Biointerface Research in Applied Chemistry

Platinum Open Access Journal (ISSN: 2069-5837) .
Article

Volume 12, Issue 4, 2022, 4755 - 4769
https://doi.org/10.33263/BRIAC124.47554769

Fluid Flow in Composite Regions Past a Solid Sphere

Umadevi Ramanna 1®, Chadrashekhar Dasarahalli Venkataiah 2®,
Dinesh Pobbathy Ashwathnarayana 3’*®, Jayalakshmamma Dasarahalli Venkataiah 4®, Gayathri
Makam Swaminathan 5@

1 Department of Basic Sciences, Atria Institute of Technology (Affiliated to VTU), Bangalore -560024, Karnataka, India;
umadevi.r@atria.edu (U.R);

2 Department of Basic Sciences & Humanities, Vivekananda Institute of Technology, Bengaluru — 560 074, Karnataka,
India; dvchandru@gmail.com (D.V.C);

3 Department of Mathematics, M S Ramaiah Institute of Technology, Bengaluru — 560 054, Karnataka, India;
dineshdpa@msrit.edu (D.P.A);

4 Department of Mathematics, Vemana Institute of Technology, Bengaluru - 560034, Karnataka, India; jaya.dvj@gmail.com
(D.V.J);

5 Department of Mathematics, B M S College of Engineering, Bengaluru — 560 019, Karnataka, India;
msgayathri.maths@bmsce.ac.in (M.S.G);

*  Correspondence: dineshdpa@msrit.edu;

Scopus Author ID 55934627800
Received: 2.08.2021; Revised: 20.09.2021; Accepted: 25.09.2021; Published: 16.10.2021

Abstract: A steady, 2-D, incompressible, viscous fluid flow past a stationary solid sphere of radius 'a’
has been considered. The flow of fluid occurs in 3 regions, namely fluid, porous and fluid regions. The
governing equations for fluid flow in the clear and porous regions are Stokes and Brinkman equations,
respectively. These governing equations are written in terms of stream function in the spherical
coordinate system and solved using the similarity transformation method. The variation in flow patterns
by means of streamlines has been analyzed for the obtained exact solution. The nature of the streamlines
and the corresponding tangential and normal velocity profiles are observed graphically for the different
values of porous parameter 'c’. From the obtained results, it is noticed that an increase in porous
parameters suppresses the fluid flow in the porous region due to less permeability; as a result, the fluid
moves away from the solid sphere. It also decreases the velocity of the fluid in the porous region due to
the suppression of the fluid as 'c' increases. Hence the parabolic velocity profile is noticed near the solid
sphere.
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1. Introduction

The fluid flow through the porous medium is of considerable interest as it is important
in natural occurrence. It has great significance in the fields of industrial, geophysical, and
biomedical uses. The porous medium is used in chemical industries to obtain a powerful mixing
process, filtration, purification, and oil recovery. In nuclear industries, it has been used for
effective insulation and emergency cooling of nuclear reactors. In the bio-medical field, to
understand the transport process of lungs and kidneys, the flow of fluid through porous media
is essential.
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In the literature, there are numerous models to illustrate the flow of fluid through the
porous media. One such model had been established by Ooms et al. [1], which is valid for
non-homogeneous porous medium. In the view of flow behavior and porousness of the
medium, the extensively applicable model is preferably the Brinkman model. Saffman et al.
[2] and Neale et al. [3] stated the advantages of the Brinkman model over the Darcy model,
and Howells et al. [4] gave the theoretical explanations for the validity of the Brinkman
equation. The problem of porous bodies before the Stokes flow for the mixed zone has been
studied by Masliyah et al. [5], Qin and Kaloni et al. [6], Pop and Ingham et al. [7], and Anindita
Bhattacharya et al. [8]. They have used the Brinkman model in the porous region to describe
the motion of the fluid by considering uniform velocity away from the sphere.

