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ABSTRACT: The recent study in nanofluid applications has significantly advanced thermal transport technolo-
gies, especially with the emergence of hybrid nanofluids, engineered by dispersing distinct nanoparticles into
conventional base fluids. These hybrid formulations provide synergistic thermal enhancements due to their
improved thermophysical behavior. In this theoretical investigation, the magnetohydrodynamic (MHD) flow
of a viscous hybrid nanofluid is examined within a rotating porous medium confined between parallel plates.
The flow system incorporates effects such as Joule heating, thermal radiation, heat generation/absorption,
chemical reaction with Arrhenius activation energy, and Darcy dissipation. Both velocity and thermal slip
boundary conditions are considered. Entropy generation analysis is also included to assess system irreversibil-
ity. The governing nonlinear equations are solved numerically using the bvp4c solver in MATLAB. The study
explores the influence of governing parameters on velocity, temperature, concentration, skin friction, Nusselt
number, and entropy generation rate. Results reveal that the rotation and magnetic parameters significantly
affect the velocity field. At the same time, thermal characteristics are sensitive to the Prandtl number, Eckert

number, and Darcy effects within the porous structure.

Keywords: Darcy dissipation, MHD, parallel plates, entropy analysis, thermal radiation, activation

energy.
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1. Introduction

Hybrid nanofluids, consisting of a mixture of two or more types of nanoparticles suspended in a
base fluid, have emerged as advanced working fluids due to their superior thermal properties. These
fluids typically incorporate various nanoparticles such as metals, metal oxides, or carbon-based materi-
als, which enhance thermal conductivity, viscosity, and heat capacity. Their enhanced thermophysical
characteristics make them highly suitable for applications in thermal management systems, including
heat exchangers, electronic cooling devices, and energy storage systems. Numerous studies have been
conducted to understand their heat transfer performance and rheological behaviour. Magnetohydrody-
namic (MHD) effects have been widely analyzed due to their importance in nuclear reactors, cooling
technologies, and metallurgical processes. Researchers have investigated different physical aspects such
as magnetic fields, viscous dissipation, porous media, chemical reactions, and variable thermal conduc-
tivity to understand how irreversibilities affect heat and mass transfer. The following review summarizes
the most relevant contributions in this area. In their work, Abbas et al.[1] analyzed entropy generation
in MHD viscous fluid flow through a vertical porous channel under thermal radiation. They observed
that magnetic fields and viscous dissipation strongly influence flow irreversibility, with entropy genera-
tion increasing under stronger thermal effects. Similarly, Abdelhameed [2] examined mixed convection
nanofluid flow with chemical reactions and highlighted how nanoparticle concentration affects thermal
transport and entropy minimization strategies. Al-Odat et al. [3] studied laminar forced convection
with a magnetic field at a flat plate and reported that magnetic forces intensify entropy generation while
altering thermal boundary layer characteristics. Awad [4] provided a broad review of entropy generation
in microchannels and concluded that microscale effects and geometrical configurations play a critical role
in enhancing or reducing irreversibility.

Further studies have emphasized geometric influences on entropy generation. Bahaidarah [5] explored
sharp-edged wavy channels and found that flow disturbance increases entropy production, making geom-
etry a key design factor. Along similar lines, Balamurugan et al. [6] analyzed Couette flow with aligned
magnetic fields and radiation, showing that dissipative effects dominate entropy generation under strong
thermal gradients. The role of Joule heating was stressed by Chakraborty et al. [7], who demonstrated
that narrow channels under electromagnetic fields experience significant increases in entropy due to vis-
cous dissipation. Earlier, Chamkha [8] and Cox [9] provided foundational work on immiscible and porous
channel flows, laying the groundwork for entropy analysis in multiphase and porous systems. Building
on these foundations, Das et al. [10] focused on hybrid nanofluids and showed that adding metallic
nanoparticles enhances heat transfer but also contributes to higher entropy generation.

Entropy generation in unsteady and rotating flows has also been investigated. Dawar et al. [11]
studied MHD squeezing flow of carbon nanofluids in rotating channels and found that viscous dissipation
amplifies entropy generation, especially in transient regimes. Dogonchi et al. [12] further expanded this to
two parallel disks with radiation and different nanoparticles, revealing that nanoparticle type significantly
alters entropy behavior. Ebrahimi et al. [13]explored microchannels with longitudinal vortex generators
and highlighted their potential for improving thermal performance despite entropy penalties. Eid and Nafe
[14] investigated hybrid nanofluids with slip effects in porous media and noted that entropy generation
depends strongly on thermal conductivity variations. More recently, Enamul et al. [15,16] presented
detailed analyses of Darcy-Forchheimer hybrid nanofluids bounded by disks, showing that Hall currents
and thermal conductivity variations influence entropy production in coupled-rotating systems.

