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Abstract

This study investigates the magnetohydrodynamic (MHD) regulation of viscoelastic polymer fluid flow
over a permeable plate, emphasizing its relevance to industrial cooling and composite fabrication. An
incompressible, electrically conducting viscoelastic fluid is analyzed under a transverse magnetic field
with Hall and ion-slip effects to capture electromagnetic alterations in polymer transport. The
governing non-dimensional equations for momentum, temperature, and concentration are solved
analytically using the perturbation method. The results show that increasing magnetic field strength
suppresses primary velocity due to Lorentz resistance, enabling effective control during polymer
cooling, while Hall and ion-slip parameters enhance both primary and secondary flow components,
improving resin dispersion in composite processing. Temperature decreases with higher Prandtl
number and radiation absorption, indicating improved thermal regulation. Quantified variations in skin
friction, Nusselt number, and Sherwood number further reveal the combined influence of
electromagnetic and viscoelastic parameters on heat and mass transfer. These findings provide
practical insights for optimizing polymer flow behavior and enhancing efficiency in advanced
manufacturing applications
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flows, emphasizing their relevance in electrically assisted polymer processing. Similarly, Kodi et al. [4]
reported the impact of MHD, radiation absorption and diffusion-thermo effects on Jeffrey nanofluid
flow over inclined surfaces. Raghunath and collaborators further explored Hall current, Soret effects
and thermal radiation in porous MHD flows of Jeffrey fluids [5-7], highlighting their importance in
heat transfer enhancement during composite curing. Maatoug et al. [8] examined Darcy—Forchheimer
drag, chemical species variation and viscous dissipation in Jeffrey nanofluids, revealing their
significance in squeezing-flow-based polymer and composite manufacturing. Collectively, these studies
confirm that MHD-assisted regulation of viscoelastic polymer fluids provides effective control for
industrial cooling, composite fabrication, and advanced thermal-processing applications.

Hall and ion-slip effects play a significant role in magnetohydrodynamic (MHD) flows of electrically
conducting polymeric and non-Newtonian fluids, especially under strong magnetic fields where charge
separation becomes prominent. These effects modify current density distribution, induce secondary
velocities, and alter Lorentz forces, making them essential for accurate modelling in polymer cooling,
composite fabrication, electromagnetic pumping, and thermomechanical processing. Katikala et al. [9]
showed that Hall current, radiation absorption, and diffusion-thermo interactions strongly influence
second-grade fluid motion in porous media with Joule heating and viscous dissipation. Prasad et al. [10]
demonstrated that Hall current and thermal diffusion significantly modify the rotating MHD flow of
Cu-TiO, nanofluids under thermal radiation and chemical reaction. Raghunath et al. [11] highlighted
the importance of Hall and ion-slip effects in mixed convective Casson fluid flow past inclined porous
plates under radiation absorption and diffusion-thermo influences. Sunitha Rani et al. [12] emphasized
that Joule heating, thermal radiation, and Hall current dramatically alter unsteady rotating MHD flow
behaviour. Raghunath et al. [13] further explored Hall-driven modifications in hybrid nanofluid
transport with internal heat absorption. Ramachandra Reddy et al. [14] incorporated Hall current,
activation energy, and thermo-diffusion effects into Darcy—Forchheimer nanofluid models,
demonstrating substantial changes in temperature and concentration fields. Raghunath et al. [15] studied
Hall, ion-slip, diffusion-thermo, and radiation absorption effects in unsteady MHD flows through
porous media. Kumar et al. [16] investigated Casson nanofluids with activation energy, Hall current,
and thermal radiation, confirming strong Hall-induced modifications. Omar et al. [17] reported that Hall
current and Soret effects significantly change second-grade fluid behaviour under thermal radiation and
chemical reactions. Deepthi et al. [18] provided recent developments on Hall, ion-slip, and thermo-
diffusion impacts in radiative second-grade materials relevant to micromachine applications. Aruna et
al. [19] also confirmed that radiation absorption, Hall current, and ion-slip interactions markedly alter
unsteady second-grade fluid flow through porous media. Collectively, these studies demonstrate that
Hall and ion-slip effects are essential for accurate modelling of MHD-assisted viscoelastic polymer
flows used in industrial cooling, composite fabrication, and electromagnetic processing systems.

