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Abstract: In this work, we investigate isothermal MHD motions of a large class of rate type fluids
through a porous medium between two infinite horizontal parallel plates when a differential expres-
sion of the non-trivial shear stress is prescribed on the boundary. Exact expressions are provided for
the dimensionless steady state velocities, shear stresses and Darcy’s resistances. Obtained solutions
can be used to find the necessary time to touch the steady state or to bring to light certain charac-
teristics of the fluid motion. Graphical representations showed the fluid moves slower in presence
of a magnetic field or porous medium. In addition, contrary to our expectations, the volume flux
across a plane orthogonal to the velocity vector per unit width of this plane is zero. Finally, based on
a simple remark regarding the governing equations of velocity and shear stress for MHD motions of
incompressible generalized Burgers’ fluids between infinite parallel plates, provided were the first
exact solutions for MHD motions of these fluids when the two plates apply oscillatory or constant
shear stresses to the fluid. This important remark offers the possibility to solve any isothermal MHD
motion of these fluids between infinite parallel plates or over an infinite plate when the non-trivial
shear stress is prescribed on the boundary. As an application, steady state solutions for MHD motions
of same fluids have been developed when a differential expression of the fluid velocity is prescribed
on the boundary.

Keywords: generalized Burgers’ fluids; magnetic field; porous medium; parallel plates; steady state
solutions; strange result

MSC: 76A05

1. Introduction
Long time ago, Burgers proposed the one-dimensional linear model [1]:

7+ a1y + axi] = bié + byé, 1)

where 7 is the stress, ¢ is the one-dimensional strain and ay, a5, by, by are material con-
stants. This rate type fluid model was often used to describe the mechanical behavior
of asphalt and the asphalt mixes or different food products like cheese [2-5]. It was also
used to determine the transient creep properties of the earth’s mantle and to model high
temperature viscoelasticity of the fine-grained polycrystalline olivine [6-8]. Its extension to
a frame-indifferent three dimensional form has been realized by Krishnan and Rajagopal [9]
and the first exact solutions for the flow of such a fluid seem to be those of Ravindran
et al. [10] in an orthogonal rheometer. At the same time, many exact solutions have been
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developed for steady or unsteady motions of these fluids that are called incompressible
Burgers’ fluids.

In this work, we want to bring to light a surprising result concerning some motions
of incompressible rate type fluids. To do that, we choose the most general class of rate
type fluids, namely incompressible generalized Burgers’ fluids (IGBFs). The constitutive
equations of these fluids are given by the relations [11]:

5 & 5§ 0

T:—pI+Te/ ( +ﬂ+b5t2>Te:2]J(1+C+d§t2> (2)
where T is the stress tensor, T, is the extra-stress tensor, D is the rate of deformation tensor,
I is the unit tensor, p is the hydrostatic pressure, y is the fluid viscosity, 4, b, ¢, d are material
constants and 4 /4t represents the time upper-convected derivative. Whend =0, d =b =0
or d = b = ¢ = 0, the governing Equation (2) define incompressible Burgers’, Oldroyd-B
or Maxwell fluids, respectively. If all constants 4, b, ¢ and d are zero, the corresponding
governing Equation (2) define incompressible Newtonian fluids.

In the existing literature there are many studies regarding motions of IGBFs in which,
velocity, non-trivial shear stress or a differential expression of this shear stress is prescribed
on the boundary. Among them we mention those of Zheng et al. [12], Jamil [13], Sultan
et al. [14], Khan et al. [15], Khan et al. [16], Sultan and Nazar [17], Abro et al. [18], Alqahtani
and Khan [19], Hussain et al. [20] and Fetecau et al. [21] which study motions over an
infinite flat plate or between two infinite horizontal parallel plates. Early enough, Re-
nardy [22,23] remarked that differential expressions of shear stresses have to be prescribed
on the boundary in order to formulate well-posed boundary value problems for motions
of rate type fluids like Maxwell and Jeffrey fluids. Actually, in some practical situations,
what is known as the force is applied to the boundary in order to move it. Some results
regarding such motions of IGBFs have been recently provided by Fetecau et al. [24].

In the following, in order to bring to light a strange result regarding some motions of
rate type fluids, we consider isothermal motions of IGBFs between two infinite horizontal
parallel plates when a differential expression of shear stress is prescribed on plates. For a
larger generality, the magnetic and porous effects are taken into consideration and analytical
expressions are provided for the steady components of dimensionless velocity, shear stress
and Darcy’s resistance. They can be used to determine the necessary time to touch the
steady or permanent state. This is the time after which the diagrams of starting solutions
(numerical solutions) overlap with those of their steady state components. Some important
characteristics of the fluid behavior are also graphically underlined and discussed. It was
also found that, contrary to our expectations, the volume flux across a plane normal to the
flow direction per unit width of this plane is zero for such motions of IGBFs.

