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Abstract: Efficient thermal management in compact engineering systems requires enhanced heat
transfer with minimal hydraulic penalties. This study investigates the magnetohydrodynamics (MHD)
of forced convection of a Cu—CuO—-Al2Os/water ternary hybrid nanofluid in a corrugated channel
equipped with porous baffles. Unlike previous studies primarily using impermeable baffles, the
present work combines corrugated heated walls, permeability-controlled porous baffles, ternary
hybrid nanofluid transport, and artificial neural network (ANN)-based surrogate modeling within a
unified framework. The governing equations are discretized and solved using the finite element
method (FEM), where the clear fluid region is modeled using the Navier—Stokes equations and the
porous baffle’s region is modeled using the Darcy—Brinkman—Forchheimer formulation under local
thermal equilibrium (LTE). The effects of the Reynolds number (Re), Darcy number (Da), Hartmann
number (Ha), and nanoparticle volume fraction (¢) are analyzed in terms of streamlines, isotherms’
contours, Nusselt numbers, pressure drop, and the thermo-hydraulic performance index. The results
show that replacing solid baffles with porous baffles increases the mean Nusselt number by
approximately 5.55% while reducing the pressure drop by 13.22%. Furthermore, increasing the Da
from 107 to 102 enhance the mean Nusselt number by approximately 13.14% and decrease the
pressure drop by 9.36%, demonstrating the importance of permeability-controlled flow penetration.
The performance index remains above unity, conforming a favorable balance between thermal
enhancement and hydraulic resistance. To complement the mathematical simulations, feedforward
ANNSs using hyperbolic tangent sigmoid function and Levenberg—Marquart taring are developed to
predict the U-velocity, V-velocity, temperature, and Nusselt number from the FEM-generated
datasets. Regression, error, residual, and FEM-ANN comparisons demonstrate strong predictive
agreement, conforming the capability of the ANN models to reproduce the nonlinear
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thermo-hydrodynamic responses. The combined FEM-ANN framework provides an effective
approach for analyzing and predicting coupled MHD transport in porous flow systems.

Keywords: machine learning; magnetohydrodynamics; porous baffles; ternary hybrid nanofluid;
finite element method; Darcy—Brinkman—Forchheimer model
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1. Introduction

Effective thermal management has become a major requirement in modern engineering systems
because of the rapid increase in power density, device miniaturization, and the growing demand for
compact and high-efficiency thermal systems. Applications such as electronic cooling, compact heat
exchangers, battery thermal management, solar thermal collectors, microchannel heat sinks, and
energy conversion devices require efficient heat removal with minimum pumping power.
Conventional smooth channel cooling systems often fail to provide sufficient thermal performance
because of their limited heat transfer area, weak fluid mixing, and the formation of stable thermal
boundary layers near heated walls. Therefore, considerable research attention has been devoted to
passive heat transfer enhancement techniques, including extended surfaces, corrugated walls, baftles,
porous media, and advanced working fluids.

Extended surfaces, and the related obstacles, are among the best-known passive enhancement
options, because they raise the available heat transfer area and, at the same time, make thermal
contact better between the heated boundary and the fluid flow. Pishkar and Ghasemi [1] reported that
when fins are used inside a horizontal channel, the cooling improves even under mixed convection,
and they also explained that the spacing between those fins matters greatly for heat removal further
downstream. Khentoul and Bessaih [2] carried out a numerical study of entropy generation in a
horizontal finned channel with a Cu—Al.Os/water hybrid nanofluid (HNF), and they observed that
when fin height increases, heat transfer goes up; however, this trend also brings changes in
irreversibility and in the hydraulic resistance as well. Taken together, these papers indicate that
internal inserts can indeed boost the thermal response, but the arrangement and the geometry need to
be tuned carefully, so the pressure losses do not become too high.

Porous media have also received much attention in thermal engineering because they give a
large surface area, help with flow redistribution, and strongly interact between the fluid and the solid
matrix. Porous structures may disrupt the thermal boundary layer somewhat but, at the same time,
they can boost the effective heat transfer area, even while permitting partial flow to enter into the
medium, in a gentle manner. Kim et al. [3] worked on flow resistance and heat transport for porous
fins inside plate-fin heat exchangers and they showed that porous fins can really improve the heat
removal capability of compact heat exchangers. Arjun and Rakesh [4] looked at porous pin fins with
nanofluid (NF) flow in rectangular corrugated minichannels, and they said that the porous pin fin
arrangements offered better heat transfer than the usual solid fins. Deshamukhya et al. [5] reviewed
more recent progress on porous fins, and they concluded that porous fins typically outperform solid
fins in both forced convection and natural convection, yet the associated nonlinear transport
equations need careful analytical and numerical handling.

The use of NFs shows up as another key development for heat transfer enhancement. Choi and
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Eastman [6] first came up with the idea of NFs by placing nanoscale solid particles inside base fluids,
mainly so the thermal conductivity could more or less be upgraded. Since that time, many works
have pointed out that a nanoparticle suspension can boost the heat transport ability of the base liquid.
Still, mono-NFs sometimes run into stability concerns, and they may show higher viscosity as well,
which then can raise pumping power. Smrity and Yin [7] used HNF modeling and validation
methods, and they noted that HNFs are able to deliver improved thermal conductivity plus more
sensible tuning of the thermophysical properties when compared with mono-NFs. Rashid et al. [§]
then looked at NF usage in plate heat exchangers, and their results suggested that both NFs and
HNFs improve heat transfer performance, even if the impact of pressure drop is still a big design
constraint. Rashid et al. [9] also reviewed free convection occurring in trapezoidal enclosures that are
filled with NF and HNF, and they stressed that the nanoparticles’ nature, cavity shape, and the
specified wall temperature conditions strongly steer the overall heat transfer behavior. Recent
investigations have extended HNF research toward MHD thermal transport and machine
learning-assisted prediction. Hafeez et al. [10] examined radiative MHD HNF flow with melting
effects, Khalid et al. [11] combined computational fluid dynamics (CFD) with artificial neural
networks (ANNs) for nano-enhanced thermal energy storage prediction, while Jalili et al. [12]
investigated the effects of magnetic fields on HNF transport between parallel sheets. Mahmood et al.
[13] numerically investigated non-Newtonian fluid flow in a channel-driven cavity containing a
square obstacle and demonstrate the influence geometrical parameters of the flow characteristics.
Bilal et al. [14] examined the coupled heat and mass transfer of a power-law fluid in a lid-driven
corrugated chamber using the finite element method (FEM).

Ternary HNFs (THNFs) are more advanced class of working fluids as compared with NFs and
HNFs. THNFs are composed of three distinct nanoparticle species in one base fluid which can be
used to adjust the thermal, rheological, and stability properties more effectively. Adun et al. [15]
investigated THNFs and determined that the thermal conductivity and heat transport performance of
THNFs could be better than that of NFs and HNFs. Algarni et al. [16] numerically showed the
enhancement of heat transfer for THNF flow when it flows in convergent and divergent channels,
due to the better thermophysical properties of the ternary NF. Rabby et al. [17] summarized recent
advancements in THNFs and mention significant enhancements of heat conduction capability, heat
transport coefficient, and thermo-hydraulic performance. Nayak et al. [18] reviewed the stability and
heat transfer applications of THNF and demonstrated that the combination of particles, the
preparation methods, and the control of the stability of the NFs are crucial for any practical
applications. Pandian and Boobalan [19] also noted that the use of THNF is highly promising for
several applications, such as electronics cooling, renewable energy applications, automotive thermal
management, and advanced heat transport applications.

