)

}

× ∇2
1φ −

{
RaM3 − RasM ′

3 − Rs

Les

M ′′
3

}
∂

∂z
∇2

1ψ −
{

Rs

Les

M ′′
3 M1

M3

− Rs

Les

M ′′
3 M ′

1

M ′
3

− Rs

Les

M ′′
1 + RsN

(
1 + Nφz

)}∇2
1 C, (25)
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∂φ

∂t
= Pr

DaVa

w + 1
Le

∇2φ + NA

Le
∇2θ − N ′

A

Le
∂

∂z
∇2ψ , (26)

A
∂θ

∂t
= w + ∇2θ −

{
NB

Le
+ 2NANB

Le
− NBN ′

AM1

LeM3

+ NBN ′
AM ′

1

LeM ′
3

+ NBN ′
AM ′′

1

LeM ′′
3

}
∂θ

∂z

− NB

Le
∂φ

∂z
+ NBN ′

A

Le
∂2ψ

∂z2
+ NTC∇2C, (27)

∂2ψ

∂z2
= M1

M3

∂θ

∂z
− M ′

1

M ′
3

∂φ

∂z
− M ′′

1

M ′′
3

∂C
∂z

− (1 + χ2)

(1 + χ)
∇2

1ψ , (28)

∂C
∂t

= Pr
DaVa

w + 1
LeS

∇2C + NCT∇2θ . (29)

Here Ras = ρ
f
gαdK(φ0 − φ1)

μκ
, Ng = M1Ra and δ∗ = μ0δH0(1 + χ2) are the two non–dimensional

numbers.

To enable eigenvalue analysis, the perturbations are decomposed into normal modes, represented
by exponential functions of space and time.

[w, φ, θ , ψ , C] = [w(z), φ(z), θ(z), ψ(z), C(z)] exp(σ t + i(kxx + kyy)). (30)

Here kx and ky denote the horizontal wave numbers, with k =
√

k2
x + k2

y representing the resultant

horizontal wavenumber. Substitution of the normal mode form into Eqs. (25)–(29) leads to the
following reduced eigenvalue system.

σ

Va

(4D2 − k2)w(z) = −(1 + δ∗)(4D2 − k2)w(z) +
{

Ra
M3M ′

1

M ′
3

+ Rs
Les

M ′′
3 M1

M3

− RaN(1 + Nφz)

−Ng} k2θ(z) +
{

Ra
M3M ′

1

M ′
3

− Rs
Les

M ′′
3 M ′

1

M ′
3

− RasM ′
1 + Rn + RaNNφ(1 − z) − RsNNφ

× (1 − z)} k2φ(z) +
{

RaM3 − RasM ′
3 − Rs

LeS

M ′′
3

}
2Dk2ψ(z) +

{
Rs
LeS

M ′′
3 M1

M3

− Rs
LeS

×M ′′
3 M ′

1

M ′
3

− Rs
LeS

M
′′
1 + RsN(1 + Nφz)

}
k2C(z), (31)

σφ(z) = Pr
DaVa

w(z) + 1
Le

(4D2 − k2)φ(z) + NA

Le
(4D2 − k2)θ(z) − 2N ′

A

Le

× (4D2 − k2)Dψ(z), (32)

Aσθ(z) = w(z) + (4D2 − k2)θ(z) −
{

NB

Le
+ 2NANB

Le
− NBN ′

AM1

LeM3

+ NBN ′
AM ′

1

LeM ′
3

+NBN ′
AM ′′

1

LeM ′′
3

}
2Dθ(z) − 2NB

Le
Dφ(z) + 4NBN ′

A

Le
D2ψ(z) + NTC(4D2 − k2)C(z), (33)

{
4D2 − k2(1 + χ2)

(1 + χ)

}
ψ(z) − 2M1

M3

Dθ(z) + 2M ′
1

M ′
3

Dφ(z) + 2M ′′
1

M ′′
3

DC(z) = 0, (34)
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σC(z) = Pr
DaVa

w(z) + 1
LeS

(4D2 − k2)C(z) + NCT(4D2 − k2)θ(z), (35)

here D = d
dz

and k =
√

k2
x + k2

y is the wave number.