Several researchers have emphasized magnetohydrodynamic and radiation-driven flows. Hayat et al.
[17] and [18] examined rotating disks and highlighted the role of Lorentz forces, viscous dissipation, and
Joule heating in entropy generation. Hooman. [19] focused on microscale convection and found that
slip boundary conditions, temperature jumps, and dust presence alter irreversibility. Ibdnez et al. [20]
studied slip flow in parallel plate microchannels and showed that nonlinear thermal radiation significantly
enhances entropy. Khan et al. [21,22,23,24] analyzed entropy in hybrid nanofluid systems, including cubic
autocatalytic squeezing flows and triple diffusive convection, concluding that chemical and porous effects
amplify irreversibility. Kiyasatfar [25]studied power-law fluids and found that entropy increases under
strong viscous dissipation in microchannels.

Other studies explored turbulence, nonlinear radiation, and hybrid effects. Lopez et al. [26] and
Mabhian et al. [27] reviewed entropy in MHD nanofluids, concluding that nonlinear effects and nanoparticle



ENTROPY GENERATION ON MAGNETO ROTATING FLOW OF HYBRID NANOFLUID 3

concentration control entropy trends. Makinde [28] analyzed vertical porous plates under free convection
and reported strong irreversibility due to radiation. Manay et al. [29] studied microchannel sinks and
showed that entropy is sensitive to geometric constraints. Murshid et al. [30] investigated rotating hybrid
nanofluid plates with activation energy, while Murugan et al. [31] emphasized the combined influence
of thermo-radiation and ohmic dissipation. The classical work of Ordénez and Bejan [32] provided
optimization strategies for counterflow heat exchangers through entropy minimization, forming a basis
for modern entropy-based thermal design.

Recent works have focused on second-grade and non-Newtonian fluids. Ramesh and Ojjela [33] re-
ported that natural convection of viscoelastic fluids in porous systems enhances entropy due to strong
coupling between flow and heat transfer. Rashidi et al. [34] demonstrated that turbulent corrugated
channels increase entropy despite improved thermal performance. Shah et al. [35] investigated Hall
current and electrical MHD effects in squeezing nanofluids and found that entropy grows under strong
magnetic and viscous influences. Sheikhzadeh et al. [36] and Shojaeian and Kosar [37] examined turbu-
lent nanofluid systems and identified nanoparticle type, slip effects, and dissipation as dominant entropy
drivers. Similarly, Suresh et al. [38] studied hybrid nanofluids prepared by two-step methods and linked
physical properties to entropy trends. Finally, Tsang and Tsang [39] presented an early channel model
for fractured media, while Turkyilmazoglu [40] and Upreti et al. [41] investigated rotating disks and un-
steady hybrid squeezing flows, respectively, concluding that entropy is highly dependent on rotation speed
and viscous effects. Xie and Jian [42]analyzed electroosmotic nanofluid flow in layered microchannels and
highlighted the importance of channel size and electrokinetic effects in entropy generation. Collectively,
these works underline entropy generation as a central parameter for assessing and improving energy
efficiency across diverse thermal systems. Motivated by these works, the present study focuses on analyz-
ing entropy generation in magneto-rotational hybrid nanofluid flow under convective conditions through
a porous medium-a scenario that remains largely unexplored in the current literature.The selection of
silver (Ag) and aluminium oxide (Al2O3) nanoparticles is motivated by their complementary thermal
characteristics-Ag provides extremely high thermal conductivity while (Al;03) enhances suspension sta-
bility. Their combined use yields a hybrid nanofluid with superior heat transfer capability compared to
traditional mono-nanofluids.

The following key questions guide the research:

e How does the suspension of silver and aluminum oxide nanoparticles in water influence the momen-
tum and thermal transport properties of the hybrid nanofluid?

e What is the impact of porous medium resistance and Darcy dissipation on the momentum boundary
layer of the hybrid nanofluid?

e How does Darcy dissipation contribute to the overall energy balance, entropy generation and Bejan
number in the system?

e In what way do magnetic and slip boundary conditions modify the velocity and temperature fields
of the silver-aluminium oxide/water hybrid nanofluid?

e How are engineering quantities such as skin friction coefficient, Nusselt number, and shearwood
number influenced by the inclusion of porous resistance, Darcy dissipation, and hybrid nanoparti-
cles? Novelty: The ongoing research found it interesting because of the novel approaches described
below

e The study employs a water-based hybrid nanofluid with silver and aluminum oxide nanoparticles, a
combination rarely explored together for porous media applications, ensuring improved heat transfer
characteristics.