Magnetohydrodynamics (MHD), the study of electrically conducting fluid motion under magnetic
fields, plays a fundamental role in controlling heat and mass transfer in polymer processing, composite
fabrication, nanofluid-based cooling, metallurgical operations, and energy systems. The application of
magnetic fields introduces Lorentz forces that regulate boundary-layer behaviour, enhance or suppress
convection, and significantly influence entropy generation and thermal performance. Suneetha et al.
[20] optimized entropy generation in hybrid nanofluids using non-Fourier heat flux and confirmed that
MHD effects strongly alter thermal transport. Jyothi et al. [21] used neural-network modelling to show
that magnetic fields enhance boundary-layer stability in Sisko nanofluids. Bin Zafar et al. [22]
demonstrated how Lorentz forces modify Prandtl fluid transport along stretching cylinders, relevant for
composite coating processes. Viswanath et al. [23] highlighted the influence of radiant heating on
unsteady MHD hybrid nanofluid flow. Lavanya et al. [24] found that MHD control improves thermal
stability in Carreau nanofluids. Pasha et al. [25] analysed rotational and thermal diffusion effects in
viscoelastic MHD flows through porous media, while Ramachandra Reddy et al. [26] examined
magnetic-field alignment effects on Casson convection with Joule heating. Hussain et al. [27] studied
three-dimensional hybrid nanofluid MHD flows for enhanced heat transfer. Valiveti et al. [28]
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investigated heat and mass transfer in unsteady MHD Casson fluids under thermal diffusion and heat
source conditions. Jyothi et al. [29] further demonstrated the role of MHD in SWCNT nanofluid
radiation transport. Bhargava et al. [30] analysed mixed convection in rotating 3D hybrid nanofluids in
porous media. Raghunath et al. [31] assessed buoyancy and thermodynamic effects of nanoparticles in
engine oil under magnetic influences. Zhang et al. [32] studied 3D-MHD Maxwell fluids with thermo-
diffusion and activation energy. Yadav et al. [33] examined rotation and variable conductivity in Casson
convection with MHD effects. Finally, Sridevi et al. [34] explored thermal radiation and chemical
reaction influences on MHD hybrid nanofluid flow through porous media. Collectively, these studies
establish MHD as a powerful mechanism for controlling viscoelastic, polymeric, and nanofluid
transport in advanced thermal and composite manufacturing systems.

The novelty of this study lies in its application-oriented investigation of MHD-assisted regulation of
viscoelastic polymer fluid flow, specifically targeting industrial cooling and composite fabrication
processes. Unlike traditional MHD analyses, this work simultaneously incorporates both Hall current
and ion-slip effects, providing a deeper understanding of their combined influence on primary and
secondary flow characteristics over a permeable plate. The analytical perturbation solution offers
closed-form expressions that enhance physical interpretation and complement numerical methods
commonly used in similar studies. Additionally, the comprehensive evaluation of heat and mass transfer
parameters including skin friction, Nusselt number, and Sherwood number reveals new insights into
electromagnetic control mechanisms applicable to polymer extrusion and composite curing. By
establishing how magnetic intensity and cross-electromagnetic interactions can be used as tunable
parameters to optimize thermal and solutal transport, the study bridges theoretical fluid dynamics with
practical needs in advanced polymer and composite engineering.
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Figure 1. Physical configuration of the phenomena.

MATHEMATICAL FORMULATION

The present study analyzes the MHD-assisted flow regulation of a viscoelastic polymer fluid over a
vertical permeable plate embedded in a porous medium, incorporating the combined influences of Hall
and ion-slip effects as illustrated in Fig. 1. The plate is maintained at constant wall temperature T, and
concentration Cy, while a uniform transverse magnetic field By is applied normal to the flow. Under
strong magnetic fields, charge separation generates a Lorentz force that induces a secondary flow in the
y-direction, producing the Hall-driven motion shown in the figure. lon-slip further modifies the
effective current density and alters electromagnetic resistance. The viscoelastic nature of the polymer
fluid is captured using an appropriate constitutive relation, while the porous medium introduces Darcy—
Forchheimer resistance to momentum transport. As shown, the momentum, thermal, and concentration
boundary layers develop away from the plate, influenced by buoyancy forces acting downward. The
coordinate system is chosen such that xxx is normal to the plate, y is tangential to the flow direction,
and z accounts for rotational or secondary effects. Considering these physical assumptions, the
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governing equations for continuity, momentum, energy, and concentration are formulated by including
magnetic forces, Hall and ion-slip corrections, viscous dissipation, Joule heating, and porous medium
drag. These partial differential equations are transformed into a system of nonlinear ordinary differential
equations using similarity transformations, and solved analytically through the perturbation method to
obtain the velocity, temperature, and concentration distributions relevant to industrial cooling and
composite fabrication applications.

