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Abstract We considered the transient MHD flow of a reactive second grade fluid
through a porous medium between two infinitely long horizontal parallel plates
where one of the plate is uniform accelerated motion in the presence of a uniform
transverse magnetic field with Arrhenius reaction rate. The transient momentum
equations are solved analytically using the Laplace transform technique. The veloc-
ity and temperature is presented in graphical form and discussed computationally.
The shear stress and Nusselt number are also obtained analytically and computation-
ally discussed. Our results divulge that the effects of magnetic field, rotation, exo-
thermic reaction and variable thermal conductivity have significant impact on the
hydromagnetic flow and heat transfer.
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List of symbols

(u, w) The fluid velocity components
(x, z)  Co-ordinate system

q The fluid density
v The kinematics viscosity
o The electrical conductivity and
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The fluid pressure

The thermal conductivity

The specific heat at constant pressure

The temperature of the fluid

The heat of reaction

The initial concentration of reacting species

The rate constant

The universal gas constant

The magnetic field parameter (Hartmann number)
The Darcy parameter (permeability parameter)
The rotation parameter

The second grade fluid parameter

The Eckert number

The Frank-Kamenetskii parameter or reaction rate parameter
The activation energy parameter

o Thermal conductivity variation parameter and

Pr The Prandtl number

o
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1 Introduction

Studies on heat transfer in MHD flow of non-Newtonian fluids find its relevance in
several geological, petrochemical, and industrial applications. The MHD flow is a
very important phenomenon that is widely encountered in this era of industrialization.
It has numerous applications, for example in lubrication of mechanical devices where
a thin film of lubricant is attached to the surface slipping over one another or when
the surfaces are coated with special coatings to minimize the friction between them.
From applications’ point of view, studies on transport reactive fluids in porous media
are very important since they occur in many important areas like water treatment using
fixed beds, agriculture, oil recovery, ground water flows, geothermal engineering, and
exhaust systems in combustion, material processing, and reservoir engineering.

In fluid dynamics, Couette flow refers to the laminar flow of a viscous incom-
pressible fluid in the space between two parallel plates, one of which is moving and
the other remains fixed. Couette flow occurs in fluid machinery involving moving
parts and is especially important for hydrodynamic lubrication.