e The momentum equation includes porous drag effects, providing a realistic representation of flow
through porous channels, which is not commonly addressed in earlier hybrid nanofluid studies.

e The energy equation accounts for Darcy dissipation, capturing the impact of internal friction within
the porous structure on temperature fields and entropy generation.
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e Unlike conventional no-slip models, velocity and thermal slip conditions are incorporated at the
boundaries, making the analysis more relevant for microscale and nanofluidic transport systems.

e The research emphasises entropy generation, Bejan number, skin friction, and Nusselt number under
the combined influence of porous resistance, Darcy dissipation, and hybrid nanoparticles-offering a
holistic view of both fluid mechanics and thermal irreversibility.

2. Mathematical Model of the Problem

We investigate the steady laminar flow of an incompressible, electrically conducting hybrid nanofluid
composed of water as the base fluid with dispersed silver (Ag) and aluminum oxide (AlyO3) nanoparticles.
The fluid is confined between two parallel plates embedded in a porous medium, and the entire system
rotates uniformly about the vertical axis with constant angular velocity. A uniform magnetic field is
applied perpendicular to the flow domain. The lower plate is assumed to stretch in its own plane, while
both plates permit velocity and thermal slip, thereby capturing microscale surface effects. The physical
model shown in Fig. 1 accounts for porous drag due to the medium, which slows down the motion, and
Darcy dissipation, which enhances thermal irreversibility.

\_ ¥ Hybrid nano particles
@ ]

:sj_,.: | » .\fz X ® .:1__;{
T T T T T T T T T T Magnetic Field

Figure 1: Effect of the velocity slip parameter hy and rotational parameter Ry on velocity f'(n)

The following norms are employed in the process:

e A hybrid nanofluid made of silver (Ag) and aluminium oxide (AlpO3) nanoparticles dispersed in
water is investigated for its high thermal conductivity and enhanced heat storage potential.

e The flow domain is assumed to be a saturated porous medium, representing practical engineering
and environmental scenarios where resistance and permeability play a key role in heat and mass
transport.

e The application of an external magnetic field is considered to study Lorentz force effects, which
suppress fluid velocity but increase temperature and entropy generation.

e Velocity and thermal slip boundary conditions are introduced at the surface to more accurately
reflect nanoscale and microscale fluid behaviour.

e Entropy generation is evaluated to quantify thermodynamic irreversibility, while the Bejan number
is employed to identify whether heat transfer or viscous friction is the major contributor.
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e Darcy’s resistance relation is extended to account for porous media effects, emphasising its role in
entropy generation and flow stability.

e Skin friction coefficient is analysed to measure surface shear stress and assess momentum transfer
performance.

e The Nusselt number is computed to quantify heat transfer characteristics, reflecting the efficiency
of thermal transport in the system.

e The Sherwood number is determined to evaluate mass transfer performance, highlighting the influ-
ence of porous structure and nanoparticle concentration.

The governing framework is composed of the continuity, momentum, energy, and concentration equa-
tions, each adjusted to include the effects of magnetic fields, thermal processes, and resistance from the
porous medium. In the momentum balance, the porous drag is introduced through a Darcy term, which
acts as a linear resistance proportional to the fluid velocity. The model further incorporates entropy
generation analysis to quantify thermodynamic irreversibility arising from viscous friction, heat transfer,
magnetic damping, and species diffusion. Letu, v, w be the velocity components in the z,y, z directions,
respectively, andT and C be the temperature and concentration. The governing mathematical model de-
scribing fluid motion inside a rotating porous channel follows the classical formulation reported by Tsang
and Tsang [39]. The magnetohydrodynamic flow treatment and the application of slip-type boundary
conditions in porous media are based on the methodology of Chamkha [8]. In this study, velocity slip is
imposed to represent partial adherence between the fluid and channel walls, while thermal slip accounts
for finite thermal resistance at the solid-fluid interface. These conditions provide a more realistic descrip-
tion of transport phenomena in micro- and nano-scale channels. The governing dimensional equations
are: the conservation of mass Equation (2.1), the conservation of momentum Equations (2.2)—(2.4), the
conservation of energy Equation (2), and the diffusion Equation (2.6).