The liquid of fluid via permeable media in a rotating channel is regulated by the following equation
when using the Boussinesq approximation

du
5ty =0 (2)
0\ dq aq _ o\1dp  09%q ( 0 ) 0B (a,v — aju)
1 —(1+21=)-= 1+ —~
( +/16t)6t+ Fri ( ”at)pax”az A5 P

2q+gB(T —T,) + gB"(C—Cy) )
LN i _
ot T Waz T pcya2 pe, (7 Teo) +Qu(C = Coo) (4)

ac+ P D——KC(C—COO) (5) Under the assumptions stated above, the following

equatlons prowde the relevant limit circumstances for the velocity, temperature, and concentration
distributions.

u=0,v=0,T >Ts,C>Cy,,t <O0forall z (6)
u=Uyv=0T=T,,C=C, t>0,atz=0 )
u—->0,v-0T->T,C - Cym,asz—> © (8)

w is either an invariant or a part of time, according to the solution to the equation of continuity; hence,
we assume that

w=-wh 9)

Outside the boundary layer, Equation (2) gives

~(1+22) : e 2yz+(1+22) ("733 UzSin?y) (10)

We familiarise the non-dimensional portions and specifications listed below to normalise the
mathematical model of the physical situation.
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Using non-dimensional components, the system of equations (2)-(5) may be condensed to the
following:
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dp 0p _ 19%p
at 9z  Scdz? c® (14)

The limit circumstances that resemble to this condition are furnished by
g=uyf=1Lp=1latz=0 (15)
q=00-0,¢ >0asz—> (16)

SOLUTION OF THE PROBLEM

This can be accomplished by reducing the partial differential equations in closed form to a collection
of ordinary differential equalizations in the dimensionless form that can be translated analytically. The
following equations describe the variables defining the velocity, temperature, and concentration:

q = qo(2) + Ecq1(2) + 0(E?) (17)
0 = 0,(2) + E.0,(2) + 0(E2) (18)
¢ = ¢o(2) + E.p1(2) + O(EZ) (19)

Using the equations (17-19), into the egns (12-14), and combining the harmonic and non-harmonic
terms, the ignoring more heightened order terms of an equation (12-14), one gets the following sets of

equations: (qo, 8o, $o)and(qy, 01, 1),

0°dy 4 949 _ M?(a; +iay)qy = —Grf, — Gm & (20)
222 ' oz 1 2)qo = 0 < Py

226, a0

~—= T Pr—>—HPro,=—Q,Prag, (21)
% d¢

72()+SC£—SCKC([)O=O (22)

2
O 4 9% _ p2(q, + iay)(1+1)qy = —Gr, — Gm @ @, — Agh — (L +1)(E +7n) (23)

0z2 0z
2
S+ Proi—HPro, =—Q,p, Pr 2 (24)
a2 ]
az‘ﬂl + SC% —K.Scp; =0 (25)
The boundary conditions that relate to this are as follows:
qO=U0,q1=0,90=1,91=1,(p0=1,§01=03t2=0 (26)

qo =O'Q1 =0,90 = 0,91 = 0,(p0 = 0,(p1 = OaSZ_>OO(34)

Equations with substitutions (20)— (26) We derive the velocity temperature and concentration field
from equations (17-19).
q = bgexp(—m3z) + bygexp( — mqyz) + by exp(—msz) + Ec(byp exp(— myuz) +
é’é;)exl’( —m3z) + by exp(—myz) + bys exp(— myz) + big exp(— msz) + by; exp(— mez))
0 = bz exp(—m3z) + byexp(—mqz) + Ec(bs exp( — m3z) +
bg exp( —myz) + by exp( — myz) + bg exp( —myz)) (28)

@ =exp(—myz) @ +Ec(bs exp( —m3z) + by exp(—m,2)) (29)
The following are some examples of how these parameters may be specified and calculated.

d
T= (g) = —(bgms + bygmy + byyms) — Ec(byiymy + byzms +
z=0

biamq + bismy + bigms + bi;me)
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a6

Nu =~ (3

) = bzemz + bym,z + Ec(bsemsz + bgm; + b,m, + bgm,)
z=0

7]
Sh = — (a_(g)z=0 =my + EC(b3m3 + b4m1)

