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Natural Convection Flow of Magnetohydrodynamic Micropolar Fluid in a Dome-Shaped
Enclosures

Gandrakota Kathyayani*, Siddamsetti Maheswari and Gattu Venkata Ramudu

ABSTRACT: This study conducts a numerical investigation into laminar flow and natural convection heat
transfer of micropolar fluid within dome-shaped enclosures (DSEs). The enclosure features adiabatic left
and right walls, while the bottom wall is maintained at constant temperatures, with top dome-shape wall is
cold. The study examines how the unique geometry of DSEs influences natural convection (N.C.) and flow
characteristics under varying parameters such as Rayleigh number (Ra), Prandtl number (Pr), Hartmann
number (Ha), micropolar parameter (K), and radiation parameter (Rd). The developed mathematical model,
based on the vorticity-stream function method, investigates the influence of magnetic field strength and
direction, micropolar fluid characteristics, and radiative heat transfer on both thermal and flow behavior.
The results reveal significant modifications in velocity profiles, temperature distribution, and microrotation
patterns due to changes in magnetic and radiative effects. This comprehensive analysis contributes to a
deeper understanding of MHD natural convection in micropolar fluids with thermal radiation, aiding progress
in advanced heat management systems and industrial applications.

Key Words: Dome-shaped enclosure, micropolar fluid, stream function—vorticity formulation,
magneto-hydrodynamic, thermal radiation, finite difference method.
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1. Introduction

Due to its importance in a variety of engineering and industrial applications, such as thermal in-
sulation, electronic device cooling, and energy storage systems, natural convection in enclosures has
been extensively researched.When dealing with micropolar fluids—fluids with microstructure effects that
exhibit microrotation and spin—flow behavior becomes significantly different from that of conventional
Newtonian fluids. The incorporation of a magnetic field further influences the dynamics, making magne-
tohydrodynamic (MHD) natural convection an important subject in fluid mechanics.

Micropolar fluids, introduced by Eringen (1966), represent a class of complex fluids that incorporate
microstructural effects, including microrotation and microinertia. These fluids differ from standard New-
tonian fluids in that they are composed of stiff, randomly oriented (or spherical) particles floating in a
viscous medium. Micropolar fluids are widely used in applications such as lubrication, polymer process-
ing, biological flows, and plasma physics, where the internal structure of the fluid plays a significant
role in its behavior. The governing equations of micropolar fluids extend the Navier-Stokes equations
by incorporating additional terms that account for the spin and micro-rotational effects. [1] explored
the heat transfer characteristics of a micropolar fluid under the influence of thermal radiation. Their
study provided fundamental insights into how radiation modifies convective heat transfer, emphasizing
the reduction in heat transfer rates due to radiative losses. This work was expanded by [2] by taking into
account the natural convection of a micropolar fluid inside a porous square conduit, taking into account
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the effects of thermal radiation, heat generation/absorption, and a magnetic field. Their findings showed
that while thermal radiation improves the homogeneity of the temperature distribution, an increase in the
Hartmann number (Ha) reduces convective motion. Using the boundary element approach, [3] examined
the natural convection of a micropolar fluid in an enclosure. They emphasized how important micropolar
factors are for altering heat transfer rates and flow dynamics. Similarly, [4]investigated natural convec-
tion in a differentially heated enclosure and found that because of the microstructure’s resistance to fluid
motion, micropolar fluids transport less convective heat than Newtonian fluids. An earlier study by [5]
analyzed micropolar convection in a rectangular enclosure, concluding that both the Rayleigh number
(Ra) and micropolar parameters significantly affect the heat transfer process. [6] further studied natural
convection in enclosures with discrete heaters, demonstrating that localized heating alters flow circulation
and heat transfer patterns significantly. In a computational investigation of micropolar flow within a lid-
driven triangular enclosure, [7] demonstrated how enclosure geometry affects heat transmission and flow
behavior. In order to change convection dynamics, [8] examined mixed convection in a triangular cavity
filled with a micropolar nanofluid-saturated porous media, highlighting the interplay between MHD and
micropolar effects.