Closure of the linear system is achieved by imposing the boundary conditions:

w = 0, θ = 0, φ = 0, C = 0 at z = ±1,
Dw = 0, 2(1 + χ)Dψ − kψ = 0 at z = −1,
D2w = 0, 2(1 + χ)Dψ + kψ = 0 at z = +1.

⎫⎬
⎭ (36)

The eigenvalue problem defined by Eqs. (31)–(35), together with the boundary conditions (36),
is solved numerically using the Chebyshev pseudospectral method [33]. This technique offers spectral
accuracy and rapid convergence for smooth solutions, making it particularly effective for stability
analysis of convection problems. As a result, the computed eigenvalue spectrum provides a reliable
determination of critical thresholds and transition behavior in the system. To match the Chebyshev
pseudospectral-QZ domain, we map [0, 1] to [−1, 1] using the change z 	→ 2z − 1.

Eigenvalue Behavior and Limiting Case Validation

To confirm the reliability of the linear stability results, eigenvalue sensitivity tests were carried
out with respect to grid size, wavenumber spacing, and perturbation amplitude. The solution was
considered converged when refining the collocation grid and reducing the wavenumber step led to
less than a 0.5% variation in the critical Rayleigh number Rac. This ensured that the computed neutral
curves and stability thresholds were independent of numerical resolution.

The model also reproduced well-known limiting behaviors (see Table 1). When either magnetic
effects or field-dependent viscosity were suppressed (M1 = 0 or δ = 0), the system smoothly reduced
to the standard Darcy-Buongiorno formulation, consistent with the expected FDV and nonmagnetic
limits. In the fully nonmagnetic, double-diffusive case (M1 = M3 = 0), the critical Rayleigh number
approached the classical benchmark for solutal-thermal convection in porous media [34]. In the purely
thermal limit (Rs = Rn = 0), the neutral stability curve reduced to that of single-component Darcy
convection with magnetic damping, in agreement with earlier studies [9,31].

Table 1: Validation of the present formulation via analytical and asymptotic limiting cases. All
quantitative benchmarks shown are classical results; qualitative recoveries indicate that the present
model reduces to the known limit without introducing new parameters or data

Limiting case Reference condition (porous
Darcy model)

Benchmark/Outcome

Pure thermal convection
(Darcy-Bénard, RR)

Rs = 0, Rn = 0, δ = 0, M1 =
M3 = 0

Rac = 4π2 = 39.48
(analytical)

Non-magnetic,
double-diffusive porous
limit (Buongiorno-type)

M1 = M3 = 0, δ = 0 As Les → ∞ and Rs → 0,
Rac → 4π2. For finite Rs, Rs
stabilizes; Les destabilizes
(qualitative recovery)

(Continued)
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Table 1 (continued)

Limiting case Reference condition (porous
Darcy model)

Benchmark/Outcome

Magnetic + constant
viscosity (porous, no FDV)

δ = 0, M1, M3 �= 0 Qualitative agreement:
magnetic alignment raises Rac

(no universal closed-form Rac

in porous case)
FDV consistency check M1, M3 �= 0, δ > 0 Increasing δ raises Rac; as

δ → 0, model reduces to
constant-viscosity limit
(qualitative recovery)

5 Results and Discussion

To ensure parameter independence and consistent scaling, each non-dimensional group was
varied individually while the remaining quantities were fixed at their baseline values. The thermal,
solutal, and concentration Rayleigh numbers (Ra, Rs, Rn) govern the primary buoyancy forcing and
therefore dominate the onset of convection. The Langevin parameter (αL), field-dependent viscosity
coefficient (δ), and Darcy number (Da) introduce secondary stabilizing influences through magnetic
alignment, magnetoviscous damping, and porous resistance, respectively. In contrast, the solutal Lewis
number (Les) promotes destabilization by enhancing the imbalance between thermal and solutal
diffusion. Across all Figs. 2–7, these behaviors establish a consistent qualitative hierarchy of influence:
the strongest control arises from the buoyancy parameters (Ra, Rs, Rn), followed by magnetic and
viscous modifiers (αL, δ, Da), while diffusive transport (Les) exerts a comparatively weaker effect. This
ordering reflects the progressive transition from thermally dominated to diffusion-controlled behavior,
in agreement with established porous–magnetoconvective analyses [3,9,31].