A fully developed electrically conducting fluid flow in a fluid-saturated porous medium
channel with the influence of parallel Lorentz force was investigated by Pantokratoras et al.
[9]. They found that because of less conductivity of the fluid and also due to certain adjustments
of magnetic and electric fields made in the lower plate, Lorentz force fluctuates in the vertical
direction. The effect of steady non-uniform fluid flow through porous media on the velocity of
the fluid, in which the porous media consisting of different pores having different angles of
inclination, was studied by Bhanu Prakasham Reddy et al. [10]. They observed that, as a result
of an increase in the angle of inclination, the velocity of the considered fluid flow also
increases. The micropolar fluid flow past an impermeable sphere was studied numerically by
Jayalakshmamma et al. [11], assuming that the uniform fluid flow far away from the sphere. It
was noticed that the viscous sublayer reduces, and velocity magnifies with an increase in
coupling number. Mahabaleshwar et al. [12] considered the flow of fluid through a semi-
infinite porous media with one boundary subject to the slipping of the fluid, the solid being
proportionally sheared, and the fluid being injected at the boundary. They obtained the
analytical solution by a similarity transformation method and determined the effects of the
boundary conditions on the flow through the porous media. Siva et al. [13] investigated the
effect of pressure drop on the parameters like a bed to particle diameter ratio, the shape of the
porous material, porosity and established the direct empirical correlations for the same. Satya
et al. [14] studied incompressible, viscous fluid flow through a porous cylinder embedded in
another infinite porous medium. They investigated a new result for the drag force experienced
by the porous cylinder. Also, the dependence of the drag coefficient, shear stress, streamlines
patterns, and velocity profiles for various values of parameters are presented graphically.
Further micropolar fluid flow past a sphere enclosing a solid core that is embedded in a porous
medium was explored by Krishnan Ramalakshmi et al. [15]. They analyzed the drag coefficient
and its dependence with a variation of permeability parameter numerically and discussed it
graphically. Khanukaevaa et al. [16] studied the effect of permeability parameter, particle
volume fraction, micro polarity number, etc., on hydrodynamic permeability of membrane by
considering the micropolar fluid flow through a membrane presented as a swarm of dense
cylindrical particles with porous layer. It was found that hydrodynamic permeability is very
dependent on the perviousness of the membrane.

Umadevi et al. [17] developed a mathematical model to study the synchronized effects
of particle drag and slip parameters on velocity and flow rate in an annular cross-sectional
region bounded by two eccentric cylinders. A theoretical analysis was carried out by Sravan
Kumar et al. [18] to draw out the flow characteristics of natural convective Nanofluid flow
along with an exponentially accelerating vertical plate in the presence of the magnetic field.
They found that velocity profiles are remarkably higher when the magnetic field is fixed

https://biointerfaceresearch.com/ 4756


https://doi.org/10.33263/BRIAC124.47554769
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC124.47554769

relative to the plate compared to the fluid. Krzysztof et al. [19] utilized Convolutional Neural
Networks (CNN) to encode the relation between the initial configuration of obstacles and three
fundamental quantities in porous media: porosity, permeability, and tortuosity. The fluid flow
through a porous medium was simulated with the Lattice Boltzmann method. With the usage
of CNN models, they obtained the relation between tortuosity and porosity and then compared
it with an empirical estimate. Hamdan et al. [20] considered the plane, transverse MHD flow
through a porous structure and obtained the solution to the governing equations using an
inverse method in which the stream function of the flow is considered. They gained the
expressions for the flow quantities for finitely conducting and infinitely conducting fluids.

Vineet Kumar Verma et al. [21] investigated the slow flow of liquid past a porous
sphere bounded by another porous layer of different permeability and discussed the influence
of various parameters such as permeability on streamlines and drag force. The impact of
magnetic field on the motion of incompressible micropolar fluid past a sphere has been studied
by Krishna Prasad et al. [22]. They presented the stream function and micro rotation in terms
of the modified Bessel function. In addition, the drag coefficient and tangential velocity for
varying physical parameters, including Hartmann number, permeability, micro polarity
parameter also represented in the graphical form. In the view of MHD and porous media
applications, Thermo-diffusion and diffusion-thermo effects for a Forchheimer model with
MHD over a vertical heated plate were studied by Nalinakshi et al. [23]. Shilpa et al. [24]
examined the analytical approach for mixed convective flow in the presence of Casson fluid
in a porous channel. The analysis of performance characteristics of neem blended biodiesel
run diesel engine was studied Experimentally as well as mathematically by Rajeesh et al.
[25]. A characteristic study of Coriolis force on free convection in a finite geometry with
isotropic and anisotropic porous media has been analyzed by Sudhir et al. [26].