Studies have reported that porous media and NFs are a powerful hybrid enhancement strategy.
Khalaf et al. [20] surveyed the enhancement of heat transfer through porous media, NFs and
obstacles. They reported that the combination of the abovementioned passive techniques can yield
significant increases in the thermal performance. Jarray et al. [21] studied the forced convection of
an Ag-MgO/water HNF in a porous horizontal corrugated channel and found that the thermal
enhancement of HNF was better than that of NF in a large range of Richardson and Darcy (Da)
numbers. Alsabery and Abosinee [22] investigated the heat transfer distribution and flow structure
for forced convection of a NF in a partly filled porous straight channel, in which they found that the
flow structure and heat transfer distribution were strongly affected by the porous section. Rahomey
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et al. [23] discussed the laminar forced convection of NF through various channels and showed the
potential of a porous media configuration for enhancing thermal behavior. Asbagh et al. [24]
reviewed the enhancement of heat transfer in multiphase flow systems consisting of NFs,
microchannels, and porous media and found that hybrid techniques can give improved
thermo-hydraulic performance as compared with single techniques. Recent studies have increasingly
combined advanced NF modeling with artificial intelligence (AI) techniques. Min et al. [25]
investigated Al-assisted heat transfer analysis of Williamson NFs over a vertically stretching sheet, Arian
et al. [26] used nonlinear autoregressive network with exogenous inputs denoted by (NARX) neural
networks to model acoustic-driven bubble dynamics in Williamson fluids, while Zulifigar et al. [27]
numerically examined coupled heat and mass transfer in bioconvective Oldroyd-B NF flow over a
porous Riga surface.

Because of the consideration of porous media, NFs, magnetic fields, and complex geometry, the
governing equations for these types of coupled flow and heat transfer systems are highly nonlinear,
so numerical modeling is essential to analyze these systems. The FEM is popular, since it can be
applied to an irregular geometry, a multidomain configuration, and a coupled transport equation.
Sobamowo [28] conducted a FEM investigation of the thermal behavior of a moving porous fin by
considering the temperature-dependent heat conduction capability and internal heat generation.
Ahmed et al. [29] performed a study of the flow and thermal field of NFs in inclined U-shaped
enclosures using FEM simulation and studied the effects of multiple heat-generating permeable
baffles. Rashidi et al. [30] used the Darcy—Brinkman—Forchheimer model to numerically investigate
forced convective flow over a square diamond-shaped porous cylinder. Their results revealed that
increasing the Da reduced the drag force and delayed the onset of flow separation. The studies above
are validations of the use of FEM for complex porous media and NF heat transfer problems.

Porous obstacles are especially appealing for channel flow applications, as they offer the mixing
of solid baffles and the flow penetration of porous media. In a rectangular channel, Ko and Anand [31]
studied the use of porous obstacles for thermal enhancement and found that porous obstacle can offer
substantial thermal enhancement through encouraging fluid mixing and heat dispersion within the
porous matrix. Santos and de Lemos [32] examined the influence of solid and porous baffles on the
thermo-hydraulic performance of a parallel-plate channel and found that porous baffles can alleviate
the large hydraulic penalty which is caused by impermeable solid baffles. These studies show that
substituting solid barriers with porous baffles can be a successful way to thermal enhancement while
reducing the hydraulic loss.

The control of electrically conducting fluid flows is also an important mechanism of MHD. The
induced Lorentz force changes the velocity field and affects the thermal boundary layer when applied
in the presence of MHD flow conditions. In the case of NF and THNF systems, the modified
electrical and thermal properties of the working fluid can be acted upon by the magnetic field. The
Hartmann number (Ha) is thus a significant parameter for controlling the flow damping, thermal
transport and pressure drop. Lorentz force, Darcy resistance, Forchheimer drag, and
nanoparticle-enhanced thermal conductivity all affect the flow in a porous-baffled corrugated
channel. This results in a complicated thermo-hydraulic response which needs thorough numerical
modeling. Recent investigations have increasingly focused on the combined effects of the magnetic
field, porous media, advanced NFs, and data-driven modeling in thermal transport systems. Hussein
et al [33] investigated the heat transfer and flow characteristics of THNF over a permeable surface
under a magnetic field. Kundu et al. [34] combined FEM with ANN and response surface modeling to
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analyze magnetically influenced Cu—CuO-ALOs/water THNFs’ convection. Haider et al. [35] used
ANN modeling to investigate the heat and mass transfer of magnetically controlled THNFs through
porous media. These studies demonstrate growing interest in integrating advanced working fluids,
porous structures, magnetic control, and data-driven modeling; however, their combined application
to forced convection in a corrugated channels containing permeable baftles remains comparatively
limited.

The literature above demonstrates substantial progress in finned and corrugated channels,
porous media, porous baffles, NFs and HNFs, and MHD-assisted thermal transport. However, these
enhancement strategies have predominantly been investigated individually or in conventional
channel configurations. In corrugated channels, impermeable obstacles are commonly used to
intensify fluid mixing and heat transfer, but the resulting enhancement is often accompanied by an
increased pressure-drop penalty. Although porous baffles offer the possibility of reducing the flow
resistance through permeability-controlled penetration, their combined use with THNFs under an
imposed magnetic field in corrugated channels remains insufficiently explored. In particular, the
coupled effects of baffle permeability, porosity, magnetic damping, and nanoparticle loading on the
heat transfer—pressure drop trade-off require systematic investigation. Furthermore, efficient
data-driven representation of the spatial thermo-hydrodynamic responses of such systems remains
limited.

To address the identified research gap, the present study develops a combined mathematical,
numerical, and machine learning framework for investigating the thermo-hydraulic characteristics of
MHD THNF flow through a corrugated channel equipped with porous baffles. The upper and lower
corrugated walls are maintained at a uniform hot temperature Tn, whereas the porous baffles are kept
adiabatic; they are used as passive flow-control elements but not as additional heat sources. The
incompressible Navier—Stokes equations and energy equation with the MHD body force term are
used for the clear fluid region, and the Darcy—Brinkman—Forchheimer approach is used for the
porous baffle regions. The main purpose of the present work is to investigate the Reynolds number
(Re), Ha, the volume fraction of ternary nanoparticles, Darcy number (Da), and porosity effects on
the streamlines, isotherms, average Nusselt number, pressure drop, and thermo-hydraulic
performance index.

The principal originality of the present work lies in integrating permeability-controlled porous
baffles, corrugated isothermal walls, THNF transport, and magnetic damping within a unified
thermo-hydraulic framework. Unlike conventional impermeable baffles, the porous configuration
permits fluid penetration through the obstacles, providing an additional mechanism for controlling
the enhancement of heat transfer and the hydraulic resistance. The study further integrates
FEM-generated data with a feedforward ANN using the spatial coordinates and the governing
physical parameters as inputs to reproduce the U-velocity, V-velocity, temperature, and local Nusselt
number responses. The resulting FEM-ANN framework therefore provides both a physical-based
assessment of the porous baffle configuration and an efficient data-driven surrogate for representing
its nonlinear thermo-hydrodynamics behavior within the investigated parameter domain.
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2. Mathematical modeling
2.1. Problem description

The present study considered a two-dimensional corrugated channel filled with THNF in the
presence of a transverse magnetic field (B,). The proposed geometry is developed as an extension
of the wavy obstacle corrugated channel investigated in the reference study [36], in which
impermeable solid obstacles were positioned at different locations to enhance MHD NF heat transfer.
In the present configuration, the solid obstacles are replaced by permeable porous baffles arranged
along the bottom-center line (BCL), allowing partial flow penetration through the baffle regions
while maintaining effective thermal mixing and reducing the pressure drop penalty caused by
complete flow obstruction. The channel consists of a straight inlet section of length 3L to ensure
fully developed flow, a central wavy section of length 15L and a straight outlet section of length 5L,
giving a total length of 23L. The total channel height is 2L. The top and bottom walls of the central
corrugated section are maintained at the uniform hot temperature Tj,. Six square porous baffles of
size 0.5L x 0.5L are placed inside the wavy section according to the BCL configuration, as shown in
Figure 1. The porous baffles are assumed to be adiabatic and act only as passive flow control
elements. The left inlet serves as the entry point for a cold THNF, which flows into the channel at a
uniform velocity and a temperature of T,.