RESULTS AND DISCUSSION

With this work, the outcomes of radiation absorption Hall and ion slip of unstable free convective
gush of a dense incompressible electrically manipulating liquid across an unbounded upright permeable
platter under the impact of an invariant transverse magnetic domain are investigated in more detail. The
regular perturbation strategy is exploited to translate the governing equalizations of the flow field when
the Eckert number Ec is minimal. Analysis has been used to derive closed-form solutions for the
variables of velocity, temperature, and concentration. The computational behaviour of these solutions
has been discussed concerning various flow specifications such as the Magnetic field (M), Hall
specification (Be), ion slip specification (Bi), thermal Grashof numeral (Gr), mass Grashof numeral
(Gm), the permeability of porous media (K), radiation absorption specification (Qa), the Prandtl numeral
(Pr), Chemical Reaction specification (Kc), Heat origin specification (H). The velocity distributions are
shown in figures 2-9, whereas the temperature and concentration distributions are depicted in figures
10-14. It is calculated numerically and examined with the governing specifications; the results are
recorded in the following tables: stresses, Nusselt number, and Sherwood number at the plate (1-3).

Fig. 2 demonstrates the significance of the Magnetic domain specification M for the velocity
segments u and v. Through a change in the magnetic domain specification M, the initial velocity
segment u enriches while the secondary velocity segment v diminishes. As is anticipated, the expansion
of M reduces the consequent velocity. Because of the classical outcome, the Lorentz force emerges
from the magnetic domain's submission to an electrically conducting fluid, giving rise to a resistive
form of pressure. Pertinent to this potency, the fluid flow's movement in the impetus border layer
consistency begins to slow. On both the primary and secondary velocities, the influence of the visco-
elastic fluid parameter was shown in Figure 3. In this case, it is shown that the visco-elastic fluid
decreases as the principal velocity increases and the secondary velocity decreases. The demeanor of
velocity exoneration with Hall and ion-slip characteristics was displayed in Figures 4 and 5. The initial
velocity u enhances, whereas secondary velocity v diminishes with increasing Hall (fe) and ion slip (Bi)
variables across the fluid area. It's worth noting that the increased velocity and thickness of the
momentum boundary layer across the liquid area is due to the strengthening of Hall and ion-slip
characteristics. The addition of the Hall parameter reduces the effective conductibility, lowering the
magnetic cruelness. In addition, as the ion-slip parameter is increased, the efficient conductivity rises,
lowering the attenuation force and increasing velocity.

Fig. 6-7 shows the outcomes of thermal and solutal Grashof numerals on u and v. Increasing thermal
Grashof numeral Gr and solutal Grashof numeral Gm increases primary velocity u and decreases
secondary velocity v. Gr and Gm denote the proportion of buoyant thermal strength to thick
hydrodynamic strength in the frontier layer, respectively. The intensification of heat and solutal
buoyancy significances increases fluid velocity. The velocity distribution widens rapidly towards the
permeable surface and decreases quickly for the viscous stream.

Figure 8 shows that as the permeability K expansions, the primary velocity segment u improves while
the secondary velocity segment v declines. The main velocity component u contributes significantly to
the Hall current effects over the fluid area. The bigger the quantity of K, the higher the consequent
velocity and, as an outcome, the consistency of the momentum border layer. The fluid velocity is
respected in the flow constituency occupied by the fluid at a lower velocity as the penetrability
decreases. Figure 9 describes the consequence of the radiating absorption specification in both the
primary and secondary velocity directions. The statistics show that the preliminary velocity graphs
increase radiating absorptions, while the secondary velocity graphs decrease due to radiating across the
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fluid area. It was fascinating to see how an increase in the radiating absorption characteristics enhances
the resulting velocity.

Figures 10-12 depicted the relationship between the temperature of the gush domain and the Prandtl
numeral (Pr), heat conception specification (H), and radiation absorption specification (Qa),
respectively. Figure 10 demonstrates the influence of the Prandtl numeral (Pr) on temperature
silhouettes in the existence of several liquids, including hydrogen (Pr = 0.684), air (Pr = 0.699), air (Pr
= 0.72), and carbon dioxide (Pr = 0.76), among others. It can be seen in this image that improving the
Prandtl numeral outcomes in decline in the temperature of the flow field at all places. This is compatible
with the thickness of the thermal border layer diminishes as the Prandtl numeral gains. Figure 11, the
temperature of the flow field is reduced when the heat source specification is enriched in value. This
may occur as a result of the fluid's elastic nature. The outcomes of the radiation-absorption specification
on temperature representations are discussed in detail inside the frontier layers of the model as shown
in figure 12. It has become clear that temperature distributions increase radiation absorption functions
as the radiation intensity increases.