Conservation of mass equation:

Oou  Ov
Conservation of momentum equations:
1 2 2 B2
u@—&—v@—?Qw: ——@—F Hhnf (EM;+81;> — Thni 20, mmf*u (2.2)
oz dy Phnt O pung \ 022 Oy Phnt Phnyks,
u@ + U@ __ L Op  pany Pv v (2.3)
dr 0Oy Phnf OY  prny \Ox2  Oy?
2 2 B2
uaﬂ + U@fw +2Qu = Hhnf (8 I;] 0 l;) _ Thnf 20 w— 'uhnf*w (2.4)
oz dy Phnf \ 0T 0y Phnf Phntks

Conservation of Energy equation:

oT oT khnyt <32T 82T) 160*Tg’ (32T 82T> Qo
wo po S = P (02 ) 290 (T2 TR K0 (poqyy (25
or 0y (pCp)ans \ 0%  Oy? 3k*(pCp)hns \ 022 Oy? (PCp)fmf( o) (25)
UhnfBg 2 2 Hhnf 2 2
420 (2 4oy DR 2 4y,
Phnf ( ) (PCp)hnfk;S( )

Diffusion equation:

ac  acC 92Cc  9C ) T\" _=&
U— F+V— = DB (a.’EQ + 8;1/2> - kT(C— Co) (TO> € (26)
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With boundary conditions

u:ax—i—)\l%, v =0, w:)\la—w, T:TH—i—)\ga—T, C=Cyg at y =0,
dy oy y
5 5 5 (2.7)
v N 0 w2 oo o aty—H
y y dy

The mathematical formulation is based on the Tiwari-Das homogeneous nanofluid framework, while the
velocity and thermal slip boundary conditions follow the classical Navier slip approach commonly used
in microscale transport modelling. This model shows how rotation, magnetic forces, temperature and
concentration differences, and porous resistance affect the hybrid nanofluid. The next step is to make
the equations dimensionless and solve them using MATLAB’s bvp4c solver. Radiative heat transfer, as
modelled by the Rosseland diffusion approximation, is described by the following relation.

_ o (o
I = "3 y

Ignoring higher-order terms, the Taylor series expansion of 7% in terms of Ty is

T* = —3T; +4T3T

3. Thermophysical Attributes of Hybrid Nanofluid

In this study, the hybrid nanofluid is modelled using the Tiwari-Das single-phase mixture model, in
which the effective density, viscosity, thermal conductivity, and heat capacity are calculated using the
nanoparticle volume fractions. Since we are working with Silver (Ag) and Aluminium oxide (Al3O3)
nanoparticles in the base fluid, hybrid nanofluid density and heat capacitance are described as

Phnf Pp2 . Pp1 _
W—mw+%mwwwhlm> (3.1)
(PCp)hny —(1_ . (PCp)p1 (PCp)p2
WOy %”kl %”+@”m@n}+%”w@n (3.2)

The hybrid nanofluid’s effective thermal conductivity (kpny) is

kp1pp1+kp2dp2
by _ P oiras & 2hy + 2k dpn + kpadp) — 209 + dp2)ky

& %ﬁ’ﬁm + 2ks — 2(kp1op1 + kpadp2) + (Pp1 + Pp2)ky 33
The dynamic viscosity of the hybrid nanofluid (pih.¢) is
1
u/};;bf ~ (1= 0p1 — 6)?” (34)
The electric conductivity of the nanofluid is
Ihnt _ 1 4 3 (0p19p1 + 0p20p2) /0§ — 3 (dp1 + Pp2) (3.5)
72 {Tpne ) {Tmtetete (g, 4 gp) )

The primary and secondary nanoparticles, Silver (S;)and Aluminium oxide(Ss3), are represented by the
variables S; and S3. The base fluid is indicated by the subscript f, a nanofluid containing a single type of
nanoparticle is denoted by f, and a hybrid nanofluid with two nanoparticles and a base fluid is represented
by hnf. In this work, the shape of the nanoparticles is described by the form factor S, defined asS = 3/,
where represents the sphericity of the nanoparticles. The thermal conductivity of the hybrid nanofluid
is modelled using the Hamilton-Crosser model (khnf), which is widely applied to predict the effective
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Table 1: Thermophysical properties of nanomaterials and base fluid.

Property Water Silver Aluminium oxide
p (kg/m?) 9.877 x 10? 10, 500 3970

Cp (J/kgK)  4.066 x 103 235 765

k(W /mK) 6.44x 107! 429 40

o (m™1) 5.0x 1072 6.30 x 107 16.7

properties of composite materials and follows a similar structure. A complete list of the thermophysical
properties of the base fluid and nanoparticles [38] and [14] is provided in Table 1

The following similarity transformations are considered

T-Tp C—-Cy

= ! = — = = = :g
u=azf'(n),v=—ahf(n),w=axg(n),0 TH7T0,</> ch o h (3.6)

By applying the transformation given in the equation (2.7), equation (2.1) is automatically satisfied,
while equations (2.2)—(2.6) are simplified and reduced into the following form.

