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This study investigates the unsteady rotational motion of a solid spherical particle
with slip at its surface, immersed in an incompressible viscous fluid saturating a
porous medium, under the influence of an external magnetic field. The flow dynamics
are governed by the unsteady Brinkman equation coupled with the Lorentz force. To
obtain analytical expressions, the Laplace transform technique is employed, and a slip
boundary condition is applied at the surface of the sphere. The torque acting on the
sphere is derived in the Laplace domain. The combined influence of the permeability,
magnetic field, and slip condition on the torque is examined for three distinct cases:
damping oscillatory motion, accelerating velocity, and impulsive motion. Graphical
representations are provided to illustrate the variation of torque with time for different
values of the Hartmann number, slip parameter, and permeability parameter. The
results demonstrate that the Hartmann number and slip parameter enhance the torque
in all cases, while the torque decreases with increasing value of the permeability
parameter. In the limiting cases, the present results reduce to earlier findings in the
absence of magnetic effect and permeability.

1. Introduction

The unsteady rotational motion of a rigid spherical particle in a Brinkman
medium provides valuable insights into transport processes in porous and com-
plex fluid environments. The Brinkman model, which generalizes Darcy’s law
by including viscous shear effects, captures both the permeability of the porous
medium and the hydrodynamic interactions near the particle surface [1, 2]. When
a magnetic field is applied, additional Lorentz forces act on the conducting or
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magnetizable particle, altering its torque response and rotational [3]. The analy-
sis becomes more comprehensive when the particle surface obeys a velocity slip
condition, which represents situations in which the fluid does not adhere perfectly
to the particle boundary due to rarefied effects, a polymer coating, or micro-scale
interfacial properties. Together, these factors determine how quickly and efficiently
the particle responds to applied fields in time-dependent flows.

Such a framework is highly relevant for microscale and biomedical applica-
tions, where particles often encounter porous surroundings, magnetic control, and
partial slip at fluid—solid interfaces. The transient rotational response not only re-
flects the combined effects of medium permeability, magnetic field strength, and
slip length but also provides a basis for optimizing particle manipulation in tech-
nologies such as targeted drug delivery, magnetic separation, and lab-on-a-chip
devices. By studying the unsteady regime, one can predict both the short-time
inertial effects and the long-time approach to steady motion, thereby offering a
comprehensive picture of particle dynamics in realistic complex environments.

Studying the unsteady rotation of spherical particles involves understanding
how time-varying angular velocity is affected by slip velocity and transient fluid-
particle interactions, with added complexity when magnetic forces are present
in the porous medium. In contrast to this study, Srinivasacharya and Prasad [4,
5] investigated the steady rotational motion of a composite and an approximate
sphere in a bounded medium and evaluated the formula for the torque. Similarly,
Ashmawy [6, 7] studied the unsteady rotational dynamics of a sphere with slip at
the particle surface, deriving the torque in both viscous and couple-stress fluids.
Sarkar and Madasu [8] examined the impact of couple stresses and slip on the
steady rotating sphere in the Brinkman model. Kumar and Madasu [9] recently
explored the time-dependent rotational behavior of a rigid spherical particle in a
Jeffrey fluid, focusing on how the slip parameter and the Jeffrey fluid’s parameters
affect the torque acting on the sphere. Chou and Keh [10] analyzed the steady
flow induced by a spherical particle rotating in an incompressible Newtonian fluid,
confined within an eccentric spherical cavity with slip boundaries along their
common diameter at low Reynolds numbers. Building on this, Li and Keh [11]
examined the unsteady rotational motion of a spherical particle subjected to a
suddenly applied constant torque inside a concentric spherical cavity with slip
surfaces. They derived an analytical solution for its transient angular velocity. Their
results demonstrated that both the slip conditions at the cavity boundaries and the
particle-to-cavity size ratio play a crucial role in governing the particle’s rotational
dynamics and its time-dependent angular acceleration. Recently, Ayman et al. [12]
investigated the transient slow rotation of a spherical particle within a concentric
spherical cavity filled with a Brinkman porous medium, considering slip surfaces
at both particle and cavity walls. Using the Laplace transform to solve the unsteady
Brinkman equations, their study highlighted the roles of permeability, particle-to-
cavity radius ratio, slip coeflicients, and density ratio in controlling angular motion,
with applications in biological fluids, protein transport, and filtration technologies.
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The earliest studies of magnetic effects on rotating spherical particles likely
stem from classical works in magnetohydrodynamics (MHD) and electromagnetic
theory. Maxwell’s equations laid the foundation for understanding the interaction
between electric and magnetic fields. His theoretical framework forms the basis
for studying magnetic effects on moving and rotating bodies [13]. Hartmann’s [14]
pioneering studies on the behavior of conducting fluids in magnetic fields, partic-
ularly the Hartmann flow, established the field of magnetohydrodynamics. These
studies are indirectly related to the effects of magnetic fields on rotating particles.
Chester [15] examined the electromagnetic forces’ impact on the flow of viscous,
electrically conductive fluids at low Reynolds numbers while researching the mag-
netic field’s effect on Stokes flow. Blerkom [16] calculated the force acting on
the sphere for a range of conductivities and Reynolds numbers while studying the
movement of a viscous and electrically conducting fluid around a sphere. Using
the Oseen approximation, Gotoh [17] and Goldsworthy [18] subsequently studied
the movement of an incompressible, viscous fluid past a sphere when a constant
magnetic field runs parallel to the uninterrupted flow.