2. Governing Equations

Velocity vector for isothermal motions of the incompressible Newtonian or non-
Newtonian fluids between two infinite horizontal parallel plates can be provided by the
relation [13-21]:

w =w(z,t) = w(zt)ey, 3)

where ey, is the unit vector along the y-axis of a convenient Cartesian coordinate system
x, y and z whose z-axis is vertical to plates. Under this form, the velocity vector w(z, t)
fulfills the continuity equation. We also suppose that the extra-stress tensor T,, as well as
the fluid velocity w(z,t), is a function of z and t only. If the fluid has been at rest at the
initial moment t = 0, one can prove that the non-null shear stress 7(z,t) = Tey.(z,t) and
the fluid velocity w(z, t) have to satisfy the next partial differential equation [11-16]

SR 9 92\ ow(zt
(1+aa +bat2>17(z,t):y(1+ at+d8t2) “’gz ) zeon), t>0, @

where h is the distance between plates.
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The balance of a linear momentum, in the absence of a pressure gradient in the y-
direction but in the presence of a transverse magnetic field of the magnitude B and a porous
medium, reduces to the following relevant partial differential equation [16,20]:

paw(z, f) _ on(z,t)

_ oB? .
5 e 0B w(z,t) + R(z,t); z€ (0,h), t>0. )

In the above relation, p is the fluid density, ¢ is its electrical conductivity and R(z, t)
that has to satisfy the next partial differential equation [16]:

) 92 ¢ ) 92
(1 +a§ +bat2>R(Z,t) = — k<1 +C§ +datz>w(z,t), z€ (0,h), t>0, (6)

is the Darcy’s resistance. Here, ¢ is porosity and k is the permeability of porous medium.
The corresponding initial conditions are:

ow(z,t) _ uw(zt)

ZU(Z,O) = ot T2 P =0,
_ zh) _ Pn(zt) _
1(2,0) = =5 =0 o 't:O - @)

R(z,0) = D) — 0. 2 ¢ (0,n).

o

The boundary conditions to be here imposed are:

2 2\ dwl(z,
(1 +ad + b%)n(O, t) = y(l +cd +d§?> wa(j J
= Scos(wt) or equal with Ssin(wt); t >0,

z=0 (8)

2 2\ Jw(z,
(1+ag +02 )0 t) = p(1+c +ddy ) 22!
= Scos(wt)) or equal with Ssin(wt); >0,

z=h (9)

where S is a constant shear stress and w is the oscillations’ frequency.
In the special case whena = b = ¢ = d = 0, corresponding to incompressible
Newtonian fluids, the boundary conditions (8) and (9) take the simple forms:

n(0,t) = u dw(z t) = Scos(wt), n(h,t)=u ow(zt) = Scos(wt); £>0, (10)
0z 2=0 0z z=h
respectively,
(0,8 = n D] sgnen, nint) = 12D sein(er); t>0. (1)
0z 2=0 0z z=h

In this case, the shear stress 77(z, t) is prescribed on the boundary.
The volume flux V(t) across a plane orthogonal to the flow direction per unit width of
that plane can be determined using the next relation

h
Wﬂ:/w@ﬂﬂﬁ>0 (12)
0

Introducing the next non-dimensional variables, functions and parameters

zt =z, ' =4t w=fw, 1t =3y, R = bR, v =245V,

2
2
wt =T, at =54, b*:(—v b, ¢* =%¢ d*z(—”) d,

v 2

(13)
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in Equations (4)-(6) and (12) and renouncing to the star notation, one attains to the next
dimensionless forms

d 02 d 02\ dw(z, t)
(H—aa +bat2)17(z,t)— (1+c—|—d> 3 z€(0,1), t>0, (14)

ow(z,t)  dn(z,t)
of 0z

— Mw(z,t) 4+ R(z,t); z€(0,1), t>0, (15)

1+ a+ba2 R(zt) = —K( 1+ a+d32 (z,t); z€(0,1), t>0, (16)
aa az z, - Ca az w\z,t), z 7 7 7

1
V(t) = /w(z,t)dz; £> 0. (17)
0

of the respective relations. In the above relations, v = u/p is the kinematic viscosity and
the magnetic and porous parameters M and K, respectively, are defined by the relations:
B2n> K2
M= g kP (18)
o v U k
The non-dimensional initial conditions have the same forms as in relations (7) while
the boundary conditions take the simplified forms:

(1+ag+02 )05 = (1405 +d 2 ) 2420

z=0 (19)
= cos(wt) or equal with sin(wt); t >0,

(1+ad +b2)n1 1) = (140 +ddy) 24!

z=1 (20)
= cos(wt) or equal with sin(wt); t > 0.