Figure 2: Variation of the critical Rayleigh number Rac with the Langevin parameter αL for (a)-(1)
Wb–MNF and (b)-(1) Eb–MNF under rigid-free boundary conditions. The solid, dashed, and dotted
curves correspond to magnetic nanoparticle concentration differences �φ = 0.010, 0.011, and 0.012,
respectively. Both axes are dimensionless
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Figure 3: Variation of the critical Rayleigh number Rac with the layer thickness d for (a)-(1) Wb–
MNF and (b)-(1) Eb–MNF under rigid-free boundary conditions. The solid, dashed, and dotted curves
correspond to Darcy number values Da = 0.1, 0.2, and 0.3, respectively. Both axes are dimensionless

Figure 4: Neutral stability curves showing the dependence of the Rayleigh number Ra on the
wavenumber k for (a) Wb–MNF and (b) Eb–MNF under rigid-free boundary conditions. The solid,
dashed, and dotted lines correspond to δ = 0.1, 0.5, and 0.9, respectively. The minimum of each
curve identifies the critical state (Rac, kc) marking the onset of stationary convection. Both axes are
dimensionless
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Figure 5: Variation of the critical Rayleigh number Rac with the permeability parameter K for (a)-(1)
Wb–MNF and (b)-(1) Eb–MNF under rigid-free boundary conditions. The solid, dashed, and dotted
curves correspond to Lewis number values Le = 100, 500, and 1000, respectively. Both axes are
dimensionless

Figure 6: Variation of the critical Rayleigh number Rac with the solutal Rayleigh number Rs for (a)-(1)
Wb–MNF and (b)-(1) Eb–MNF under rigid-free boundary conditions. The solid, dashed, and dotted
curves correspond to modified Lewis number values Les = 70, 80, and 90, respectively. Both axes are
dimensionless
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Figure 7: Variation of the critical Rayleigh number Rac with the solutal Rayleigh number Rs for (a)-(1)
Wb–MNF and (b)-(1) Eb–MNF under rigid-free boundary conditions. The solid, dashed, and dotted
curves correspond to values of concentration Rayleigh number Rn = 0.1, 0.5, and 0.9, respectively.
Both axes are dimensionless

For the present analysis, numerical computations are carried out for a 1 mm thick horizontal
layer of Wb-MNF and Eb-MNF. The thermophysical properties of the base fluids and nanoparticles
are adopted from standard references [8,35]. The model assumes spherical nickel (Ni) nanoparticles
of diameter 10 nm uniformly dispersed in the carrier fluid, which saturates a porous medium of low
permeability. The porous matrix is characterized by a porosity ε = 0.35 and a permeability K =
1.5 × 10−7 m2.

5.1 Quantitative Interpretation and Scaling Analysis
Langevin parameter αL and concentration difference �φ (Fig. 2). The critical Rayleigh number

(Rac) increases monotonically with αL for both Wb– and Eb–MNF, indicating enhanced stability.
Physically, a higher αL strengthens magnetic dipole alignment with the applied field, increasing the
magnetization contribution in the momentum balance and suppressing velocity perturbations. The
stabilizing influence is amplified at larger �φ, as higher nanoparticle loading elevates the magnetic
body force; this appears as a uniform upward shift of the Rac(αL) curves for increasing �φ. The
trend is slightly stronger for Eb–MNF, consistent with its higher carrier viscosity and attendant viscous
damping.