Swarup and Sinha [19] studied magnetohydrodynamic flow past the sphere and
found that a magnetic field affects the drag. Singh and Kumar [20] analyzed the
Couette flow of an electrically conducting fluid between two parallel plates under
impulsive and uniformly accelerating motion in a uniform transverse magnetic
field. Their findings indicate that the magnetic field enhances the velocity field in
both cases. Seth and Ghosh [21] investigated the unsteady hydromagnetic flow of
an incompressible, viscous, electrically charged fluid in a channel that is rotating
when subjected to a periodic pressure gradient and an angled magnetic field.
They discovered that the magnetic field’s inclination significantly impacts the
velocity profiles and skin friction, and that the rotation parameter and magnetic
field inclination are essential for regulating the flow characteristics.

Later, Kythe and Puri [22] researched the effects of the induced magnetic field,
determining that it alters the velocity of the faster wave but has no influence on
the slower wave. Hayat et al. [23] discussed the unsteady magnetohydrodynamics
flow resulting from the rotation of a noncoaxial porous disk and a fluid at infinity.
Their study revealed that the boundary-layer thickness decreases with increasing
magnetic parameter in cases involving suction or blowing. Siddiqui et al. [24]
determined precise solutions in magnetohydrodynamic rotating flow. Their paper is
connected with the non-torsionally generated time-dependent hydro-magnetic flow
within an endless, non-conducting porous disk enclosing a semi-infinite region of
a rotating viscous fluid that conducts electricity. Shekhar et al. [25] investigated
magnetohydrodynamic flow around a sphere and examined the magnetic effect on
the flow.

Kythe and Puri [26] analyzed time-dependent free-convective flows close to an
endless perpendicular plate in a rotating medium under a constant transverse mag-
netic field. In a variety of contexts, Chandrashekhar [27] significantly advanced
the theory of hydrodynamic and hydromagnetic flow phenomena. He emphasized
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the significance of the Coriolis force in problems involving viscous-flow stability
and thermal instability in the presence of an external MHD field. Puri and Kul-
shrestha [28] examined the flow of a three-dimensional viscous fluid in a rotating
medium influenced by a transverse magnetic field as it passes through an infinite
porous plate with a time-varying velocity, and examined how the flow is affected
by suction and the magnetic field.