Satya Deo et al. [27] examined micropolar fluid flow through a porous cylinder
embedded in another infinite porous medium and gained the expressions for stream function,
micro rotations, couple stresses, fluid pressure, stress tensors, and the same has been discussed
graphically. The study of two-dimensional, steady, incompressible viscous fluid flow in
composite cylindrical regions was analyzed by Umadevi et al. [28]. The nature of the
streamlines was observed graphically, and the tangential velocity profile for the various values
of porous parameter 'c'. For various applications ranging from artery modeling to very sensitive
tissue modeling such as brain, porous media modeling accurately predicts biological behavior.
Nalinakshi et al. [29] made an attempt to analyze the MHD mixed convection over a vertical
heated plate with a couple of stress fluids numerically ad observed the effective convection
with significant fluid flow parameters with the inclusion variable fluid properties. Girinath et
al. [30] attempted to study Numerically the thermal-diffusion and diffusion thermo effects on
mixed convective flow and mass transfer in the presence of MHD over an accelerating surface.
Erfan et al. [31] concentrated on two remarkable biological applications, including (1) blood
flow interactions with the porous tissue and (2) hydrodynamic impacts of particle-particle
interactions in the microscale modeling that requires a Lagrangian frame. Shilpa et al. [32]
studied the effect of ohmic and viscous dissipation on Casson fluid's free and forced convective
flow in a channel.

In the available literature, less attention has been given to studying fluid flow in the
composite spherical region with and without external constraints. Thereby in this work, the
flow of fluid through three spherical regions has been considered. This work aims to analyze
the flow behavior when the fluid flows over a stationary solid spherical shell of radius ‘a’ fixed
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in a clear fluid region of radius 'b', which is surrounded by a porous sphere of radius 'c'. The
variation of fluid flow in the composite region using streamlines is presented graphically for
few representative values of the dimensionless parameters.

2. Formulation of the model and Methods

2.1. Mathematical formulation.

R: Clear fluid region (c <r < x)

R;: Porous region (b<r<c)
R3: Clear fluid region (a <r<b)

Solid sphere (0 <r <a)

Figure 1. Physical Configuration.

Here 2-D steady, incompressible, viscous fluid flow past a stationary solid spherical
core has been considered. The solid sphere of radius 'a ' is embedded in a clear fluid region of
radius 'b ’(a < b), surrounded by a porous sphere of radius ‘¢’ (b < ¢) which is placed in the
fluid region. Therefore, the flow of fluid takes place in three regions, namely fluid, porous and
fluid regions. Further, the flow is considered to be axisymmetric.

For the considered model, the constitutive equations which govern the fluid flow in the
fluid region (region R1), for ¢ <r <oo can be written as:

Equation of continuity,

V-q,=0, 1)
and Stokes equation,
Vp, = uvV* qy, )

where (, = (ul,vl,wl) the velocity of the fluid in region Ry, x = viscosity of the fluid, p,=

hydrostatic pressure.
In porous region (region Rz) b<r<c the flow of fluid is directed by modified
Brinkman equation and equation of continuity which are expressed as,

V.qZ:Ov (3)

“y (4)

sz :l_lvz%_ K 2
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where q2 (uz,vz,w ) is the velocity of the fluid in region Rz, z = Brinkman viscosity, P, the

hydrostatic pressure of the permeable section, and K is the penetrability of the permeable area.
Further, the fluid flow in the fluid section (region Rs)a <r <b is represented through
Stokes equation and equation of continuity as,

V'q3 = O! (5)
Vp; = aV°dy, (6)
where q3 (u3, ) velocity in region Rs, z = Brinkman viscosity, P; the hydrostatic

pressure.
In this study, it is assumed that Brinkman's viscosity z is equal to the viscosity of the

fluid 1 .
A spherical coordinate system (r,@, ¢) at the center of the sphere is used and =0 is

chosen along the direction of the uniform velocity u_ far away from the fluid region. We take
% = 0 since the flow is axisymmetric. The equations from (1) to (6) are non-dimensionalized

to obtain the dimensionless equations using the following parameters:

ro—- 4, % 09, % ¢ «_ap . ap . ap
— 4 =—, q2:_2’ q3:_3'p1: -, p.= 2’ Ps= 2
a u u u LU uu uu

o0 o0 00 o0 0 00

(7)

Therefore, the governing Eq. (1) and Eq. (2), for spherical polar coordinate system
becomes,