The form of boundary conditions (19) and (20) and the fact that the fluid has been at
rest up to the initial moment ¢ = 0, tells us that the respective motions become steady or
permanent in time. The fluid behavior in such motions can be characterized by the start-up
(starting) solutions wc(z,t), 1.(z,t), Re(z,t) or ws(z,t), 1s(z,t), Rs(z,t) sometime after
its initiation. After that time, which is the time to touch the steady or permanent state,
the fluid motion is described by the steady state (long time or permanent) solutions. In
practice, this time is very important for the experimental researchers and in order to
determine it for a given motion, it is necessary and sufficient to know the steady state
solutions. This is the reason that, in the next sections, we shall provide the exact expressions
for these solutions only. These solutions, denoted by w¢(z,t), 1cp(2,t), Rep(z,t) and
wsp(z, t), Usp(Z, t), Rsp(z,t) are independent of the initial conditions, but they have to
satisfy the governing equations and boundary conditions.

3. Analytical Expressions for the Dimensionless Steady State Solutions

As previously mentioned, the steady state solutions wcy(z,t), 17¢p(2,t), Rep(z,t) and
wsp(z,t), Nsp(z,t), Rep(z, t) have to satisfy the governing Equations (14)-(16) and the bound-
ary conditions (19) and (20), respectively. In addition, they correspond to the steady or
permanent state and are valid for any value of the time f € R.

3.1. Analytical Expressions for the Dimensionless Steady State Velocity Fields

Eliminating the shear stress #(z,t) and the Darcy’s resistance R(z,t) between
Equations (14)—(16) one obtains the following governing equation:

2\ ow(zt) 2\ Q2w(zt)
<1+“at batZ) ) = (1+C8t datZ) =
—M(1+aat+bat2) (z,t)—K(1+c§+dW) (zt); z€ (0,1), tER,

(21)
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for the fluid velocity. The steady state velocity fields wcy(z,t) and ws(z, t) have to satisfy
this equation and the respective boundary conditions. Let us consider the complex velocity:

wp(z,t) = wep(z,t) +iwsp(z,t); 0<z<1, teR, (22)

where i is the imaginary unit. This velocity has to satisfy the governing Equation (21) and
the next boundary conditions:

2 0 t .
( J J ) wp(,) =W te R, (23)

z=1

9 02\ owp(z,t)
9 |, (HCaﬁdaﬂ) 0z

Bearing in mind the form of the boundary conditions (23) and the linearity of the
governing Equation (21), we are looking for a solution of the next form:

wy(z,t) = W(z)e*; z € (0,1), te R (24)
Direct computations show that wp(z, t) is given by the next simple relation:

sinh[6(z — 1/2)]

iwt,
1 —dw? +iwc)cosh(5/2)e ; z€(0,1), teR, (25)

wp(z,t) = 5

in which the complex constant ¢ is given by the relation:

5_\/(M+iw)(1bw2+iwa)+1<(1dw2+iwc)' 26

1—dw? +iwc
According with the definition (22) of w)(z, t) and its expression (25), it results that:

B sinh[6(z —1/2)] it |
Wep(z,t) = Re{(s(1 “de? i c)cosh(§/2)e }, z€(0,1), te®R, (27)

sinh[6(z —1/2)]
1—dw?+iw c)cosh

Wsp(z,t) = Im{(s( ® /Z)ei“’t}; z€(0,1), teR, (28)

where Re and Im mean the real and the imaginary part of that which follows. Simple
calculus shows that wc,(z,t) and wsy(z, t) given by Equations (27) and (28), respectively,
satisfy the governing Equation (21) and the corresponding boundary conditions.