In 1996, Solomentsev and Anderson calculated the hydrodynamic torque act-
ing on a sphere in a Brinkman fluid. Geindreau and Auriault [29] rigorously derived
a tensorial filtration law coupling mass flow and electric current in porous media
under magnetic fields, extending Darcy’s law with an electric field term and a
permeability tensor exhibiting a Hall effect analogue. Saxena and Srivastava [30]
investigated the rotational motion of a solid spherical particle in a viscous fluid
within a bounded porous medium, while Saxena and Agarwal [31] explored the
influence of magnetic fields on the rotation of a sphere. Das et al. [32] studied un-
steady magnetohydrodynamic (MHD) Couette flow in a rotating system, deriving
exact solutions to the governing equations using the Laplace transform. Seth et
al. [33] examined the combined effects of rotation and magnetic fields on unsteady
Couette flow through a porous channel, analyzing the behavior of a viscous con-
ducting fluid under a uniform transverse magnetic field. More recently, Premlata
and Wei [34] presented a theoretical analysis of axisymmetric stick—slip Janus par-
ticles (SSJP) under creeping flow, revealing behaviors distinct from those of no-slip
or uniform-slip particles. Their findings highlighted a constant torque plateau at
small stick-face coverage and a reduced Basset torque decaying as % (where ¢ is
the Stokes boundary layer thickness) due to the slip face. Their results offer fresh
insights into the behaviour of Janus particles and potential manipulation techniques.

Nagaraju et al. [35] and Madasu and Bucha [36] investigated magnetohydrody-
namic (MHD) effects on rotating free-surface flows of micropolar fluids in porous-
lined cylindrical containers, as well as the influence of magnetic fields on the slow
motion of porous spheroids within the Brinkman framework. Subsequently, Madasu
and Bucha [37, 38] analyzed the dynamics of a viscous fluid sphere enclosed in a
spherical shell, focusing on the impact of magnetic fields on the creeping motion
of porous spheroids. Their studies further addressed Brinkman-type modeling and
MHD effects on the motion of micropolar fluids around spherical bodies embedded
in porous media. El-Sapa and Altudais [39] considered the influence of a trans-
verse magnetic field on the flow around two rigid spheres in porous media with slip
boundaries, while El-Sapa [40] examined the combined roles of magnetic fields
and slip on the motion of a rigid sphere in a viscous fluid. The rotational motion
of a magnetohydrodynamic couple stress fluid between concentric spheres with
slip at the inner boundary has been studied by Al-Hanaya and El-Sapa [41], where
analytical solutions reveal the influence of magnetic field, couple stress parameters,
and slip on torque behavior, along with reductions in the wall correction factor.
More recently, Alotaibi and El-Sapa [42] explored the magnetohydrodynamic char-
acteristics of couple-stress fluids under slip conditions between concentric spheres.
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Several recent studies by Yadav et al. [43] and Yadav and Roshan [44—47] have
contributed significantly to understanding peristaltic and unsteady non-Newtonian
fluid flows in physiological and biomedical contexts. Their work encompasses a
variety of complex flow models, including the Jeffrey and biviscosity fluids, to sim-
ulate blood flow through stenosed or flexible arteries and annular geometries under
the influence of body acceleration, electromagnetic fields, and wall-slip effects.
Using analytical and semi-analytical techniques, such as the perturbation and ho-
motopy perturbation methods, they derived expressions for key flow characteristics,
including velocity, wall shear stress, pressure gradient, impedance, and trapping
phenomena. Their analyses reveal how parameters like the Hartmann number, incli-
nation angle, permeability, amplitude ratio, and phase difference influence the flow,
heat transfer, and mechanical efficiency in peristaltic transport. Moreover, through
comparative studies of sinusoidal, triangular, trapezoidal, and square waveforms,
they provided insight into fluid—structure interactions and the optimization of peri-
staltic endoscope designs for medical and mechanical applications. Collectively,
these investigations form a comprehensive foundation for studying electromagne-
tohydrodynamic and non-Newtonian flows in deformable conduits, offering strong
motivation for extending such analyses to more complex unsteady or electrokinetic
systems.

