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1. Introduction

Researchers have dedicated substantial effort to studying heat and mass transfer phenomena which occur
within closed enclosures because these phenomena directly apply to engineering systems that include nuclear
reactors and solar collectors and electronic device cooling systems and chemical processing units [1-4]. The
enclosed spaces use natural convection as a buoyancy driven method which helps to control their internal heat
distribution. Cavity design together with internal structural elements such as rods and fins and baffles which
change flow patterns and boost mixing efficiency, create a substantial performance impact on these processes [5-
7]. The study of enclosure geometry together with the impact of buoyancy forces and external fields, now
represents the primary research area, which seeks to improve transport performance, in real world applications
[8-10].

Choi [11] developed nanofluids through his method of adding nanoparticles to standard fluid materials which
resulted in better thermal efficiency and improved energy flow capabilities. The research showed that using two
different types of nanoparticles in hybrid nanofluid demonstrated better stability and enhanced thermal
properties according to studies [12-15]. The ternary hybrid nanofluid (THNF) system combines three different
types of nanoparticles with a base fluid to create advanced thermal physical properties. The research conducted
by Mousavi et al. [16], Cakmak et al. [17] and Sahoo [18] proved that THNF provides better thermal performance
than standard fluids and hybrid nanofluids because it has better thermal conductivity and stability and higher
heat and mass transfer rates. The researchers face difficulties in finding the best particle concentration and
selecting nanoparticles and developing modeling methods which restrict their complete achievement of potential.

Magneto hydrodynamics (MHD) effects together with thermo-solutal convection create extra mechanisms to
control buoyancy driven flows. Magnetic fields generate Lorentz forces which interact with electrically conducting
fluids to create two effects that engineers use to control thermal and solutal transport in their systems [19-22].
Thermo-solutal natural convection describes a movement process which occurs when thermal and concentration
gradients create motion in various natural and industrial systems; this movement displays complex physical
behavior which depends on the interaction between Rayleigh, Lewis and magnetic parameters. Multiple research
studies have investigated MHD together with double diffusive convection in various closed systems; these studies
explain how heat and mass transfer rates depend on different geometric designs together with varying field
strengths [23-25].

The transport performance of systems depends on their geometric design and the topology of their internal
surfaces. The flow patterns of corrugated or wavy surfaces and baffles create localized disturbances which
generate secondary vortices and disrupt the boundary layer, resulting in higher Nusselt and Sherwood numbers
than smooth or straight configurations do [11]. The research has investigated how straight baffles and wavy
baffles interact with multiple applications yet studies about the combined effects of baffle corrugation and baffle
length and corrugation amplitude on TSNC in enclosure filled with ternary hybrid nanofluid under MHD conditions
remain insufficient.

The data driven techniques, which include artificial neural networks, have shown their worth in thermo fluid
systems because they allow for the quick prediction and design optimization process after scientists train their
models with high-quality simulation and experimental data [26-29]. The application of ANN-based methods has
successfully predicted heat and mass transfer in nanofluids while the methods also enabled faster execution of
parametric studies, which would require direct simulation in all other cases [30-33]. The research field lacks
studies that combine FEM-based simulation of intricate baffled geometries with ANN models trained on ternary
hybrid nanofluid datasets under MHD and double diffusive conditions.

Recent studies have further demonstrated the importance of complex enclosure geometry, nanoparticle
composition, and magnetic control in improving nanofluid transport. Alipour et al. [34] investigated a ternary Cu-
MgO-ZnO/water nanofluid in a porous cavity and highlighted the effects of magnetic field, nanoparticle shape
factor, and operating parameters on thermal performance. They also considered optimization of the resulting
heat-transfer response. In another study, Alipour et al. [35] analyzed a wavy trapezoidal porous cavity containing a
water/ethylene-glycol GO-Al,O; hybrid nanofluid and employed response-surface methodology to determine

54



Thermal Performance of Ternary Hybrid Nanofluids Ul-Ain et al.

favorable operating conditions. Hosseinzadeh et al. [36] examined a MoS,-water/ethylene-glycol mixture nanofluid
in @ wavy enclosure and demonstrated the usefulness of optimization methods for assessing the effects of
magnetic and thermal parameters. Similarly, Hosseinzadeh et al. [37] investigated MHD hybrid-nanofluid
convection in a wavy porous enclosure using numerical simulation together with response-surface and Taguchi
optimization. Rostami et al. [38] analyzed magnetically influenced nanofluid convection in a porous enclosure with
a complex snowflake-shaped inner wall, while Hosseinzadeh et al. [39, 40] examined hybrid-nanofluid transport in
complex porous and wavy cavities under magnetic-field effects. These investigations confirm the significant roles
of geometry, magnetic damping, porous structures, and nanoparticle characteristics in thermal transport.
Nevertheless, the combined effects of straight and corrugated baffles on MHD thermo-solutal convection of Cu-
CuO-Al,03/H,0 ternary hybrid nanofluid, together with simultaneous prediction of heat and mass transfer
behavior using an FEM-trained ANN model, remain comparatively less explored.

The study uses coupled finite element Method and artificial neural network techniques to investigate natural
convection that occurs due to thermal and solutal effects in a rectangular cavity filled with Cu-Cuo-Al,O3/H,0
ternary nanofluid. The study systematically examines the influence of baffle length (hs), corrugation amplitude (A),
Rayleigh number (Ra), Hartmann number (Ha), corrugation number (n), nanoparticle volume fraction and Lewis
number (Le) on flow topology, temperature and concentration field, and global measures of transfer responses
across the investigated parameter space. The combined FEM-ANN framework provides both physical insight into
the role of baffled geometries and a practical predictive tool for the design of advanced thermal systems
employing ternary hybrid nanofluids.