3.2. Analytical Expressions for Shear Stresses and Darcy’s Resistances

To determine the shear stresses 7. (z,t), 7sp(z,t) and Darcy’s resistances Rep(z,t),
Rsp(z,t) corresponding to the two motions of IGBFs we use the governing Equations (14)
and (16) and the expressions of wcy(z,t) and wsy(z,t) from the relations (27) and (28).
Following a similar way as before, it is not difficult to show that:

cosh[é(z —1/2)
1 — bw? + iwa) cosh

Hep(z,t) = Re{< ](5/2)&“”},- z€(0,1), t>0, (29)

cosh[é(z —1/2)] it |
1 —bw2+iwa)cosh(5/2)e ; z€(0,1), £>0, (30)
sinh[é(z — 1/2)]
(1 — bw? + iwa) cosh
sinh[d(z —1/2)]
1 — bw? +iwa) cosh

Nsp(2,1) = Im{ (

_ iwt .
Rep(z,t) = KRe{(S (5/2)e }, z€ (0,1), t>0, (31)

_ iwt .
Rp(z,t) = Klm{§< G7D° } ze(0,1), t>0. (32

It is worth to point out the fact that the expressions that have been obtained for w,) (z,1),
Hep(2,t), Rep(z,t) and wsp(z,t), 17sp(2,t), Rsp(z,t) satisfy governing Equations (14)~(16) and
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boundary conditions (19) and (20), respectively. In addition, if b = ¢ = d = 0, they take
simpler forms that have been recently obtained by Vieru and Fetecau [25] for incompressible
Maxwell. The velocity fields, for example, have the expressions (see Equations (51) and (52)
from [25]):

Wniep (2, 1) = Re{ SHEC‘([)[: (}f(ﬁ/lz/)z)} e"wf} ; ze(0,1), tER, (33)
stp(z,t) = Im{ Sir;?g:(}f(;/lz/)zﬂem}; z€(0,1), tER, (34)

in which g = /(M + iw) (1 + iwa) + K. If in addition a = 0, the last two relations take the

simple forms:
sinh[(z —1/2),/K.ff +iw ,
g7+ ety (0,1, ter (3

\/Kefs +iwcosh(y /[Kesr +iw /2)

sinh[(z —1/2),/K.fr + iw ‘
g7 ) et b 01, teR (36
\/ Kefr +iwcosh(y /Kepr +iw /2)

corresponding to MHD motions of the incompressible Newtonian fluids through a porous
medium between two infinite horizontal parallel plates that applies oscillatory shear
stresses S cos(wt) or Ssin(wt) to the fluid. In the above relations K. = M + K is called
the effective permeability [21].

WNep(z,t) = Re

WNsp(z, ) = Im

3.3. Limiting Case w — 0
Making w — 0 in Equations (27), (29) and (31), one obtains the dimensionless steady

solutions:
( ) Sil‘lh[(Z — 1/2)1 /Keff] (O 1) (37)
wsy(z) = ; ze (U 1),
°F A /KeffCOS h( KEff /2)

cosh[(z —1/2)/K,sf]
Nsp(z) = ; z€(0,1), (38)
cosh(,/Kers /2)

sl =172 Kerr]. z € (0,1) (39)

A /KeffCOSh( Ki’ff /2),

corresponding to the MHD unsteady motion of IGBFs through a porous medium between
two infinite horizontal parallel plates that applies a constant shear stress S to the fluid. These
solutions, which are the steady components of the starting solutions ws(z, t), #s(z,t), Rs(z,t),
are identical to the similar solutions of incompressible Newtonian fluids performing the same
motion. This is possible because the governing equations, as well as the boundary conditions,
are identical in steady motions of incompressible Newtonian and non-Newtonian fluids. Of
course, the steady solutions from Equations (37)-(39) can be directly determined solving the
corresponding boundary value problem. In all cases, the similar solutions corresponding
to same motions of IGBFs in the absence of the magnetic field and porous medium are
immediately obtained making M = K = 0 in the general solutions.

From the equalities (37) and (38) it results that the steady fluid velocity ws), (z) and the
associated shear stress 77s,(z) do not depend of parameters M and K independently, but
by a combination of them which is the effective permeability. Therefore, a two parameter

RSp(Z) = —K



AppliedMath 2024, 4

295

approach for these entities is superfluous. In the absence of magnetic and porous effects,
the relations (37) and (38) take the simple forms:

wsy(z) =2—-1/2, 15, =1; z€(0,1). (40)

The second relation from Equation (40) tells us that the shear stress is constant on the
entire flow domain although the fluid velocity depends of the spatial variable. This constant
is even the shear stress applied by plates to the fluid.