Based on the above literature survey and to the best of the authors’ knowl-
edge, the effects of the Hartman number with permeability parameter on the torque
experienced by the fluid on a unsteady rotating slip sphere have not yet been in-
vestigated. In this paper, we investigated the time-dependent rotational motion of
a rigid spherical particle immersed in an incompressible Newtonian fluid within
a porous medium in the presence of an external magnetic field. The torque acting
on the spherical surface is derived in the Laplace domain for various parameter
regimes, with particular emphasis on the influence of the magnetic field, the perme-
ability parameter, and slip effects. To gain further insight, the torque is numerically
evaluated for three distinct cases of time-dependent fluid motion. The results are
presented in graphical illustrations that highlight the combined effects of magnetic
field strength, porous medium permeability, and a slip condition on the unsteady
torque response. The current study focuses on systems that utilize magnetically con-
trolled rotation of micro- or nano-sized spherical particles suspended in electrically
conductive or partially permeable fluids. Applications of this technology include
microfluidic lab-on-chip devices, magnetic bead-based biochemical separations,
and targeted drug delivery [48-50].

2. Formulation of the problem

[T ]

Consider a solid sphere of radius “a” immersed in an incompressible viscous
fluid that saturates a porous medium (see Fig. 1). Initially, both the fluid and the
sphere are at rest. The sphere is suddenly set into rotation around an instantaneous
axis with an angular velocity that changes with time, denoted as “QqV (¢)”, where
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Fig. 1. Geometrical sketch of the problem

Qo is a constant with the dimensions of angular velocity and V() is a dimensionless
function of time. The following assumptions are made in this study:
1. The flow is axisymmetric, slow, and unsteady.
2. The body force is absent.
3. A uniform constant magnetic field is applied in a transverse direction of the
flow.
4. We assume that the magnetic Reynolds number Re,, = Qoa’upo is very
small. Where uj,: magnetic permeability and o : electrical conductivity.
5. Any applied external field is excluded.
6. The induced magnetic field is neglected.
The motion of the electrically conductive, incompressible, viscous fluid is con-
trolled by the conservation laws of mass and momentum equations, which govern
the magnetohydrodynamic (MHD) flow [16]. The fluid is assumed to have constant
properties for its electrical conductivity.
The Lorentz force Fy is presented by [3]

Fr = pun(J x H), (1)

where H is magnetic induction, and f is electric current density, which is given by
Ohm’s law [3] as

f:a(ﬁwhcjxﬁ). )

Here ¢ means velocity vector of the fluid.

Consider a uniform magnetic field is applied in the transverse direction of
the flow, i.e., H = Ho é,. The magnetic Reynolds number is assumed to be very
small, and there is no external electric field; therefore, the induced current is also
very small. Consequently, we consider the induced electric field and the induced
magnetic field to be negligible, so that Eq. (1) can be written as [3, 51]

Fp=opu2(§x H)xH. 3)
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The governing equation for the unsteady creeping motion of an incompressible
Newtonian fluid in the porous medium with the presence of the Lorentz force term
can be expressed by [29]

V-G=0, 4)
aq - M BN U D
p =-p +uv3g - 77 +our(§x H)x H, (5)

where: p —density, p — pressure, u —dynamic viscosity coefficient, k — permeability
of the porous medium, and V — Hamiltonian “nabla” operator.
Representation of the stress tensor is

. 1
tij = —poij +2pieij,  with ejj =3 (qi.j+aj.i) - (0)

Here: comma (,) denotes the partial differentiation, #;; is the component of shear
stress which is normal along i and in the direction j, e;; is the rate of strain, and
the Kronecker delta 6;; is presented by

1 ifi=j,
sy=4 - '°7 (7)
0 ifi+j.