Figures 13-14 illustrate the outcome of chemical response specification Kc, and the Schmidt number,
on concentration distribution. Progress in the chemical response specification s seen in Figure 13. Kc
rapidly depleted the concentration profiles. The concentration domain shrinks because the chemical
reaction effects on the amounts of solutal particles increase as chemically responding parameters
increase. As a result, the chemical reaction narrows the solute boundary stratum width. With improving
Schmidt numeral Sc, the concentration disbandment at all sites of the gush domain diminishes, as seen
in Figure 14. More rotund diffusing species have a more substantial retarding influence on the
concentration disbandment of the flow domain, as shown by this experiment.

0.6 T T
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Figure 3. Velocity profiles for u and v for visco-elastic fluid parameter (1))
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Figure 6. Velocity profiles for u and v for thermal Grashof number (Gr)
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Figure 7. Velocity profiles for u and v for modified Grashof number (Gm)
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Figure 8. Velocity profiles for u and v for Permeability of porous media (K)

0.8 i ] L] L] L] L] ] L] | |
Q1=0.5,1.0,1.52.
0.6 =
0.4 -
< (.2 .
0
-0.2 7
-0‘4 1 1 L 1L 1 1 1 L
0 1 2 3 4 5 6 7 8 9 10
Z

Figure 9. Velocity profiles for u and v for Radiation Absorption (Q1)
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Figure 12. Temperature profiles for Radiation Absorption (Qa)
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Figure 14. Concentration profiles for Schmidt number (Sc)

With the help of Tables 1-3, we can investigate the deviation in skin conflict, rate of heat transmission
in the formation of Nusselt numeral, and rate of mass transmission in the appearance of Sherwood
numeral for different specifications respectively.

Table 1 illustrates how the dimensionless shear stress T responds to changes in key flow-controlling
parameters. As the magnetic parameter M increases from 2 to 4, T decreases, confirming that a stronger
magnetic field suppresses momentum due to enhanced Lorentz resistance. Increasing the permeability
parameter K increases shear stress, indicating that a more permeable medium allows the viscoelastic
polymer fluid to accelerate more easily near the wall. Higher radiation absorption Q1 reduces T,
reflecting the tendency of radiative heat absorption to weaken the velocity gradients at the surface. The
viscoelastic parameter n increases T, showing that elasticity strengthens the fluid’s resistance to
deformation and enhances momentum near the boundary. The buoyancy parameters Gr and Gm both
increase T, since stronger thermal and solutal convection boost fluid uplift and intensify wall shearing.
The Hall parameter PBe raises 1, demonstrating how Hall-induced cross-flow enhances momentum
transport. Similarly, increasing ion-slip Bi slightly increases shear stress due to modifications in
effective current density and electromagnetic resistance.
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Table 2 presents the influence of the Prandtl number Pr, radiation absorption parameter Q1, and heat
generation/absorption parameter H on the Nusselt number Nu, which represents the rate of heat transfer
at the wall. The results show that increasing the Prandtl number from 0.71 to 7 significantly increases
Nu, indicating that fluids with higher Pr (such as oils) have thinner thermal boundary layers and stronger
heat-transfer rates compared to lower-Pr fluids like air. When the heat generation/absorption parameter
H increases from 1 to 3, Nu also increases, which implies that heat absorption improves temperature
gradients at the surface and enhances heat transfer. The entries corresponding to repeated parameter
sets demonstrate consistent behaviour, confirming computational accuracy.

Table 3 illustrates how the Sherwood number Sh, representing the wall mass-transfer rate, responds
to changes in the Schmidt number Sc, chemical reaction parameter Kc, and radiation absorption
parameter Q1. As the Schmidt number increases from 0.22 to 0.60, Sh rises significantly, indicating
that fluids with higher Sc (weaker mass diffusivity) exhibit steeper concentration gradients and therefore
higher mass-transfer rates at the wall. Increasing the chemical reaction parameter from Kc=1 to 3 also
enhances Sh, demonstrating that stronger chemical reactions accelerate species removal and boost mass
transfer. Meanwhile, varying the radiation absorption parameter Q1 from 0.5 to 2 yields only a slight
change in Sh, indicating that radiation absorption has a weak influence on concentration transport
compared with diffusion and reaction effects.