4. Steady State Solutions for MHD Motions of IGBFs with Shear Stress on Boundary

Let us now consider the isothermal MHD unsteady motion of IGBFs between the two
infinite horizontal parallel plates that, after the initial moment ¢ = 0, applies oscillatory
shear stresses S cos(wt) or Ssin(wt) to the fluid. Due to the shear the fluid is gradually
moved and its velocity is characterized by the same relation (3). In the same assumptions
as before, the governing equations for these motions are given by the relations (4) and

ow(z,t) Iz, t)

_oR2 )
% T 5 0B w(z,t); z € (0,h), t>0. (41)

The initial conditions are given by the first six relations from Equations (7) while the
adequate boundary conditions are:

7(0,t) = n(1,t) = Scos(wt); t>0, (42)

7(0,t) = n(1,t) = Ssin(wt); t>0. (43)

Introducing the same non-dimensional variable, functions and parameters as before, the
governing Equation (4) takes the non-dimensional form (14) while Equation (41) becomes:

dw(z, t)  In(z,t)
o0 oz

—Mw(z,t); z€ (0,1), t>0, (44)

Eliminating the fluid velocity w(z,t) between Equations (14) and (44) one finds the
next governing equation:

P 92\ an(zt) _ p) 22\ *n(zt)
(1 af+ o) 5t = (1 oy + a3 ) 4G (45)
—M(l +a% + bg—;)iy(z,t); z€(0,1), te®R,

for the non-null shear stress 7(z, t). The dimensionless boundary conditions are:
n(0,t) =n(1,t) = cos(wt); t>0, (46)

or
n(0,t) = n(1,t) = sin(wt); > 0. (47)

Keeping the same notations as in previous sections and following the same way as
before, one finds for wp(z, t), Ucp(Z, t) and wsy(z,t), 11sp(z, t) the next expressions:

inh —1/2 ;

wep(z, 1) =Re{smco[57}f(z,, /zg ) fjelwf}; z€(0,1), teR, (48)
h —1/2)| .

Hep(2,1) :Re{coiozf(zry /zg )]e“"t}; ze(0,1), teR, (49)

_ sinh[y(z —1/2)] B et |.
wsp(z,t)—Im{ cosh(7 /2) ge t}, z€(0,1), teR. (50)




AppliedMath 2024, 4 296
_ i oshiv(z=1/2)] it |
Hsp(z,t) = Im{ cosh(7 /2) e ; z€(0,1), teR, (51)
In these equalities the complex constants oy and § are given by the relations:
M+ iw)(1 - bw? +iwa 1 —bw? +iwa
1 —dw?* +iwc 1 —dw?* +iwc

Making w — 0 in Equations (48) and (49) one finds the steady solutions:

B sinh[(z—l/Z)\/M} B cosh[(z—l/Z)\/M} ‘
wsp(z) - \/MCOSh(\/M/Z) 4 T]SP(Z) - COSh(\/M/Z) 4 ze (Ofl)f (53)

corresponding to the MHD unsteady motion of IGBFs between the two parallel plates that
applies a constant shear stress S to the fluid. As expected, these solutions are special cases
of those from relations (37) and (38). However, the governing Equation (45) for shear stress
is completely new. It allows us to solve MHD motion problems of rate type fluids when
the shear stress is prescribed on the boundary. This thing is very important because in
many practical situations what is known is the force applied to plates in order to move
them. In addition, the no slip condition on the boundary may be useless for motions of
polymeric fluids that can slide on the boundary. Therefore, as it was previously mentioned
by Renardy [22,23], boundary conditions on stresses are meaningful.

As it was to be expected, taking the limit of the equalities (53) when M — 0, one
recovers the solutions from Equation (40). The shear stress 775, is constant on the entire flow
domain although the fluid velocity is a function of the spatial variable z. This constant is
exactly the shear stress applied by plates to the fluid. Finally, it is very important to remark
the fact that introducing the expressions of wc(z,t), wsp(z,t) or Wsp (z) from Equations (27),
(28), (33)-(37), (40), (48), (50) and (53) in (17) one finds that the volume flux across a plane
vertical to the flow per unit width of that plane is zero in all cases. This surprising result
will be later visualized by graphical representations.

Finally, we mention the fact that in the existing literature there are many studies
concerning motions of incompressible Newtonian or non-Newtonian fluids between infinite
parallel plates. In all these motions, in which the fluid velocity is given on the boundary, the
volume flux is different of zero. The simplest examples can be found in the Sections 3 and 4
of the reference [26]. This is the reason that the present result is contrary to our expectations
and was called strange. However, we are sure that a scientific explanation exists and it will
be theoretical or experimental justified in time.