Using the spherical polar coordinates (r, 6, ¢) with the origin located at the center
of the sphere, the fluid velocity vector and magnetic field, which is applied in the
transverse direction of the flow, are assumed to take the following form

G(r,0,t) = qq(r,0,1)ey. (8)

We assume that the flow is incompressible and axisymmetric. The velocity field
has only the azimuthal component g4, and there is no motion in the r and 6
directions, so there is no pressure gradient driving the azimuthal flow, and it does
not contribute to the rotation. By this assumption, Eq. (5) reduces to

_ _ M _ _
psGe(r,0,s) = ﬂEz ge (r,0,s) — Eq,p (r,0,s) — O'ﬂ%lHéq(z, (r,0,s), 9)

where the overhead bar on the velocity vector indicates the Laplace transform, and
“E2” represents the Stokesian differential operator, which are defined by

f(s) = fo e f(n)dt, (10)

P wws 18
a2 12 96 r296%

The initial condition of the fluid velocity takes the following form:

(11)

Q(0)asing, f =
q¢<r,e,o+>={ (O)asing, —for 7= a (12)

0, for r > a.
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The solid sphere’s surface is subjected to the slip boundary condition listed be-
low [6, 7]:

B {q¢(a,9, 1) — Q1) rsinH} =try, r=a, t>0. (13)

Here: g — slip coeflicient and 7, 4 — shear stress, which is normal along r in the ¢
direction.

We require some non-dimensional variables to make our governing equation
dimensionless, which are as follows [2, 9]

. r 3z q 2 202 & Q(1) z Ire
=—, g=——, E*=a’E*, Q(t)=—2=, and 7,4 = . 14
= 1 aQo “ ® Qo and fre J7E 9 (19

By the assumption (8) and dimensional scheme (14), the Eq. (9) will be reduce
in the following form

(E* =A%) rsin0gs(r,0,s) =0. (15)

Here, the expression of the notation A? is following

2
N=?+ 242, (16)
4
. a? o-,u%nga2
where permeability parameter @ = e Hartman number & = 4| ——, and
o

kinematic viscosity v = K
From dimensionless scheme (14) for the boundary condition (13), takes the
following form

Bi{gs(r.0,1) —Q(t)rsin@} =t,4, r=1 and > 0. (17)

apg . . . . . .
Here g = ap is a dimensionless slip parameter, which is referred to as the Navier

number, which measures the degree of tangential slip between the fluid and the
boundary. When 81 — oo, it corresponds to the classical no-slip situation, which
will be derived as a special case in this paper.

3. Solution of the problem

The solution of Eq. (15) is [52]

Go(r.0,5) = \}_(AK; (A7) +BI; (Ar)) sin 6. (18)

r
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Here, K 3 (Ar) and I 3 (Ar) are modified Bessel functions of order 3/2, since
G¢(r, 6, s) should be finite as r — oo, so we have B = 0 so this implies

_ B [m a1 1 )
q¢(r, 0, S) =A ﬂe (; + m) sin 6. (19)

Taking the Laplace transform of boundary condition (17) gives the value of
coefficient A, i.e.,
B1Q(s) A et

‘/% (AZ+ (B +3)(A+1))

Now, substituting the value of A into Eq. (19) we get the velocity of the fluid
as follows

A=

(20)

- 1 1
_A( _1) - - .
B1Q>s) Ae ™V (r+Ar2)Sm0

A2+ (B +3)(A+1)

Ge(r,0,s) = (21)

The Laplace transform of shear stress 7, 4 for a viscous fluid will be

ro = a7y (BrL+3)(A+1)

Q A’ 3A 3
1 Bi€(s) + 22 4 ) e A ging, (22)
roor2

In the domain of the Laplace transform, the torque operating on the solid
sphere can be obtained by [2, 12]

T
T =2nd’ /O r iyl _, sin®6de. (23)

The simplified version of Eq. (23) is the following:

_8nd’up

7= _STHBL
ﬂ1+3

BiA*Q(s) ) . (24)

(Q(S) 3N+ (B e3)(AT D)

From Eq. (16) and Eq. (24), the final torque formula of this study in the Laplace
domain is

2
a3 ﬂ@@@ﬂihf)
_SmaTiB 6 64 d

B1+3 2 7
1 3(a2+?+.§-‘2+(/31+3)(1+ \/a2+?+§2))

T=

(25)
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Put ¢ = 0in Eq. (25), it gets the torque formula for the case of a rotating sphere
in a porous medium.