I+ Bi(1 = 61 = 62)* Re (J'f" = [2) +2B1(1 = G0 — 652)** Rog' ~ MnReBa(1 = 61 — 62)>" " = 0

(3.7)
9" (1) =MnReBs (1=¢p1 ~p2)*°g—Da.g+ Bi(1=¢p1—¢p2)**Re (fg' — f'9)=2B1(1=p1—p2)* Rof =0
(3.8)
" 3 « / DaE / /

0"+ (g5 ) (PrRE) (@700 + BeMnBa((17)? + 42) + D1 = oy = 0,2 P21+ 4) + Bas () ()| =0
(3.9)
¢" (1) + ReLef ()¢ (n) — aoReLed(n) (1 + 89)"e T = 0 (3.10)
F0) =0, 7(0) = 1+ o0, 6(0) = hog 0),0(0) =1+ m#'(0),60) = Tat =0,

f(1)=0,f(1) = —hof"(1),9(1) = —h1g'(1),0(1) = —h10'(1), (1) = 0 at n = '

(Prandtl number) Pr = Cpug (Eckert number) Ec = L (Reynolds number) Re = @

ky (Tr —To)Cpy’ Y py

(Activation Energy) Ea = kijio’ (Lewis number) Le = p;gB7

2 2 w3
(magnetic parameter) Mn = o8y , (rotation parameter) Ro = M, (radiation parameter) N = do TH,

aps ff k*ky

(heat generation/absorption parameter) Q" = (pCC;i)O)fa’ (velocity slip parameter) hg = %,
. A2 . Tu —To
(thermal slip parameter) h; = W (temperature ratio) § = T
0
k?
(chemical reaction parameter) ap = ;T,

4. Mathematical Formulation of Entropy Generation

This part calculates the entropy generation rate using the velocity and temperature results obtained
earlier. The calculation includes the effects of heat transfer, fluid friction, Joule heating, viscous dissipa-
tion, and resistance from the porous medium (Darcy effect).
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(&) + (%)

Ky (k;mf n 166*T§’>

S// —_
gen T02 ks 3k k>
heat transfer irreversibility
nyBg
+ UhTJ‘; 0(u2+w2)
Joule heating irreversibility
(4.1)
RD (0COT  0COT\ [(0C\*  (0C\*|  RD
Ty \Oa da  Ov Ov (oo’ oy Co
heat transfer irreversibility
n nf (0® +w?
n Khnt & L g )
To To K
—— —_———
viscous dissipation irreversibility porous media irreversibility
where
®—4 ou 2+ 3v+6‘u 2+ ow 2+ ow\?
N Ox ox Oy Ox Oy ’

and R is the universal gas constant.
The non-dimensional form of Equation (2) is:

S = EGO{ (Bs + 4?) (10?) + Br-Mn - Re - Bo(f* + ¢”°) + Lo'0/

gen

22y (M) o (477 + () (12)

+ (Mhnf) Bry [(f"()* + (9] + (T) BriDa(f" + 9’2)}

Ky
where: ki (Te —T)) Ty — T, Cy —C, RD(Cyy — Cy)
4 —do H— 1o 7 — Co 7 — Co
E o = T 49219 = G = -~ L = - 7
¢ T2h? “ T 2 Co ky
272 24,2 2
Br— Mg N,
k¢(Ter —To) k¢(Ta — To) ks
5. Bejan Number
We have,
Beian number — Heat and mass irreversibility
) ~ the irreversibility due to heat transfer and friction
Hence,

(Bs + 455) an0? + Lg'0 + L2247

4N
(33 + 3) ot + Br Mn Re By(f” + g%) + L¢'0

Bejan number =

L n 12 2
4 a2 ¢/2 4 <,uh7lf) Bﬁ [4(fl(77))2 _|_92] 4 (/J’h f) BrDa (f tg )
a If ff k;
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6. Flow Chart for Numerical Computation

MATLAB’s bvp4c solver is used to numerically solve the system of highly nonlinear ordinary differ-
ential equations, which are represented by equations (2) through (6). According to equation (7), these
equations are solved together with the matching boundary conditions. Equations (14) through (17) repre-
sent the system of ODEs, and equations (18) represent the boundary conditions. These are then reformed
into a set of first-order linear equations. Initial approximations that meet the asymptotic boundary re-
quirements are carefully chosen to guarantee the accuracy of the solution. Next, several variables are
introduced, including: The ordinary differential equations given by Eqgs. (14) through (17), we solve the
problem in MATLAB in the following way.

fr=y2);
f// _ (3);
f/// — y(4);