2. Physical Model

Fig. (1) represent the schematic of the computational domain. The enclosure is rectangular in shape, filled with
a Cu-CuO-Al,03/H,0-based ternary nanofluid. The upper wall features a centrally embedded rectangular cavity
containing two wavy fins that extend vertically downward into the fluid region. The inner surface of the cavity and
both wavy fins are kept at a constant high temperature (T;,) and high concentration (C,,), functioning as heat and
mass sources. Conversely, the bottom horizontal boundary is held at a uniform lower temperature (T.) and
concentration (C.). The vertical sidewalls are thermally and solutally insulated satisfying g—:l =0and g—fl =0, while

no slip conditions u = 0 and v = 0 are imposed on all solid boundaries. A uniform magnetic field of strength B, is
applied vertically downward, aligned with the gravitational acceleration vector g, which also acts in the negative y-
direction. The fluid is assumed Newtonian, incompressible, electrically conducting and governed by the
Boussinesq approximation. The flow is considered two-dimensional steady and laminar, consistent with similar

Th, cn

Cu—Cu0-AL0yH;0 Ternary
hybrid nanofluid

g o————
e - == -

Figure 1: visual representation of the domain.
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natural convection studies involving baffled and corrugated enclosures [41-44]. The steady and laminar
assumption is supported by the natural convection velocity scale U.~./gB:ATH where AT =T, —T.. the

corresponding Reynold number is Re, = Y \which can express as Re.~ /Ra/Pr' Furthermore, magnetic damping

v

increase with the Hartmann number Ha = ByH /U/#, with the Lorentz-to-viscous force ratio scaling as Fl/FM ~Ha?.

The research examines how magnetohydrodynamics (MHD) and double-diffusive buoyancy forces and the
complex wavy structure together affect heat and mass transfer. The domain exhibits horizontal symmetry while
the embedded wavy fins create substantial changes to the flow pattern and temperature/concentration
distribution. The geometric configuration enables researchers to study the combined effects of cavity deformation
and finned structures and external magnetic fields on heat and solute transport enhancement.

3. Mathematical Formulations
3.1. Governing Equations

Under the Boussinesq approximation, the flow is assumed to be two-dimensional, steady, laminar and
incompressible. The THNF is electrically conducting, while the external imposed magnetic field is uniform and
directed vertically as B = (0,—B,,0). The magnetic Rynold number is assued to be sufficient small R, =
HoOennsUL < 1, so that the magnetic field induced by fluid motion is negligible compared with the imposed field.
Accordingly, the quasi-static MHD approximation is adopted.

The electric current density is described by Ohms law as ] = thnf(—Vy + u x B), where ¢ is the electric
potential. In the present two-dimension configuration, with no externally imposed electric field and no variation in
the out-of-plane direction, the Lorentz force reduces to F, =] X B = o,rB3u,0,0). Hence the magnetic field
directly damps the horizontal velocity component perpendicular to the applied magnetic field. The dimensional
governing equations for conservation of mass, momentum, thermal energy and species concentration are
therefore written as follow.

Continuity equation:

ou v

ﬁ-i_ @=0 (M

Momentum equations:

U Uy P *U  8*U ,
Pthns (U x + V@) =" ax + Uthns 3z + 7y? + O BoU (2)
A% av 0P 9%y 9%y
Pthnf ('U ot V@) =5 s (552 72 + Pennf9Br (T — T¢) + B.(C — Co)] (3)

Energy equation:

oT oTr 0°T  9*T
pl’hnfcpthnf{uﬁ + V@ = Kenns X2 + FLE

Species concentration equation:

ac _ac
Uart Vo = Dypy

ox oy

a*c  od%c
) (5)

axzt ayz
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3.2. Thermo-Physicaliproperties of THNF

Table 1 summarizes the thermal properties of water infused with nanoparticles such as Cu, Cu0,and Al,0.The
Cu — Cu0 — Al,0/H,0 ternary hybrid nanofluid is treated as a homogenous single-phase mixture. The total
nanoparticle volume fraction is defined as ¢ = ¢p1 + Gz + Pz Where ¢, ooe and ¢,,5 denotes the volume
fraction of Cu, CuO, and Al,0, respectively. The thermal properties of the base fluid and nanoparticles are listed in
Table 1, while the effective property correlations are summarized in Table 2 following Ref. [46]. The dynamic
viscosity is calculated using the Brinkman-type relation while the effective thermal conductivity is obtained
sequentially using the Maxwell model for the three nanoparticles components as given in Table 2. The adopted
effective-property formulation assumes uniformly dispersed, effectively spherical nanoparticle without explicit
aggregation. Therefore, particle shape factor, particle size effects and aggregation are not independently resolved
in the present single-phase model. Alternative property correlation may change the absolute values of Nu and Sh,

consequently, the present prediction are restricted to the adopted Maxwell-Brinkman effective-property
framework.

Table 1: Thermal characteristics of water and nanoparticles [45].
Physical Properties Water (f) (Base Fluid) Cu (p1) CuO0 (p2) Al,05 (p3)
p (kg/m3) 997.0 8960 6310 3900
¢ (gx) 4180 385 530 880
k(M /i) 0.62 400 76.5 30
8 (Yx) 2.07x 107* 2.1x 1078 18 x107° 8.5x 107°
o (Q.m)? 0.01 5.96 X 107 34.5 1x 10710
Table 2: Physical properties of nanoparticles [46].
Properties of the THNF

Nanoparticles concentration

¢ =Pm1+ Pz + O3

Density

Phnf = (1 - ¢m1)[(1 - ¢m2)[(1 - ¢m3)pf + ¢m3pm3] + ¢m2pm2] + ¢m1pm1

Dynamic viscosity

Benng = =
BT (1 = Pn) > (1 = Prnz) > (1 — Pnz)®®

Thermal conductivity

Kinng _ Km1 + 2Knng — 2 (Khnf — K1)
Khnf Kmy + 2Khnf + ¢m1(Khnf - Kml)
Khnf _ Km2 + Zan - 2¢m2(an - sz)
Knf Kmz + anf + P2 (an - sz)
Knf _ Kms + 2K — 2¢m3(kr — Kz )

Kf Km3 + 2Kf + ¢m3(Kf - Km3)

