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ABSTRACT: The study considers numerical findings regarding magneto-thermosolutal-aided natural convective
flow of alumina/water-based nanofluid filled in a non-Darcian porous horizontal concentric annulus. Two equations
are assumed to evaluate the thermal fields in the porous medium under Local Thermal Non-Equilibrium (LTNE)
conditions, along with the Darcy-Brinkman-Forchheimer model for the flow. By imposing distinct and constant
temperatures and concentrations on both internal and external cylinders, thermosolutal natural convection is induced
in the annulus. We apply the finite volume method to solve the dimensionless governing equations numerically. The
thermal conductivity and viscosity of the nanofluid mixture are determined utilizing Corcione’s empirical correlations,
incorporating the effects of Brownian diffusion of nanoparticles. Steady-state findings are provided for a range of
significant parameters, including buoyancy ratio (N =1to 5), Lewis (Le = 0 to 10), Rayleigh (Ra = 10* to 10°), Hartmann
(Ha = 0 to 50), and heat generation in the nanofluid and solid phases (Q = 0 to 20) when the nanofluid flow is driven
by aiding thermal and mass buoyancies at given porous medium characteristics (porosity (&), Darcy number (Da),
porous interfacial heat transfer coefficient (H), and thermal conductivity ratio (y), to assess the thermosolutal convective
circulation beside heat and solutal transfer rates in the annulus. The results reveal that internal heat generation
significantly modifies the heat transport mechanism, initially reducing and then enhancing heat transfer rates as Q
increases. Interestingly, increasing Le reduces heat transfer at low Q but promotes it when Q > 5, while mass transfer
consistently increases with Le. The magnetic field represses heat transfer in the absence of internal heat but enhances it
when internal heat is present.

KEYWORDS: Magnetized thermosolutal convection; porous interfacial heat transfer coefficient; porous annulus;
LTNE; two-energy equations model; heat generating

1 Introduction

Thermosolutal convection describes the fluid flow generated by the combined influence of temperature
and salinity gradients, which induce two separate diffusion processes. The study of double-diffusive natural
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convection has gained significant importance across numerous scientific and engineering disciplines, such
as medicine, astrophysics, biology, geosciences, chemical engineering, as well as applications such as solar
ponds, thermal energy storage, petroleum extraction, food processing, and material manufacturing. Within
saturated porous media, this phenomenon is particularly relevant to key technological operations like
geothermal reservoir fluid dynamics, hydrocarbon recovery, grain preservation, evaporative cooling systems,
and drying techniques. To better understand the interplay of heat and mass transfer under these conditions,
extensive research has been conducted on a variety of enclosure geometries and sizes in porous media
environments [1-3].

Siavashi et al. [4] explored non-Darcy thermosolutal free convection within an inclined permeable
cavity, emphasizing how the configurations of heat and solute sources affect their transfer rates and system
irreversibilities to identify the optimal source arrangement. He et al. [5] examined natural convection-driven
heat and mass transfer inside an irregular permeable enclosure, focusing on how porosity and buoyancy
ratio influence the transport processes, concluding that these parameters strongly affect temperature and
concentration profiles as well as fluid flow patterns. Li et al. [6] utilized a numerical technique coupled with
the Newton-Raphson technique to model double diffusion convective flow in a permeable parallelogram
domain. Akbal and Baytas [7] conducted Computational Fluid Dynamics (CFD) simulations on combined
thermal and solutal free convection in a square Darcian permeable cavity, identifying notable leakage
phenomena, assuming uniform properties. Reddy et al. [8] studied the influence of cross-diffusion effects
on unsteady heat and solute transfer during double-diffusion buoyancy-driven convection in an inclined
porous domain with nonuniformly varying thermo-solutal boundaries, finding that cross-diftusion terms
reduce sensitivity to changes in inclination angle. Additionally, Alluguvelli et al. [9] explored bioconvective
nanofluid containing oxytactic microorganisms within a porous square cavity, accounting for viscous
dissipation. In their CFD investigation of thermosolutal convection involving an electrically conducting fluid
mixture, Rebhi et al. [10] showed that fluid velocity and the rates of heat and mass transmission inside porous
media are markedly impacted by the combined impacts of inertial forces and magnetic fields.