Table 1. Variation of the dimensionless shear stress parameter t for different values

M K Q1 M Gr Gm Pe pi T
2 0.5 0.5 0.5 5 3 1 0.2 2.6578
3 0.5 1 0.5 5 3 1 0.2 2.2345
4 0.5 1 05 5 3 1 0.2 1.6578
2 1.0 1 0.5 5 3 1 0.2 3.0504
2 1.5 1 0.5 5 3 1 0.2 3.1547
2 0.5 2 0.5 5 3 1 0.2 2.4758
2 0.5 3 0.5 5 3 1 0.2 2.1248
2 0.5 1 1.0 5 3 1 0.2 2.6878
2 0.5 1 1.5 5 3 1 0.2 2.6878
2 0.5 1 0.5 8 3 1 0.2 3.7015
2 0.5 1 0.5 12 3 1 0.2 5.0878
2 0.5 1 05 5 5 1 0.2 3.5785
2 0.5 1 0.5 5 7 1 0.2 45878
2 0.5 1 0.5 5 3 2 0.2 3.0024
2 0.5 1 0.5 5 3 3 0.2 3.1478
2 0.5 1 0.5 5 3 1 0.4 2.6587
2 0.5 1 05 5 3 1 0.6 2.8550
Table 2. Variation of the Nusselt number Nu for different values

Pr Q1 H Nu

0.71 05 1 1.2875

3 0.5 1 3.9851

7 05 1 7.92481

0.71 0.5 2 1.68784

0.71 0.5 3 1.8983

0.71 05 1 1.24877

0.71 0.5 1 1.27850
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Table 3. Variation of the Sherwood number Sh for different values

Sc Kc Q Sh
0.22 1 0.5 0.5854
0.3 1 0.5 0.7135
0.6 1 0.5 1.1290
0.22 2 0.5 0.78785
0.22 3 0.5 0.9887
0.22 1 0.5865
0.22 1 0.5875

CONCLUSIONS

e The study analyzed MHD-assisted flow regulation of a viscoelastic polymer fluid over a
permeable plate, integrating Hall and ion-slip effects, porous resistance, and radiation absorption.

e Increasing the magnetic parameter significantly suppresses velocity due to the Lorentz force,
while viscoelasticity enhances resistance to deformation and strengthens near-wall momentum.

e Hall and ion-slip parameters increase primary and secondary velocities, demonstrating that
electromagnetic cross-effects can effectively control polymer fluid flow.

¢ Radiation absorption and heat-generation parameters strongly influence temperature distribution,
whereas the Prandtl number governs thermal boundary-layer thickness.

e Concentration profiles are primarily affected by the Schmidt number and chemical reaction
parameter, with higher values leading to reduced species diffusion and increased Sherwood
numbers.

e The variations in shear stress, Nusselt number, and Sherwood number confirm the combined
impact of MHD, viscoelasticity, Hall current, and ion slip on heat and mass transfer, highlighting
their importance in polymer processing, industrial cooling, and composite fabrication.

LIMITATIONS AND FUTURE WORK

Although the present study provides valuable analytical insights into MHD-assisted flow regulation
of viscoelastic polymer fluids with Hall and ion-slip effects, several limitations remain. The perturbation
method used here is valid only for small parameter ranges, and thus may not fully capture strongly
nonlinear behaviors observed in high-intensity electromagnetic environments. The model also assumes
steady-state, laminar flow and neglects possible three-dimensional instabilities or transient thermal-
solutal interactions that may arise in real industrial processes. Additionally, effects such as temperature-
dependent viscosity, variable porosity, and non-Fourier heat conduction were not considered, which
may influence polymer cooling and composite curing in practical systems. Experimental validation and
comparison with real manufacturing conditions were beyond the scope of this work.

Future research may extend the present model to full numerical simulations capable of addressing
strong nonlinearities, unsteady dynamics, and three-dimensional flow structures. Incorporating variable
material properties, phase-change behavior, and realistic composite resin rheology would further
improve industrial applicability. Experimental studies using electromagnetic flow control setups and
composite fabrication systems are also recommended to validate the theoretical predictions. Exploring
optimization strategies, machine learning-assisted parameter tuning, and coupling with advanced heat-
transfer enhancement techniques may provide deeper insights for next-generation polymer processing
and cooling technologies.
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