2
23 B1Q(s) (a2+ﬁ)
_SmaTuBi g5y + Y

3 2 2
pre 3(a2+$+(ﬁ1+3)(1+1/a2+a—:))

When a — 0, it will be the case for a clear viscous fluid with the presence of
a magnetic field, and the formula for the torque is

T = (26)

_ 2s
; £1Qs) (“— +52)
_87ra upB1 Os) + v

3 2
pr S(a—?+§2+(ﬁ1+3)(1+1/a—j+§2))

When 81 — oo, it will be the case of no-slip, and the formula of the torque in
porous medium with the presence of an applied magnetic field is presented as

T = 27)

2
Q(s)(a? + ? + &%)

2
1+\/a'2+2+§2)
14

Whent — oo, it will be the case for steady rotation of a solid sphere in a viscous
fluid filled with a porous medium with constant angular velocity €, taking into
account the effect of the Hartman number

T =-8na’u|Q(s) + (28)

3

8na*uQop |, Pi(a’ +¢&%)

Bi+3 3(a2+§2+(ﬂ1+3)(1+\/m))

To align with the framework presented in [6], the magnetic field term & and
non-dimensional permeability parameter of porous medium « have been removed.
This ensures a clear comparison and highlights the effect of the primary con-
tributing factors. When the magnetic field and porous medium are absent, i.e.,
é&=0and a — 0

Feo (29)

T = (30)

_8na’up a(s) + Q(s) Bra’s
Bi+3 3(a2s+(,81+3) (v+ a2sv))
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When the limit # — oo is applied in Eq. (25) with £ = 0, the expression for the
torque on a slip sphere rotating with a constant angular velocity € in a Brinkman
medium reduces to the form reported earlier by Madasu and Sarkar [53]

(31

T__87T613ﬂ90ﬁ1 a?+3a+3
B 3 a2+ (B+3)(+a))’

In the case t — oo, 81 — o0, and & = 0, Eq. (25) yields the torque acting
on a rotating sphere in a Brinkman medium under the classical no-slip boundary
condition

T =

_87ra3,qu (a/2+3a/+3)' (32)

3 l+a

This limiting result is in agreement with the formulation given by Solomentsev and
Anderson [54].

The inversion of Eq. (25) analytically is a very tough task, so we are using a
Laplace inversion technique to invert and get results numerically [S5-57].

4. Some examples of unsteady special fluid flows

Case 1: Damping Oscillatory flow
In this case, the sphere is assumed to perform a damping oscillation so that angular
velocity is given by the following expression [6]

Q(t) = QoV (1) = Qoe™ ' sinwt, (33)

where w is the oscillation angular frequency of the rotating sphere.

Case 2: Accelerating velocity
In this specific case of fluid flow, we consider that the sphere begins to flow with a
time-dependent function V(¢) = wt, so the angular velocity takes the form [6]

Q(1) = Qowt. (34)

Case 3: Sudden motion
In this case, we assume that the sphere starts to rotate suddenly with constant
angular velocity. Therefore, V(t) = H(t), where H(¢) is the Heaviside unit step
function defined by

1, >0,
H(t) = 35
@) {0, otherwise. (35)

The angular velocity for this special case is [7]

Q1) = QoH(1). (36)
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5. Results and discussion

The non-dimensional torque is determined by

T

T"=—-———":
8mal i Q

In Figs. 2-7, the values of parameters are as follow:
(1) Slip parameter: 0 < 81 < o [6, 7].
Vi

1
(2) Permeability parameter: k; [= — = — |, 0 < k; < o0 [4, 12, 38].
a a

(3) Hartman number: 0 < & < oo [58, 59].
(4) Time: ¢t > 0, frequency: w = 1, a = 1, and kinematic viscosity: v > 0.