Couette flow has been used as the fundamental method for the measurement of
viscosity and as a means of estimating the drag force in many wall driven applica-
tions. The MHD is concerned with the mutual interaction of conducting fluid flow
and magnetic field. The fluids being investigated must be electrically conducting,
which limits the fluids to liquid metals, hot ionized gases (plasmas) and strong elec-
trolytes. The study of magnetic field effects has considerable interest in the techni-
cal fields due to its applications in industrial technology. These applications include
MHD power generators, cooling of nuclear reactors, liquid metal flow control, micro
MHD pumps, high-temperature plasmas, biological transportation, drying processes
and solidification of binary alloy.
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Many researchers like AnwarBég et al. [1], Chandran et al. [2], Chauhan and
Agrawal [3] examined the effect of rotation on an unsteady hydromagnetic Cou-
ette flow. Chinyoka and Makinde [4] discussed the analysis of transient general-
ized Couette flow of a reactive variable viscosity third grade liquid with asym-
metric convective cooling. Cramer and Pai [5], Das et al. [6-8] and Gosh et al. [9]
investigated an unsteady MHD Couette flows in a rotating system. Ghosh et al.
[10] studied effects of Hall currents on an unsteady MHD Couette flow. Jana et al.
[11] and Jana and Datta [12] discussed MHD flows through porous medium. The
combined effects of Hall and ion-slip currents on an unsteady MHD Couette flows
in a rotating system were examined by Jha and Apere [13]. Jha and Apere [14]
presented an MHD Couette flow in a rotating system with suction injection. Jha
and Apere [15] studied Hall effects on the MHD flow in rotating porous media.
Jha et al. [16] discussed the unsteady MHD free convective Couette flow between
vertical porous plates with thermal radiation. Jha et al. [17] discussed an exact
solution on fully developed MHD natural convection flow in a vertical annular
microchannel. The second law analysis of Couette flow of a reactive fluid with
variable viscosity under Arrhenius kinetics was carried out by Kobo and Mak-
inde [18]. Makinde [19] presented a steady flow of a reactive variable viscosity
fluid. Makinde and Onyejekwe [20], Makinde [21] and Makinde and Franks [22]
studied MHD generalized Couette flows and heat transfer with variable viscosity.
Muzychka and Yovanovich [23] studied the unsteady viscous flows and Stokes’
first problem. Nanda and Mohanty [24] investigated hydromagnetic flows in
a rotating channel. More recently, Nayak and Dash [25] have studied the MHD
flow through a porous medium in a rotating channel. Ramzan and Bilal [26] found
the series solution of time dependent MHD second grade incompressible nano-
fluid towards a stretching sheet. Recently, Ramzan et al. [27] studied three dimen-
sional second grade nanofluid flow with effects of thermal radiation and mixed
convection over an exponential stretched surface under the influence of convec-
tive boundary conditions. Ramzan et al. [28] examined the mixed convective flow
of Maxwell nanofluid with Soret and Dufour effects through a porous medium.
Ramzan et al. [29] discussed the thermal-diffusion (Dufour) and diffusion-thermo
(Soret) effects on the mixed convection boundary layer flow of viscoelastic nano-
fluid flow over a vertical stretching surface in a porous medium. A mathematical
model has been established to study the MHD second grade nanofluid flow past
a bidirectional stretched surface by Ramzan et al. [30]. Numerical simulation of
steady two dimensional flow of Casson nanofluid with the effects of MHD, chemi-
cal reaction and thermal radiation in the presence of non-uniform heat source/sink
through a permeable medium is investigated by Ramzan et al. [31]. Ramzan et al.
[32] investigated the flow of micropolar nanofluid due to a rotating disk in the
presence of magnetic field and partial slip condition. Seth et al. [33], Seth and
Maiti [34], Seth and Ghosh [35] presented the MHD Couette flow and heat trans-
fer in a rotating system. Seth et al. [36] investigated the unsteady hydromagnetic
Couette flow induced due to accelerated movement of one of the porous plates of
the channel in a rotating system. Singh and Pathak [37] studied Hall effects on the
MHD flow in rotating porous media. Seth and Singh [38] discussed effects of Hall
current on unsteady MHD Couette flow of class-II in a rotating system. Recently,
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Seth et al. [39] have studied an unsteady MHD convection flow of a heat absorb-
ing fluid within a rotating vertical channel. Seth and Singh [40] have described the
mixed convection flow in a rotating channel. Singh et al. [41] studied the MHD
Couette flow with rotation. Swarnalathamma and Veera Krishna [42] discussed
the peristaltic hemodynamic flow of couple stress fluid through a porous medium
under the influence of magnetic field with slip effect. Theuri and Makinde [43]
discussed thermodynamic analysis of variable viscosity MHD unsteady general-
ized Couette flow with permeable walls. Veera Krishna and Gangadhar Reddy
[44] and Veera Krishna and Subba Reddy [45] discussed MHD free convective
rotating flows. Veera Krishna and Swarnalathamma [46] discussed convective heat
and mass transfer on MHD peristaltic flow of Williamson fluid with the effect of
inclined magnetic field. Veera Krishna et al. [47] discussed heat and mass transfer
on unsteady MHD oscillatory flow of blood through porous arteriole. The effects
of radiation and Hall current on an unsteady MHD free convective flow in a verti-
cal channel filled with a porous medium have been studied by Veera Krishna et al.
[48]. The heat generation/absorption and thermo-diffusion on an unsteady free
convective MHD flow of radiating and chemically reactive second grade fluid near
an infinite vertical plate through a porous medium and taking the Hall current into
account have been studied by Veera Krishna and Chamkha [49].