Heated wavy wall, T},

& ° ° ° ° ° °
Inlet o 2 A ° . 3 ° o 9 . @ L o 9 ° ¢ o ° ° s Outlet
U=1 ° : ° ° ° ° o ° ° ° o SR B ° ° = p=0
IR B - R B RS EC
0=0 o ” 5 o e A 5 x = Ao ° conditions
° ° ° ° ° ° > ) v ~5 O o o I °
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< 23L
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Baffle size: 0.5L x 0.5L 0.5L

Figure 1. Schematic of a corrugated channel with porous baffles arranged in the BCL configuration.
2.2. Governing equations
The present study considers a two-dimensional, steady, laminar, and incompressible flow of a

THNF through a corrugated channel fitted with porous baftles. To accurately capture the transport
phenomena in the computational domain, separate mathematical formulations are adopted for the
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clear fluid and porous regions. The fluid motion in the open channel is governed by the
incompressible Navier—Stokes equations, whereas the flow inside the porous baffles is represented
by the Darcy—Brinkman—Forchheimer model, which incorporates viscous diffusion as well as inertial
resistance associated with porous media. The porous baffles are assumed to possess homogeneous
and isotropic structural characteristics, ensuring uniform permeability throughout the porous domain.
In addition, the thermophysical properties of the THNF are considered to be
temperature-independent, except for the effective properties that are modified according to the
nanoparticles’ volume fraction. Since the thermal interaction between the porous matrix and the
working fluid is sufficiently strong, the local thermal equilibrium (LTE) assumption is adopted,
allowing both phases to share an identical temperature field. Furthermore, radiation, viscous
dissipation, and compressibility effects are neglected to simplify the mathematical model without
compromising the accuracy of the present analysis under the specified operating conditions. Based on
these assumptions, the governing equations describing the conservation of mass, momentum, and
energy are formulated as follows [30].

2.2.1.  Clear fluid region

oud v

o + 3y 0. (D)

Pthnf (u(f) a;_;f) + v ag_;f)) = ag_;f) + Uthns (a%(zﬂ + a%(zf)) - UthnfBgu(f)- (2)
Pthnf (u(f) a;(f) + v a;;ﬂ) =— az;f) + Uthns (%(zf) a;;if)) 3)

(WO ZL+ 0D Z) =y (B0 + 257), @)

Here, u®” and vare the velocity components in the clear fluid region, p” is the pressure,
T is the temperature, Pthnys 18 the density, Uipns is the dynamic viscosity, K¢ppnp is the thermal
conductivity, and (pCp)thn p is the heat capacity product of the THNF.

2.2.2.  Porous fin region

In the porous fin region, the fluid motion is governed by the Darcy—Brinkman—Forchheimer
model. The Brinkman term accounts for viscous diffusion inside the porous medium, the Darcy term
represents linear porous resistance, and the Forchheimer term represents nonlinear inertial resistance.
The dimensional conservation equations are written as follows [30]:

au(p) ay(p)
ax ay -

0. (5)
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g2 dx ay 0x € dx2 dy? Kg
6
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Pthnf (u(p) av(® 4 y® 6v(p)) __ ap® 4 Fanng (azy(p) N azv(p)) _ Bens p) _
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For heat transfer in the porous baffle region, the LTE assumption is adopted, under which the
fluid saturating the porous medium and the solid matrix are assumed to share the same local
temperature [37]. This approach permits the thermal transport in the two phases to be represented by
a single volume-averaged energy equation using effective thermophysical properties. Thus, we have

TG =16 = 7O

The effective energy equation is written as

® T @ ® T @ 92T® g21®
(pcp)eff <uD W-FUD dy >_keff< 0x?2 + 0y? > ®)

The effective thermal conductivity and heat capacity product of the porous region are evaluated

as
keff = Ekthnf + (1 - E)ks. (9)
(pcp)eff = E(pcp)t,mf + (1 - 6)(:0CP)S' (10)

Here, ulgp) and vl()p) denote the Darcy (superficial) velocity components in the porous region.

Under the LTE assumptions, the fluid and solid phases share a common temperature, while the
effects of porosity on the thermal transport are represented through the volume-averaged effective
properties K.sr and (pCp)eff. Since the present analysis is steady, no transient thermal storage

term appears in the energy equation.

Since the porous baffles are fully saturated with the electrically conducting THNF, the fluid
moving through the interconnected pore space is also subjected to the externally imposed magnetic
field. Therefore, the momentum equations in the porous region include the Lorentz force contribution
in addition to the Darcy and Forchheimer resistance terms. The Darcy and Forchheimer terms
represent the hydrodynamic resistance imposed by the porous matrix, whereas the Lorentz force term
represents magnetic damping of the electrically conducting fluid occupying the pore space.

2.2.3. Nondimensional governing equations

The system of Eqgs (1)—(8) above is rendered dimensionless using the following scaling
variables:
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X==Y==U=—,V=—,P = ,0 = : (11)

2
Up Up PthnfUg Th - Tc

x y u v p T—-T,
L’ L

The dimensionless quantities are introduced as follows:
Reynolds number (Re = (uOL)/U s f), Prandtl number (Pr = Uthnf [ f) , Peclet

number (Pe — Repr = %ol /athnf) , Ha = ByL ZZ:Z; , R.= ki;’:; and Darcy number (Da =
“/12)

In the present study, changing the Da means changing only the porous fins’ permeability K.
Although all selected Das are smaller than unity, this does not mean that the flow is treated as a pure
Darcy flow. A small Da indicates low permeability and strong porous resistance. In the present work,
the Darcy—Brinkman—Forchheimer model is used instead of the pure Darcy model because viscous
diffusion near the porous fins’ boundaries and inertial resistance inside the porous fins are
considered.

2.2.4. Dimensionless equations in the clear fluid region

au gy

x T =0 (12)
PP pov? D 1 92D | o2uDN  Ha? (g
u +V ay 0x Re( 0x?2 ay?2 ) Re Ut (13)
s vy 5 av(H _ _ap(f) 1 azy(N  a2y(H
u 0x +V ay ay ( 9x2 ay? ) (14)
5% F1:100) 5 96" _ 1 820" 929N
v +V oy Re Pr( X2 ay?2 ) (15)
2.2.5. Dimensionless equations in the porous fin region
au®  py®
X ay 0. (16)
(g U® | @au®\ _ _op® 1 02u® 2y 1 )
g2 (U X +V ay ) X +£Re( ax?2 ay? ) ReDaU (17)
Lr (»)? €2) @ _ ®)
m(\/u +V )U U
@VP eV _ _P® 1 2v® | v 1 g
(U X tV ay ) ay + R ( ax?2 ay?2 ) ReDaV
(18)
Lr ™2 L@\ y®
W(VU +V )V .
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) 0@ " V(p

U@
X ) Pe

(€] 29(p) 29(p)
)ae :&(89 046 ) (19)
0x2 ay?2

2.2.6. Boundary conditions

The associated boundary conditions for the present physical domain, illustrated in Figure 1, are
specified as follows.
Attheinlet: X =0,-1<Y <1

U=1,V=0 0=0. (20)
At the outlet: X =23,-1<Y<1

au av a0
P=0,5=0>=0==0. 21)

At the heated wavy walls: 3< X < 18
U=0,V=06=1. (22)

At the straight adiabatic walls: 0 < X < 3 and 18<X < 23
20
U=0,V=0 —=0. (23)

At the clear fluid—porous baffle interfaces
The continuity of velocity, pressure, temperature, and heat flux is set as follows:

Un = y® yiN = y® p) = p® i) = g® (24)

At the interfaces separating the clear fluid region from the porous fins, the continuity of velocity,
shear stress, temperature, and heat flux is inherently satisfied through the Darcy—Brinkman
formulation and apparent thermal conductivity model used in the energy equation.

2.2.7. Hydrothermal characteristics

The local and average Nusselt number, pressure drop, and hydraulic performance index are used
to quantify the hydrothermal behavior of the system.
The local Nusselt number is defined using the thermal conductivity of the base fluid, ky, as the

v Kenng 6T/

reference conductivity. From Fourier’s law q"' = an and the definition Nujy.q =

q / the dimensionless local Nusselt number is obtained as follows:
[kr (Th — T2,

ktnny 060
Nu = - — .
local kr onlwavy wall (25)
k . ) ..
Therefore, the factor % accounts for the modification of thermal conductivity caused by the
f

suspended nanoparticles and is not included in the definition of the dimensionless temperature 6.
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The average Nusselt number over the upper and lower wavy wall can be evaluated by the integration
of N Ujocal-

1
Nugyg = Sh fTh Nuyoeqr dS. (26)

Here, S, = fTh dS is the total dimensionless arc length of the heated wavy walls.