0 (., r o
—(r-u +——vsm6? 0, 8
S P2 (visin 6)= ®
op, a u, 2 ou, 1 o°u, cot@ou, 2u, 2 ov, 2v,cotd
T + 2+ T T T | ©)
or ar r or 2 00 r- 06 r r- o6 r
2 2
_1%:_6v 20v, 1avz+cot29%+%%_vlcoszec¢9 (10)
r 0o or? r 8r r- oo r- o060 r° o6 r

Similarly, using the non-dimensional parameters from eq. (7), the Eq. (3) and Eq. (4)
are non-dimensionalized for the permeable region, and the corresponding equations in the
spherical polar coordinate system are:

0 (., r o
—Ireu, ][+ ———1(v,sin@)=0, 11
8r( 2) smeae( )= (11)
2 2
_%:quz_ 0 u22 +36u2 +i28 u22 +cot26?6u2 _2u22 _%%_ZVZCZO'IH | (12)
or or ror r°oé r- o008 r r- oo r
2 2 2
_18&:02\/2_ 8v2 20v, +i28v22+cot20%+£2au2_vzcoszec6’ | (13)
r 00 or? r or r° o6 r- o060 r° o0 r
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a . : . . . .
where o =—is the porous parameter in which K is the perviousness of the fluid.

Jk

Similarly, using the transformation from Eq. (7), the Eq. (5) and Eq. (6) are non-
dimensionalized for the fluid region, and the corresponding equations in the spherical polar
coordinate system turn into,

0 (., r o .
—I\reu, )]+ ———(v,sin9)=0, 14
ar( 3) sin980(3 ) (14)
P, o’u, 20u, 1 0%, cotdou, 2u, 2 0v, 2v,cotd
- == 2 = +_2 2 + 2 - 2 __2__—2 ! (15)
or or ror r° 00 r- o0 r r- o060 r
10 o°v, 20v, 1 0%, cot@dov, 2 du, V,cosec’d
e e e e e e R : (16)
r oo or ror r° o0 r- 06 r° 06 r

Since the flow is axisymmetric, the stream function w,(r,8) (where i=12,3

corresponds to fluid, porous and fluid regions, respectively) satisfies the equation of continuity
for both fluid and porous regions in the spherical polar coordinate system is considered. It is
defined as follows:
b=t Wiy "LV
resinég o6 rsin@ or
By cross differentiation, we removed the pressure term from Eq. (9), and Eq. (10) of
the fluid region, Eq. (12), and Eq. (13) of the porous region and Eq. (15), and Eq. (16) of the
fluid region, to obtain the linear partial differential equation of fourth order in terms of stream
function. It can be represented as follows:

(17)

E'w, =0, C<r<ow, (18)
E'y,-c’E’y, =0, b<r<c, (19)
E'w, =0, a<r<b. (20)
An Eqg. (18), (19), and (20) are the fourth-order Partial Differential Equations (PDE),
where E’ = 822 + sin29 i( _1 i} is the Laplacian operator in a spherical coordinate
or re 06\siné@ oo
system.

The variation of fluid flow at the boundary is defined using different interfacial
boundary conditions for the multiple regions are as follows : (i) the no-slip condition on the
surface of the solid sphere; (ii) the continuation in normal and tangential stress components at
the boundary of the porous and fluid regions; and (iii) the velocity far away from the clear fluid
region.

The no-slip condition at the surface of the solid sphere is:

u,(a,0)=0, 0<@<2r, (1)

v,(a,8)=0, 0<h<2z, (22)

Interfacial conditions, a continuation of normal and tangential velocity components,
and the corresponding stress components at the interface of the porous and fluid regions are as
follows:

Interfacial boundary conditions across the region Rz and region R; are,
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u,(c,0)=u,(c,0), 0<@#<2r, (23)
v,(c,0)=v,(c,0), 0<@#<2r, (24)
Tro2)(C.0) =7, (C,0), 0<O<2r, (25)
()€ 0) =7, (.0), 0<O<2r. (26)
Interfacial boundary conditions across the region Rz and region Rs are,
u,(b,8)=u,(b,0), 0<h<2r, 27)
v,(b,8)=v,(b,0), 0<@<2r, (28)
Tro(0,0) =7, (0,0), 0<O<2r, (29)
T (0.0)=7,(b,6), 0<6O<2r, (30)

where 7, and z,, ) represents the dimensionless tangential and normal components of stress

tensors in the fluid region and is given by
_lon ow v

0T 50 o 1 (1)
ou
2-rr(l) == pl + Za_rl . (32)

Further, 7,5y, Zrr(2) 8N 7,4, 7,r(5) Stands for dimensionless tangential and normal

components stress tensors in the porous region, fluid region, respectively. These are also
defined in the same way as Eqg. (31) and Eq. (32).

