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ABSTRACT

This paper concerns an analytical study of a steady axisymmetric uniform flow of an incompressible
micropolar fluid past a permeable sphere that contains a solid sphere. The mathematical expression for the
flow fields are obtained in terms of stream function by using modified Bessel’s function and Gegenbauer
function. No-dlip condition, zero microrotation components, continuity of normal velocity which is equal to
the filtration velocity on the surface of the sphere are used as boundary conditions. It is assumed that the fluid
obeys Darcy law at the permeable surface. The internal and external drag force exerted by the fluid on the
sphere, flow rate and the relevant quantities such as pressures, microrotation vectors have been calculated. It
is observed that drag is greater for impermeable sphere as compared to permeable sphere. As permeability
parameter increases the flow rate also increases rapidly. Various useful results are obtained and compared

with the previous particular cases.
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NOMENCLATURE
a radius of the permeable sphere U micro-rotation component
b radius of the solid sphere /4 stream function
Y velocity vector D drag force
U dynamic viscosity Dy dimensionless drag
K vertex viscosity Gy ()& Hy (¢) Gigenbauer functions
o microrotation vector K, (Ar)& 13, (Ar)  modified Bessel functions
a, B,y  gyroviscosity coefficients T stress tensor
p pressure Q rate of flow

1. INTRODUCTION

Since recent past the flow through permeable media
has been a longstanding topic for researchers due to
its numerous applications in various fields like
geophysical and biomechanical problems etc. Also
it is most applicable in the field of chemical
engineering. For example when examining the
hindered settling flocs. The most practical example
of physica process of viscous flow with in
permeable spherical region is the structure of earth.
Darcy (1856) initially proposed the equation of

motion for fluid flow in permeable medium with
low porosity systems, such as sand, beds, sintered
materials and petroleum reservoir rocks etc. Leonov
(1962) has solved the problem of the dow
stationary flow of a viscous fluid about a permeable
sphere by taking the small thickness of the
permeable surface and determined the resistance
exerted by the fluid on the sphere. Wolfersdorf
(1989) solved the problem of creeping flow past a
permeable sphere and additionally past a permesble
sphere containing concentric impermeable sphere
for the Newtonian fluid by using the Darcy law and
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no-dip condition at the surface of the sphere and
obtained that drag on permeable sphere is less than
that of rigid sphere. Birikh and Rudakoh (1982)
solved the problem of slow motion of a permeable
sphere in viscous fluid and evaluated the drag and
flow rate. Padmavati et al. (1995) solved the
problem of Stokes flow past a sphere with
permeable surface for non-axisymmetric case and
gave a genera method for calculating non-
axisymmetric flow both outside and inside the
permeable spherical boundary and found the
expression for the drag and torque on the sphere
using representation for the pressure and velocity
following Palaniappan et al. (1990 ). The problem
of laminar flow past a permeable sphere solved by
Nandakumar and Masliyah (1982) by using Navier
Stokes equation outside the sphere and Brinkman's
equation inside the sphere and observed that the
computed drag factors are 10% less than the
experimental value observed by Malsiyah and
Polikar (1980). Usha R. (1995) solved the problem
of Stokes flow with concentric permeable spheresin
relative motion. Slow viscous fluid past a spinning
sphere  with permeable surface studied by
Vasudeviah and Malathi (1995) and they derived
the expression for the drag coefficient on the body
which can be used as formula for the determination
of the permeability of the sphere. Murthy et al.
(2007) in an earnest attempt, studied the problem of
uniform flow of an incompressible couple stress
fluid past a permeable sphere.

The mathematicdl model of micropolar fluid
enables us to study many physical phenomena
arising from the local structure and micro-motions
of the fluid particles. It describes the behavior of
numerous real fluids such as polymeric suspensions,
liquid crystals, muddy fluids, and animal blood. The
theory of micropolar fluid was introduced by
Eringen (1966). Drag on axialy symmetric body in
the Stokes flow of micropolar fluids was studied by
Ramkissoon and Majumdar (1976) and they derived
the general expression for the drag of an axialy
symmetric body in Stokes flow. Rao and Rao
(1970), Rao and lyengar (1981) and lyengar and
Srinivasacharya (1993) considered the problem of
Micropolar fluid past a rigid sphere, spheroid and
approximate sphere respectively. Creeping flow of
micropolar fluid past a porous sphere was solved by
Srinivasacharya and Rajyalaxmi (2004); they
observed that the drag in micropolar fluid is more
than that of Newtonian fluid. E.I. Saad (2012)
studied cell models for micropolar flow past a
viscous fluid sphere using Happel, Kuwabara,
Kanningham and Kvashnin cell models and
obtained the drag force acting on the sphere.
Uniform flow of an incompressible micropolar fluid
past a permeable sphere is considered by Aparna
and Murthy (2010); they also studied (2015, 2016)
the problem on slow steady rotation of a permeable
sphere with thin surface in an incompressible
couple stress fluid and noticed that due to internal
flow, couple acting on the sphereis zero.