Heat capacity

(PCp) gny = (1= $m) [(1 = b [(L = $) (06,), + Bz (0Cy), | + Bma(Cy) | + Sma (66,) .,

Thermal expansion

(pﬁ)chnf = (1 - ¢m1)[(1 - ¢m2)[(1 - ¢m3)(pﬁ)f + ¢m3(pﬁ)m3] + ¢m2 (Pﬁ)mz] + ¢m1(pﬁ)m1

Thermal diffusivity oy = Kthnf
(0Cp) enns
Im1
Im_q
Ttnnf _ 4 o 3 (Uhnf )(’bml
Ohnf Om1 —(gm _
b _(Uhnf + 2) (Uhnf 1) ¢m1
[ (2= -1)gm
Electrical conductivity Ihnf _ 14 Onf
Onf Im2 — (Gm2 _
" ,(”nf + 2) (“nf 1) ¢m2
Gms _
I 14 3(”" 1)%3
9 Im3 —(oms _
(Uf +2) (”f 1)¢m3
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To simplify the problem, we introduce the following non-dimensional variables:

X, w,v)L L2 T-T C-C
(X,\Y)=(—y),(tu,V)=( ) p=—2" .0 = = ¢ = =
L Athnf pthnf“?hnf Ty =T, Ch — C.

Applying the transformations, the dimensionless governing equations are:

o, ov_
ox oy

ou_OU_ 0P (0°U 0%
ax T Vay . ox T T \oxz T oz

Ueeo + Ve —+—>—PrHa2[U

[Uav+vav— 6P+P 62W+62W +RaPr(@6+N
axt Vay ™ av TP \axe T oz ) T Rafr (0 +N¢)
U69+W69—629+629
oX oY o9X2 9Y2
¢ ap 1 (9% 0%
Ua—x”’a—y—d@*av

The associated dimensionless boundary conditions are:

e Top embedded cavity surface and wavy fins: 0=1¢=1
e Along the cold surfaces: 0=0,¢4=0
e For the adiabatic surfaces: Z—z = Z—‘Z =
¢ No-slip conditions (all walls): U=vV=0

The attained dimensionless numbers are:
v T, — T.)L3 o a c,—C
Pr = thnf ,Ra — g.BT( h c) ,Ha — BOL thnf ,Le — thnf’N — .Bc( h c).
Aihng Vinnf Xehns Henng Dipny Br(Tp —T;)

The Nusselt and Sherwood numbers of the heated surfaces are expressed as

kthnf

ky

Nugoeqr = — HY} ,and Shy,cq; = —Cyly=o,
Y=0

1

1
Num,g = f Nulocal dX, and Shavg = J‘ Shlocal ax.
0 0

4. Numerical Method

, 13,2026

(8)

9)

(10)

(11)

(12)

To solve (7-11) the coupled partial differential equations governing magnetohydrodynamic thermo-solutal
convection in the complex domain shown in Fig. (1), the finite element method (FEM) is employed using COMSOL
Multiphysics 6.3 version. This platform was selected because it offers flexibility in managing complex enclosures,

such as the wavy upper cavity and embedded fins, and its robust solvers for multi-physics simulations.
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4.1. Discretization Approach

The fluid domain is divided into triangular elements through the application of an unstructured mesh method.
Local mesh refinement creates the mesh around upper cavity and internal wavy fins areas to achieve precise
results. The governing equations are transformed into weak form and discretized element-wise to construct the
global stiffness matrix. A quadratic Lagrange interpolation method applies to all field variables which include
velocity components pressure temperature and concentration.

4.2. Weak Formulation

Consider W = [H1(2)]3 is the test subspaces for U,V,6 and C and Q = L?(R) is the test space for pressure. The
governing equations, when represented in weak form, are formulated as:

f (Ux + Vx)qd2 =0, (15)
0

Utnnf
0 0 Pthng%r Jo

f (UVy + VV,) wdQ + f P, wdq + s f [(Viy + Vyy)] wd — BBt o, by f (8 + NC) wdq
Q 0 Pthnf%r Jo PennyBr 0 (17)
o
+thn—fpra2Perwd[2 =0,
OfPthnf 0
athnf
0 ar Jg
1
Q Le J,

In the finite dimensions sub-spaces, discrete solutions are close to continuous ones.

U =U,e W,
V="V, eW,
0~ 0, €W, (20)
C~CheW,
P =P, €Qp

Eqg. (20) in Eq. (15)-(19) yields the discrete version that follows:

f(uhx + Vx) qpd =0, (21)
n

u
f (UnUny, + ViUp,) wpdQ + f Py, wpd + —2L f [(Unyy + Unyy) ] wnd2 =0, 22)
0 0 Pthng s Jo

f (UnViy + UpViy) wpdQ + f Py, wpdQ + Hetns f [(Vigy + Vagy)] wnd2 — OBerns p, Prf (6, + NC) wypd
0] 0] pthnfaf n pthnfﬁf 0] (23)
0;
+ MHazPrf V, wpd = 0,
Of Pthnf 0
a
f (Uhghx + thhy) th.Q - t;nff (thX + ghyy) th.Q = 0, (24)
0 f n
1
L(Uhchx + Vi Cry) wpd2 — EL(C,W + Chyy )WpdQ2 = 0. (25)
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The discrete solution is defined using basis functions.