As it was assumed earlier that, fluid viscosity is equal to the Brinkman viscosity, the
Eq. (26) and Eq. (30), which indicates the constant pressure at the interface. Thus, Eq. (26) and
Eqg. (30) reduces to:

p,(c.0)=p,(c.0), 0<O<2x (33)
p(0,6)=p,(b,0), 0<f<2z. (34)

Further, the stream function in the fluid region far from the boundary is given by:
Wl(r,&):%(rz—%jsinze, C<r<om, (35)

From Eqg. (17) and Eq. (35), the boundary conditions for the velocity components far
from the fluid region are:

u, ~cosé, v,~-sind as r—ow, (36)
Hence the boundary condition far-off from the fluid region, Eq. (35) reduces in terms

of stream function as:
2

y/l(r,0)~%sin29,as r—o, (37)

2.2. Methodology.

The boundary conditions from Eq. (37) suggests the following similarity solution to Eq.
(18), (19), and (20) as:
w,(r,0)=f,(r)sin’0, c<r<o, (38)

w,(r,0)=1,(r)sin?0, b<r<c, (39)
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w,(r,0)=f,(r)sin?6, a<r<b. (40)
Substituting Eq. (38) in (18), Eq. (39) in (19), and Eq. (40) in (20), the 4™ order partial
differential equations having stream functions v (r,8) , w,(r,8) and 1//3(r,0) reduces to the

fourth-order ordinary differential equation in fl(r) : fz(r) and fg(r)respectively, and are

given by:

vy Aoy 8 1. 8

f, (r)—r—zf1 (r)+r—3f1(r)—r—4f1(r):0, C<r<o, (41)
iv 4 ” ' 8 2 " 2

O34 02 0 S 000 £ 0-Z 0] -0 beree (@2)
G056 ()5 6 0)-S 1l)=0 asreb (@3)

The corresponding boundary conditions in terms of fl(r) : fz(r) and fs(r) from Eq.

(21) to (30) and from Eq. (37) are as follows:
The No-slip condition at the surface of the solid sphere is expressed by:

f,(@)=0, (44)
f, (a)=0, (45)

and matching boundary condition at the interface of the porous and fluid region takes the form:
Across the region Rz and region R», the interfacial conditions are,

f,(c)= f.(c), (46)
’()2 ,(C)’ (47)
f, (c)= fl (c), (48)

f"'( )-o’f, €)= 1, (c). (49)

Across the reglon Rz and region Rs, the interfacial conditions are,

f,(b)= f,(b), (50)
f, (b)=1, (b) (51)
£, (b)=1, (b), (52)
f, (b)-0,2f, (b)= 1, (b). (53)

The constant velocity far from the boundary, from Eq. (37) reduces to,
2

f,(r)~ r?asr — 0, (54)

The solution for the Eq. (41) and Eq. (43) corresponding to fluid regions (region Ry and
region R3) respectively is given by,

fl(r):ﬁ+ Br’+Cr+Dr*, c<r<ow, (55)
r

f3(r):§+ B,r2+C,r+D,r* , a<r<b, (56)
r
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The solution for Eq. (42) corresponding to the porous region (region R») is obtained
analytically by taking the substitution,

" 2
g(r)=f, (r)_r_z fi(r) (57)
where the suffix i takes the value 2 to represent the method of solution in the porous region.