In recent years, the applications of compound
multiphase drops, which are made of an outer
permeable or liquid shell and an inner rigid sphere,
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gas bubble or immiscible liquid drop, have received
significant interest. Axisymmetric creeping flow of
a micropolar fluid over a sphere coated with a thin
fluid film studied by Gupta and Deo (2013) using
the modified Bessel’s function and Gigenbaur
function concluded that a sphere without coating
experiences greater resistance in comparison to
coated fluid. The slow steady rotation of micropolar
fluid sphere in concentric spherical container using
non-zero boundary condition for microrotation
vector was solved by Madasu and Gurdatta (2015)
and they obtained the hydrodynamic couple and
wall correction factor exerted on the micropolar
fluid. Mishra and Gupta (2016) solved the problem
of drag on permeable sphere placed in micropolar
fluid with non-zero boundary condition for micro-
rotation and they observed that drag is greater in the
case of zero micro-rotation vector than in the case
of non-zero micro-rotation vector. Later on they
(2017) adso considered the problem of motion of a
permeable shell in a spherical container filled with
micropolar fluid.

This study undertakes the problem of steady
axisymmetric creeping flow of a micropolar fluid
past a permeable sphere that contains a solid sphere.
It is further assumed that the motion is sufficiently
slow. The explicit expressions of the flow fields are
obtained by using different boundary conditions
satisfying at the surface of the sphere like
conjugacy condition of Darcy type, zero
microrotation vector, no-slip condition, uniform
velocity at infinity etc. It is observed that drag force
increases as the inner solid sphere expands. Drag is
greater for the impermeable sphere.

2. MATHEMATICAL FORMU-
LATION OF THE PROBLEM

Consider a permeable sphere of radius a that
contains a rigid sphere of radius b (a> b) in an

unbounded medium with origin at the centre O of
the sphere (Fig. 1). It is assumed that the composite
sphere is stationary and a steady axisymmetric
Stokes flow of micropolar fluid has been
established around it by a uniform far-field flow
with velocity of magnitude U directed along Z-
axis. The thickness of permeable sphere is assumed
very small in comparison theradius a and b.

Under the Stokes approximation in the absence of
body force and body couple the genera form of
governing equations for the slow steady mation of
micropolar fluids can be written as

V.V=0, @
“Vp+Vxo—(u+K)Vx(VxV)=0, (2
=2k + KV xV-N x(Vx o)+

(Vxa) -

(a+ﬁ+}/)V(V.cT)) =0,

where ¥, p, 5:U¢(r,9)éqj are the velocity
vector, pressure, microrotation vector, u is the
classical viscosity coefficient of the fluids, « isthe
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vortex viscosity coefficients and «, 3,y are the

gyro viscosity coefficients satisfying the following
inequalities

3a+p+y=0 2u+x=>0, 72|,3|. x>0,

y =0. ).
v,
Permeable
sphere
"8
Sohid
sphere
Uniform

flow

LITTIttrtd

Fig. 1. Flow diagram.