Recent studies have expanded on these findings by incorporating nanofluids and complex geometries.
[9] examined the impact of nanoparticle shape factors on double diffusive convection in a trapezoidal
porous enclosure, revealing significant alterations in heat and mass transfer rates. [10] demonstrated
the interaction between magnetic forces and convective currents by simulating natural convection in a
porous enclosure filled with magnetic nanofluid using Buongiorno’s two-component model. The impact
of thermal radiation on convection in a trapezoidal enclosure was previously investigated by [11], who
focused on heat flow visualization through the use of energy flux vectors. Work by [12], who used Tiwari
and Das’ nanofluid model to model nanofluid flow in a right-angle trapezoidal enclosure, and [13], who
used finite element methods to simulate nonlinear convective heat and mass transfer in a micropolar
fluid-filled enclosure, are examples of additional studies into micropolar and nanofluid convection. [14]
analyzed electrohydrodynamic (EHD)- induced natural convection in a micropolar fluid, demonstrating
how electric fields interact with convection currents. [15] studied shallow cavity convection in micropolar
fluids, noting that shallower enclosures exhibit different convection patterns compared to deeper ones.
In order to take solid-fluid interactions into account, [16] used a local thermal non-equilibrium model
to evaluate conjugate natural convection in a porous square enclosure filled with micropolar nanofluids.
[17] emphasized the importance of localized magnetic field effects on vortex formation within lid-driven
cavities, offering insights into how controlled magnetic fields can be utilized to manipulate flow structures.
Similarly, [18] explored the coupling effects of Joule heating, porosity, and Lorentz forces in lid-driven
enclosures, revealing complex interactions that influence heat transfer efficiency. [19] expanded on the
influence of porous media by analytically investigating the interaction between two micropolar fluids
within a rotating annulus. Their study highlighted the unique transport behaviors arising from micro-
rotation interactions and porous confinement. Meanwhile, [20] focused on viscoplastic fluids but provided
useful comparisons for natural convection studies in micropolar fluids, particularly within triangular
enclosures.

The studies by [21] and [10] further underscored the significance of magnetic fields and radiation
in shaping natural convection. [21] performed statistical and numerical assessments of MHD effects in
hexagonal cavities, while [22] proposed a robust finite difference scheme for simulating MHD natural
convection under radiative conditions in a quadrant-shaped enclosure. [23] offered additional insights by
investigating the impact of multidirectional magnetic fields on convection patterns within square cavi-
ties featuring sinusoidal temperature distributions and heated/cold blocks. Their findings demonstrated
how different magnetic field orientations can be used to optimize heat transfer processes.Dome-shaped
enclosures (DSEs) are of particular interest due to their curved geometry, which affects the formation of
convective cells and heat transfer efficiency. The presence of a magnetic field, in combination with ther-
mal radiation and micropolar fluid properties, introduces additional complexities that require numerical
modeling for a comprehensive understanding. Previous studies have primarily focused on rectangular
and square enclosures, but investigations into curved enclosures such as domes remain limited. In this
paper, the natural convection of an MHD micropolar fluid in a dome-shaped enclosure is investigated
numerically. The enclosure’s left and right walls are adiabatic, the top dome-shaped wall is kept cold,
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and the bottom wall is kept at a steady temperature. The study focuses on how important dimensionless
factors affect flow and heat transfer characteristics. These parameters include the Rayleigh number (Ra),
Prandtl number (Pr), Hartmann number (Ha), micropolar parameter (K), and radiation parameter (Rd).
To assess the impact of magnetic field orientation and strength, micropolar fluid characteristics, and ra-
diative heat transfer on convection patterns, the governing equations—which are expressed in terms of
the vorticity-stream function approach are numerically solved.

2. Mathematical Formulation

A two-dimensional computational dome-shaped enclosure occupied by micropolar fluid and a magnetic
field is present in the y- direction. This is depicted in Figure 1. A perpendicular Lorentz body force is
produced by the magnetic field, and the bottom wall of the dome-shaped enclosure is evenly heated while
the other circular wall is isothermally cold. The thermal buoyancy term’s density change is captured via
the Boussinesq approximation. The electro-conductive micropolar fluid flow ignores viscosity dissipation,
chemical reactions, and Joule heating while maintaining constant thermophysical characteristics.

:
e

h h
P

(a) (b)

Figure 1: Computational Flow Geometry (a) 3D View (b) 2D Flow Geometry.