= Bi(1 — bp1 — ¢p2)2'5 Re(y(2)y(3) —y(1)y(4)) — QB1RO((1 — ¢p1 — ¢p2)2'5)y(6)
+ Mn Re Bo(1 — ¢y — ¢p2)>5y(3);
g = y(6);
9" = Bi(1 — dp1 — d2)>° Re (y(2)y(5) — y(1)y(6)) — 2B2Ro (1 — dpr — 6,2)>)y(2)

+ Mn Re Ba(1 — ¢p1 — dp2)**y(5) + Dany(5);

0" =y(8);

0" = ~(pr ) (g ) |BanDns) + Mo BeBa {020 + 0(5)°)

b PRE b 0 (024 )+
¢ = y(10);

¢" = —Re Ley(1)y(10) + aoRe Le(1 + y(7)) & exp (1_;;?;)/7) y(9).

7. Quantities of Interest

In fluid dynamics, the force of friction that a flowing fluid applies to a surface is referred to as skin
friction. The Nusselt number, a non-dimensional statistic, is used to measure how well convective heat
transfer works in fluid surface flow. The coefficient of skin friction (C%) ,the Nusselt number(Nu) and
the Sherwood number(Sh) at the lower plate are determined in this section:

7.1. Surface drag force

Skin friction coefficient is defined as

n a n " O
Oy = Mt <“> g Py by 0" (0) 22)
Phnfv5 \OY ) o If Phnf PFUG h

The local skin-friction coefficient is expressed as

Cv/fes = (M) (L2 0 (23)

Hf Phnf
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7.2. Nusselt number
The Nusselt number is given by

* hk‘f (k}mf 16€*Tg’> (8T)
Nu* = + — 24
(Tu —To) \ ky 3k k> Y ) o @

The dimensionless Nusselt number is expressed as

Nug/Rey = (kl’;”f + §N> ¢ (0) (25)
f

7.3. Sherwood number
It is given by

—h oC

Spr— %
(Cu — Coy) Oy

n=0

8. Result and Discussion

This section presents the outcomes of the numerical investigation concerning the influence of various
dimensionless parameters on the velocity components, temperature, and concentration fields in a hybrid
nanofluid system confined within a porous rotating channel under magnetic effects.These physical pa-
rameters are employed in the range of 5 < Pr <7, 1 < Le <5, 0 < Mn < 6, 0.0l < Da <1, 0.01 <
Ec<1,0<N<2 —-1<Q<1,0<A\<10<XA<1,0<R <3 0<ay<2 1<FEa<10,0.1<
0<1,1<8Sc<5, 1< Re<100.

From Figs. 2-4 | it is clear that both the slip parameter hy and the rotational parameter Ry reduce
the velocity and its gradients. In Fig. 2, the velocity gradient f’(n) decreases when hg increases, meaning
the shear stress at the wall becomes weaker because the fluid slides more easily instead of sticking to
the surface. A similar decreasing trend is seen with higher Ry, since rotation introduces a Coriolis-type
resistance that slows down the fluid and reduces momentum transfer.

In Fig. 3, the main velocity f(n) also goes down with increasing slip and rotation, showing that the
flow weakens as the wall-fluid interaction reduces and rotational forces oppose motion. In Fig. 4, the
secondary velocity component g(7) becomes smaller under higher slip and rotation, confirming that both
parameters act as resistive effects. Physically, this means that slip reduces the frictional control of the
wall on the fluid, while rotation adds an opposing force, and together they cause thinner boundary layers,
weaker shear, and lower fluid velocities.

From Figs. 57, it is evident how the magnetic parameter Mn and the Darcy number Da influence
the flow velocities. In Fig. 5, the velocity gradient f’(n) decreases with larger Mn, which means the
magnetic field slows down the fluid motion because the Lorentz force acts as a drag force opposing the
flow. On the other hand, when the Darcy number increases, the velocity gradient becomes stronger since
a larger Da reduces the resistance of the porous medium and allows the fluid to pass more easily.

In Fig. 6, the main velocity f(n) shows a clear reduction with higher Mn, again confirming that the
magnetic field resists the motion, while higher Da increases the velocity since permeability improves the
flow through the medium. Similarly, in Fig. 7, the secondary velocity g(n) decreases as Mn increases,
indicating that the magnetic field suppresses both primary and secondary flows, whereas higher Darcy
number helps maintain larger velocity values.