ndof

Up = ) Uepe(X.Y),
k=1
ndof

Ve m ) Vg1,
k=1
ndof

b, = Z P (X,Y),
k=1

ndof

0n~ ) (K1),
k=1

ndof

Cp = z Cepr (X, Y),
k=1
On the basis of Egs. (21)-(25), one obtains
f (Uny + Vx) qpd2 =0,
n

f (U}‘LU}‘LX + VhUhy) th.Q + f PhX th.(l +‘uth—nf
0 Q PthnfAr Jqo

Utnnf

f (UnViy + UpViy) wpdQ + j Py, wpd + f [(ViyWhy + ViyWn, )] wpd2
n

Pthng Af

_Bewns g by J(ah + NC)Y wydf) + 2P pyq2 Perh wyd2 =0,
n

Pennf By OfPtnnf

Xthnf
ik f (ghXWhX + ghYWhY) th.Q = 0,
A Jo

L(Uhghx + thhy) th.Q -

1
f (UhChX + VhChy) th.Q - Ef (ChXWhX + Chywhy)whdﬂ = 0.
0} [}

In matrix representation

000Ly,+ N,(Up, V)

f [(UhXWhX + Uh-YWh-Y)] th.Q = 0,

[l g+ N( Uy, V) 0 B, 0
Pthnfaf
_Hthnf _ @B thns Ithnf Pf 17 2
0 L, +N,(U,, V, B Ra PrM, Ha*PrM,
Pthnfaf h n(Uns Vi) 2 PthnfBf Ufpthnf arr
BT B 0 0
0 0 0 Ly + N, (U, V)
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(26)

(27)

(28)

(29)

(30)

(31)

AT <
Il
o

This can be expressed as: AE = F. The nonlinear system is solved through iterative calculations, continuing until
a defined convergence condition is met. The nonlinear iterations were continued until the residual norm
decreased below107¢. This convergence criterion was applied consistently to all investigated parameter
combinations, including cases involving strong buoyancy, magnetic damping, and thermos-solutal coupling.
Convergence was accepted only after the residual criterion was satisfied and no appreciable iterative changes
were observed in the dependent variables. A separate sensitivity analysis using different initial guesses,
continuation paths, or tolerances tighter than 107 was not performed, therefore, the present numerical results

are restricted to the adopted solver settings and investigated parameter range.
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Table 3: Mesh convergence assessment based on average velocity magnitude, temperature, concentration, add Nu,,,,

and Shy,,.

Mesh No. of DOF Average Yelocity Average Average' Nu Sh

Level Elements Magnitude Temperature Concentration ws s
M1 1314 12501 0.30499 10.445 0.26533 11.234 0.31625
M2 1862 17430 0.30473 10.347 0.26847 11.302 0.32503
M3 3238 29202 0.30461 10.235 0.26807 11.583 0.40317
M4 4952 43851 0.30450 10.157 0.26747 11.635 0.41030
M5 6287 54546 0.30444 10.120 0.26724 11.652 0.41520
M6 9270 78654 0.30435 10.094 0.26701 11.756 0.44588
M7 15199 127158 0.30426 10.065 0.26722 11.968 0.51212
M8 33097 270441 0.30415 10.045 0.26730 12.108 0.55152
M9 41837 335991 0.30413 10.040 0.26735 12.114 0.55383

The relative difference between the two finest meshes was evaluated as R. E= 'M;;;\fsl x 100. The

correspondence difference were 0.0066% for average velocity magnitude, 0.0498% for average temperature,
0.0187% for average concentration, 0.0495% for Nug,, and 0.4171% for Shg,,. Since all variation remain below
0.5%, further mesh refinement produced negligible changes in the numerical solution. Accordingly, Mesh 8,
containing 33097 elements and 270441 degrees of freedom was selected for the remaining simulation as suitable
balance between computational cost and numerical accuracy.

The mesh configurations are tested with multiple n values because baffle corrugation requires testing through
0 to 12 cycle intervals. The updated mesh design in each instance enables accurate monitoring of flow patterns
together with thermal and solute diffusion at the corrugated boundary areas.

4.4. Model Validation and Accuracy Evaluation

The present numerical results were validated against the experimental and numerical findings reported by
Lizardi et al. [47]. The reference configuration was used as an independent benchmark for buoyancy-driven
natural convection rather than as an exact reproduction of the present corrugated-fin, ternary hybrid nanofluid,
MHD thermo-solutal system. The developed solver was first assessed at Ra = 2.705 x 10 and the predicted
Nug,, showed close agreement with the published experimental and numerical values. Specifically, the present
value of Nu,,, = 13.87 differs by approximately 4.996% from the experimental value of 13.21 and by only 0.216%
from the numerical value of 13.90, as summarized in Table 4.

A second validation was performed by comparing the velocity profile for the case without protuberances at Ra
= 2,705 x 108 and Pr = 6.78. As shown in Fig. (3a-c), the predicted velocity distribution closely follows the
experimental and numerical profiles reported in Ref. [30]. Because the original point-by-point experimental
velocity data were not available, a quantitative profile error could not be evaluated reliably. Nevertheless, the close
agreement in both the velocity-profile shape and the Nu,,, supports the accuracy and reliability of the present
numerical formulation.

Table 4: Validation of Nu,,, against experimental results by [47].

Num,g
Experimental [47] Numerical [47] Present Study
13.21 13.90 13.87
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a: Velocity Profile (experimental, [47]) b: Velocity Profile (numerical, [47]) c: Velocity profile (numerical, present work)

Figure 3: Comparison of velocity profiles for the case without protuberances at Ra = 2.705 x 10¢ and Pr = 6.78.

5. Results with Discussion

This section presents a comprehensive analysis of the numerical findings for thermo-solutal convection of the
Cu + CuO + Al,03/H,0 ternary hybrid nanofluid within the considered enclosure equipped with zigzag baffles. The
impact of key dimensionless parameters, including the Rayleigh number (Ra), Hartmann number (Ha), number of
baffle corrugations (n), baffles length (hs), baffles amplitude (A), and nanoparticle volume fraction (¢), are
examined in detail. The discussion emphasizes the influence of these parameters on flow structure, temperature
distribution, concentration field, and heat and mass transfer rates, quantified in terms of the Nu,,, and Shy,,,.
Streamlines, isotherms, and isoconcentration contours are presented to visualize the physical behavior, while
quantitative trends are supported by ANN-based predictive modeling.