The following is an expression of the dimensional transport equations of conservation of momentum,
mass, and energy based on the assumptions, using the references [24,25,26,27,28]: Continuity Equation:

Veu=0 (2.1)
Momentum Equation:
p (g;t + (ueV) u> = VP + uV?u+kV3N + pgB (T —T,)+ J x B (2.2)

P — Pressure, 1 - Dynamic viscosity, x - coupling coefficient, N - microrotation vector, g - gravitational
acceleration, 8 - thermal expansion coefficient, T - temperature, T, - reference temperature, J - current
density, B - magnetic field.
J=0(E+ux B)
VxB= MQJ
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Angular Momentum Equation:
[ ON 9
P\ + (ueV)N | =4V N — —26N + &V X u (2.3)

~ - spin gradient, j - gyration parameter, s - signify vortex viscosity.
Energy Equation:

T
PCp (%t + (ueV) T) = kV2T — Veg, (2.4)

¢p - specific heat capacity, g, - radiative heat flux, k - thermal conductivity.
The cartesian form of the above modelling equations are as follows:

ou Ov

— 4+ = 2.5
Or + Jy (2:5)
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— — — W=+ = 2.
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8t “or dy ox?  Oy? (pCp) s\ 0T 0y
where (¢rg, qry) = (ggf 88—7;,—;%88—7:> The prescribed initial boundary conditions of present dome-
shaped enclosure as follows:
At t=0 with for O<z,y§L :0=u=T=v=N~*
T=T., N*"=n 8” at curved boundary
T=T, N*= na at bottom wall
All boundaries
O=u=v (2.10)

The equations (5) - (9) can be written dimensionless form with the help of below defined quantities:
T=8.X=2Y=4£(UV)= (“—L @),

a’ a

T-T) Th + T, N*L? L?p
= = N = pP= 2.11
Th _Tc’ 0 2 ) o ) Oépr ( )

The non - dimensional form of interpreted governing equations are:

27(? _ % (2.12)

%(T] n 27; (1+ K) Pr (g;UQ + g;g) (Ugg + ng) KPrg—]; (2.13)

?‘TV + gT]j =(1+K)Pr (g;‘g + g;‘g) (Ug; Vg¥> KPr % — PrHa®V + RaPré (2.14)
%—N - Ug—g VZ—]}\: (1 + I;) P (gi?; + g;]z) 2KN Pr4+?K Pr (g}‘; gg) (2.15)

00 00 89 4 920 9%
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Conditions on the boundaries of the computational domain are as follows:
On the enclosure walls (base and curved walls): U =0,V =0
Base wall: 8 = 0.5, N oV

Curved wall: .
=05 N =—n— 2.1
0 0.5, noy (2.17)

The other walls are adiabatic
The heat transfer rate (Local Nusselt number) along the base hot wall is measured the following

00
Nu=— 2.1
U= oy (2.18)
The average value of the Nusselt number can be described as
1
00

Nu_ = —dX 2.19
u_avg /0 57 (2.19)

3. Numerical methodology and code validation

The solution of the pressure based governing momentum equations are too complex due to this
complexity; those equations are solved as follows:

U= %’ V= :%p (3.1)
(g;d; + 22):/;) = —w (3.2)
%+U%+V§% —(1+K)Pr (gj; +22Y°;)
—KPr (gi?; + ‘gijj) - Hazpr% + Ra.Pr% (3.3)

The numerical solution of modelled partial differential equations carried out with vorticity stream func-
tion algorithm. The development of the computational grid system is collocated grid. The equations
that are being governed are discretized with a finite difference approximation of second order. For solv-
ing the discretized algebraic equations, the Linear Successive Over-Relaxation (LSOR) method is used,
which is an iterative method. The numerical computation was proceeded until the meet the convergent
criterion of each variable (i.e., w, 4, 6) which was 3, . |ij1 —QF ;| <1078, here k refers the iteration
levels. The current numerical results provide strong support for the findings of [29] particularly regarding
flow structure, thermal stratification, and heat transfer behavior. Using concise approaches for the pure
stream function formulation of the incompressible viscous Navier-Stokes equations, Dutta et al. examined
natural convective flow inside an enclosure. Their analysis focused on heat transfer within the enclosure
at a Rayleigh number of 10°, using air as the working fluid (Prandtl number = 0.71). This positive
correlation not only validates our numerical model but also enhances our understanding of heat transfer
characteristics in magnetized micropolar fluids. It effectively extends the scope of previous research to
encompass more complex thermofluidic systems, encouraging further exploration in this area.