Nanofluid layer thickness (d) and Darcy number (Da) (Fig. 3). Fig. 3 illustrates the dependence of
the critical Rayleigh number (Rac) on the nanofluid layer thickness (d) for different values of the Darcy
number (Da). For all examined cases, Rac increases monotonically with d, indicating a stabilizing
effect. As the fluid layer becomes thicker, a stronger thermal gradient is required to initiate convection.
This trend arises from the enhanced viscous and magnetic resistance encountered by perturbations
traversing a larger vertical extent, particularly within a porous matrix exhibiting magnetoviscous
coupling.

For a given d, higher values of Da also lead to larger Rac, further reinforcing system stability.
Although a larger Darcy number generally signifies increased permeability and reduced mechanical
drag, the present results reveal that field-dependent viscosity and magnetic alignment exert dominant
stabilizing influences, effectively counteracting permeability-driven flow facilitation.
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Between the two base fluids, Eb-MNF consistently exhibits higher Rac than Wb-MNF across all
d and Da, owing to its higher viscosity and lower nanoparticle diffusivity. These attributes enhance
momentum damping and suppress the onset of convection. Overall, the combined effects of d and
Da highlight the intricate balance between geometric confinement and magnetic-porous resistance,
underscoring their pivotal role in governing convective stability in magnetized nanofluid-saturated
porous systems.

Field-dependent viscosity coefficient δ (Fig. 4). The neutral stability curves shift upward as δ

increases, and the minimum remains at finite k, confirming a stationary onset. Over the examined
range (δ = 0.1–0.9), Rac increases by approximately 0.2%–2%, indicating mild but consistent
stabilization. This behavior reflects the additional viscous resistance introduced by the FDV term
through the factor δ∗ = μ0 δ H0(1 + χ2), which augments dissipation in the momentum balance.

Permeability parameter (K) and critical Rayleigh number (Rac) (Fig. 5). Fig. 5 illustrates the
variation of the critical Rayleigh number Rac with the permeability parameter K for Wb–MNF and Eb–
MNF under rigid–free boundary conditions. For both nanofluids, Rac increases monotonically with
K, indicating that higher permeability raises the threshold for the onset of convection. The curves
corresponding to Le = 100, 500, 1000 follow a consistent ordering, with larger Le producing larger
Rac due to enhanced solutal diffusion effects. Across all K, the Eb–MNF exhibits higher Rac than the
Wb–MNF, reflecting its greater effective viscosity and lower thermal diffusivity.

Solutal Lewis number (Les) and solutal Rayleigh number (Rs) (Fig. 6). The interplay between Les
and Rs governs solutal transport and compositional stability in the porous MNF system. For a fixed
Les, the critical Rayleigh number Rac increases monotonically with Rs, reflecting the stabilizing effect
of solutal stratification. A stronger solutal gradient resists vertical motion of fluid parcels and increases
the energy barrier for convection.

Conversely, for a given Rs, larger Les values (70 → 90) reduce Rac, indicating that weaker
solutal diffusion enhances residual concentration gradients and promotes earlier instability. The
combined trends demonstrate that Rs primarily sets the strength of solutal resistance, while Les
regulates its diffusion-driven relaxation. The effect is slightly more pronounced in Eb-MNF, where
lower solutal diffusivity and higher viscosity amplify the compositional damping. These coupled
behaviors are consistent with classical double-diffusive convection in porous nanofluids, confirming
that Rs stabilizes and Les destabilizes the onset of convection.

Concentration Rayleigh number Rn (Fig. 7). Rn consistently decreases Rac, signifying destabi-
lization. Stronger nanoparticle concentration gradients amplify buoyancy and promote the onset of
convection. The reduction is more evident for Wb-MNF, consistent with higher particle mobility and
thermal conductivity.