5. Applications

In the previous sections we provided analytical expressions for the steady state so-
lutions corresponding to isothermal MHD motions of IGBFs through a porous medium
between infinite horizontal parallel plates when the shear stress #(z, ) or a differential
expression of this shear stress is prescribed on the boundary. Now, in order to use these
results, we consider isothermal MHD motions of same fluids between the two infinite
horizontal parallel plates when the fluid velocity w(z,t) or a differential expression of
velocity is prescribed on the boundary. In both cases, in the same conditions as before,
the velocity vector and the governing equations are given by Equations (3), (4) and (41).
Introducing the following non-dimensional variables, functions and parameters:

1 * _ U | * h * h? * 1

=3z P=gpt wh=qw, o =ygn R =gk, Vo =gV, (54)
2 2 2

w* = —’f/ w, a* = —hl’za, b* = —Z b, ¢* = —h"zc, d* = —Z4d,

where U is a constant velocity, one obtains the corresponding dimensionless governing
equations given by the relations (14) and (44).



AppliedMath 2024, 4

297

Eliminating the shear stress 77(z, t) between Equations (14) and (44), one obtains the
next partial differential equation

(1+ad +b2) 200 = (143 —i—d%)%
9 92 (55)

—M(l +ag+ bﬁ)w(z,t); z€(0,1), teR,
for the velocity field w(z, t). The form of this governing equation is identical to Equation (45)
for the shear stress 77(z, t). This simple observation will allow us to easily determine the
exact steady state solutions for other motions of IGBFs.

5.1. Both Plates Oscillate in Their Planes with Velocity U cos(wt)or U sin(w t)

Let us consider the isothermal MHD motions of IGBFs between the two infinite
horizontal parallel plates that oscillate in their planes along the y-axis with the velocity
U cos(wt) or Usin(wt) where the constant U is the amplitude of the oscillations. The
initial conditions are again given by the equalities (7) while the dimensionless boundary
conditions corresponding to these motions are given by the relations:

w(0,t) = w(1,t) = cos(wt); t>0, (56)

or
w(0,t) = w(1,t) = sin(wt); t> 0. (57)

Since the boundary conditions (56) and (57) are identical in form with those from
Equations (46) and (47) for shear stress, we can say, without any calculus, that the di-
mensionless steady state velocities corresponding to these motion problems are given by
the relations

h —1/2)| .
wWep(z,) = Re{ Coscogh((zy ; zg )]em’f}; z€(0,1), teR, (58)

h —-1/2)] ;
wsp(z,t) = Im{ COSCOEL((Z’Y /2§ >]e’“’t}; z€(0,1), te R (59)

The expressions of the associate shear stresses, namely:

_ sinh[v(z = 1/2)] v |,
Hep(z,t) = Re{ cosh(7 /2) Be t}, z€(0,1), teR, (60)

_ o [sinh[y(z—=1/2)] 7 o).

Nsp(z,t) = Im{ cosh(7 /2) ﬁe ; 2€(0,1), te R, (61)
have been obtained using the equality (14). Direct computations show that wy(z,t),
wsp(z,t) and 1¢p(z,t), 7sp(z,t) given by (58), (59) and (60), (61), respectively, satisfy the
governing Equations (14), (44) and (55) and the boundary conditions (56), (57).

Taking w — 0 in Equations (58) and (60) one obtains the steady solutions:

B cosh(z — 1/2)\/M} B sin[(z — 1/2)@} .
wUp(Z) - COSh(\/M/Z) ’ WUP(Z) =VvM COSh(\/M/z) ; Z€ (0/1)/ (62)

corresponding to the MHD motion of IGBFs induced by the two plates that moves in
their planes with the constant velocity U. These solutions, as well as those from the equal-
ities (53), are identical to the similar solutions of incompressible Newtonian fluids per-
forming the same motions. In the absence of the magnetic field one recovers the results of
Erdogan [26], i.e.,

wup =1, nup =0; z€ (0,1). (63)
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Consequently, the shear stress is zero on the entire flow domain and the whole system
moves as a solid body with the constant dimensional velocity U.

5.2. The Case When a Differential Expression of Velocity Is Prescribed on the Boundary

Let us now assume that, instead of the boundary conditions (8) and (9), by which a
differential expression of shear stress is prescribed on the boundary, the same differential
expression of the fluid velocity w(z, t) is given on boundary. More precisely, the next
boundary conditions:

2 2
(1 +ad + ba%)w(o,t) - (1 +ad + b%)w(h,t)

(64)
= Ucos(wt) or equal with Usin(wt); t>0,
are now imposed. Their dimensionless expressions are given by the relations:
d 92 _ 9 92
(1+ad +b2)w(0,t) = (1+ad + b3 )w(1,1) )

= cos(wt) or equal with sin(wt); t>0,

which are identical as form to those for the shear stress #(z, ) from Equations (19) and (20).