Most numerical and analytical studies on porous materials assume Local Thermal Equilibrium (LTE),
where the fluid and solid phases share the same temperature. However, this assumption breaks down in
many real applications due to Local Thermal Non-Equilibrium (LTNE) effects. For instance, Straughan [11]
showed that incorporating Cattaneo heat flux in the solid phase reveals new oscillatory convection modes not
captured by standard LTNE models. Sunil et al. [12] also highlighted the importance of LTNE in thermally
unstable porous systems with complex fluid behavior. Tayebi et al. [13] and Ahmed et al. [14] demonstrated
that LTNE-based modeling significantly improves accuracy in non-Newtonian and mixed convection flows.
Kouki et al. [15] emphasized the role of interfacial heat transfer between fluid and solid, while Straughan [16]
reinforced the theoretical necessity of LTNE in advanced porous flow analyses. Such considerations are vital
in drying, food preservation, electronics cooling, and other applications where fluid and solid temperatures
diverge. The LTNE framework is especially advantageous for modeling heat transmission in penetrable
media where there is a considerable disparity in thermal conductivities between the solid structure and the
saturating fluid [17,18].

Relatively few studies have addressed thermosolutal free convection phenomena incorporating the
LTNE model in porous media. A stability examination was done by Chen et al. [19] for thermosolutal
convection under LTNE conditions, considering solute properties dependent on temperature. Bera et al.
[20] investigated the impact of LTNE on double-diffusive buoyancy-driven convection in a rectangular
domain loaded by porous media saturated by fluid, reporting that LTNE significantly alters heat transfer
rates and temperature fields but has minimal impact on mass transmission and concentration distribution.
Lakshmi et al. [21] studied thermosolutal free convection in circular annuli and rectangular enclosures
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filled with porous materials using a modified Darcy model under LTNE assumptions. Harzallah et al. [22]
examined the influence of opposing thermal and solutal buoyancy forces in free convection within a vertically
oriented porous cavity with finite-thickness walls, applying both Darcy and LTNE models to delineate the
validity range of the LTE hypothesis for various controlling parameters. Zhuang et al. [23] employed CFD
to analyze thermosolutal free convection of non-Newtonian liquids inside a permeable chamber, with the
inclusion of thermal production in the solid matrix and chemical reactions, based on the non-Darcy and
LTNE frameworks.

Tayebi [24] studied double-diffusive free convection and associated irreversibilities within a porous
container via the Darcy-Brinkman-Forchheimer model combined with LTNE conditions, introducing a
novel dimensionless parameter defined as the ratio of thermal production rates between fluid and solid
phases. Further, Tayebi et al. [25] examined magnetohydrodynamic thermosolutal free convection of
nanoliquid-saturated media containing an undulating permeable cylinder under LTNE, demonstrating that
increasing Rayleigh number, Darcy number, and porosity enhances heat and mass transfer, while reductions
in Hartmann and Lewis numbers produce similar effects. Bera et al. [26] applied the LTNE hypothesis with
the Darcy model to investigate thermosolutal free convection in square and thin cavities, highlighting the
profound efficacy of thermal non-equilibrium on thermal and solutal transport. In their study, Carvalho
et al. [27] adopted the LTNE model to examine laminar magnetohydrodynamic (MHD) convection driven
via thermal and solutal buoyancy in a porous square domain, finding that solid-to-fluid thermal conductivity
ratio and porosity notably affect heat and mass transmission processes. Altawallbeh et al. [28] employed the
LTNE assumption in Darcy flow analysis to examine double-buoyancy convection within an anisotropic,
fluid-saturated permeable medium containing internal heat sources and Soret effects. Their results indicated
that double diffusion induces convective instability manifested as oscillatory behavior rather than stationary
convection, with the Soret coeflicient exerting limited influence on oscillation characteristics.

In the present work, a classical engineering configuration is adopted to investigate double-diffusive free
convection inside a porous concentric annulus under LTNE conditions using an extended Darcy-Brinkman-
Forchheimer model. The study considers a nanofluid as the working fluid, owing to its well-documented
enhancements in thermal performance across various applications [29-32], attributed to its elevated thermal
conductivity. Empirical correlations are employed to estimate the nanofluid’s thermophysical properties [33].
The computational domain accounts for internal heat generation within both the nanofluid and the solid
matrix. Moreover, the presence of a magnetic field serves as an external control mechanism, influencing con-
vective patterns through Lorentz forces and as a result modulating the overall heat transmission performance
[34-38]. Accordingly, the system is subjected to an applied magnetic field, including the effects of Joule
heating. This investigation contributes originality by integrating these aspects to deepen the understanding
of thermal transport phenomena in porous media, with potential implications for energy-efficient thermal
system design.