Influence of Boundary Conditions and Base Fluid

This section assesses the combined influence of mechanical boundary conditions and base-fluid
properties on the stability threshold, as detailed in Table 2.

https://www.scipedia.com/public/Arora_et_al_2026 17

https://www.scipedia.com/public/Arora_et_al_2026


M. Arora and M. Sharma,

Coupled thermal and solutal transport in magnetic nanofluids with

field-dependent viscosity in porous media: a stability perspective,

Rev. int. métodos numér. cálc. diseño ing. (2026). Vol.42, (3), 93

Table 2: Critical wavenumber (kc) and critical Rayleigh number (Rac) for MNFs in a porous layer
under different boundary conditions (RR, RF, FF) and fluid types (Wb, Eb), for varying Les and δ

RR RF FF

Wb Eb Wb Eb Wb Eb

Les δ kc Rac kc Rac kc Rac kc Rac kc Rac kc Rac

70 0.01 2.3 24.16 2.6 28.13 2.0 23.85 2.1 27.83 1.6 15.16 1.6 16.96
0.21 2.3 24.17 2.7 28.17 2.0 23.95 2.1 27.85 1.6 15.22 1.6 17.04
0.41 2.3 24.18 2.7 28.22 2.0 24.05 2.1 27.87 1.6 15.28 1.6 17.13
0.61 2.3 24.19 2.7 28.26 2.0 24.15 2.1 27.90 1.6 15.34 1.6 17.21
0.81 2.3 24.20 2.7 28.30 2.0 24.25 2.1 27.92 1.6 15.40 1.6 17.29
0.93 2.3 24.21 2.7 28.33 2.0 24.31 2.1 27.94 1.6 15.43 1.6 17.34
0.97 2.3 24.21 2.7 28.34 2.0 24.33 2.1 27.94 1.6 15.44 1.6 17.35

80 0.01 2.3 23.76 2.7 27.50 2.0 23.57 2.1 27.19 1.6 14.91 1.6 16.63
0.21 2.3 23.77 2.7 27.55 2.0 23.67 2.1 27.21 1.6 14.97 1.6 16.71
0.41 2.3 23.78 2.7 27.59 2.0 23.77 2.1 27.23 1.6 15.02 1.6 16.79
0.61 2.3 23.79 2.7 27.64 2.0 23.88 2.1 27.26 1.6 15.08 1.6 16.87
0.81 2.3 23.80 2.7 27.68 1.9 23.98 2.1 27.28 1.6 15.14 1.6 16.95
0.93 2.3 23.81 2.7 27.71 1.9 24.04 2.1 27.30 1.6 15.18 1.6 17.00
0.97 2.3 23.81 2.7 27.72 1.9 24.05 2.1 27.31 1.6 15.19 1.6 17.02

90 0.01 2.3 23.45 2.7 27.02 2.0 23.36 2.1 26.69 1.6 14.72 1.6 16.38
0.21 2.3 23.46 2.7 27.07 2.0 23.46 2.1 26.72 1.6 14.78 1.6 16.47
0.41 2.3 23.48 2.7 27.11 1.9 23.56 2.1 26.75 1.6 14.84 1.6 16.55
0.61 2.3 23.49 2.7 27.16 1.9 23.66 2.1 26.77 1.6 14.90 1.6 16.63
0.81 2.3 23.50 2.7 27.21 1.9 23.76 2.1 26.80 1.6 14.96 1.6 16.71
0.93 2.3 23.51 2.7 27.24 1.9 23.82 2.1 26.82 1.6 14.99 1.6 16.76
0.97 2.3 23.51 2.7 27.24 1.9 23.84 2.1 26.82 1.6 15.00 1.6 16.77

Effect of Boundary Conditions: A strong, predictable hierarchy in stability is observed across the
mechanical boundary configurations. The Rigid–Rigid (RR) case consistently yields the highest Rac

values, as the no-slip boundary condition imposes maximal mechanical resistance to flow. Conversely,
the Free–Free (FF) condition yields the lowest Rac (e.g., Rac = 15.39 for Wb–MNF), reflecting
minimal shear-stress resistance and the earliest onset of convection. The transition from RR to FF
results in an approximately 35.4% reduction in Rac for the water-based system, confirming the critical
role of mechanical constraints as a dominant stabilizing factor. The corresponding wavenumber (kc)
is highest for RR, indicating that constrained boundaries enforce a finer convective-cell structure at
instability onset.