Since al the flow functions are independent of ¢
for the axially symmetric flow field, therefore we
can introduce stream functions y (r,0) which is

related to the velocity in spherical coordinate
system (r,6,¢) by Happel and Brenner (1983)

—_ A A /2N
v=v,(r,0)e +v,(r,0)e, =—curl| ——¢, |,
(08 vy (r.0)8 ——anl Vg
©)
and we find two velocity components of the flow as
1 oy 1 oy
vV, =— —, Vy=—-—. 6
" r2sng o0’ ¢ rsng or ©
From (5) and (6) we have
= Ezt// = —E4!//
VxV= e, VxVxVxV= e
rsing ? rsing ? @
and we a'so find
_ -E*(rsingy,)
VXVxo=——"7——"-8§, (8)

rsing
In order to non-dimensionalize the equations and
variables, we put

- o U .
r=af y =Ua%y, p:ﬂp, vy =—0;

a a

and dropping tildes subsequently in further analysis.
Substituting the value of Egs. (7) and (8) in Eq. (3)
we obtain

Ez(rsinequ):%rsinH%—EEzyx. )
Ve vV

Taking curl of Eg. (2) and using Egs. (7) and (8) we
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obtain

—KEZ(rSin90¢)+(,u+K)E4l//=0. (10)

From Egs. (9) and (10) we have

%) :; EZ,/, +M E4,/, ) (12)
? " 2rsing K2

Eliminating the pressure from Eq. (2) and using Eq.
(3) we get the differential equation

E“(EZ—;LZ)://:O, (12)
2 (1=72) A2

whereEZ:a—z ( ,f )8_2 ¢ =cosf and
or r o

micropolar parameter

, Kk(2u+x)a’

G s

(13)

The constitutive equation for isotropic non-
Newtonian micropolar fluid is given by (1966
Eringer)

Kgijm (ém _wm)!

1
where, d. =—(v;, . +Vv,: ) is the rate of strain,
i =5\ ji

T.

;i isthe stress tensor, é‘ij is the kronecker delta,

&, isthe vorticity vector, @y, isthe component of
microrotation vector.

The expression of normal and tangential stresses in
axisymmetric spherical coordinate are obtained

using Eqg. (14) and given by
J, (15

|

Oy oy 1
a2 or 1 ab?

j+k(§m—a)m).

+(2y+1<)

r’sing
- (2,u+1c)
2r?sing
+cot6’8_y/
06

20y 821//
r 08 orof

T

-

%
(16)

3. SOLUTION OF THE PROBLEM

The solution of EqQ. (12) can be obtained by
superimposing the solution of

E?%, =0, E%; =0, (Ez—lz)‘/fzzoa (17)
intheform

Y =¥oty1ty,. (18)
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Using method of separation of variable in Eq. (17)
we get the values of w, ¥, ¥, and from Eq. (18)

we get the general solution of Eq. (12) as

y= i{[ﬁhr” +Br ™+ Cr™2 4D r ™3y
n=0
Eﬁ\/Fang(/”)*Fr;‘/Flnf;(’“)]Gn(é“)“L
2 2
[Ahr” +Br ™ C ™2 D r ™ L E
XKy (Ar)+ F,rl 4 (Ar)]H. ()} @9)

1
2 2

Here K 4 (Ar),1 (Ar) are modified Bessel
n-l 1
2 2

functions and G, (&), H,(¢) are Gigenbaur
function of first and second kinds respectively.

We have ignored the terms which are multiplied by

Gy(¢£).G(¢)and H, (<) (for @l n) due to
irregularity of Gy(¢),G,(¢) and H, (&) at the

symmetry Z—axisS. In case of perfect sphere, the
stream function solution contains only the terms of
order n = 2 of the genera solution (19). Hence if

i denote the stream function for the internal

flow (r <a), then the stream function solution for

the flow field of internal region
v = {A2r2 +B,r L4 Cort 4+ Dyr + Epir
(20)
3
2

XK%(M)+F2\/FI/(M)}G2(;’).

The terms involving | 1 (M),r”,r”” create
n-+
2

the singularity at infinity except of the term r2.
Therefore the stream function solution for the

external flow (r > a)

Ve :[A'Zr2+ Bor 1+ Dyr + E'Z\/FK%(M)}
G,(¢).

Since the flow is uniform at infinity that is

(21)

lim y/e=%r2sin20, this implies

r—o

constant A, =1.