2 Problem Formulation

Under an LTNE situation, consider a non-Darcy porous medium loaded via a nanofluid and confined
between two horizontal cylindrical concentric cylinders of radius ratio RR = 2 with a horizontally directed
magnetic field acting. The inner impermeable cylinder is at a high level of solute and temperature, while the
outer impermeable cylinder is kept at a low level of solute and temperature. Consequently, thermosolutal
natural convection impacted by a magnetic field and governed by the Boussinesq approximation is induced
within the annulus. The flow is steady, laminar, and the nanofluid is treated as incompressible. The Joule
heating effect due to the magnetic field, and the internal heat production within the nanofluid phase (g,)
and the solid phase (g;) of the porous annulus are considered, while the coupling effects between thermal
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and solutal gradients, thermal radiation, and viscous dissipation are disregarded. Fig. | graphically depicts
the problem design.

Equrt(1-€)gs

Nanofluid-saturated porous medium in
LTNE state (Zor# T5)

Figure 1: The physical domain

2.1 Governing Equations

The governing mathematical model for this problem, based on the aforementioned assumptions, can
be expressed as:
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The LTNE model requires two heat equations, for the fluid phase and solid phase in the porous medium:
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The non-dimensional form of the governing equations is derived via the following characteristic scale:
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Thus, the Eqgs. (1)-(7) become, respectively:
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The influence of incorporating AL, O; nanoparticles on the overall thermophysical properties of the
nanofluid is quantified using the following expressions:

prf=(1=¢)ps+¢pp (15)
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Adopting Corciones correlations [33], y,, s and A, ¢ are estimated as:

-0.3
bng = ps/(1-34.87 (dp/ds) ~ ¢"*) (19)
Mg = Ap(1+4.4Re%Pro% (T, /T;,)" (Ap/2p)"" ¢°9) (20)
Re = 2kbpr/7T‘uf2dp (21)

The thermo-physical properties of the host liquid (H,O) and AL O; nanomaterials are extracted from
tables in [39,40].
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The dimensionless thermosolutal boundary conditions would be:
C=0,r=0,=1and ¥ = 0; at the internal surface
C =0, = 05 = 0 and ¥ = 0; at the external surface

2.2 Evaluation of Heat and Solutal Transfer

The Nusselt and Sherwood numbers are employed to quantify the rates of heat and solute transfer from
the heated and solute-enriched surface to the nanofluid and solid phases within the porous annulus:
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where: n represents the coordinate direction normal to the inner surface, S is the dimensionless length along
the inner surface, and s is the coordinate along the inner surface.

3 Numerical Process and Validation

The finite volume technique utilizing the second-order upwind procedure is implemented to discretize
governing Eqs. (8)-(13) along with their related boundary conditions, and they are then solved utilizing the
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm, considering the convergence
standard to be 107°. Various grid resolutions are employed to ensure grid-independent results and to achieve
sufficient resolution that avoids inaccuracies in the numerical outcomes. The established grid for the domain
under consideration is portrayed in Fig. 2. To show the accuracy of the present results, a comparison of
current findings with those of Matin and Pop [41] and Abu-Nada et al. [42], in the presence of nanofluid,
along with the experimental findings of Kuehn and Goldstein [43] (see Figs. 3-5). Furthermore, further
comparison of the outcomes with those of Bera et al. [20] for double-diffusion NC under LTNE situation
was done as illustrated in Fig. 6 and Table 1.
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Figure 2: Mapping generation of the computational domain

Figure 3: Our outputs, Ref. [41] for the isotherms and streamlines at ¢ = 0.03 (water-Cu), RR = 2.5, and Pr = 6.21
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Figure 4: Our outputs, Refs. [41] and [42] for N,

Figure 5: Our results besides those of Kuehn and Goldstein [43] for an annulus filled with air at Ra = 4.7 x 10* and
RR=26
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(b)

Figure 6: Validation of the current code outputs against those of [20], (a): Ra = 10*, Da=10"%, ¢ = 0.97, H = 10, y = 10,
Le=0.1,N=1,and (b): Ra=10°, Da=10"*¢=0.97 H=10,y =10, Le=0., N =1