Consequently, the expressions of steady state velocities wcy(z,t), wsp(z,t) corre-
sponding to these motions are given by the relations (see the relations (29) and (30) for
shear stresses)

cosh[y(z—1/2)
(1 —bw? +iwa)cosh

Wep(z,t) = Re{ ](v /Z)efwf}; z€(0,1), t >0, (66)

_ cosh[y(z —1/2)] it | .
wsp(z,t) = Im{ [ —bew? +iwa) cosh(y /z)e }, z€(0,1), t>0, (67)

The adequate shear stresses 17¢,(z, t), 71sp(2, t), namely:

ysinh[y(z —1/2)
B(1 — bw? +iwa) cosh

Hep(z,t) = Re{ 27 /2>ei“’t}; z€(0,1), teR, (68)

gsinh[y(z —1/2)]
B(1 — bw? + iwa) cosh(

z,t) = Im ei“’t}; z€(0,1), teR, 69
iy (1) = 3 1) )
have been obtained introducing the expressions of wc,(z, t) and wsy (z, t) from Equations (66)
and (67) in the relation (14). As it was to be expected, making w — 0 in Equations (66)
and (68), one recovers the steady solutions from Equation (53).

6. Some Numerical Results and Conclusions

This study provided the simplest analytical expressions for the dimensionless steady
state velocity, non-trivial shear stress and Darcy’s resistance corresponding to some isother-
mal MHD motions of IGBFs through a porous medium between infinite horizontal parallel
plates when a differential expression of the shear stress is prescribed on the boundary.
Simple computations show that the obtained expressions satisfy the governing equations
and the corresponding boundary conditions. The exact solutions, in addition to describing
the fluid behavior in different circumstances, can be used to get the necessary time to touch
the steady state or to verify numerical schemes that are utilized to study more complex
motion problems. A surprising result regarding these motions of rate type fluids refers
to the volume flux across a plane vertical to the flow direction per unit width of that
plane. This volume flux is zero in all cases, although the boundary conditions on plates are
identical. This result is also brought to light by graphical representations.

Another interesting result refers to the governing equations of velocity and shear
stress for MHD motions of rate type fluids. The fact that these equations have identical
forms has allowed us to provide analytical expressions for the dimensionless steady state
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solutions corresponding to MHD motions of IGBFs between infinite horizontal parallel
plates when the non-trivial shear stress is prescribed on the boundary. Moreover, exact
solutions for MHD motions of rate type fluids, with velocity or shear stress on the boundary,
are easier obtained if are known similar solutions of same fluids for which the shear
stress, respectively the fluid velocity is prescribed on the boundary (see, for instance, the
expressions of the velocity fields wcy(z, t) and wsy(z, t) from Equations (66) and (67) which
have been directly obtained using results from Section 3.2. This opportunity has been
used in Section 5 to provide exact solutions for MHD motions of IGBFs in which the fluid
velocity or a differential expression of this velocity is prescribed on the boundary. We
also mention the fact that all solutions that have been here obtained satisfy the governing
equations and boundary conditions.

Now, in order to bring to light some characteristics of the fluid behavior in MHD
motions of IGBFs through a porous medium when a differential expression of shear stress
is given on the boundary, Figures 1-4 have been prepared for fixed values of the material
constants 4, b, ¢, d, the frequency w and time ¢, and increasing values of the magnetic and
porous parameters M and K. In Figures 1 and 2, for comparison, are close presented the
variations of the dimensionless steady state velocities wc,(z,t) and wsy(z, t) against z for
a fixed value of M and increasing values of K, respectively, for a fixed value of K and
increasing values of M.
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Figure 1. Profiles of velocities wcp(z,t) and wsp(z, t) given by Equations (27) and (28), respectively,
fora=3,b=2,c=1,d=05 w=m/6, K=0.2, t =2, and three values of M.
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Figure 2. Profiles of velocities wp(z, t) and wsp(z, t) given by Equations (27) and (28), respectively,
fora=3,b=2,¢c=1,d=05 w=m/6, M =0.5, t =4, and three values of K.
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Figure 3. Variations in time of the dimensionless velocity w¢y(z, t) from Equation (27), for a = 3,
b=2,c=1,d=05 w=rm/6,z=1/4, K= 0.2 at three values of M, and M = 0.5 for three values
of K.
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Figure 4. Variations in time of the dimensionless velocity wsp (z,t) from Equation (28), for a = 3,
b=2,c=1,d=05w=mn/6,z=1/4, K= 0.2 at three values of M, and M = 0.5 for three values
of K.

In all cases, the fluid velocities have a sign in the upper half of the channel and opposite
sign in the other half. However, in absolute value, the fluid velocities are equal in points
located at equal distances from the plates. This important result certificates the fact that
the volume flux across a plane vertical to the direction motion per unit width of that plane
is zero.