Using Egs. (11), (21) and (20) we obtain the
following micro-rotation components v and vy,
for external and internal flow:

1 {-%{

rsing
x\/FK%(/lr)}Gz(g“),

H+K

vf = - j/le'z

(22)
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and
A {sczrz—&{”—”j;ﬁ@
rsind r K
+
x\/FK%(,u){” "szFZJF 23)

Using Egs. (2) and (3), we have calculated the
pressure distribution for external and internal flow
asfollows:

2u+ + ( cosé
pez_( ad KJDZ( 2 Jv (24)
7, 2r
P :_[2”+K][502r+D—22jcosH. (25)
i 2r

Boundary conditions

The boundary conditions those which are physically
redlistic and mathematically consistent for this
proposed problem can be taken as given bellow:

On the outer surface r =1
(i). No-dlip condition across the surface implies that

vy (r,0)=0, (26)

vy (r,0)=0. 27)

(ii). Zero microrotation components for external and
internal flow i.e.

vg (r,0)=0, (28)

vy (r.0)=0. (29)

(iii). The normal velocity V, is continuous a the

surface of the sphere and equal to the filtration
velocity v with negative sign:
VE(r,0)=v; (r,0)=-V(0). (30)
(iv). The filtration velocity V is proportiona to the
difference of the hydrodynamic pressure@,—p .

V(0)=k(pe(r.0)-pi (r.0)), (31)
where k isthe permeability coefficient > 0.
Ontheinner surface r =1 =b/a

(v). Impenetrability at the inner surface requires that
v (r,0)=0. (32)
(vi). No-dlip condition at the surfacei.e.

vy (r,0)=0. (33

(vii). Zero microrotation vector at the inner surface
implies we may take



V. Mishraand B. R. Gupta/ JAFM, Voal. 11, No. 4 pp. 995-1004, 2018.

vy (r,0)=0 (34)

Applying the boundary conditions (26) to (34), we
obtain the following linear equations:

2-B,+D,-E, {AK% (A)+ Ky (/1)} =0, (35)

2A2—Bz+4CZ+D2—E2{/1K}/2(/1)+

(36)
Ky (1) |+F,| 214, (2)=14, (2)|=0
5, (D[#F:| 41, (2)-15, (1) |0
. + '
_D2+(’UKKJ/12E2K/2(/I)=O, (37)
U+ K 2 HEK
°C D2+( x jEzﬂ K%(l){ x j(ss)
xFZlZI%(l)=0,
A2+BZ+C2+D2+E2K%(/1)+Fz'%(ﬁ)
=1+B'2+D'2+E'2K%(/1)=k(2”ij <9
7
(—2+5C2+%j.
A2|2+%+C2|4+D2|+E2\/|—K%(/1|) (40)
+F2\/_I ;(A1)=0,

2A2I—?—22+4CZI3+D2—E2\/T[1

Ky, (21)
—K%(M)}+ szﬁ[ﬂl%(il)—%l%(ll)]

(41)
D,

_|_+( jszlzx/l_K%(M)J”
/’+KJF2/12\/|_|%(M)=O’

5C2|2 U+ K

(

The linear Egs. (35) to (42) are obtained from
boundary conditions (26) to (34) respectively.
Value of the all constants
A, B,,C,, Dy, B F,, By, Dy, E, ae

determined by using the above linear equations.
Due to very large value of the constants we have

not written in this paper except D, .

(42)

K

4.CALCULATION OF THE DRAG
FORCE AND RATE OF FLOW

In order to estimate the drag force due to external
flow experienced by the permeable sphere which
will be directed along the symmetrical axis, we
need to evaluate the integral by Happel and Brenner
(1965).
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D=2nazj'(Trr cos0-T,,sing) __ sinddo, (43)
0

where
T, =f(r)cosé, T, = g(r)sing,
and
f(r)= 2,u+/({ 2 r% .
E,
{ ﬂr)} { M)}}
g9(r)= 2/1+K 3—842 (Zr)}

Substituting the values of norma (T, ) and

tangential  (T,») stresses in spherica polar

coordinate in Eq. (43) and evauating the integral,
we find that

D = 2zUa(2u + k) Dy, (44)
where D, isgiven in appendix.
The flow rate through the surface is given by
Happel and Brenner (1965)
Q= Iv.n ds=-27Ua’y,(1,0), (45)

s

where § is the front half of the sphere between
0<@<z/2 and v.n the norma component of
the velocity.

Hence dimensionless drag experienced by the
permeable sphere and flow rate through the
D

permeable sphereisgivenby Dy = ———— and
—-6uUa
Q T
= =1+B,+D, + E;K,, (A 46
Qu ey 2t D2 2%()()
respectively.