he Streamlines Isotherms Isoconcentration

0.2
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0.4

0.6

Figure 4: Variation in streamlines, temperature isotherm, and concentration fields with hg.
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Fig. (4) depicts the effect of baffle length (h,=0.2, 0.4, 0.6) for straight and wavy configurations on the
streamlines, isotherms, and concentration contours at fixed values of at n = 6, Pr = 6.2, N= 1, Ha= 25, Ra = 10%, Le
= 2.5, A= 0.012, and ¢ = 0.04. For hy = 0.2, the short baffles cause minimal obstruction to the main circulation cell,
resulting in a large, well-developed primary vortex spanning most of the cavity. The thermal and concentration
gradients maintain their vertical orientation because both straight and wavy configurations produce minimal
changes to the diffusion layers. The baffles start to penetrate the flow domain when h; reaches 0.4, which causes
the primary vortex to break into smaller secondary recirculation that form near the baffle tips. The wavy
configuration creates localized mixing zones through its undulating surface, which enhances thermal dispersion
better than the straight baffle. Baffles at h; = 0.6 occupy most of the enclosure height, which limits the main
vortex movement while producing numerous small recirculation cells. The straight configuration causes the air to
become thermally stratified because it keeps hot and cold air separate in distinct areas. The wavy baffle disrupts
these layers through its design, which creates cross-stream mixing while it helps distribute temperature and
concentration fields throughout the entire system. The concentration contours confirm that, longer baffles which
increase the confinement of the solute near its source, cause the wavy profile to improve horizontal dispersion
through boundary layer disruption. Increasing h creates stronger obstruction effects which lead to smaller vortex
sizes and different heat and mass transfer patterns, while wavy baffles demonstrate better mixing and
distribution capabilities than straight ones throughout all tested lengths.

n Streamlines Isotherms Isoconcentration
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12

Figure 5: Variation in streamlines, temperature isotherm, and concentration fields with n.

Fig. (5) illustrates the impact of varying the number of baffle corrugations (n=6, 9, 12) on the streamlines,
isotherm and concentration contours. The baffle interface experiences moderate flow disturbances because the
surface undulations at n = 6 create gentle flow paths. The streamlines exhibit a main vortex pattern which shows
only minor changes near the baffle surface while the isotherms maintain their parallel alignment with the heated
boundaries to show only small improvements in lateral heat transfer. The baffle surface reaches its maximum
curvature at 9 which creates new areas of localized recirculation that develop next to each corrugation peak and
trough. The disturbances create a more wavy isotherm pattern because they disrupt the thermal boundary layers
which results in stronger fluid mixing between hot and cold regions. The main flow and the corrugated surface
interact more closely which causes temperature distribution to extend throughout the cavity. The increased
corrugation density atn = 12 leads to stronger periodic flow disruptions in the flow system. The streamlines
display multiple small vortical structures that occupy the entire baffle length, which shows that the system
generates stronger shear-layer development and deeper surface flow connections. The isotherms show serious
distortion which leads to thermal plumes being redirected across the entire area. The excessive number of
corrugations increases flow resistance, which results in a small reduction of the main circulation system's power.
The boundary layer disruption and thermal mixing increase as n grows, with n = 9 and n = 12 showing the most
effective heat distribution improvements over n = 6.

A Streamlines Isotherms Isoconcentration

0.009
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Figure 6: Variation in streamlines, temperature isotherm, and concentration fields with A.

Fig. (6) depicts the influence of corrugation amplitude (A=0.009, 0.012, 0.015) on the streamlines and isotherm
contours. Baffle surface A = 0.009 shows shallow undulations which create only minor flow disturbances because
of this small amplitude. The primary vortex dominates the streamlines which show a smooth circulation path
while the isotherms follow the heated surfaces which limits their lateral heat distribution. The flow interacts with
the baffle surface because the amplitude increases to A = 0.012. The deeper corrugations create localized
recirculations that occur within each trough which breaks the thermal boundary layers while redistributing heat
more efficiently. The isotherms show noticeable distortions which display increased thermal energy penetration
into the central region of the cavity. The pronounced A = 0.015 corrugation depth causes flow separation to occur
at the baffle which generates multiple small vortical structures and increased mixing zones. The isotherms show
strong undulations because hot fluid moves deeper into the core region while cold fluid moves towards the
heated walls. The increased surface complexity enhances thermal uniformity but it creates additional resistance
against main circulation which results in a minor decrease of primary vortex strength.

Fig. (7) presents the effect of Ra (103, 10%,10°) on the streamlines, isotherm and isoconcentration distribution.
The lowest value of Ra (10%) shows that conduction serves as the primary heat transfer mechanism which leads to
only minimal buoyancy-induced movement of fluids. The streamlines show a primary vortex which moves in a
slow manner and the isotherms maintain almost straight lines which stay at regular intervals between the heated
and cooled surfaces to demonstrate minimal airflow patterns that cause distortion. The Ra value increase to 10°
leads to stronger buoyancy effects which enhance the main circulation pattern while creating secondary flow
patterns that emerge from the baffle tips and corrugations. The heated regions show isotherms which start to
bend and tighten together because convection creates a more effective movement of heat from the hot areas to
the colder areas. The dominant heat transfer mechanism at 10° reaches its peak when convection takes control of
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all heat transfer. The streamlines show strong main circulation movements which create small areas of reverse
flow because of the baffle design that uses corrugated patterns. The isotherms display strong deformation
patterns which show rapid thermal shifts above the heated surfaces and extensive thermal distribution

throughout the center of the cavity.

Isoconcentration

Ra Streamlines Isotherms

103

10*

10°

Figure 7: Variation in streamlines, temperature isotherm, and concentration fields with Ra.
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Ha Streamlines Isotherms Isoconcentration

50

100

Figure 8: Variation in streamlines, temperature isotherm, and concentration fields with Ha.