Substitution of Eq. (57) in Eq. (42) reduces to second-order ordinary differential
equation ing(r)as,

" 2
o) o7+ 2] ()-0. 52)
Further, consider the transformation function for g(r) as,
g(r)=rw(r), (59)

where w(r) the arbitrary function.
Thereby, Eq. (58) reduces to:

2w (r)+rw '(r){[gjz ++azr2}w(r):0, (60)

which represents the modified Bessel’s differential equation of order 3/2, bearing the solution
in terms of modified Bessel’s function is given as,

W(I’)=C2 I3/2 (OT)"' D, K3/2 (01‘), (61)
where C, and D, are arbitrary constants.
Thus from Eqg. (59), we have:

g(r):C2 \/Fls/z (01’)+ D, \/FKs/z (OT) . (62)
Therefore, the Eq. (57) reduces to,
" 2
fz (r)_r_z f2 (I‘): Cz \/F|3/2(o1‘)+ Dz \/FKa/z (O'r) (63)

Eq. (63) is a second-order ordinary differential equation with a variable coefficient.
Using the method of variation of parameters, the obtained general solution is given by,

f,(r) A, B,r? +CZ\/EI3/2(o-r)+ DZ\/EKs/Z(o-r). (64)

T
For the flow in fluid region as r — oo the solution for fluid region Eq. (55) is valid if

1
and only if D, =0. Also, from Eq. (54) we get B, = E Henceforth Eq. (55) reduces to:

2

fl(r)=ﬁ+%+clr ,  C<r<oo. (65)
r

Also, Eq. (64) for b <r <c can be written as:

f,(r)= AL B,r? + Cz(m —sinh (or)j + DZ(M - cosh(o‘r)j , (66)
r or or

and, the Eq. (56) for a <r <bcan be written as:

f3(r)=%+ B,r? +C,r + D,r* . (67)

Henceforth the stream function corresponding to fluid, permeable and fluid regions are
agreed by,
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AT -
w,(r,0)= T+7+Clr sin?f, c<r<ow, (68)

l//z(r,g): (ﬁ +B,r? +C2(M_Smh (Of)jJr DZ(M_cosh(of)Dsin “0,b<r<c,
r ot of
(69)
yxg(r,é’):(%+ B3r2+C3r+D3r4Jsin26’, asr<b. (70)

Here the arbitrary constants A, C1, Az, Bz, Cz, D2, A3, Bs, Cs, and D3 are determined
using the above boundary conditions from Eq. (44) to (53).

3. Results and Discussions

The flow of viscous, steady, two-dimensional, incompressible fluid past a fixed solid
sphere of radius ‘a’ surrounded by a clear fluid region of radius ‘b’ (a < b); enclosed by the
porous sphere of radius ‘c’ (b < ¢) which is placed in the fluid region has been investigated
analytically. To analyze the flow behavior in fluid and porous regions, the Stokes and
Brinkman equations, respectively, are used. Further, it is assumed that the flow is
axisymmetric. The similarity solution method is used to find the exact solution analytically. In
this method, the partial differential equations of the physical configuration are transformed into
ordinary differential equations. These ordinary differential equations are converted into
modified Bessel’s equations using a special transformation. The solution obtained is in terms
of the modified Bessel function of order 3/2. The continuation of velocity and stress
components at the interface of fluid and porous regions and no-slip conditions at the surface of
the solid sphere are considered. The expression for the stream functions corresponding to fluid,
porous, and fluid regions is obtained in terms of ‘r’ and dimensionless parameters.

The effect of porous parameter o on the flow behavior in the three regions is presented
through the streamlines.

“

3_' I T T L 3_|""|
1 1[
0 ol
_1 _1
-3 : -3 .
-3 -z -1 0 12 3 -3 -2 -1 0 1 13
(i) (i)
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(B

2
s C1

-3 -2 -1 0 1

>

v) (vi)

Figure 2. Streamlines for different values of porous parameter o .

(Yo=4 (i)o=45 (i)o=46 (V)o=47 ()o=494 (v)o=5

Initially, for o = 4, the free flow of fluid in the porous region is observed, and the same
is witnessed in Figure 2(i). Increasing the porous parameter to o = 4.5, the fluid flow in the
porous region slows down for a while due to a slight decrease in the permeability. It then enters
into the fluid region (region 3). As a result, the streamlines can be seen near the solid surface.
(see Figure 2(ii)). Further increasing the porous parameter to o = 4.6 and 4.7, the circulatory
motion of the fluid is observed in the porous region. The reason for such behavior is that as the
porous parameter increases, the fluid resists flowing into the porous region due to decreased
permeability. Thus the amount of fluid flow in the fluid region (region 3) is reduced. Hence,
the streamlines are moving away from the solid sphere shown in Figures 2(iii) and 2(iv).
Furthermore, the porous parameter increased to o = 4.94 and then to ¢ = 5, there is a
suppression of fluid flow in the porous region, and hence the meandering of streamlines can be
seen past a solid sphere. (see Figures 2(v) and 2(vi)).