Comput Model Eng Sci. 2025;144(1) 369

Table 1: Comparison of Nu and Sh with those of [20] at Ra x Da = 100

Da =10, Ra =10° Da =107, Ra = 10*
Nu Nu Sh Nu Nu Sh

avg_f avg_s avg avg_f avg_s avg

Current findings 4.686 2.642 1139 2377 1920 1.039
Results of [20] 4.688 2.642 1139 2419 1951 1.040

4 Results and Interpretation

The results are given through contour plots of the stream function, concentration, and temperature
fields of both the nanofluid and solid phases within the porous annulus, considering aiding buoyancy flow
(N >1). The porous annulus, characterized by a porosity € = 0.5 and a Darcy number Da = 10~2, consistently
operates under LTNE conditions for an inter-phase heat transfer coefficient H = 10, and a conductivity ratio,
y = 10. In this study, the following parameters were varied: Ra = 102 t010°; Le = 0.1t010; Ha =10 to 50; N =1
to 5;and Q = Q5 = Q,= 0 to 20. The nanoparticle volume fraction ¢ was held constant at 0.04 throughout
the analysis.

Fig. 7a demonstrates patterns of streamlines, isotherms for both nanofluid and solid phases, and
isoconcentrations in the porous annulus considering LTNE conditions for various Rayleigh numbers
(Ra =10%,10%,10*, 10°) when Q =0, N =1, Le = 1, and Ha = 30. The streamlines illustrate that the flow within
the annulus is organized into vortices, with one rotating in the clockwise direction and the other in the
counterclockwise direction. This configuration is typical in natural convection scenarios where buoyancy-
driven flows create symmetric counter-rotating vortices. At low Ra, the streamlines are weak, indicating
minimal double-diffusive convective flow with relatively simple and concentric contours showing weak
circulation. As Ra increases, the streamlines become more pronounced, indicating stronger convection with
increasingly complex patterns and stronger circulation. At the highest Ra value, the streamlines indicate
very strong convection with highly intricate and vigorous flow patterns. The flow remains symmetric within
the annulus for all Ra values. The isotherms for the solid and nanofluid phases are relatively smooth
and symmetric at low Ra, indicating a more diffusive temperature distribution with minimal convective
influence. Both fluid and solid phase isotherms show increasing distortion with higher Ra values, indicating
stronger convective heat transfer. The differences between the isotherms of the nanofluid and solid phases
reflect LTNE conditions, where the solid and fluid phases’ temperatures are not similar. It is also noticed that
the formation of an inert and cold region at the bottom of the annulus at a large Rayleigh number with high-
temperature and concentration gradients on the annulus’s surfaces reflects high thermal and mass exchange
rates. Additionally, the isoconcentration and nanofluid isotherms are comparable at this Lewis number
(Le = 1), reflecting similar heat and mass diffusion rates. Fig. 7b indicates that the additional heat source
within the annulus affects the temperature distribution. In the absence of internal heating, maximum
temperatures were near the hot wall, but they became concentrated in the middle of the annulus and headed
to the top with high Ra. Weak temperature gradients on the annulus’s surfaces are observed in comparison to
a case in which Q = 0. Moreover, the existence of the internal heat source limits the inert area formed when
Q = 0. Overall, internal heating promotes natural convective flow circulation. Fig. 8a,b illustrates the impact
of Ha on the flow and transport features of the nanoliquid within the porous domain, considering LTNE.
Without internal heat generation (Fig. 8a), increasing Ha suppresses convective flow due to the damping
action of Lorentz forces, which oppose the buoyancy-driven motion. This results in a weakening of the
streamlines, evidenced by the reduced intensity of circulation and an observable upward displacement and
expansion of the vortex cores. This behavior reflects the resistance imposed by the magnetic field on the
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motion of fluid, which alters the flow structure by stabilizing it and reducing flow mixing. When internal
heat generation is introduced (Fig. 8b), a similar suppression trend is observed, but with slightly more
pronounced effects on circulation due to the enhanced buoyancy competing with the Lorentz forces. The
streamlines show weaker circulation and a further shift of the vortex structure, confirming the magnetic
field’s role in reshaping the flow dynamics under thermal excitation.

| Wy |=0.022

Ra = 10* Ra =10 Ra =10?