Fig. (8) shows the influence of Ha (Ha=0, 50, 100) on the streamlines, isotherm and concentration contours. The
system with no magnetic field active at Ha = 0 shows buoyancy forces as the dominant force which creates strong
airflow patterns that move through the cavity space. The streamlines show one main vortex which generates
multiple small recirculation cells through the baffle system's corrugated design. The isotherms show clear
distortion patterns which demonstrate effective convection-based heat distribution. The magnetic field at Ha = 50
induces Lorentz forces which produce a damping effect on fluid movement that results in decreased velocity and
smaller primary vortex strength. The isotherm suppression decreases isotherm distortion while creating a thermal
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field which shows more distinct temperature layers because convection continues to occur. The magnetic
damping effect becomes stronger at Ha = 100 which results in a major drop of primary circulation power and a
reduction of secondary vortex size and quantity. The isotherms start to align on a horizontal plane because the
fluid movement has been reduced, which creates a state where conduction becomes the main thermal transfer
method. The heat transfer process now depends entirely on diffusion because the flow between hot and cold
areas has been minimized. The increased Ha value creates a reduction of buoyancy-driven convection because the
Lorentz force impacts, while the high Ha value results in better heat distribution but less efficient distribution.

o) Streamlines Isotherms Isoconcentration

0.01

0.03

Figure 9: Variation in streamlines, temperature isotherm, and concentration fields with ¢.
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Fig. (9) illustrates the effect of nanoparticle volume fraction (¢=0.01, 0.02, 0.03) on the streamlines and
isotherm contours. The addition of nanoparticles to base fluid at ¢=0.01 results in only a slight increase of thermal
conductivity which keeps the viscosity at low levels. The primary and secondary vortices form clearly visible
patterns in the streamlines while the isotherms show clear distortion patterns that demonstrate efficient
convective heat movement. The fluid's thermal conductivity increases when the volume fraction reaches ¢=0.02
because this change enables better heat distribution throughout the cavity area. The flow structures maintain
their strength while the isotherms display steeper gradients close to the heated areas to show better heat transfer
performance. The thermal conductivity at ¢=0.03 promotes heat distribution throughout the system but the
viscosity increase that comes with it results in a minor reduction of circulation strength. The streamlines show a
slight decrease in vortex strength while the isotherms maintain consistent thermal distribution which shows that
thermal conductivity increase has a stronger effect than viscous damping in the tested range. The rising ¢ values
improve heat transport because they increase effective thermal conductivity but excessive nanoparticle addition
results in lower natural convection strength because fluid viscosity rises.

Le Streamlines Isotherms Isoconcentration

10

Figure 10: Variation in streamlines, temperature isotherm, and concentration fields with Le.
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Fig. (10) presents the influence of Lewis number (Le=1, 5, 10) on the streamlines, isotherms, and concentration
contours. At Le = 1the thermal diffusivity moves at a faster rate than the mass diffusivity which causes
temperature distribution to reach equilibrium throughout the cavity while concentration gradients stay
concentrated in specific areas. The streamlines display active circulation patterns while both the isotherm lines
and concentration distribution lines experience major changes because heat and substance movement through
convection processes. When Le is increased to 5 the mass diffusivity decreases relative to thermal diffusivity which
results in concentration fields that become more restricted while the temperature fields remain evenly distributed.
The flow structure remains stable throughout the process which causes concentration contours to move closer to
their source points because solutal mixing has decreased. At Le = 10 the mass diffusivity becomes much smaller
than thermal diffusivity which causes concentration gradients to stay concentrated near their source points. The
streamlines maintain their original structure but their ability to distribute the solutal field decreases. The
isotherms maintain a broad distribution while the concentration contours are tightly packed which shows that
species transport remains constrained.

Table 5: Variation of Nu,,, and Sh,,, for different parameters.

hf hwf n A Ra Ha [ Le Num,g Shm,g
0.2 0.4 9 0.012 10* 100 0.01 5 9.4307 3.2536
0.4 11.169 1.6157
0.6 15.283 0.66670
0.4 0.2 9 0.012 10* 100 0.01 5 9.4367 0.66266
0.4 12.107 0.56823
0.6 15.286 0.61019
0.4 0.4 3 0.012 10* 100 0.01 5 12.095 0.57424
6 12.105 0.56823
9 12.107 0.57190
12 12.114 0.57666
0.4 0.4 9 0.003 10* 100 0.01 5 12.105 0.57190
0.006 12.175 0.59130
0.009 12.219 0.62611
0.012 12.351 0.72159
0.4 0.4 9 0.012 10* 100 0.01 5 12.108 0.55152
108 13.422 1.4081

106 28.049 2.5185

0.4 0.4 9 0.012 10* 0 0.01 5 14.794 1.1546
50 12.293 0.85306
100 12.108 0.55152
0.4 0.4 9 0.012 10* 100 0 5 5.6376 0.36908
0.03 12.108 0.60828
0.06 20.401 0.60828
0.4 0.4 9 0.012 10* 100 0.01 1 12.111 0.43485
5 12.105 0.73645

10 12.101 1.0182
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Table 5 presents the Nug,, and Sh,,, across different values of hs,n, Ra, Ha, A, Le and ¢. The findings indicate
that Nu,,, increases notably with higher Ra,n, A4, and ¢ driven by strong convective effects and improved
disruption of the thermal boundary layer. Highest Nu,,, values are observed at Ra=10°, n=12, A=0.015, and
©=0.06. In contrast, increasing the Ha suppresses convective flow due to the influence of Lorentz forces, leading to
a decline in Nug,,. A comparable pattern is seen for Sh,,,, which rises under intensified convection but decreases
with higher Le values as reduce mass diffusivity limits solute transport. The influence of nanoparticle loading
results from competing changes in thermal conductivity, viscosity, buoyancy and species diffusion. Increasing ¢
from 0 to 0.03 raises Nug,, from 5.6376 to 12.108, corresponding to an enhancement of approximately114.8%.
while Shy,, increases 64.8% approximately. A further increase to ¢=0.06 raises Nu,,, to 20.401, representing an
additional increase of approximately 68.5%, whereas Sh,,, remains nearly unchanged at 0.60828. The continued
increase in Nug,, is primarily associated with the higher effective thermal conductivity, which directly increases
heat conduction and wall heat flux. In contrast, the simultaneous increase in viscosity introduces additional
viscous resistance and weakens the convective contribution. Because the investigated nanoparticle concentrations
remain relatively low, this viscosity penalty does not dominate the thermal-conductivity benefit for heat transfer.
However, the saturation of Shy,, at higher ¢ indicates that the increased viscosity and changes in species
diffusivity increasingly offset further improvement in solutal convection. Therefore, the nanoparticle effect should
be interpreted as a balance between enhanced thermal conduction and increasing hydrodynamic and diffusive
resistance rather than as a purely convection-driven enhancement. Moreover, the wavy baffle design consistently
outperforms the straight configuration across all tested parameters, as it induces stronger flow disturbances that
enhance both Nu,,, and Shg,,.