The tangential and normal velocity of the fluid at the boundary of the clear fluid region
(region R1), porous region (region R»), and clear fluid region (region Rz) for different values
of the porous parameter are analyzed graphically.
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Figure 3. Tangential velocity for different values of the porous parameter.
iYo=4 (il)o =45 (iii)o = 4.9 (iv) o = 5.

To our knowledge in the literature, this is the first of its kind to find the entire velocity
profile for multiple regions. Here, we made an attempt to study the tangential and normal
velocity characteristics for the physical configuration of the problem for the variation of porous
parameter o in Figures 3 and 4, respectively. In the physical configuration, we observe that
R1 is the region bounded by porous media at one end and free boundary on the other end; Rz is
a finite boundary between Ri1and Rz with radius ‘b’ and ‘c’, whereas Rz is a region bounded
between solid core and porous media with radius ‘a’ and ‘b’. A uniform flow of fluid velocity
U, is approaching towards the region of interest from the faraway region (R — ). Due to the
resisting force offered by the porous media in the outer region of R the velocity diminishes
gradually from the uniform speed, the velocity of the flow will increase near the boundary of
R2 and a matching condition is seen between Rz and Ri. This result exactly matches with
physical phenomena as well as the exact analytical solution of the problem. The thickness of
the region R2 of the porous medium will decrease the velocity of fluid flow and enter the
boundary of the region Rz of clear fluid nature. This region acts as a Poiseuille flow between a
porous medium and solid core region. Here, the characteristic of the velocity profile will take
in the form of a parabola which is maximum at the middle portion and least at the boundary of
the regions. One side of the parabola satisfies the matching condition of the porous medium
and another at the solid core region with no-slip condition. The same is replicated in the above
Figure 3 of the tangential velocity profile. The analysis of the tangential velocity component
is observed for the variation of the porous parameter o; it is seen that the effect of the porous
parameter will diminish the velocity flow of the fluid due to an increase in the permeability of
the porous medium. A similar analysis is carried out to study the normal component of velocity
in three regions of the physical phenomena of the geometry. Here also equivalent observation
is seen in the characteristic of the profile in Figure 4. In the literature, this is the first of its kind
to observe completely for the entire domain of the multiple regions of the sphere.
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The same phenomena can be observed in real-time applications like oil extraction from
the earth crust, drug permeation through human skin, etc. Based on the above results, it is
observed that the considered porous parameter plays a very important role in controlling the
fluid flow, which can be seen in the mathematical formulation and the practical applications
cited in the above literature work. Further, these results will help us improve or control the
fluid flow in the applications such as water filtration (Reverse Osmosis Process), extraction of
energy from the geothermal region, and so on. This investigation effectively uses two-
dimensional, steady, viscous, incompressible, and electrically conducting fluid past a solid
sphere with additional external constraints. The results of this study may be of interest to
researchers for extending this work to find the drag coefficient in the case of composite

spherical and cylindrical regions with and without constraints.
4. Conclusions

The concept of fluid flow through porous media has its importance in many fields of
applied science and engineering, such as filtration, acoustics, geology, soil mechanics, rock
mechanics, petroleum engineering, bioremediation, construction engineering, and in the field
of geology like biology, petroleum geology, geophysics, biology, also in interdisciplinary areas
of materials science. In addition, the principle of porous flow has applications of inkjet printing
and nuclear waste disposal techniques, among others. With reference to the above-said
applications, this work presents the analytical solution for 2-D, steady, incompressible, viscous
fluid flow over the static solid sphere of radius ‘a’ placed in a spherical porous medium. The
hydrostatic behavior of fluid flow has been studied by varying the porous parameter through
steam lines. The graph shows that the streamlines have meandered in the porous region for the
increase in porous parameter, but further increase in porous parameter suppresses the fluid flow
in the porous region. As a result, the fluid moves away from the solid sphere. It is also observed
that as the porous parameter increases, the velocity of the fluid decreases at the boundary of
the porous sphere due to less permeability. As a result, fluid experiences a force and rushes
into the clear fluid region with an increase in velocity due to the pressure at the boundary of
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the porous sphere. Hence the parabolic velocity profile is noticed at the center of the clear fluid
region (region Rs).
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