In Fig. 2, the non-dimensional torque versus dimensionless time is shown
for varying Hartmann numbers (¢), with slip and permeability parameters fixed
for case 1, where the sphere oscillates with constant frequency w. As seen in
Fig. 2a, the torque increases with £, exhibiting damped oscillations of initially high
amplitude that decay to zero over time. Since the Hartmann number character-
izes magnetic-field strength, a stronger field introduces additional resistive torque
(magnetic braking), requiring greater hydrodynamic torque to sustain the particle’s
oscillation.

Fig. 2b illustrates the variation of torque with time for different values of the
permeability parameter ki, with & = 1 and 8; = 5 fixed, in the case where the
sphere undergoes damped oscillatory motion with angular frequency w = 1. The
results show that the torque decreases slightly as k| increases. This behavior arises
because the porous matrix partially isolates the sphere from the surrounding fluid.
As permeability increases, this isolation becomes more effective, reducing the fluid
resistance experienced by the sphere and thereby lowering the torque required to
sustain its rotation.

Fig. 2c shows the variation of dimensionless torque with dimensionless time
for different values of the slip parameter (83;) during the damped oscillatory motion
of the sphere. The results indicate that the torque increases with increasing ;. This
occurs because slip reduces the effectiveness of fluid entrainment by the sphere:
greater slip requires higher torque to maintain the same rotational motion. At
B1 =0, corresponding to perfect slip, the fluid slides over the surface with minimal
shear, producing very low viscous stress and torque. In contrast, as §; — oo
(the no-slip limit), the sphere strongly couples with the fluid, generating a large
velocity gradient and high viscous stresses, which lead to a significant increase in
torque.

Fig. 3 illustrates the variation of non-dimensional torque with dimensionless
time for different values of ¢ in case 2. Figs. 3a and 3c show that, in this case, the
torque increases linearly with time. They further indicate that both the magnetic
field and the slip parameter enhance the torque when the sphere accelerates in



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Impact of magnetic field and permeability on the unsteady slow rotation of a sphere: . . . 91
0.8
—_ =0
—_— =
—_ £=10
0.6 ce £=15

~
-0.2 T T T T T T
0 1 2 3 4 5 6 7
t
(a)
0.8
= k; = 0.001
— = ky =0.01
= k;=0.1
0.6 1 ee kg =
*
~

-0.2 T T T
0 1 2 3 4 5 6 7
t
(b)
1.0
= p1=0
0.9 —= P =

— B1=5

cer B1=10

s B
6 7

Fig. 2. Variation of dimensionless torque versus time for case 1: (a) with various value of &, 81 =5,
k1 = 0.05; (b) with various value of k1, 81 =35, & = 1; (c) with various value of 81, k1 =0.05,¢ =1



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

92 Chitra KUMAR, Krishna Prasad MADASU
10
— =0
94 —= £=
— £=10 A
81 ... £=15 R
R -,
7 Rt
o . P d
s e
61 “"‘/ -,
. "“/,/’
~ 51 ‘.'_'///
oL
| o ’/
¢ e
et
34 ,3‘{/’
‘."’{/
2 22
VEZ
1
0 T T T T T T
0 1 2 3 4 5 6 7
t
(@)
12
= kj = 0.001
== ki =0.01
104 — k=01
cer k=1
8 -
-
-
/”
x 6 ’/’ -
~ ”/ L
- .~ o
PR L~ Leett
- . et
44 P .~ et
- Lot e
- aentt
- .®
o7 et
2- T e
Rt r i
S
2"
0 T T T T T T
0 1 3 4 5 6 7
t
(b)
20
— B =0
181 == By =1
— Bi=5
167 ... 8, =10 L1
1l Bime ""
12 A
* 10.
~
81
61
44
2]
0 e
0

Fig. 3. Plots of dimensionless torque versus time for case 2: (a) with various values of &, 8] =5,
k1 = 0.05; (b) with various values of k1, 81 =5, £ = 1; (c) with various values of 81, k1 = 0.05
£=1



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S
POLSKA AKADEMIA NAUK

Impact of magnetic field and permeability on the unsteady slow rotation of a sphere: . . . 93

the fluid. Fig. 3b presents the variation of torque with time for different values of
the permeability parameter, demonstrating that torque decreases as permeability
increases.