6. Designing Artificial Neural Networks for Modeling

Artificial Neural Networks (ANNs) function as computational systems which create non-linear processing
capabilities based on the operational structure of human brain systems. The system serves scientific research
purposes because it enables researchers to classify data and identify patterns and make predictions through its
ability to replicate human cognitive functions which include learning and forecasting [48-50]. ANN training or
learning process requires network parameters to be adjusted until the system achieves maximum accuracy in
predicting target outputs. The research study selects feed-forward multilayer neural network (MNN) architecture
because it maintains mathematical representation as an acyclic directed graph that connects multiple processing
layers. The network increases its ability to predict new input data through multiple training cycles which enable it
to adjust its weights and biases.

Phi
Pr

Hf

Average Nu

O Average Sh

Ha

0000000
0000000
00000

Ra

Figure 11: Structural layout of an ANN.
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The ANN architecture developed in this research study contains three main components which include the
input layer and hidden layer and output layer according to the description in Fig. (11). The input layer is composed
of neurons representing the governing parameters. The output layer consists of two neurons corresponding to
the predicted Nu,,, and Shg,,. The ANN database was generated from the FEM simulations covering the
investigated combinations of hy = 0.4,n=9 w=0.8, Pr = 6.2, N= 1, Ha= 25, Ra = 10% Le = 2.5, and ¢ = 0.04. The
complete data set was divided into 85 % training, 10% testing, and 5% validation. To minimize information leakage,
the partitioning was performed at the level of parametric groups rather than by randomly assigning neighboring
individual FEM samples. Cases belonging to the same parameter family were retained within a single subset
whenever possible. The training data were used to update the network weights and biases, the validation data
were used to monitor generalization and prevent overfitting and the test data were kept independent and used
only for final performance evaluation.

Best Validation Performance is 7.6131e-07 at epoch 218
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Figure 12: Epoch-wise MSE trends for training,validation and testing sets.

Error Histogram with 20 Bins

7 -Training
I \/alidation
6F I Test
Zero Error
5 -
7]
1
Q
c4r
[
-
[
St
2 L
| |ll
0

0.0006 [

0.00053 1
=-0.00045
0.00031
0.00023
0.00016
8.9e-05

1.6e-05
5.69e-05
0.00013
0.000202

[50]
2]
=]
[=]
=]
=]

-0.00089
-0.00082 |
-0.00074 |
0.000275
0.000348

argets Jodtputsl

~
<]
8
2 ' ]

Errors =
Figure 13: Distribution of errors obtained from the proposed BRT-ANN model.
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The system uses a hidden layer that contains 10 neurons according to its current configuration. The MSE
metric calculates the average squared difference between predicted values and actual target values, which shows
prediction accuracy because reduced MSE values deliver better performance. The MSE value of zero indicates
perfect model alighment with actual results. Fig. (12) shows the training process through multiple epochs which
display MSE results for training and testing data. The best validation performance (8.3919x108) occurred at epoch
33 according to the results. The system stops training at this stage because validation errors start to rise which
leads to overfitting problems.
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Figure 14: Rregression plot for the BRT-ANN model.

The error distribution which Fig. (13) displays shows that most prediction errors occur near zero which proves
that the model generates consistent and impartial predictions. The regression analysis in Fig. (14) further confirms
the network's accuracy because all datasets show regression lines that closely follow the 45° reference line while
correlation coefficients approach unity to demonstrate excellent agreement between predicted and target values.

Fig. (15) evaluate the generalization capability of the ANN using completely held-out samples located at the
lower and upper edges of the investigated Ra domain. The FEM and ANN profiles show close agreement for both
Nug,s and Shg,,, as illustrated in Fig. (15a) and (15c). For the held-out Nusselt number data, the ANN achieves
R? = 0.99940, RMSE = 9.341 x 1073 and MAE = 6.366 x 1073, demonstrating excellent predictive accuracy at the
domain boundaries. For the Sherwood number, the corresponding values are R? = 0.99196, RMSE = 3.264 x 1072
and MAE = 2.068 x 1072, Although slightly larger deviation is observed in the Sherwood number, particularly near
the lower Ra boundary, the prediction remains in good agreement with the FEM results. These finding
demonstrate that the ANN maintain reliable predictive performance for unseen edge domain sample and exhibits
limited deterioration in accuracy near the boundaries of the investigated parameter range.
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FEM vs ANN: Completely Held-Out Edge Test
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Figure 15: External edge-domain validation of the ANN model.

7. Conclusion
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The research presents a comprehensive numerical study that uses artificial neural network (ANN) methods to
analyze thermo-solutal convection in a closed rectangular enclosure which contains ternary nanofluids and
different baffle and corrugation designs. The findings demonstrate that increasing Rayleigh number leads to
better heat and mass transfer performance, while higher Hartmann number results in diminished convective flow
because of the Lorentz force effects. The mixing of flow depends on the geometric changes which include baffle
length and corrugation height as essential factors. Wavy (corrugated) baffles demonstrate better performance
than straight baffle designs because they produce higher Nusselt and Sherwood number results.