5. RESULT AND DISCUSSION

At the outset, it is instructive to consider some
limiting situations of the drag force as discussed
below:

When « = 0 then micropolar fluid behaves like a
Newtonian fluid and in this case from Eq. (44) the
calculated drag force comes out

= —(6ma(2(1-1)*(4+71+47)

+k(80+44xI +44I2+4I3+4I4+4I5)))
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/(20-1) (4471 +412)

3 22
+k(84+301+30%+9°+9%)),  (47) Q:—EﬂaU(

which is the drag force for Newtonian fluid past a
permeable sphere that contains a solid sphere given
by Wolfersdorf (1989).

When b=0 i.e |=(b/a)=0 inEq. (44) then
the drag force becomes
D = —(12a7U (1+ A)(xc+ ) (1 + 2u1) (2 (1 (15+
150+ 742+ 22° + € (-15+154 727 +2
xA%))+22° (1+€” (<14 A)+ 4) u+10kA?
x(1+e* (-1+ /1)+/1)(K2 +3ku+ 2;12)))/
(2u(x+2K2+2(1+ A) ) (x (15+154+7
x A2 +24° + € (-15+154 - 747 +22°))
+22% (1+€% (—1+ 2)+ A) ) + K(x(15+
304 +424% +694° + 424"¢”* (-15-124°
~250° +422%))+ 4247 (1+ ) (1+€” (-1

+1)+1)u)(1{2+31cy+2,u2)), (48)

which is the drag force for micropolar fluid past a
permeable sphere with thin surface.

When b=0 ie I=b/a=0 and vertex
viscosity « = 0 in the calculated drag force (44),

we get

awell known result for the drag force of Newtonian
fluid past a permeable sphere earlier reported by
Wolfersdorf (1989). The above result manifests as
an important link as we move ahead. Substituting
the permeability k = 0 in Eq. (44) and we find

1+10k
1+10.5k

D = 671U a( (49)

B 67rUa(l+ ﬂ)(lc+ ,u)(ic+ 2,u)
- K+2kA+2(1+ ) u

(50)

a known result agrees with earlier reported by
Ramkisoon and Mg umdar (1976) for the drag force
past a solid sphere.

Putting vertex viscosity « = 0 in Eq. (45) we get
Q=—(3rUka® (1-1)° (4471 +412) )1 (2(2-1)° ¢

(4+71+417)+k(84+391 + 3012 +91°+01 ),

(51)
which is the flow rate through the permeable sphere
that contains a solid sphere for Newtonian fluid
given by Wolfersdorf (1989).

As b=0 ie |=(b/a)=0 when « =0 inthe
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rate of flow (45), we obtain

k

—_— 52
1+10.5k 3

which is the flow rate through the permeable sphere
for Newtonian fluid given by Wolfersdorf (1989).
Drag force at solid sphere:

The drag force due to internal flow experienced by

theinner sphere r = = (b/a) hasthe value

D" =27 (2u+x)UD,. (53)

Substituting vertex viscosity x=0 in the

calculated drag force (53) we get

D* =~ (247uUlk(6+61 +12 +1°+1%))
/(2(2-1)"x(4+ 71+ 412) + k(84
+39|+39|2+9|3+9|4)), (54)

which is the drag force experienced by the inner
solid sphere contained in a permeable sphere for the
case of Newtonian fluid given by Wolfersdorf
(1989).

The parameter | is the separation parameter

which represents the extent of closeness between
the permeable sphere and solid sphere. Figure 2
presents the effect of separation parameter | on the
non-dimensional drag Dy for different value of
u a A1=20, x=10, k=0.5. This figure

shows that as | increases the drag experienced by
the composite sphere increases. Physicaly it
implies that as inner sphere gets bigger the drag
acting on the sphere increases. When | =1, the

1ok

0.0 02

Fig. 2. Variation of drag coefficient Dy verses

separation parameter | .
composite sphere geometrically becomes a solid
sphere and in this case drag is maximum. Therefore
it could be stated explicitly that drag is greater for
rigid sphere as compare to permeable sphere.
Figure 3 represents variation of non-dimensional
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drag Dy with regard to vertex viscosity x for
various value of u a k=20, 1=20,1=0.5.
This graph reveals that as vertex viscosity increases
the drag also increases. At k=0, the micropolar
fluid becomes Newtonian. Physically it implies that
the drag in Newtonian fluid is less than that of
micropolar fluid. The very same observation was
made by Gupta and Deo (2013) in the case of

axisymmetric creeping flow of micropolar fluid
over a sphere coated with athin fluid film.