Comparison of Base Fluids: The Eb–MNF consistently exhibits enhanced resistance to convection
compared with the Wb–MNFs. The Eb–MNF system displays Rac values that are approximately 19.9%
higher across all boundary configurations. This stabilizing effect arises from the inherently higher
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viscosity and lower thermal diffusivity of the ester base, which increase viscous damping and require
a larger thermal driving force (higher Rac) to initiate buoyant motion.

Asymptotic limits. In the limit δ → 0, the formulation recovers the classical Buongiorno-type
double-diffusive model without field-dependent viscosity. Likewise, as Les → ∞, solutal diffusion
becomes negligible and Rac asymptotically approaches the thermal-only instability threshold, demon-
strating the model’s consistency with established physical limits.

5.2 Comparative Analysis with Previous Studies
FDV-induced stabilization is consistent with previous porous- and ferroconvection analyses that

incorporated magnetoviscous effects [4]. Similarly, the destabilization observed for larger Les and
Rn, and the modest stabilization with Rs, correspond well with double-diffusive nanofluid studies
highlighting the competition between solutal diffusion and compositional buoyancy [5,36]. The
present results extend these earlier findings by demonstrating, within a unified framework, the coupled
influence of FDV, magnetic alignment (through αL and �φ), and porous-medium resistance on
convective stability.

5.3 Computational Consistency Note
Spectral discretization. The eigenvalue problem was solved using a Chebyshev pseudospectral–

QZ method, which is widely recognized for its high accuracy in stability problems involving smooth
eigenfunctions. The choice of this scheme ensures efficient resolution of sharp gradients in the
eigenstructure without excessive computational overhead.

Numerical confidence. In this study, N = 60 Chebyshev collocation points were used, which
falls within the standard range for achieving spectral accuracy in similar linear stability problems.
This choice balances numerical resolution with computational efficiency. Preliminary trials with
higher resolution did not significantly change the computed critical Rayleigh number, supporting the
adequacy of this resolution.

5.4 Post–Analysis Validation and Benchmark Comparison
To reinforce the reliability of the obtained eigenvalue spectra and parametric trends, an additional

analytical validation is performed by comparing the computed thresholds with classical benchmarks.
In the limiting case δ = 0 and Rs = 0, the model reduces to classical thermal convection in a porous
layer. For rigid–rigid (RR) boundaries, this limit yields the well-known benchmark threshold Rac,th =
4π2 ≈ 39.48, consistent with the Darcy-Bénard onset under constant viscosity and purely thermal
forcing [34]. This serves as a rigorous analytical check on the model framework.

By contrast, the full-physics model incorporating magnetization (αL), particle concentration
difference (�φ), field-dependent viscosity (through δ), and double-diffusive effects (Les, Rs, Rn)
predicts a significantly lower threshold. For example, Rac ≈ 23.78 is obtained for (δ = 0.41, Les =
80, Rs = 60) under RR boundaries (Table 2), confirming that the combined magnetic and solutal
effects destabilize the system, causing convection to set in at a smaller temperature gradient compared
to the purely thermal Darcy case.

Within this overall destabilized regime, however, individual parameters exert contrasting influ-
ences: increasing δ, αL, or �φ raises Rac (stabilizing), whereas higher Les enhances double—diffusive
coupling and thus lowers Rac (destabilizing), while Rs acts oppositely—its increase suppresses con-
vection and stabilizes the system. The corresponding neutral stability curves, shown in Figs. 4 and 6,
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capture these opposing trends. This consistency between asymptotic limits, tabulated thresholds, and
graphical results validates the correctness of the numerical implementation.

5.5 Summary
The Langevin parameter (αL), field-dependent viscosity coefficient (δ), Darcy number (Da), and

solutal Rayleigh number (Rs) act as stabilizing influences by strengthening magnetic alignment,
enhancing viscous damping, and reinforcing solutal stratification. In contrast, the solutal Lewis
number (Les) and concentration Rayleigh number (Rn) promote earlier onset through diffusion
imbalance and concentration-driven buoyancy. An increase in nanoparticle concentration difference
(�φ) magnifies both magnetic and FDV effects, further shifting the stability threshold.