Almost all the above mentioned studies have assumed that fluid properties are
constant. However experiments indicate that this can only hold, if temperature does
not change rapidly or impulsively in any particular way. Hence more accurate pre-
diction of flow and heat transfer can only be obtained by considering variations of
fluid and electromagnetic properties, especially variations of fluid viscosity, thermal
conductivity as well as electrical conductivity with temperature. The study of reac-
tive viscous fluids under a Couette flow scenario in a rotating system is extremely
important in understanding lubricant hydrodynamics and heat transfer in engineer-
ing and industrial systems. Generally speaking, most lubricants used in both engi-
neering and industrial processes are reactive e.g. hydrocarbon oils, polyglycols,
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Fig. 1 Physical configuration of the problem
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synthetic esters, and polyphenylethers and their efficiency depends largely on the
temperature variation from time to time. It is thus important to determine the heat
transfer conditions and thermal loading properties of viscous reactive fluids to gauge
their effectiveness as lubricants.

Motivated by the above studies, in this paper we have to examine the effects of
rotation and the magnetic field on the transient MHD flow of a reactive second grade
fluid between infinite horizontal parallel plates in a rotating system.

2 Formulation and solution of the problem

We consider the unsteady MHD couttee flow of second grade fluid between two infi-
nite horizontal parallel plates of distance 2 when the fluid and the plates rotate in uni-
son with uniform angular velocity £2 about an axis normal to the plates. The y-axis is
taken normal to the x-axis and the z-axis is taken normal to the xz-plane (see Fig. 1),
lying in the plane of the lower plate. Initially, at time ¢ < 0O, the two plates and the fluid
are assumed to be at the same temperature T, and stationary. At time ¢ > 0, the plate
at y = h starts to move in its own plane with the velocity U(f) and its temperature is 7},
whereas the plate at y = 0 is stationary and maintained at a constant temperature 7,
Since the plates are infinitely long along the x- and y-directions, all physical quantities
will be functions of y and ¢ only.

It is assumed that induced magnetic field produced by the fluid motion is negligible
in comparison with the applied one so that we take magnetic field as B = (0, 0, By).
We assume E = (0, 0, 0). Under the above assumptions, the Navier—Stokes equations
of motion in a rotating frame of reference

2
ou 10p Pu  a u B v
L ioow=——-t 4222228 "0, 2 1
ot v p Ox V()y2 p 0y20t pu K" M
10p
0=--Z 2
2 9y (2)
9 2 3 oB?
0_w_29u=_1_p+v()_w+gdw__ow_zw 3)
ot p oz 0y  poy*ot p k

The initial and boundary conditions are

u=w=0, t<0, for 0<y<h (4a)
u=w=0, t>0, for y=0 (4b)
u=w=U®{), t>0, for y=nh (4¢)
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Equations (1) and (3) can be written as using the boundary condition at y = 4 and
we have

op °B; p)
U __1op %0, _ v, , ooy =_19 5)
ot p 0x p k p 0z

On the use of (5), the momentum Egs. (1) and (2) along x and z-directions become

3 oB?
‘)—W—z.@(u—U)—va—W+56W——°w—3w )
ot 0y  poy*ot p k
ou ou o’u a Au "B(z) v
L roow="4022 4 8 - —2u-U)- I -U 7
ot Y= o V0y2 poy*dtr p @=0) k(u ) 0

Introducing non-dimensional variables

* u s w * vt

= U=uf(t) (8)

= 5 N
u, wy h

Making use of non-dimensional variables, Eqgs. (6) and (7) become (dropping
asterisks)

ookt =L T s (M L)) ©

2 K1) = ‘;V;+S§;;t — (M2 + 2w (10)

where, M? = = h—kzis the

Darcy parameter (permeability parameter), K> = - " is the rotation parameter and
S = % is the second grade fluid parameter.

The corresponding initial and boundary conditions (4) become

u=w=0, t<0,for0<y<1 (11a)

u=w=0, t>0, for y=0 (11b)

u=w=f(>t), t>0, for y=1 (11¢)
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Combining Egs. (9) and (10), we get

o9 .., 0%4q 0dg , 1
Y _igrg=2 45 —<M +—) 12
o 9T 50 T 1 (12)

whereg =u+iw—fandi = /-1
The initial and boundary conditions for g = (y, ) are

g=0, t<0, for0<y<1 (13a)

g=—f, t>0, for y=0 (13b)

qg=0, t>0, for y=1 (13¢)

Taking the Laplace transform of Eq. (12) and on the use of (13a, 13b, 13c), we have
0°q PN

(1+sS)a—y2—(s+M —2iK +B)q=0 (14)