The dimensionless drop in static pressure (AP) across the channel is defined as the difference
between the area-averaged static pressure at the inlet and outlet of the channel

AP = Py, — Py, (27)

1

where P;, = A_lianin PdA and P,,; = P dA.

Aout “Aout

Here, P denotes the dimensionless static pressure.

To assess the overall interaction between thermal enhancement and hydraulic loss, a
thermo-hydraulic performance index (PI) is introduced. This index compares the increase in
Nugy,g with the corresponding variation in Ap relative to a reference configuration. A value of
PI > 1 indicates that the tested configuration provides better overall thermo-hydraulic performance
than the reference case.

Nugyg /
Nugygref

PI = 7L,
(AP/APref>

(28)

2.2.8. Thermophysical properties of the THNF

Cu, CuO, and ALOs3 nanoparticles are considered because their different thermophysical
properties provide a representative ternary hybrid combination for enhancing thermal transport. In
particular, the high thermal conductivity of Cu is combined with the thermal characteristics of the
metal oxide nanoparticles CuO and Al2Os. Their individual contributions are incorporated through
the adopted ternary mixture’s property relations. The thermophysical properties of the
Cu—CuO-Al20s/water THNF are evaluated using standard mixture correlations [38]. The density and
heat capacity are given as follows:

Penng = (1 — P)pps + G1p51 + G2ps2 + P3P53- (29)

(PCo) iy = A= DX(0Cp),,, + D1P(0Cp) , + b2(0Cp) , + b3p(0Cp) - (30)

The dynamic viscosity is calculated using the Brinkman correlation

Upf
In the Brinkman formulation, the viscosity enhancement depends on the total solid volume
fraction rather than the chemical identity of each particle constituent. Accordingly, Cu, CuO, and

ALlOs are treated collectively in the viscosity relation through ¢ = ¢; + ¢, + ¢p3 . This
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approximation assumes a homogenous and well-dispersed dilute suspension and neglects
species-specific particle size, morphology, aggregation, and particle—particle interaction effects.
Similar extensions based on the total nanoparticle loading have been used for HNFs in previous
studies [39].

The equivalent thermal conductivity of three nanoparticles constituents is evaluated using a
volume-fraction-weighted harmonic mixing rule, which represents a series-type effective medium
approximation. Harmonic averaging provides a conservation estimate of the effective conductivity of
heterogenous constituents and has been used in the effective thermal conductivity formulation for
multiphase media [40]. The resulting equivalent nanoparticle conductivity is subsequently
incorporated into the Maxwell relation to evaluate the thermal conductivity of the THNF.

e -
peff = & b b (32)

ks1 ksz ks3

ktnnf _ kpefrt2kpr—2¢(kpr—kpefs)
ko kperr+2kpprd(kpr—kperr)

(33)

This mixing rule does not explicitly account for synergistic, aggregation, differences in particle
size, or interfacial thermal resistance among the three nanoparticle species. It is therefore adopted as
an effective continuum approximation for the dilute and uniformly dispersed ternary suspension
considered here.

The electrical conductivity of the THNF is subsequently obtained from

Othnf _ Opefft20pr—2¢(Opf—0perf)
Obf  Opeff+20p+d(Obr—Opers)

(34)

Here, ¢ = ¢p; + ¢, + ¢ is the total volume fraction, where ¢, p,, P53 correspond to the
individual volume fraction of Cu, CuO, and Al2O3 nanoparticles, respectively. An equal volume
distribution is considered for the three nanoparticle species. The subscripts bf and s; represent the
base fluid and the individual nanoparticle types. Table 1 summarizes the key thermophysical
characteristics of the host liquid (water) and the constituent nanoparticles, including Cu, CuO, and
Al,03, which are used in the present THNF formulation.

Table 1. Thermo-physical properties of the THNF [41].

Physical properties Water (bf) Cu (s1) CuO (s2) Al, 05 (s3)
Density, p (kgm™3) 997.1 8933 6320 3970
Specific heat, C, (Jkg *k™1) 4179 385 531.8 765

Thermal conductivity, k 0.613 401 76.5 40
(Wm™tK™)

Electrical conductivity ¢ (Sm™) 5.5x 107 5.8x 107 1.6 x 1071 6.78 x 10710

3. Numerical methodology and code procedures
3.1. Numerical procedure

The mathematical model comprising Eqs (12)—(19), together with the boundary conditions
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specified in Eqgs (20)—(24), is solved numerically using the FEM. The FEM was selected because of
its flexibility in handling complex corrugated geometries, porous regions, and coupled multiphysics
equations. Compared with conventional structured grid approaches, FEM enables accurate
discretization of the corrugated walls and porous baffle boundaries. All computations are carried out
in COMSOL Multiphysics 6.3, a commercial finite element platform. The computational domain is
divided into unstructured triangular elements because they can accurately conform to the corrugated
boundaries and porous baffle geometry while allowing localized mesh refinement in regions with
large velocity and temperature gradients.

The FEM provides a piecewise approximation of the solution field using triangular finite
elements with three nodes per element. The computational mesh is based on this structure. Applying
the method of weighted residuals to the equations yields a weak form of the equations. The weak
form of the equations is written as a variational problem by defining an appropriate set of trial
functions. The dependent field variables, like temperature 6, pressure P, and the velocity
components U and V are approximated as linear combinations of the shape functions within each
finite element, and these are substituted into the variational form of the equations to form equations
for each element.

From this, local element matrices are formed via numerical integration and assembled to form a
global system matrix for the domain. A fully coupled damped Newton solver based on a direct linear
solver (PARDISO) for robustness to convergence is utilized iteratively to solve the nonlinear system
of algebraic equations resulting from the simulation. The coupled solver is used to solve the
flow—temperature field interaction and capture the thermo-fluidic behavior accurately when porous
fins are used. The convergence tolerance for all the dependent variables (temperature, pressure, and
velocity) is chosen as a relative tolerance of 1076,

The porous fins are simulated using the Darcy—Brinkman—Forchheimer formulation, which
accounts for shear stresses due to viscous shear (Brinkman term) and the bulk flow indicator (Darcy
term). Continuity of velocity, tangential stress, temperature, and conductive heat flux is automatically
satisfied at the clear fluid—porous interfaces by the weak formulation. The porous fins have LTE.

3.2. Mesh generation and grid independence

An unstructured triangular finite element mesh was used to discretize the computational domain,
as shown in Figure 2. To adequately capture the steep velocity and temperature gradients, local mesh
refinement was applied near the heated corrugated walls, porous baffles and fluid—porous interface,
while a relatively coarser mesh was used in the remaining regions to reduce the computational cost.
The mesh selected for the present simulations consists of 98,272 triangular elements.
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Figure 2. Finite element mesh with 98,272 elements.

A grid independence test was carried out for the reference case of Da = 1073,Re = 100, ¢ =
0.03,and € = 0.6. Four progressively refined triangular meshes were examined and Nug,, was
selected as the convergence indicators. The successive relative difference was calculated as E; =

INu; = Nui‘ll/l Nug_y| X 100. As presented in Table 2, Nu,,, approaches a stable value as the

mesh is refined. Although the relative differences between the coarser mesh levels are nonmonotonic,
the difference between the two finest meshes, M3 and M4, decreases to approximately 0.52%. This
indicates that further refinement from 98,272 to 165,562 elements produces only a minor change in
Nugyg. Therefore, M3 containing 98,272 triangular elements, was adopted for the subsequent
simulations as a compromise between numerical accuracy and computational cost.

Table 2. Grid independence test for Da = 1073,Re = 100, ¢ = 0.03,and € = 0.6.