4. Results and Discussion

The influence of the emerging parameters magnetic number (0 < Ha < 30), vortex viscosity parameter
(0 < K< 5), Rayleigh number (10% < Ra < 109), Thermal radiation (0 < Rd < 5) and on hydromagnetic
micropolar fluid flow and heat distributions in a dome-shaped enclosure are discussed in this section and
presented the contours plots for mentioned key parameters impact.
Figure 3 illustrates the impact of the Rayleigh number (Ra) on the streamlines, isotherms, and
iso-microrotation contours, with Rd = 1, K = 1, Ha = 5, and Pr = 6.2. Increased circulation within
the enclosure results from buoyancy-driven convection becoming more prevalent as Ra rises. Conduction
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Present

Figure 2: Comparison for the results of isotherms and stream lines.

takes over at lower Ra values, producing feeble convective motion and virtually parallel isotherms. As
Ra increases, the streamlines indicate stronger convective cells, with flow intensification near the heated
and cooled surfaces. This intensification leads to a more pronounced thermal gradient in the central
region of the cavity. From a physical perspective, the increase in Ra signifies stronger thermal buoyancy
effects, promoting heat transfer through convection rather than conduction. The iso-microrotation con-
tours reveal a corresponding enhancement in rotational effects, showing higher microrotation values near
the high-temperature gradient regions, particularly along the heated walls.

Figure 4 presents the effect of the Hartmann number (Ha) on streamlines, isotherms, and iso-
microrotation, with Rd = 1, Ra = 10°, K = 1, and Pr = 6.2. The presence of a magnetic field
(characterized by Ha) introduces Lorentz forces, which suppress fluid motion and reduce convective ac-
tivity. As Ha increases, the streamlines show a clear reduction in vortex intensity, leading to a more
stabilized flow structure with weaker recirculation zones. The isotherms display a transition from a
convective-dominant regime (low Ha) to a conduction-dominant regime (high Ha), where temperature
gradients become more uniform due to flow suppression. The iso-microrotation contours indicate that
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microrotation effects are also dampened as Ha increases, reducing rotational influences near the bound-
aries. Physically, the increasing Ha imposes a resistive force on the moving fluid due to electromagnetic
damping, effectively weakening convective heat transfer.

Figure 5 examines the influence of the vortex-viscosity parameter (K) on streamlines, isotherms, and
iso-microrotation, with Rd = 1, Ra = 10°5, Ha = 5, and Pr = 6.2. The vortex-viscosity parameter
controls the coupling between the velocity and microrotation fields, impacting the overall flow behavior
and thermal transport characteristics. For low K values, the streamlines exhibit well-defined convective
patterns, with strong circulatory motion driving heat transfer. As K increases, the flow structure becomes
more diffused, with reduced intensity in recirculating regions. The isotherms become more distorted with
lower K values due to stronger convective transport, whereas higher K leads to a more uniform temper-
ature distribution, indicating increased resistance to convective effects. The iso-microrotation contours
highlight the direct influence of K on rotational flow properties. Higher K values reduce microrotation
gradients, indicating stronger viscous coupling effects that dampen localized rotational motion. From a
physical standpoint, increasing K enhances the influence of vortex viscosity.

Figure 6 illustrates the wvariation of the local Nusselt number along the hot bottom wall for dif-
ferent Rayleigh numbers (Ra) while keeping Rd = 1, K = 1, Ha = 2. The Rayleigh number governs the
buoyancy-driven convection, and its increase leads to enhanced convective heat transfer. Physically, at
lower Ra values, conduction dominates, leading to a relatively uniform heat transfer rate along the bot-
tom wall. As Ra increases, stronger convective currents develop, enhancing heat transfer near the walls
due to the formation of thermal boundary layers. The local Nusselt number profile shows increased
peaks at higher Ra, signifying greater thermal transport efficiency and increased flow circulation.

The local Nusselt number fluctuation along the heated bottom wall for various Hartmann numbers (Ha)
while maintaining Rd = 1, K = 1, and Ra = 105 is shown in Figure 7. The intensity of the applied
magnetic field, which modifies the flow structure by adding Lorentz forces that attenuate fluid velocity,
is described by the Hartmann number. From a physical perspective, at low Ha values, buoyancy-driven
convection dominates, resulting in pronounced peaks in the Nusselt number distribution. As Ha increases,
the Lorentz force suppresses fluid movement, leading to reduced convective transport and a more uniform
temperature distribution along the hot bottom wall. This results in a decline in the local Nusselt number
values, indicating reduced heat transfer efficiency.

Figure 8 examines the influence of the vortex - viscosity parameter (K) on the local Nusselt number
distribution, with Rd = 1 and Ha = 2. The parameter K governs the coupling between the velocity and
microrotation fields in micropolar fluids. Physically, lower K values result in higher Nusselt numbers due
to weaker microrotation effects, allowing stronger convective heat transfer. As K increases, the resistance
to rotational effects becomes significant, reducing convective intensity and leading to a smoother Nusselt
number profile with reduced peaks. This behavior confirms that increasing K enhances viscosity-related
effects, dampening convective transport and decreasing thermal energy dissipation from the hot bottom
wall.