The boundary conditions for g(y, s) are

3(0,5) = =f(s) and g(1,5) =0 (15)
where, f(s) is the Laplace transform of f(7)
Solutions of Eq. (14) subject to the boundary conditions (15) are given by

sinh g(s)(1 —y)

g0y, 5) = —£(s) Sinh £G)

s+M?=2iK?+ 1
where, g(s) = 1/ TB

The upper plate has been set into motion with a speed f(f) = ¢, which corre-
sponds to the accelerated motion. Then the inverse Laplace transforms of Eq. (16)
gives the solution for the velocity components as
sinh(a — ib)(1 — y) 1

sinh(a — ib) 2(a — ib) sinh?*(a — ib)

[cosh(a — ib) sinh(a — ib)(1 — y) — (1 — y) sinh(a — ib) cosh(a — ib)y]|

(16)

g=t—t

oo
+2 Z (=1Y" nx e~ (@iD+2*2*) t gin
n=1

a7)
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1

2

. <(M2 +(1/D)) + 2SK2>2 . <2K2 +S(M? +(1/D)) )2

VE 1+52 1+52

a, b=

where, '
2

(M? + (1/D)) + 2SK?
* 1+

In the inertial frame of reference (K?> = 0, D™' = 0,5 = 0), the present problem
reduces to the problem studied by Makinde and Franks [22]. Also reduces to Das
etal. [34] when D! = 0,5 = 0.

The shear stresses at the plates y = 0 and y = 1 are by

1
2(a — ib) sinh*(a — ib)

d
=) =t(a-ib)coth(a - ib) +
dy y=0

[cosh(a — ib) sinh(a = ib) — (a —ib)] +2 Y\ (~1)"n’x? e ((@-ipytni?) ¢
n=0
(18)

1
2(a — ib) sinh*(a — ib)

d
T, = Y4 = t(a — ib)csch(a — ib) +
dy ),

[sinh(a — ib) — (a — ib) cosh(a — ib)] +2 )" n’z? e~ (@=ipytn’z®) 1
n=0
(19)

The energy equation taking viscous and Joule dissipations into account is given by

2 2
oT _ 9, T ou ow
= () | () + (&
T 5t<'5y> Ml(f?y) <0y>] 20)

E

+ (o83 + 1 )= U2+ 7] + Qe i

The first term on right hand side is for heat conduction, the second term for viscous
dissipation, the third term for Joule heating and the fourth term for Arrhenius reaction.
The initial and boundary conditions for the temperature are

T=T, t<0, for0<y<h (21a)
T=T, t>0, fory=0 (21b)
T=T, t>0, fory=h 21c)
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Following from Makinde and Franks [22], the fluid thermal conductivity is assumed
to vary exponentially with temperature such that

K(T) = Ky e"T~10) ~ Ky(1 +m(T — Tp)) (22)

where, the parameter m may be positive for some fluids such as air or water vapour
or negative for others like benzene. Introducing the non-dimensional variable,
Eq. (20) becomes

pr2 -9 (14502 ) 4 sena
Jt  dy ady

o\ (ow)’ 1
2 2 2
+ Pr Ec <$> +<a—y> +<M +B>((u—l) +W)

(23)

Eul . . . .
where, Ec = z :()TZ is the Eckert number which expresses the relationship between a

PO

flow’s kinetic energy and enthalpy, A = QEio';h e R'o the Frank-Kamenetskii parame-
0
i mRT3
ter or reaction rate parameter, ¢ = —2 the activation energy parameter, 6 =
pvC
thermal conductivity variation parameter and Pr = —Z the Prandtl number which is
0

defined as the ratio of momentum diffusivity (kinematic viscosity) to thermal

diffusivity.
The corresponding initial and boundary conditions are
0@y, 0=0, for 0<y<1 (24a)
00,n=0, 6(1,)=0for t>0 (24b)

The local Nusselt number (surface heat transfer gradient) at the lower plate and
upper plate are given by

(25)

00 ¥

Fig. 2 The velocity profiles for u and w, temperature profile for # with time

@ Springer



112 M. VeeraKrishna, G. S. Reddy

0.00

-0.02

-0.04

-0.06

-0.08

-0.10

-0.12

-0.14

-0.08

-0.10

-0.12

-0.14

0.00

-0.02

-0.04

-0.06

-0.08

-0.10

-0.12

-0.14

Fig. 5 The velocity profiles for u and w against K
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00
NuU = —(a—y>y:1 (26)