5

(7]

Dy

o

0 20 40 60 80
K —

Fig. 3. Dependence of non-dimensional drag Dy
on vertex viscosity k.

100 120 140

Figure 4 depicts graphically the variation in drag
coefficient Dy against dynamic viscosity u for
diverse value of | at the fixed values of A = 20,

k =10. From Fig. 4 it is clear that as dynamic
viscosity increases the drag decreases rapidly. Same

1.“""""""""""'
0 20 40 60 80 100

M
Fig. 4. Variation of non-dimensional drag
DN w.r.t. M.

observation was also seen in the case of micropolar
fluid past a solid sphere. Figure 4 shows that the
drag is decreasing sharply when 0< ¢ <40 and it

decreases slowly for x> 40.

The effect of permeability parameter k on non-
dimensional drag Dy for different value of | at
A =20,k =10, =10is shown in Fig. 5. It is
obvious from this figure that, there is measure effect

1001

T 149

Fig. 5. Variation of non-dimensional
drag Dy w.r.t. permeability K .

0.024 |

0.022 }

|

_ 0,020}

u

0.018 }

0.016 }

Eo—
Fig. 6. Variation of non-dimensional flow
rate Qy w.r.t. permeability k .

—  u=10
-= =30
— =T
—_— p=100

0 20 40 60 80 100
K —_
Fig. 7. Variation of non-dimensional flow
rate Qy w.r.t. vertex viscosity k.

of k ondrag. By increasing permeability parameter
k the drag is decreasing. When | =0 the
composite sphere becomes a hollow permesble
sphere and in this case the drag is decreasing
rapidly as permeability coefficient k increasing but
when | = 0.9 thefluid between spheresisvery less
and the permeable sphere experience greater drag.
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Figure 6 exhibits the variation
0.14

of flow rate Qy

0.12
0.10
T 0.08
= 0,06
0.04

0.02

0.00
0.0

0.2 0.4 0.6 1.0
I —

Fig. 8. Variation of non-dimensional flow rate

Qu wrt. 1.

with respect to permesbility parameter k for
numerous value of vertex viscosity for the case
when 4 =10, | =0.5, 2 =30. It can be observe
from the Fig. 6 that by increasing permeability
parameter flow rate is increasing rapidly. It is
interesting to note that when k < 0.2 the flow rate
is increasing rapidly and then after it increases
gradually.

The graphical representation of non-dimensional
flow rate Qy with respect to vertex viscosity « is
depicted in Fig. 7 for various value of dynamic
viscosity u at fixed values of 1 =10,1 =0.5
k =10. This is obvious from the Fig. 7 that as
vertex viscosity increases the rate of flow decreases.
Physicaly it manifests that flow rate is greater in

the case of Newtonian than the micropolar fluid, as
expected.

0.8

Figure 8 shows the variation between non-
dimensional flow rate with respect to separation

parameter | for different value of vertex viscosity
K . This figure shows that the rate of flow

decreases as radius of inner sphere increases. The
flow rate becomes almost constant in the interval

08<I1<1

This work can be extended by using different
boundary conditions such as nonhomogeneous
boundary condition for microrotation vector, dip
boundary condition on the surface of the rigid
sphere, stress jump boundary condition for the
tangential stress etc. Considering some other
viscous fluids like couple stress fluid, Reiner Rivlin
fluid, pseudoplastic fluid, instead of micropolar
fluid, the same problem can be solved in future.

6. CONCLUSION

In this work an analytical approach is described for
steady axisymmetric Stokes flow of micropolar
fluid around a permeable sphere with thin surface
that contains a solid sphere. The mathematical
solutions for the external and internal flow fields
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are presented in terms of stream function. The drag
and the flow rate have been calculated and their
variations with respect to different fluid parameter
have been plotted. The following observations are
made:

(1) It is found that the drag force through the
permeable sphere decreases rapidly for very

small value of the permeability parameter

kand reaches amost constant for very
permesable sphere.

(2) Drag coefficient increases when inner sphere
gets bigger.

(3) It is observed that drag is greater for the
impermeable sphere as compared to the
permeable sphere.

It is seen that there is a vast impact of permeability
parameter on the rate of flow. As permeability
parameter increases the rate of flow a so increases
sharply.
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