Furthermore, the nanoparticle volume fraction emerges as a key controlling parameter, moderate
concentrations improve thermal conductivity and overall transport efficiency, while excessive loading slightly
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weakens fluid circulation. The ANN model demonstrates excellent predictive capability, closely matching FEM
results with near-unity correlation coefficients. This conform its reliability in accurately estimating heat and mass
transfer behavior across a wide range of operating conditions. Overall, the integrated FEM-ANN approach
highlights the superior performance of corrugated baffles in enhancing thermo-solutal transport, offering
valuable insights for the design and optimization of advanced thermal systems.
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    ∫  𝛺   ( U   𝜃  X + V   𝜃  Y ) w d 𝛺 −     𝛼  t h n f      𝛼  f   ∫  𝛺   (   𝜃  X X +   𝜃  Y Y ) w d 𝛺 = 0 ,


    ∫  𝛺   ( U   C  X + V   C  Y ) w d 𝛺 −  1  L e   ∫  𝛺   (   C  X X +   C  Y Y ) = 0 .


      U ≈  ∪ h ∈   𝒲 h   V ≈   𝒱 h ∈   𝒲 h   𝜃 ≈   𝜃 h ∈   𝒲 h   C ≈   𝒞 h ∈   𝒲 h   P ≈   𝒫 h ∈   𝒬 h }


    ∫  𝛺   (     U h  X +     V  X )   q h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     U h  X +   V h     U h  Y )   w h d 𝛺 +   ∫  𝛺      P h  X   w h d 𝛺 +       𝜇  t h n f    𝜌  t h n f   𝛼  f ⁡    ∫  𝛺   [  (     U h  X X +     U h  Y Y ) ]   w h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     V h  X +   U h     V h  Y )   w h d 𝛺 +   ∫  𝛺      P h  Y   w h d 𝛺 +       𝜇  t h n f    𝜌  t h n f   𝛼  f ⁡    ∫  𝛺   [  (     V h  X X +     V h  Y Y ) ]   w h d 𝛺 −      ( 𝜌 𝛽 )  t h n f    𝜌  t h n f   𝛽  f   R a   Pr   ∫  𝛺   (   𝜃 h + N C )   w h d 𝛺 +     𝜎  t h n f     𝜌  f    𝜎  f   𝜌  t h n f   H a 2 P r   ∫  𝛺    V h   w h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     𝜃 h  X +   V h     𝜃 h  Y )   w h d 𝛺 −     𝛼  t h n f      𝛼  f   ∫  𝛺   (     𝜃 h  X X +     𝜃 h  Y Y )   w h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     C h  X +   V h     C h  Y )   w h d 𝛺 −  1  L e   ∫  𝛺   (     C h  X X +     C h  Y Y )   w h d 𝛺 = 0 .


    U h ≈   ∑  k = 1  ndof    U  k   𝜑  k (   X , Y ⁡ ) ,


    V h ≈   ∑  k = 1  ndof    V  k   𝜑  k (   X , Y ⁡ ) ,


    V h ≈   ∑  k = 1  ndof    V  k   𝜑  k (   X , Y ⁡ ) ,


    P h ≈   ∑  k = 1  ndof    P  k   𝜑  k (   X , Y ⁡ ) ,


    P h ≈   ∑  k = 1  ndof    P  k   𝜑  k (   X , Y ⁡ ) ,


    𝜃 h ≈   ∑  k = 1  ndof    𝜃  k   𝜑  k (   X , Y ⁡ ) ,


    𝜃 h ≈   ∑  k = 1  ndof    𝜃  k   𝜑  k (   X , Y ⁡ ) ,


    C h ≈   ∑  k = 1  ndof    C  k   𝜑  k (   X , Y ⁡ ) ,


    C h ≈   ∑  k = 1  ndof    C  k   𝜑  k (   X , Y ⁡ ) ,


    ∫  𝛺   (     U h  X +     V  X )   q h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     U h  X +   V h     U h  Y )   w h d 𝛺 +   ∫  𝛺      P h  X   w h d 𝛺 +       𝜇  t h n f    𝜌  t h n f   𝛼  f ⁡    ∫  𝛺   [  (     U h  X     w h  X +     U h  Y     w h  Y ) ]   w h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     V h  X +   U h     V h  Y )   w h d 𝛺 +   ∫  𝛺      P h  Y   w h d 𝛺 +       𝜇  t h n f    𝜌  t h n f   𝛼  f ⁡    ∫  𝛺   [  (     V h  X     w h  X +     V h  Y     w h  Y ) ]   w h d 𝛺 −      ( 𝜌 𝛽 )  t h n f    𝜌  t h n f   𝛽  f   R a   Pr   ∫  𝛺   (   𝜃 h + N C )   w h d 𝛺 +     𝜎  t h n f     𝜌  f    𝜎  f   𝜌  t h n f   H a 2 P r   ∫  𝛺    V h   w h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     𝜃 h  X +   V h     𝜃 h  Y )   w h d 𝛺 −     𝛼  t h n f      𝛼  f   ∫  𝛺   (     𝜃 h  X     w h  X +     𝜃 h  Y     w h  Y )   w h d 𝛺 = 0 ,


    ∫  𝛺   (   U h     C h  X +   V h     C h  Y )   w h d 𝛺 −  1  L e   ∫  𝛺   (     C h  X     w h  X +     C h  Y     w h  Y )   w h d 𝛺 = 0 .


   [             𝜇  t h n f    𝜌  t h n f   𝛼  f ⁡    L h + N  (     U h ,       V h )  0    B 1  0   0        𝜇  t h n f    𝜌  t h n f   𝛼  f ⁡    L h +   N h  (     U h ,       V h )    B 2  −      ( 𝜌 𝛽 )  t h n f    𝜌  t h n f   𝛽  f   R a   Pr   M h −       𝜎  t h n f     𝜌  f    𝜎  f   𝜌  t h n f   H a 2 P r M h     B 1  T    B 2  T  0  0   0  0  0    L h +   N h  (     U h ,       V h )     0   0   0     L h +   N h  (     U h ,       V h ) ]  [       U   V   P   𝜃   C ] =  [        ℱ 1    ℱ 2    ℱ 3    ℱ 4    ℱ 5 ] ,
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