Fig. 4 presents the variation of dimensionless torque with dimensionless time
for different parameter values in case 3, where the sphere undergoes impulsive
motion. Figs. 4a and 4c show that the torque initially attains a high value, then
decreases with time, and eventually approaches a steady state. These figures also
indicate that the torque increases with increasing ¢ and §;. In contrast, Fig. 4b
demonstrates that the torque decreases with increasing k;, which is consistent
with the torque expression containing the term k%’ clearly implying that higher
permeability reduces torque.

Fig. 5 depict the effect of permeability (k) on the torque acting on a rotating
sphere for different values of the slip parameter (8;), with the Hartmann number
(¢) held constant. As shown in Figs. 5a, 5b, and 5c, the torque increases with
1 for fixed ki, indicating that it is a monotonically increasing function of the
slip parameter. In the no-slip limit (8; — o), the torque reaches its maximum,
while increasing slip (lower ;) reduces the fluid resistance at the boundary and
consequently decreases the torque relative to the no-slip case.

Fig. 6 presents the combined effect of the Hartmann number (£) and perme-
ability parameter (k) on the torque for the special fluid flow case considered in
this study. In Fig. 6a, the variation of torque with & and k& is shown for fixed values
of other parameters during the damped oscillatory motion of the sphere. At low &1,
the porous medium strongly resists fluid motion, leading to a higher torque. As k;
increases, the medium permits greater fluid penetration, reducing hydrodynamic
resistance and consequently lowering the torque. By contrast, the magnetic field
introduces a Lorentz force that resists fluid motion and suppresses secondary flows.
As ¢ increases, this magnetic damping acts as an additional viscous drag, thereby
enhancing resistance and increasing the torque required to maintain rotation. Sim-
ilar trends are observed in Figs. 6b and 6c¢.

Fig. 7 displays the combined influence of the magnetic field and slip parameter
on torque for a fixed permeability of the porous medium. As shown in Figs. 7a, 7b,
and 7c, both the Hartmann number (¢) and slip parameter () increase the torque in
the unsteady rotational motion of the sphere. This occurs because the magnetic field
introduces a Lorentz force that resists fluid motion, thereby requiring higher torque
to sustain rotation. Similarly, increasing slip weakens the fluid—sphere coupling,
so the sphere must exert a greater torque to maintain the same rotational velocity.
Together, these effects demonstrate how magnetic and slip conditions significantly
influence hydrodynamic resistance in porous media flows.

The study extensively examines the effects of slip, permeability, and the Hart-
man number on the time-dependent case; however, this current work can be ex-
tended to other geometries, including bounded and unbounded media. Future re-
search could also explore the problem under different boundary conditions or by
incorporating non-linear terms to gain deeper insights.
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6. Conclusions

In this study, the unsteady rotational motion of a rigid sphere in an axisymmet-

ric, incompressible Newtonian fluid within a porous medium, with the presence of
an applied magnetic field, is investigated. Expressions for the unsteady torque for-
mula of the sphere in spherical polar coordinates is evaluated, which depend on the
permeability parameter, Hartman number, and slip parameter. Three different fluid
flows are discussed. The effects of the Hartmann number, permeability parameter,
and slip parameter are represented graphically. We conclude that:

* Hartman number (¢) and slip parameter (31) enhance the torque (T™*) expe-
rienced by the sphere for each cases.

 Torque (T™) decreases with increasing values of the permeability parameter
(k1) for each cases.
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