Mesh No. of elements Nugyg Successive relative difference (%)
M1 15,550 3.6087 -

M2 39,358 3.5494 1.64%

M3 98,272 3.4207 3.63%

M4 165,562 3.4029 0.52%

3.3. Solver convergence

Figure 3 presents the convergence history of the fully coupled nonlinear solver for a representative
computational case. The solver error decreases continuously by several orders of magnitude, from
above 10' at the initial iteration to approximately 10~® after 10 iterations. The smooth and rapid
reduction in the error without noticeable oscillations demonstrates the stable convergence of the
coupled numerical solution. Together with the grid’s independence and the model validation results,
this convergence behavior supports the numerical reliability of the present FEM computations.
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Figure 3. Convergence history of the fully coupled nonlinear FEM solver.

3.4. Model validation

The accuracy of the present numerical procedure was assessed through both qualitative and
quantitative comparisons with the published results of Hamza et al. [36]. First, the streamlines
patterns for the mid-center line (MCL) configuration at Re = 25 and Re = 250 were reproduced,
showing close agreement in the principal flow structures and recirculation regions (Figure 4(a)). In
addition, a quantitative comparison of Nug,, was performed over the considered Re range under
the corresponding reference conditions. As shown in Figure 4(b), the present FEM predictions
closely follow the results reported by Hamza et al., providing further evidence of the accuracy and
reliability of the numerical model. This validated solver is subsequently extended to investigate the
thermo-hydraulic performance of the corrugated channel equipped with porous baffles.

() Hamza et al. [36] Present algorithm

(b)

Figure 4. (a) Comparison of the streamlines’ contours predicted by the present numerical
model with the refernce results of Hamza et al. [36] for a corrugated channel with solid
obstacles at Ha = 0 and ¢ = 0.03. (b) Comparison of the average Nusselt number
obtained from the present FEM model with the numerical results of Hamza et al. [36] for
the MCL configuration at Ha = 0 and ¢ = 0.
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4. Numerical analysis and discussion

This section discusses the numerical outcomes for laminar MHD forced convection of a
Cu—CuO-Al203/water THNF flowing through a corrugated channel equipped with porous baffles.
The effects of Da, Re, the volume fraction of nanoparticles (¢), and the Ha are analyzed in terms of
the flow structure, temperature distribution, average Nusselt number (Nugy,g), pressure drop (AP),
and thermo-hydraulic performance index (PI). Initially, the thermal and hydraulic performances of
the solid baffle channel and the porous baffle channel are compared to evaluate the influence of
baffle permeability on heat transfer enhancement and pressure-drop reduction. Subsequently, the
effects of the governing dimensionless parameters are analyzed for the selected porous baffle
configuration to identify the conditions that provide the best overall thermo-hydraulic performance.

Figure 5 compares the streamline distributions for the solid baftle and porous baftle channels at
(Re =100) and (Re = 200) with (Ha = 0) and (¢ = 0.03). In the case of porous baffles, the
Da and porosity are fixed at Da = 1073,and € = 0.6 respectively. For the solid baffle channel, the
fluid is completely blocked by the impermeable baffles, resulting in large recirculation zones
downstream of each baffle. As the Re increases from 100 to 200, the wake regions become longer
and the vortices intensify due to the stronger inertial effects. Conversely, the presence of porous
baffles enables partial fluid penetration into the porous matrix, thereby weakening the flow’s
separation and significantly reducing the size of the downstream recirculation zones. Consequently,
the streamlines become smoother and more uniformly distributed throughout the channel. The
reduced wake formation in the porous baffle channel indicates a lower flow resistance than that of
the solid baffle channel, leading to a smaller pressure drop while maintaining effective flow
disturbance. These observations demonstrate that replacing solid baffles with porous baffles provides
a better balance between heat transfer enhancement and hydraulic performance.

Figure 5. Streamlines for the solid baffle channel (top row) and the porous baffle channel
(bottom row) for Reat,¢ = 0.03 and Ha = 0.0.For the porous fin case, Da =
1073 and € = 0.6.
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Figure 6 presents the isotherm lines for the solid baffle and porous baffle channels at Re = 100
and Re = 200. For both Re, the solid baffles interrupt the flow and create relatively thicker thermal
boundary layers downstream of the baffles. In contrast, the porous baffles allow partial fluid
penetration through the porous medium, resulting in stronger fluid mixing and a better-distributed
temperature field within the channel. Consequently, the temperature gradient layer becomes thinner
around the porous baffles, revealing intensified convective transport. Increasing the Re from 100 to
200 further intensifies the convective transport, leading to a tighter concentration of isotherms near
the heated corrugated surfaces and more uniformly distributed throughout the flow field. Compared
with the solid baffle channel, the porous baffle channel exhibits more effective thermal mixing and a
thinner temperature gradient layer, leading to an improvement in the overall thermal transport
performance.

Solid fins (Re = 100)

Solid fins (Re = 200)

0.5
.4

Porous fins (Re = 200)

Figure 6. Isotherms contours for the solid baffle channel (top row) and the porous baffle
channel (bottom row) for Re at,¢ = 0.03 and Ha =
0.0. For the porous fin case, Da = 1073 and € = 0.6.

Figure 7 illustrates the variations in Nug,, and AP with Re for the solid baffle and porous
baffle channels. As evident from Figure 7(a), the Nug,, increases continuously with Re for both
configurations due to the enhanced thermal energy transport. However, the porous baffle channel
consistently yields a higher Nug,, than the solid baffle channel over the entire Re range. At Re =
250, the porous baffles increase the Nug,, from 10.849 to 11.332, corresponding to an
enhancement of approximately 4.45%. This improvement is attributed to the penetration of the fluid
through the porous baffles, thereby promoting stronger fluid circulation and reducing the thickness of
the near-wall thermal layer.

Figure 7(b) shows that AP decreases with rising Re for both channels. Furthermore, the porous
baffle channel consistently exhibits a lower pressure drop than the solid baffle channel because the
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fluid partly passes through the porous medium instead of completely bypassing the impermeable
baffles. At Re = 250, the pressure drop decreases from 8.1812 for the solid baffle channel to 7.0996
for the porous baffle channel, representing a reduction of approximately 13.22%. These results
demonstrate that porous baffles simultaneously enhance heat transfer and reduce flow resistance,
thereby providing superior thermo-hydraulic performance compared with conventional solid baffles.

(a) —&— Solid baffles
Porous baffles

8 7.4825 81812
7.09%6

50 100 150 200 250 50 100 150 200 250
Re Re

Figure 7. Variation of (a) Nug,, and (b) AP with Re for the solid baffle channel and
the porous baffle channel.

Figure 8 presents the streamline and isotherm contours for the porous baffle channel at Da =
107° and Da = 1073. The Da serves as a measure of the permeability of the porous baffle matrix;
therefore, increasing Da reduces the flow resistance inside the porous structure. As shown in the
streamline contours, increasing the Da from 107 to 1073 allows more fluid to penetrate through
the porous baffles, resulting in smoother streamlines and weaker recirculation regions downstream of
the baffles. The reduced flow obstruction improves the overall flow uniformity and decreases the
hydraulic resistance of the channel. The strong dependence of the thermo-hydraulic response on Da
is consistent with previous porous medium studies demonstrating that permeability substantially
alters fluid transport and the associated heat transfer characteristics [35]. The corresponding isotherm
contours indicate that a higher Da enhances fluid mixing around the porous baffles, hereby reducing
the thickness of the near-wall thermal layer. and a more uniform temperature distribution.
Consequently, heat is transported more effectively from the heated corrugated walls to the core flow.
These observations demonstrate that increasing the permeability of the porous baffles improves both
the hydrodynamic behavior and the convective heat transfer performance while reducing the pressure
drop penalty.