Ra=10°

Figure 7: (Continued)
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Figure 7: Effect of Ra on the streamline, nanofluid and solid phases isotherms, and isoconcentrations, (a): Q = 0,
(b):Q=10(Ha=30,N=1,and Le=1)
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Regarding thermal transport, the temperature gradients along the inner cylinder diminish with increas-
ing Ha in the absence of internal heat production, indicating reduced heat transfer rates due to weakened
convective motion. However, considering internal heat generation, increasing Ha causes the hot region
within the annulus to expand, and the temperature gradients near the inner surface to widen. This behavior
suggests a complex interaction between internal heating and magnetic damping that can lead to enhanced
thermal gradients despite reduced fluid motion. The concentration distributions, on the other hand, appear
relatively insensitive to variations in Ha.

Fig. 9a,b illustrates the impact of varying buoyancy ratios (N) on the flow behavior in a scenario
where only aiding flows are considered (N > 0). As the N increases, the solutal buoyancy force, which is
proportional to N, reinforces the thermal buoyancy, resulting in a concerted flow direction. This cooperation
between thermal and solutal buoyancies would lead to a notable increment in stream function values as N
rises, indicating enhanced flow effects. Further, as the N increases, both nanofluid and solid isotherms and
isoconcentrations are developed more and represent higher gradients of concentration and temperature in
the direction normal to the surface, which in turn imply increased rates of heat and mass transfer within the
annular region. Additionally, it is noted that in the case of Q = 10, a thermal layer forms on the inner cylinder’s
upper surface, resulting in the division of the hot zone at the top of the annulus into two side portions.

The efficacy of the Le on the flow, 8, and concentration contours in the annulus is illustrated in Fig. 10a,b.
The Le, which would measure the ratio of thermal diffusivity to mass diffusivity of the nanofluid, was varied
between 0.1 and 10 in this investigation. The other parameters were held constant at Q = 0 (Fig. 10a), Q = 10
(Fig. 10b), Ha = 30, Ra = 10°, and N = 1. For Le = 0.1, at both values of Q, the mass diffusivity would be more
than the thermal diffusivity, leading mass transfer primarily to occur through diffusion, while convection
dominates thermal transfer. As the Lewis number increases, the scenario shifts. The thermal diffusion forces
(thermal resistance) surpass the mass diffusion forces (mass resistance). Consequently, heat transfer begins to
occur more through diffusion, reducing nanofluid circulation, while mass transfer becomes predominantly
driven by natural convection, as evidenced by the increased distortion of the isoconcentration lines. It should
also be noted that, in contrast to the situation when Q = 0, when Q = 10, the temperature gradients around the
inner cylinder increase progressively with higher Lewis numbers. This indicates greater heat transfer rates at
elevated Lewis values.

The fields portrayed in Fig. 11 demonstrate the significant influence of internal heat generation on the
thermal and flow behavior within the porous annulus. At low internal heating (Q = 5), a localized hot zone
develops near the upper region of the annulus, leading to weak thermal gradients along the inner cylinder
and, consequently, a reduced heat transfer rate. As Q increases, the thermal energy supplied to the system
intensifies, causing the hot region to expand and the temperature gradients near the inner surface to widen,
indicating enhanced heat transfer. Correspondingly, the strength of the nanofluid circulation rises due to the
increased thermal energy input, as reflected by higher absolute stream function () values. Additionally, the
isoconcentration contours reveal that mass convection weakens with increasing Q, attributed to the altered
thermal distribution, which modifies the interaction between solutal and thermal buoyancy forces under
LTNE conditions.
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Figure 10: Effect of Le on the streamline patterns, nanofluid and solid phases isotherms, and isoconcentrations,
(a): Q=0, (b): Q=10 (Ha =30, Ra =10’ and N =1)
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An important finding presented in Fig. 12, which displays the efficacy of the internal heat production
parameter (Q) on mass and heat transfer rates for diverse Le, is that the rate of heat transfer for both the
solid and nanofluid phases within the porous medium initially decreases with increasing Q up to Q = 5, and
then increases with further increases in Q. This behavior could be attributed to the impact of internal heat
on the temperature distribution in the porous annulus, as previously mentioned. The amounts of Nu,g s
and Nug,, ; for different Lewis numbers (Le) also confirm this trend. After Q = 7, the rate of heat transfer
increases with rising Le after it had decreased with Le. Additionally, the influence of Q on the Shy,; would
be more highlighted at higher Le amounts. The difference between the Nu,,g »r and Nug,g s values reflects
the LTNE condition in the porous system. Fig. 13 illustrates how the thermal Rayleigh (Ra) affects the mass
and heat transfer rates from the inner heated and salted cylinder to the solid and nanofluid phases inside
the porous annulus for different Lewis numbers (Le) when heat generation is absent (Q = 0) and Q = 10.
For Ra < 10* and no internal heat generation, both Nugyg nf and Nug, ¢ are less sensitive to variations in
Ra. However, the sensitivity increases as Ra grows. Shmg starts to increase with Ra at a value of 10°. The
mass transfer rate grows with increasing Le while the heat transfer rates decrease. At Q = 10, the behavior
of Nutgyg nr and Nu,e s is completely inverted, with both decreasing as Ra increases. The mass transfer rate
reduces considering internal heat production, but maintains the same behavior with respect to Ra and Le.