The variations in time of the two steady velocities w¢y(z,t) and ws(z,t) (given by
the same Equations (27) and (28)) in the plane z = 1/4 are depicted in Figures 3 and 4 for
increasing values of the magnetic and porous parameters M and K. The oscillatory behavior
of the two motions, as well as the phase difference between them, is easily observable.
In addition, as it was to be expected from previous results, the amplitude of oscillations
declines for increasing values of M or K. Furthermore, the oscillations” amplitudes of the
two motions are identical at equal values of the two parameters M and K.

Now, for comparison, diagrams of dimensionless steady velocities ws,(z) and wp(z)
are depicted adjoining in Figure 5 for increasing values of K, ¢ and M, respectively. They
correspond to motions of incompressible Newtonian and rate type fluids between two
infinite horizontal parallel plates which apply a constant shear stress to the fluid or move
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Velocity wgp(z)

Velocity wep(z.0)

in their planes with the constant velocity U. The difference between their graphical rep-
resentations is essential. First of all, the velocity ws),(z) has positive values in the upper
half of the channel and negative values in the lower part but their absolute values are
equal at the same distances from the midplane z = 1/2. The second velocity field wy,(z),
as expected, has positive values on the entire flow domain, is symmetric with respect
to the plane z = 1/2 and satisfies the boundary conditions. However, both ws,(z) and
wyp(z) in absolute value are decreasing functions with respect to the parameters K, ¢ or
M, respectively. It means that the fluid flows slower in the presence of a magnetic field or
porous medium.
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Figure 5. Diagrams of steady velocities ws),(z) and wy,(z) given by Equations (37) and (62) at
increasing values of K,¢¢, and M, respectively.

Finally, for a new graphical confirmation concerning the zero value of the volume flux
across a plane orthogonal to the flow direction, we include here Figure 6 for the steady
velocity fields wep(z,t) and wsy(z, t) given by Equations (48) and (50). From these graphs it
follows that the volume flux on a plane perpendicular to the flow direction is zero both for
motions in which a differential expression of shear stress is prescribed on boundary and
motions with shear stresses on the boundary. This result is also brought to light by means of
Figure 7 for the most general velocity fields wcy(z, t) and ws(z, t) corresponding to motions
of IGBFs with a differential expression of the shear stress prescribed on the boundary.
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Figure 6. Diagrams of the velocities w¢y(z,t) and wsy(z,t) given by Equations (48) and (50) for
a=3,b=2,c=1,d=05 w=mn/6t=>5and increasing values of M.
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Figure 7. Variations in time of volume flux V (t) for velocities wey(z, t), wsp(z, t) given by Equations (27)
and (28) fora=3,b=2,c=1, d =05, w = 71/6 and two values of M and K.

The main results that have been obtained in this paper are the following:

Analytical expressions are provided for the dimensionless steady state solutions of
some MHD motions of IGBFs through a porous medium between infinite horizontal
parallel plates when a differential expression of shear stress is prescribed on boundary.
Volume flux across a plane orthogonal to the flow direction per unit width of that
plane, contrary to our expectations, is zero for isothermal motions of IGBFs in which
shear stress or a differential expression of shear stress is prescribed on plates having
equal values.

The governing equations for fluid velocity and shear stress in MHD motions of IGBSs
between parallel plates have identical forms. Consequently, any MHD motion problem
of IGBFs in such a domain or over an infinite plate can be solved when shear stress is
prescribed on the boundary.

The steady velocity ws,(z) and the shear stress 775, (z) corresponding to the motion of
IGBFs due to a constant shear stress on the boundary do not depend independently on
the magnetic and porous parameters M and K. Therefore, a two parameter approach
for these entities is superfluous.

An IGBF flows slower in the presence of a magnetic field or porous medium.
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Nomenclature

€

The one-dimensional strain

ay, az, by, by Material constants

T
T.

Stress tensor
Extra-stress tensor
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D Rate of deformation tensor
I Identity tensor

[4 Hydrostatic pressure
a,b,cd Material constants

ey Unit vector along the y-axis
XY,z Cartesian coordinates

w(z, t) Velocity vector

w(z,t) Fluid velocity

M Magnetic parameter

K Porous parameter

a,b,c d Material constants

R(z,t) Darcy’s resistance

S Constant shear stress

B Magnitude of the applied magnetic field
h Distance between plates

u Constant velocity

V(#) Volume flux

U Dynamic viscosity

0 Fluid density

v Kinematic viscosity

¢ Porosity

k Permeability of porous medium
n(z, t) Shear stress

w Frequency of oscillations

o Electrical conductivity
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