Figure 9 illustrates the variations in Nug,, and AP with Da for the porous baffle channel at
Re =100,¢p = 0.03,Ha = 10,and € = 0.6 . As shown in Figure 9(a), the Nug,, increases with
increasing Da. At low permeability (107¢ and 107°), the porous baffles behave similarly to
impermeable obstacles, resulting in only a slight improvement in heat transfer. As the Da rises to
1073and 1072, the elevated permeability of the porous baffles permits increased fluid permeation
through the porous matrix, fostering stronger fluid mixing and diminishing the thermal boundary
layer’s thickness. Consequently, the convective thermal transport is intensified, resulting in a
pronounced increase in Nu,yg. The maximum Nug,, of 2.7172 is obtained at 1072, Figure 9(b)
shows that the pressure drop decreases continuously with a rising Da due to the reduction in flow
resistance within the porous baffles. Increasing the Da from 107®to 1072 reduces the pressure

AIMS Mathematics Volume 11, Issue 10, 34730-34762.



34748

drop from 24.6520 to 22.3450, corresponding to a reduction of approximately 9.36%. Therefore,
raising the permeability of the porous baffles simultaneously enhances heat transport and lowers the
hydraulic resistance, resulting in improved thermo-hydraulic performance.

Figure 8. Streamlines (top row) and isotherm contours (bottom row) for selected Da
values in the porous baffle channel at Re = 100, ¢ = 0.03, Ha = 10,and € = 0.6.

(a) i (b) i e 245180 l
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Figure 9. Variation in (a) Nu,,,4 and (b) AP with Da for the porous baffled channel.

Figure 10 presents the streamline and isotherm contours for the porous baffle channel at Ha = 0
and Ha = 40. The Ha represents the strength of the applied magnetic field and its influence on the
electrically conducting THNF. As shown in the streamline contours, increasing the Ha from 0 to 40
suppresses the fluid’s motion due to the Lorentz force acting opposite to the flow direction.
Consequently, the streamline’s density decreases around the porous baffles, and the recirculation
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regions become weaker, indicating a more stabilized flow field. Similar magnetic suppression of
fluid motion has been reported for MHD THNFs in porous configurations [33]. The corresponding
isotherm contours reveal that the stronger magnetic field reduces fluid mixing and weakens
convective cooling performance, resulting in a thicker thermal layer and a more gradual temperature
distribution along the channel. As a result, the transport of heat from the heated corrugated walls to
the core flow is reduced. These observations indicate that increasing the Ha suppresses convection
and consequently deteriorates the overall thermal enhamcment of the porous baffle channel.

Figure 10. Streamlines (top row) and isotherms contours (bottom row) for selected Ha
values in the porous baffle channel at Re = 100,¢ = 0.03, Da = 1073,and € = 0.6.

Figure 11 illustrates the evolution of Nug,,, and AP with Ha and the nanoparticle volume
fraction for the porous baffle channel. As shown in Figure 11(a,b), increasing the Ha significantly
decreases the Nug,,,, while increasing the pressure drop. The electromagnetic force generated by the
applied magnetic field restricts the fluid’s movement, weakens convective mixing, and broadens the
thermal diffusion layer, resulting in lower heat transfer rates. Consequently, Nug,,  decreases from
3.8925 at Ha = 0 to 0.5992 at Ha = 40, whereas the pressure drop increases markedly from 11.0504
to 216.3916. Figure 11(c, d) presents the influence of ¢. Increasing ¢ enhances the effective heat
conduction capability of the THNF, leading to a continuous increase in Nug,, 4. At the same time, an
increase in the nanoparticle concentration raises the effective viscosity of the working fluid, resulting
in a higher pressure drop. As ¢ rises from 0.00 to 0.03, Nug,, increases from 0.3429 to 2.4272,
while the pressure drop rises from 9.9860 to 21.9621. These results indicate that raising ¢ improves
the heat transfer performance at the expense of additional hydraulic resistance.
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Figure 11. Variation in (a) Nug,, and (b) AP with Haand ¢ for the porous baffle channel.

Figure 12 presents the vertical cutline profiles of the dimensionless velocity components U and
V, temperature (6), and the Nusselt number for different values of Da. Figure 12(a,b) shows that
increasing the Da slightly modifies the velocity profiles due to the higher permeability of the porous
baffles. At Da = 1072, the fluid penetrates more easily through the porous medium, resulting in
smoother U- and V-velocity distributions and weaker flow disturbance compared with a lower Da.
Figure 12(c) illustrates the dimensionless temperature profiles along the vertical cutline. Increasing
the Da reduces the fluid temperature throughout most of the channel because the enhanced
permeability promotes stronger fluid mixing and convective heat transport. The corresponding
Nusselt number distributions are shown in Figure 12(d). Distinct peaks are observed near the heated
corrugated wall, where the local temperature gradients are highest. As the Da increases, the Nusselt
number increases over most of the heated wall, with the highest values obtained at Da = 1072, This
behavior confirms that increasing the permeability of the porous baffles enhances the local heat
transfer rate by strengthening fluid penetration and reducing the thermal boundary layer’s thickness.
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Figure 12. Vertical cutline profiles of (a) U-velocity, (b) V-velocity, (¢) temperature
(6), and (d) variation in the local Nusselt number (Nu) along the upper wavy heated wall
for different values of Da at Re = 100,e = 0.6, and ¢ = 0.03.

Figure 13 presents the thermo-hydraulic performance index for the porous baffle channel. In
Figure 13(a), the solid baffle channel is selected as the reference case, whereas in Figure 13(b), the
porous baffle case at Da = 107%is taken as the reference. As shown in Figure 13(a), the porous
baffle channel yields PI > 1 over the entire Re range, indicating superior overall thermo-hydraulic
performance compared with the solid baffle channel. The highest performance index of 1.462 is
obtained at Re = 50, corresponding to a 46.2% improvement over the solid baffle configuration.
Although the performance index decreases slightly with an increasing Re, it consistently exceeds
unity under all investigated conditions, confirming that the porous baftles simultaneously improve
heat removal capabilty while reducing the pressure drop penalty. Figure 13(b) illustrates the effects
of the Da on the thermo-hydraulic performance of the porous baffle channel. The performance index
increases monotonically from 1.000 at Da = 107%to 1.169 at Da = 1072, This trend suggests that
increasing the permeability of the porous baffles facilitates greater fluid permeation through the
porous matrix, thereby promoting convective thermal transport while reducing hydraulic resistance.
Consequently, the porous baffle channel achieves its best overall thermo-hydraulic performance at
the highest Da considered, i.e., Da = 1072,
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Figure 13. Thermo-hydraulic performance index (PI) for (a) porous fins relative to solid
fins at different values of Re, and (b) the porous baffle Da using Da = 107° as the
reference case.

5. ANN analysis

To complement the numerical simulations, an ANN was developed as a data-driven surrogate
for reproducing the FEM-computed thermo-hydrodynamic responses. The input vector consists of
the spatial coordinates together with the governing parameters, namely x or
(s), Re,Ha,Da,€,and ¢. Separate feedforward neural networks were trained to estimate the
U-velocity, V-velocity, dimensionless temperature (6), and local Nusselt number. As demonstrated
in Figure 14, each network consists of two fully connected hidden layers with 10 neurons per layer.
The hyperbolic tangent sigmoid activation function was used in both hidden layers, while a linear
purelin function was used at the output layer. The networks were trained using the
Levenberg—Marquart algorithm, with the available data divided into 70% for training, 15% for
validation, and 15% for testing. Model performance is evaluated using mean square error (MSE)
learning curves, regression analysis, prediction error distribution, residual analysis, and direct
comparisons between FEM and ANN estimates. The inclusion of the governing parameters as ANN
inputs enables the surrogate to account for both spatial and parametric variations within the
investigated FEM database.

Figure 15 presents the evolution of the training and validation MSE for U, V, 6, and Nusselt
number. For all predicted quantities, the MSE decreases rapidly during the initial epochs and
subsequently approaches a low, nearly stable level. More importantly, the training and validation
curves remain closely aligned without substantial divergence, indicating stable convergence and no
evident deterioration in the validation performance. The rapid convergence observed for temperature
together with the consistently low final errors for all outputs, demonstrates effective learning of the
numerical relationships by the ANN.
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Figure 14. Architecture of the feedforward ANN used separately used for predicting the
U-velocity, V-velocity, temperature, and local Nusselt number.
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Figure 15. Training and validation MSE learning curves for (a) U, (b) V, (¢) 8, and (d)
Nusselt number.