9 - 9 ; 12
—a— Le=0.1 — Le=0.1 [ —a—Le=0.1
—o—Le=1 i) Le=1 ‘ —o—Le=1 =10° N=1 Ha=
Le=5 Ra=10°,N=1,Ha T L:=5 Ra=110’,N=1,Ha=3o Leks Ra=10",N=1,Ha=30
—v—Le=10 +— Le=10 | g4 —+—Le=10

\ Il
w
o

\4

Nuavg;

Figure 12: Q effects on Ny yf> Nidayg s, and Shy,g for various Le

Fig. 14 revealed that, in the absence of a heating source, Nutgyy 4 and Nuy, ¢ drop when the magnetic
field increases, whereas they improve when Q = 10. This trend reflects the combined effects of the Lorentz
forces, which act in the opposing direction of both buoyancy forces and internal heat generation, leading
to enhancements in heat transfer. However, it was discovered that Shy,, decreases independently of Q value
when the magnetic field intensity increases. Fig. 15 exhibits the change of Nu,,y .r, Nuavg , and Shg,, with
buoyancy ratio (N) for diverse Le for Ra = 10°, Ha = 30, at Q = 0 and 10. Without internal heat production in
the porous matrix, as N increases from 1to 5, Nugyg nf» Nidayg s and Sh,,s improve for all Le values, indicating
increased heat and mass transfer rates. However, the extent of the increase in heat transfer rates decreases as
the Lewis number increases. Higher Le values, on the other hand, provide more significant increases in mass
transfer with increasing N. The introduction of internal heat alters the behavior of heat transfer rates with N
and Le, causing the heat transfer rate to decline with less impact by buoyancy variations, particularly at large
Le. Lower Le indicates more sensitivity to changes in N.
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5 Conclusion

This paper investigates magneto-aided thermosolutal natural convection in a nanofluid-filled porous

annulus, employing the Darcy-Brinkman-Forchheimer extended model under the LTNE state. The study
incorporates heat production in both phases of the porous medium as well as Joule-heating effects. After a
robust validation of the numerical code, the analysis of the phenomenon and its interaction with governing
parameters reveals several important and unexpected results, summarized as follows:

As predicted, increasing Ra and N enhances the double-diffusive convective circulation of the nanofluid,
while increasing Le and Ha suppress it. This trend holds both in the absence and presence of internal
heat generation.

Introducing an interior heat generation in both phases, which is under LTNE conditions, significantly
alters the heat transport mechanism and promotes double-diffusive convective circulation.

The rate of heat transmission for both the solid and nanofluid phases initially decreases with increasing Q
up to Q =5, and then increases with further increments in Q. Conversely, the mass transfer rate generally
decreases as Q increases.

Another significant finding is that the Lewis number (Le) causes the heat transfer rates for the solid and
fluid phases to reduce when Q = 0 or when Q < 7. However, when Q > 7, increasing Le would lead to a
growth in heat transfer rates. The mass transfer rate is consistently noticed to grow with Le.

It was found that the Ra effects are positive on Ny, ,f, and Nug,, ¢ without internal heat generation,
and negative with internal heat generation. Shy, is found to be increased as Ra increases.
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« Applying a magnetic field to the system lessens the heat transfer rates from the hot cylinder for both
phases in the absence of internal heat, while enhancing it in the presence of internal heat. The mass
transfer rate decreases as Ha increases.

« Aiding buoyancy flow tends to augment both heat and mass transfer rates. However, its behavior varies
when internal heat generation is present and is influenced by the Lewis number.

This study is limited to steady-state, two-dimensional analysis, assuming a uniform magnetic field and
ideal nanofluid behavior without accounting for particle agglomeration, sedimentation, or thermophoresis.
Future work could address unsteady, three-dimensional effects, complex magnetic fields, and more advanced
nanofluid models for enhanced realism.
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