Physically, this means that the magnetic parameter acts like a resistive force that slows the fluid by
generating opposing currents, while the Darcy number represents the porous structure, where larger Da
reduces drag from the medium and allows easier motion. Together, Mn suppresses the flow while Da
enhances it, leading to competing effects on the velocity profiles. Conversely, a rise in the Darcy number
(Da) causes a significant increase in f’, f, and g, as it represents higher permeability of the porous
medium. With less resistance from the solid matrix, the fluid accelerates more freely, enhancing both
streamwise and cross-flow velocities.
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Figure 4: Effect of the velocity slip parameter hg and rotational parameter Ry on velocity g(n)

11



12 M. S. PooJa, J. SANTHOSH KuMAR, K. M. PRAVEENA KUMARA, AND S. V. K. VARMA

0.6 T T T T

Mn=0, Da=1.5
== = Mn=0.5, Da=1.5
Mn=1, Da=1.5
=== === Mn=1.5, Da=1.5
Mn=2, Da=0
Mn=2, Da=1
........ Mn=2, Da=3

f(n

-0.4

Figure 5: Effect of the magnetic parameter Mn and Darcy number Da on velocity f'(n) .

0.14 T T T
Mn=0, Da=1.5
= = Mn=0.5, Da=1.5
0.12F Mn=1, Da=1.5 |1
= ===Mn=15, Da=1.5
Mn=2, Da=0
01F Mn=2, Da=1

0.08

fn

0.06 f
0.04

0.02} 4o

Figure 6: Effect of the magnetic parameter Mn and Darcy number Da on velocity f(n)

In Fig. 8, the temperature profile decreases with an increase in the magnetic parameter Mn and
the thermal slip parameter h;. The magnetic field generates a Lorentz force that resists fluid motion
and reduces convective heat transport, while thermal slip weakens the wall’s ability to transfer heat to
the fluid; together, both effects lower the boundary layer temperature. In Fig. 9, the temperature rises
with a higher Eckert number Fc because viscous dissipation converts kinetic energy into heat, whereas it
decreases with a larger Darcy number Da since a more permeable porous medium allows heat to dissipate
more effectively. These results show that Mn and h; contribute to cooling, Ec leads to heating, and Da
enhances cooling, offering useful ways to control temperature in thermal systems and porous medium
applications.The presence of Agand Al;O3 nanoparticles significantly improves the thermal conductivity
of the fluid, which intensifies heat transfer, reduces the thermal boundary layer thickness, and modifies
the temperature distribution inside the porous rotating channel.

In Fig. 10, the diffusion profile ¢(n) decreases more rapidly when the Eckert number Ec takes negative
values, as less energy is available for molecular motion, while a larger Darcy number Da slightly enhances
diffusion because higher permeability in the porous medium allows solute to spread more easily.In Fig. 11,
both the Lewis number Le and the chemical reaction parameter o reduces the concentration profile, since
stronger mass diffusivity relative to heat transfer Le and higher chemical reaction rate o cause faster
decay of species in the boundary layer. These results show that Fc and Da mainly govern how energy
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Figure 7: Effect of the magnetic parameter M nand Darcy numberDa on velocityg(n).
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Figure 8: Effect of the magnetic parameterMn and thermal slip parameterhy on temperature 6(n).

and porous effects influence diffusion, whereas Le and «g control how mass transfer and reaction reduce
concentration, which is important in chemical reactor design, porous medium transport, and industrial
mass transfer systems. parameter agreduce the concentration profile, since stronger mass diffusivity
relative to heat transfer Le and higher chemical reaction rate o cause faster decay of species in the
boundary layer. These results show that Ec and Da mainly govern how energy and porous effects
influence diffusion, whereas Le and «g control how mass transfer and reaction reduce concentration,
which is important in chemical reactor design, porous medium transport, and industrial mass transfer
systems.

8.1. Validation

The Nusselt number results were verified using the thermophysical properties documented by Ijaz
Khan [21], in the absence of both Darcy and its dissipation effects.

In Table 2, the variation of the local Nusselt number with the governing parameters shows clear
physical trends. An increase in the Prandtl number leads to higher values of Nu,+/Re, (less negative),
since a larger Pr reduces thermal diffusivity, thins the thermal boundary layer, and enhances the wall
temperature gradient, thereby strengthening heat transfer. The magnetic parameter also raises Nu,+/Re,
in the present regime, as the Lorentz force slows the flow but the accompanying Joule heating elevates
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Figure 9: Effect of the Eckert number Ec and Darcy number Da on temperatured(n).
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Figure 10: Effect of the Eckert number Ec and Darcy number Daon diffusion®(n).

near-wall temperatures, producing a stronger thermal gradient that outweighs the retarding effect. By
contrast, an increase in the Eckert number causes a reduction in heat flux Nu,+/Re,, because viscous
dissipation converts kinetic energy into internal energy, raising the fluid temperature inside the boundary
layer and thereby reducing the heat flux at the wall. The effect of the parameter N is non-monotonic at
lower to moderate values, as it increases the Nusselt number by promoting enhanced thermal transport.
However, at higher values, it decreases the Nusselt number due to thermal accumulation or flow resistance
that thickens the thermal boundary layer. These observations confirm that heat transfer in the system
is strongly governed by the interplay between fluid properties, magnetic damping, viscous heating, and
thermal transport mechanisms.