Figure 9 shows how the local Nusselt number along the heated bottom wall is affected by the radiation
parameter (Rd), when K = 1 and Ha = 2. The radiation parameter influences thermal radiation effects in
the enclosure. At lower Rd values, conduction and convection dominate the heat transfer process, leading
to a well-defined Nusselt number variation. As Rd increases, radiative heat transfer becomes significant,
modifying the temperature field and reducing thermal gradients. This results in a more uniform Nusselt
number distribution, indicating that radiative transport helps smooth temperature variations.
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(j) Ra=10%

(k) Ra=10°

(1) Ra=10°

Figure 3: The influence of the Ra on streamlines, isotherms, and iso - microrotation with Rd =1, K=1,

Ha = 5 and Pr = 6.2.
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(j) Ha=30 (k) Ha=30 (1) Ha=30

Figure 4: The influence of the Ha on streamlines, isotherms, and iso - microrotation with Rd =1, Ra=107,
K =1 and Pr =6.2.
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Figure 5: The influence of the vortex - viscosity parameter K on streamlines, isotherms, and iso-
microrotation with Rd =1, Ra=10%, Ha = 5 and Pr = 6.2.
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Figure 6: Local Nusselt number along the hot bottom wall with various Ra values with Rd = K=1,

Ra = 10°, Ha = 2.

Ha=0
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Figure 8: Local Nusselt number along the hot bottom wall with various K values with Rd =1, Ha = 2.
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X

Figure 9: Local Nusselt number along the hot bottom wall with various Rd values with K=1, Ha = 2.

5. Conclusions

The effects of the radiation parameter (Rd), vortex-viscosity parameter (K), Rayleigh number (Ra),
and Hartmann number (Ha) on heat transfer properties in a micropolar fluid system were thoroughly
examined in this work. Two-dimensional magnetized micropolar fluid flow of natural convection in a
dome-shaped enclosure has been quantitatively examined using the vorticity stream function technique.
The analysis considers the impact of thermal radiation, Lorentz forces, vortex viscosity parameter and
utilizes the finite difference method. Specifically, the dome-shaped enclosure consists a thermally equi-
librium and electrically conducting of micropolar fluid. The momentum, energy, and mass conservation
non-linear partial equations with defined wall boundary conditions of conventional micropolar fluid have
been included. The computations have shown significant and noteworthy findings, which are listed below:

e Higher Ra enhances convective heat transfer, leading to increased thermal gradients and improved
heat dissipation.

e Increasing Ha suppresses convection through Lorentz forces, reducing local Nusselt number varia-
tions and stabilizing heat transfer.

e Higher K weakens convective transport, decreasing heat dissipation efficiency and increasing viscosity-
related effects.

e Larger Rd contributes to radiative heat transfer, leading to a more uniform temperature distribution
and improved thermal stability.

These conclusions contribute to a more profound understanding of thermal convection within closed
enclosures and suggest practical implications for optimizing the heat transfer systems’ performance.
Additionally, these findings are useful in designing effective thermal systems, including heat exchangers
and fuel cells.
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Nomenclature
Symbol | Description Symbol | Description
By Magnetic field P Pressure
Cp Specific heat t Time
Ha Hartmann number | T Temperature
g gravitational accel- | N* Dimensionless mi-
eration cro rotation angu-
lar velocity
Pr Prandtl number (U,V) | Dimensionless ve-
locity component in
X, Y-direction
N Dimensional micro | (z,y) Cartesian  coordi-
rotation angular ve- nate in  horizontal
locity and wvertical direc-
tion
k Vortex viscosity pa- | Rd Thermal radiation
rameter
L Length of the enclo- | H Height of the enclo-
sure sure
Ra Rayleigh number Greek letters
K Dimensionless vor- | Dynamic viscosity
tex viscosity
(X,Y) | Dimensionless vor- | p Fluid density
tex viscosity
(u,v) Dimensional com- | v Spin-gradient  vis-
ponent  of  fluid cosity
velocity in x, y-
direction
T. Temperature at cold | T Non-dimensional
wall time
Ty Temperature at hot | « Thermal diffusivity
wall
Nu Local Nusselt num- | 0 Non-dimensional
ber temperature
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