The critical wavenumber kc remains nearly invariant across boundary conditions and δ, indicating
that these parameters primarily raise the energy barrier for instability rather than altering the
dominant convective scale. The limiting cases δ → 0 and Les → ∞ recover the classical Darcy–
Bénard and Buongiorno-type behaviors, confirming the internal consistency of the formulation.
Grid-refinement tests and spectral-convergence assessments verify numerical independence, while the
agreement between asymptotic limits, tabulated thresholds, and neutral-curve trends supports the
reliability of the computed results.

Overall, the findings delineate a physically consistent stability framework for magnetized
nanofluid-saturated porous systems. They highlight how the coupled action of magnetic alignment,
field-dependent viscosity, and double-diffusive transport governs the transition from conductive
equilibrium to convective motion, providing a validated reference for future experimental and
numerical studies on magnetic nanofluid convection.

6 Conclusions

This study presents a comprehensive linear stability analysis of double–diffusive convection in
magnetic nanofluids (MNFs) saturated within a horizontal porous medium, explicitly accounting
for field–dependent viscosity (FDV), magnetization (via the Langevin parameter αL), and solutal
transport effects. The combined action of magnetophoretic, thermophoretic, and solutal mechanisms
fundamentally destabilizes the system, yielding a critical thermal Rayleigh number Rac ≈ 23.78 for
representative base–case parameters (δ = 0.41, Les = 80, Rs = 60) under rigid–rigid boundaries.
This threshold is substantially lower than the classical Darcy–Bénard limit Rac,th = 4π2 ≈ 39.48,
confirming that the inclusion of coupled magnetic and solutal physics induces convection at smaller
temperature differences.

Within this overall destabilized regime, individual parameters exhibit contrasting influences.
Increases in the FDV coefficient (δ), Langevin parameter (αL), and nanoparticle concentration
difference (�φ) raise Rac, indicating their stabilizing roles through enhanced viscous and magnetic
damping. Conversely, a higher solutal Lewis number (Les) reduces Rac by amplifying double–diffusive
coupling, while the solutal Rayleigh number (Rs) exerts a stabilizing influence by reinforcing solutal
stratification. The concentration Rayleigh number (Rn) remains a dominant destabilizing factor, with
stronger compositional buoyancy promoting earlier onset of convection.

Boundary conditions and base–fluid properties further modulate stability characteristics. Rigid–
rigid configurations yield the highest thresholds due to enhanced mechanical resistance, while free–
free conditions trigger convection earliest. Among base fluids, ester–based MNFs consistently display
15%–20% higher Rac values than water–based MNFs, reflecting their greater viscosity and reduced
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thermal diffusivity. These systematic trends across analytical limits, tabulated thresholds, and neutral–
curve behaviors confirm the reliability and internal consistency of the developed model.

Overall, the results delineate a validated physical framework for controlling convective onset in
magnetized nanofluid–saturated porous systems. The interplay of FDV, magnetic alignment, and
solutal diffusion governs the transition from conduction to convection, offering predictive guidance
for the design of porous heat exchangers, magnetothermal filters, and energy–efficient thermal
management systems.

Limitations and Future Directions

This work is based on an idealized model that assumes a homogeneous, isotropic porous matrix
governed by Darcy flow. The analysis excludes pore-scale heterogeneity, anisotropic permeability,
and non-Darcian effects that may become significant at high velocities. It also neglects thermal
non-equilibrium between the fluid and solid phases and potential multiphase dynamics. Future
investigations should incorporate more realistic porous structures, explore the influence of Brinkman
and Forchheimer corrections, and assess nonlinear and time-dependent instabilities. Experimental
validation and pore-scale simulations would further enhance the model’s applicability to real-world
thermal management systems involving magnetic nanofluids.
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