9. Entropy Generation Number

The variation of the entropy generation number (N¢) as a function of different parameters, including
Da (Darcy number), Mn (magnetic number), Ec (Eckert number), and N (radiation parameter). The
Ag — Al;O3 nanoparticles affect the thermal behaviour of the fluid. Silver transfers heat very quickly
because it has very high thermal conductivity, while aluminium oxide helps keep the fluid stable and
prevents the particles from sticking together. When these two nanoparticles are mixed, the resulting
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Figure 11: Effect of the Lewis numberLe and Chemical reaction parameter o on diffusion ®(n).

Table 2: Comparison for Nu,+/Re,,

Pr ‘ Mn ‘ Ec ‘ N Nug\/Re,
Ijaz Khan et al. [21] | Present study

6 06 | 02|13 -0.90757 -0.90756
6.2 -0.84391 -0.84391
6.4 -0.77797 -0.77798
62| 1 -0.84087 -0.84088
2 -0.83493 -0.83493
5 -0.81809 -0.81810
0.5 | 0.5 -0.8330 -0.8330
1 -0.83162 -0.83162
1.5 -0.82393 -0.82393
0.2 | 1.7 -1.13684 -1.13684
2 -1.73430 -1.73429
2.5 -2.31665 -2.31664

hybrid nanofluid carries heat more effectively. This improved heat transfer directly affects the temperature
of the fluid and the amount of entropy generated. Therefore, the thermal behaviour of the nanoparticles
is now explained in the manuscript to support the entropy analysis.In Fig. 12, the entropy generation
number N¢g increases with both the Darcy number Da and the magnetic parameterMn . This means
that stronger magnetic effects and more permeable porous media contribute to higher irreversibility in the
system. In Fig. 13, entropy generation rises significantly when the Eckert number Fc¢ increases, showing
that viscous dissipation strongly enhances thermal irreversibility, whileDa also contributes to this rise.
In Fig. 14, entropy generation increases with higher radiation parameter , as radiative heat transfer
adds more thermal energy and raises entropy, while Da again supports this effect. Overall, these figures
reveal that magnetic field, viscous dissipation, radiation, and porous permeability all enhance entropy
generation, indicating higher irreversibility in the thermal system. This is important for thermal design
because minimizing these effects can help improve energy efficiency and reduce losses in porous media
heat transfer applications.



16 M. S. PooJa, J. SANTHOSH KuMAR, K. M. PRAVEENA KUMARA, AND S. V. K. VARMA

Figure 12: Variation of Entropy generation (Ng) ) with Darcy number (Da) and Magnetic parameter
(Mn) in Porous Media.

2 3
%
52
GEERR
S5
eest .
S 52
RS
L, 7
% G
OB
LR
BTy,
SHLHEIIAIND
S
G
e s
s

Figure 13: Variation of Entropy generation (N¢g) ) with Darcy number (Da) and Eckert number (Ec) in
Porous Media.
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Figure 14: Variation of Entropy generation (Ng) with Darcy number (Da) and radiation parmeter (V)
in Porous Media.

In Fig. 15, the Bejan number Be decreases with increasing magnetic parameterMn and increases
slightly with the Darcy numberDa . This indicates that stronger magnetic fields enhance fluid friction
effects, increasing entropy generation due to viscous dissipation and reducing the share of heat transfer
irreversibility in the system. In contrast, higher Da (more permeable media) reduces flow resistance,
slightly favouring thermal transport and thus increasing Be . In Fig. 16, Be increases with both the
radiation parameter N and Da . This suggests that radiation enhances heat transfer, raising thermal
entropy generation and increasing , while higher permeability again supports this trend. Overall, these
figures show that magnetic fields reduce Be by increasing viscous effects, while radiation and porous per-
meability raise Be by promoting thermal irreversibility. These insights are crucial for optimizing thermal
systems in porous media, helping engineers balance heat transfer efficiency and entropy generation.In
Fig. 17, the skin friction coefficient Ct decreases as the magnetic parameter increases, which happens
because the applied magnetic field generates a Lorentz force that resists fluid motion and lowers shear
stress at the wal