The regression plots in Figure 16 demonstrate excellent agreement between the numerical
targets and ANN predictions. The predicted points for the training, validation, testing, and complete
datasets lie almost entirely along the ideal prediction line for all four quantities. The displayed R?
values are essentially unity, accompanied by very small MSE values, confirming that the developed
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networks accurately reproduce the numerical U-velocity, V-velocity, temperature, and Nusselt
number data. The similarly strong performance across the training, validation, and testing subsets
also indicates consistent predictive behavior rather than accuracy restricted to the training dataset.
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Figure 16. Regression analysis between numerical and ANN-predicted values for (a) U,
(®)V, (c¢) 8 and (d) Nusselt number.

Figure 17 shows the prediction error distribution for the four ANN outputs. In each case, the
errors are strongly concentrated around zero, while their frequency decreases progressively toward
the tails of the distributions. The narrow error ranges observed for the velocity and temperature
predictions indicate a particularly small deviation between the ANN and the numerical results.
Although the Nusselt number exabits a comparatively broader error range, its distribution also
remains strongly centered near zero. These results indicate low systematic prediction bias and further
support the accuracy of the developed ANN models.
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Figure 17. Prediction error histogram for (a) U, (b) V, (c) 6, and (d) Nusselt number (Nu).

Figure 18 compares the FEM results with the ANN-predicted values over the sample index for
the U, V, 6, and Nusselt number. For all four quantities, the ANN predictions closely follow the
corresponding FEM data, demonstrating the capability of the developed networks to reproduce the
numerical response. Particularly strong agreement is observed for U-velocity, V-velocity, and
temperature, where the ANN curves nearly overlap the FEM results despite the pronounced
sample-to-sample variations. For the Nusselt number, the ANN also captures the overall variation
and major peaks across the considerably larger dataset of 975 samples, although small deviations are
observed at some sharp local extrema. These deviations can be attributed to the more nonlinear and
rapidly varying behavior of the local heat transfer response. Overall, the close agreement between the
FEM and ANN results confirms that the developed ANN models can effectively predict the principal
flow and thermal characteristics of the system.

Figure 19 presents the probability density distributions of the ANN residuals. All four
distributions exhibit pronounced peaks close to zero, demonstrating that most predictions differ only
slightly from their corresponding numerical values. The relatively narrow distributions for U, V, and
0 indicate particularly low prediction uncertainty, while the Nusselt number’s distribution remains
centered around zero despite its somewhat wider spread. The near-zero residual concentration is
consistent with the regression and error histogram results and indicates the absence of substantial
systematic over- or underprediction.
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Figure 19. Residual probability density distribution for ANN-based predictions of (a) U,
(b) V, (¢) 8, and (d) Nusselt number (Nu).

Finally, Figure 20 directly compares the numerical profiles with the ANN’s predictions for
U-velocity, V-velocity, temperature, and the local Nusselt number. The ANN curves nearly coincide
with the numerical profiles over the entire spatial domain, including the velocity maxima, the
monotonic temperature variation, and the sharp peak in the local Nusselt numbers’ distribution. In
particular, the successful reproduction of the pronounced peak demonstrates that the ANN can
capture not only smooth field variations but also relatively steep spatial gradients. The excellent
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agreement between both approaches confirms the capability of the trained networks to accurately
reproduce the numerical thermo-hydrodynamic responses.

FEM vs ANN Prediction of U-Velocity FEM vs ANN Prediction of V-Velocity
T T T T T T T T T T

04 06 08 2 14

(a) Comparison of U-veloéity: simulation vs ANN (b) Comparison of V—Velocity: simulation vs ANN

FEM vs ANN Predi
T T

erature FEM vs ANN Prediction of Local Nusselt Number
T T T T T T T

' ' ' n L =
02 04 06 08 1 12 14 2 6 8 ] 2 14

(c) Comparison of 6: sinulation vs ANN (d) Comparison of Nu: simulation vs ANN

Figure 20. Comparison between the numerical simulation and ANN predictions for (a) U,
(b)) V, (c) 8 and (d) Nusselt number (Nu).

6. Conclusions

The present study developed an integrated FEM-ANN framwork to investigate the
thermo-hydraulic behavior of MHD forced convection of a Cu—CuO-AlLOs/water THNF in
corrugated channels equipped with porous baffles. The principal originality of the work lies in the
combined consideration of permeability-controlled porous baffles, corrugated isothermal walls,
THNF transport, and magnetic damping within a unified thermo-hydraulic framework. Unlike
conventional impermeable baffles, the porous configuration allows the fluid to penetrate through the
obstacles, providing an additional mechanism for simultaneously controlling heat transfer
enhancement and hydraulic resistance. The effect of the Re, Da, Ha, and particle volume fraction on
the flow characteristics, heat transfer, and hydraulic performance were systematically analyzed. In
addition, FEM-generated datasets were used to develop ANN surrogate models for reproducing the
U-velocity, V-velocity, temperature, and local Nusselt number. The principal findings of this study
are outlined below.

e Replacing conventional solid baffles with porous baffles improves the overall

thermo-hydraulic performance by simultaneously enhancing heat transfer and reducing the
pressure drop penalty. Compared with the solid baffle channel, the porous baffle channel
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increased the average Nusselt number (Nug,q4) by approximetly 5.55% and reduced the

pressure drop by 13.22% at Re = 250.

e Increasing the Re enhances convective heat transfer, resulting in a continous increase in the
Nugy,g for both the solid and porous baffle channels. The porous baffle configuration
consistently exhabits superioir thermal performance over the entire Re range.

e Increasing the Da increases the permeability of the porous baffle, allowing greater fluid
penetration through the porous medium. Consequently, the Nug,, increases by
approximately 13.14%, while the pressure drop decreases by 9.36% as the Da increases from
107% to 1072

e A stronger magnetic field suppresses the fluid’s motion through the Lorentz force, which
weakens convective heat transfer and increases hydraulic resistance. As a result, the Nug,,q
decreases significantly, whereas the pressure drop increases with increasing Ha.

e Increasing ¢ improves the effective thermal conductivity of the THNF, leading to higher
heat transfer rates. Despite the thermal enhancement, the greater effective viscosity of the
suspension produces additional hydraulic resistance.

e The thermo-hydraulic performance index demonstrates that the porous baffle channel
outperforms the conventional solid baffle channel over the investigated Re range (PI > 1).
Moreover, the performance index increases with increasing Da, reaching its highest value at
Da = 1072 indicating that higher baffle permeability yields the optimum balance between
convection-driven heat transfer and flow resistance.

e The developed ANN models successfully reproduce the FEM-computed U-velocity,
V-velocity, temperature, and local Nusselt number. The close agreement between FEM and
ANN predictions, together with the regression, MSE, prediction error, and residual analyses,
demonstrate the capability of the data-driven models to capture the nonlinear
thermo-hydrodynamic response of the system.

Overall, the results demonstrate that permeability-controlled porous baffles provide an effective
strategy for improving the heat transfer—hydraulic resistance trade-off in corrugated channels. The
integration of FEM with ANN further provides an efficient surrogate framework for representing the
nonlinear thermo-hydrodynamic response within the investigated parameter ranges. These findings
provide a basis for the design and optimization of compact thermal management systems involving
porous flow control and magnetically influenced heat transfer. Future studies may extend the present
framework to three-dimensional and transient configurations and experimentally validate the
predicted thermo-hydraulic performance.
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    𝜕   U   ( p )  𝜕 X +   𝜕   V   ( p )  𝜕 Y = 0


   1    𝜀 2  (   U   ( p )   𝜕   U   ( p )  𝜕 X +   V   ( p )   𝜕   U   ( p )  𝜕 Y ) = −   𝜕   P   ( p )  𝜕 X +  1  𝜀 R e  (     𝜕 2   U   ( p )  𝜕   X 2 +     𝜕 2   U   ( p )  𝜕   Y 2 ) −  1  R e D a   U   ( p ) −       C  F   D a  (      U   ( p ) 2 +     V   ( p ) 2 )   U   ( p ) −     H a 2  R e   U   ( p )


   1    𝜀 2  (   U   ( p )   𝜕   V   ( p )  𝜕 X +   V   ( p )   𝜕   V   ( p )  𝜕 Y ) = −   𝜕   P   ( p )  𝜕 Y +  1  𝜀 R e  (     𝜕 2   V   ( p )  𝜕   X 2 +     𝜕 2   V   ( p )  𝜕   Y 2 ) −  1  R e D a   V   ( p ) −       C  F   D a  (      U   ( p ) 2 +     V   ( p ) 2 )   V   ( p )


    U   ( p )   𝜕   𝜃   ( p )  𝜕 X +   V   ( p )   𝜕   𝜃   ( p )  𝜕 Y =     R  c  P e  (     𝜕 2   𝜃   ( p )  𝜕   X 2 +     𝜕 2   𝜃   ( p )  𝜕   Y 2 )


  X = 0 ,   − 1 ≤ Y ≤ 1


  U = 1 ,     V = 0 ,     𝜃 = 0


  X = 23 ,   − 1 ≤ Y ≤ 1


  P = 0 ,       𝜕 U  𝜕 X = 0 ,       𝜕 V  𝜕 X = 0 ,       𝜕 𝜃  𝜕 X = 0


  ≤ X ≤ 18


  U = 0 ,     V = 0 ,     𝜃 = 1


  0 ≤ X < 3   and   18


  X ≤ 23


  U = 0 ,     V = 0 ,       𝜕 𝜃  𝜕 N = 0


    U   ( f ) =   U   ( p ) ,       V   ( f ) =   V   ( p ) ,       P   ( f ) =   P   ( p ) ,       𝜃   ( f ) =   𝜃   ( p )


    k  f ,


    q  ′ ′ =     k  t h n f   𝜕 T  𝜕 n


    N u  l o c a l =     q  ′ ′ L   [   k  f (   T h −   T  c ) ] ,


    N u  l o c a l = −     k  t h n f    k  f      𝜕 𝜃  𝜕 n |  w a v y   w a l l


      k  t h n f    k  f


  𝜃 .


    N u  l o c a l .


    N u  a v g =  1    S h   ∫    T h    N u  l o c a l d S


    S h =   ∫    T h  d S


  ( Δ P )  


  Δ P =   P  i n −   P  o u t


    P  i n =  1    A  i n   ∫    A  i n  P d A     and     P  o u t =  1    A  o u t   ∫    A  o u t  P d A .


  P


  ( P I )


    N u  a v g


  Δ p


  P I > 1


  P I =       N u  a v g    N u  a v g , r e f     (   Δ P    Δ P  r e f )   1 3


    𝜌  t h n f =  ( 1 − 𝜙 )   𝜌  b f +   𝜙 1   𝜌  s 1 +   𝜙 2   𝜌  s 2 +   𝜙 3   𝜌  s 3


     ( 𝜌   C  p )  t h n f =  ( 1 − 𝜙 )    ( 𝜌   C  p )  b f +   𝜙 1   𝜌  ( 𝜌   C  p )  s 1 +   𝜙 2    ( 𝜌   C  p )  s 2 +   𝜙 3   𝜌  ( 𝜌   C  p )  s 3


    𝜇  t h n f =     𝜇  b f     ( 1 − 𝜙 )  2 . 5


  𝜙 =   𝜙 1 +   𝜙 2 +   𝜙 3


    k  p , e f f =   𝜙    𝜙    k  s 1 +   𝜙    k  s 2 +   𝜙    k  s 3


      k  t h n f    k  b f =     k  p , e f f + 2   k  b f − 2 𝜙 (   k  b f −   k  p , e f f )    k  p , e f f + 2   k  b f + 𝜙 (   k  b f −   k  p , e f f )


      𝜎  t h n f    𝜎  b f =     𝜎  p , e f f + 2   𝜎  b f − 2 𝜙 (   𝜎  b f −   𝜎  p , e f f )    𝜎  p , e f f + 2   𝜎  b f + 𝜙 (   𝜎  b f −   𝜎  p , e f f )


  𝜙 =   𝜙 1 +   𝜙 2 +   𝜙 3


    𝜙 1 ,   𝜙 2 ,   𝜙 3


  b f


    s  i


  Cu ,


  CuO


  Al ₂ O ₃ ,


  ( bf )


  Cu


  ( s 1 )


  CuO


  ( s 2 )


  A  l 2  O 3


  ( s 3 )


  𝜌


   ( kg    m  − 3 )


    C  p


   ( J   k  g  − 1  k  − 1 )


  k


   ( W     m  − 1     K  − 1 )


  𝜎   ( S     m  − 1 )


    ×


   10  − 6


    ×


   10 7


    ×


   10  − 1


    ×


   10  − 10


  𝜃


  P


  U


  V


   10  − 6


  D a =  10  − 3 ,   R e = 100 ,   𝜙 = 0 . 03 , and   𝜖 = 0 . 6


    N u  a v g


    E  i =    |   N u  i −   N u  i − 1 |   |   N u  i − 1 | × 100 .  


    N u  a v g


    N u  a v g


  D a =  10  − 3 , R e = 100 ,   𝜙 = 0 . 03 ,   and   𝜖 = 0 . 6


    N u  a v g


  R e = 25


  R e = 250


    N u  a v g


  H a = 0


  𝜙 = 0 . 03 .


  H a = 0


  𝜙 = 0 .


  ϕ


    N u  a v g


  Δ P )


  ( R e = 100 )


  ( R e = 200 )


  ( H a = 0 )


  𝜙 = 0 . 03


  D a =  10  − 3 ,   and   𝜖 = 0 . 6  


  R e   at   ,   𝜙 = 0 . 03   and   H a = 0 . 0 .   For   the   porous   fin   case ,   D a =  10  − 3   and   𝜖 = 0 . 6 .


  R e   at   ,   𝜙 = 0 . 03   and   H a = 0 . 0 .   For   the   porous   fin   case ,   D a =  10  − 3   and   𝜖 = 0 . 6 .


    N u  a v g


  Δ P


    N u  a v g  


    N u  a v g  


    N u  a v g


  Δ P


    N u  a v g


  Δ P


  D a =  10  − 6


  D a =  10  − 3


   10  − 6


   10  − 3


    N u  a v g


  Δ P


  R e = 100 ,   𝜙 = 0 . 03 , H a = 10 ,   and   𝜖 = 0 . 6


    N u  a v g


   10  − 6  


   10  − 5


   10  − 3


   10  − 2


  N   u avg


    N u  a v g  


   10  − 2


   10  − 6  


   10  − 2


  R e = 100 ,     𝜙 = 0 . 03 ,     H a = 10 ,   and   𝜖 = 0 . 6


    N u  a v g


  Δ P


  R e = 100 ,   𝜙 = 0 . 03 ,     D a =  10  − 3 ,   and   𝜖 = 0 . 6


    N u  a v g


  Δ P


    N u  a v g  


    N u  a v g  


  𝜙


  𝜙


    N u  a v g


  𝜙


    N u  a v g


  𝜙


    N u  a v g


  Δ P


  𝜙


  𝜃


  D a =  10  − 2 ,  


  D a =  10  − 2 .  


  U


  V


  ( 𝜃 )


  D a  


  R e = 100 ,   𝜖 = 0 . 6 ,


  𝜙 = 0 . 03 .


  D a =  10  − 6  


  D a =  10  − 6  


  D a =  10  − 2 .  


  D a =  10  − 2 .


  R e ,


  D a


  D a =  10  − 6


  x


  s )


    R e , H a , D a ,   𝜖 , and   𝜙 .


  𝜃 ) ,


  𝜃


  𝜃


  𝜃


  𝜃


  𝜃 ,


  𝜃


  𝜃 ,


  𝜃


  𝜃


    N u  a v g


    N u  a v g


    N u  a v g


   10  − 6


   10  − 2


    N u  a v g


  𝜙


  Da =  10  − 2