3 Results and discussions
The velocity profiles for u and w with time, Temperature profile for  with time

are shown in Fig. 2. It is shown the time evolution of the primary and secondary
velocity profiles across the channel for a fixed set of parameter values. The primary
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0.02F

Fig. 8 The temperature profiles for 6 against D, S, 6 and M

velocity and secondary velocity increase from its zero value at the lower fixed plate
to its maximum value at the upper moving plate. Also it exhibits the time evolution
of the temperature profiles across the channel for a fixed set of parameter values.
The temperature increases from its zero value at the lower fixed plate to its maxi-
mum value at the centre region of the channel.

The velocity components u and w for several values of magnetic parameter
M, Darcy parameter D, rotation parameter K and second grade fluid parameter S
are presented in Figs. 3, 4, 5, 6. It is seen from Fig. 3 that the primary velocity u
enhances and the magnitude of the secondary velocity w retards initially and then
increases with increasing values of magnetic parameter M. This is mainly due to
the influence of Lorentz forces present in the magnetic field. This is an established
result reported by many authors. From Fig. 4, we noticed that, the magnitudes of
both the velocity components u and w are increase with increasing permeability of
the porous medium. Lower the permeability lesser the fluid speed is observed in the
entire fluid region.

Figure 5 shows that the primary velocity u increases and the magnitude of the
secondary velocity w enhances near the stationary plate and retards near the moving
plate with an increase in rotation parameter K. From the Fig. 6, the magnitude of
the velocity component u reduces and w increases throughout the fluid region with
increasing second grade fluid parameter S. Likewise the resultant velocity dimin-
ishes with increasing S. From the Fig. 7, an increase in 4, increases the internal heat
generation within the channel due to exothermic reaction, primary to a rise in the
fluid temperature.
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Table 1 Shear stresses M DKST g .

Xy Tzu T}cl Tzl

0.5 0.153545 0.325652 0.254478 0.521045
0.5 0.198554 0.300214 0.221025 0.652102
0.5 0.245526 0.274118 0.114522 0.748905
0.5 0.185548 0.350026 0.298856 0.663151
0.5 0.198870 0.398501 0.352663 0.785549
0.5 0.254152 0.358874 0.221457 0.855244
0.5 0.285596 0.412252 0.200452 1.220033
0.5 0.196696 0.256099 0.214458 0.996854
0.5 0.201145 0.185524 0.120013 1.562236
1.0 0.170255 0.344528 0.288599 0.455079
1.5 0.192005 0.398859 0.311245 0.366525

[ R R SR O R R SR ©)
e e ¥ T S i
DR NS RN NN
T S e Y

Bold values indicate the variation of particular parameter being other
parameters fixed

The fluid temperature 6 increases as K. As the rotation parameter increases, the
Coriolis force increases which results in an increase in temperature profiles. The
fluid temperature 6 increases with an increase in either Prandtl number Pr or Eckert

Table 2 Nusselt number

<
~

S A Ec ¢ Pr T  Nu; Nuy,

1 005 05 01 0.71 05 0.123445 0.052246
1 005 05 01 071 0.5 0.136685 0.041505
1 005 05 0.1 071 0.5 0.152245 0.036201
1 005 05 0.1 071 05 0.154452 0.058895
1 005 05 0.1 071 0.5 0.198854 0.078854
1 005 05 0.1 071 0.5 0.152248 0.085546
1 005 05 01 071 0.5 0214563 0.144522
2 005 05 01 071 0.5 0.198854 0.083256
3 005 05 01 071 05 0256632 0.121452
1 01 05 01 071 0.5 0.145228 0.035526
1 02 05 01 071 05 0.156632 0.012245
1 005 08 0.1 071 05 0.166895 0.099856
1 005 12 0.1 071 0.5 0.225466 0.122549
1 005 05 2 0.71 0.5 0.095466 0.085523
1 005 05 3 0.71 0.5 0.073652 0.100025
1 005 05 01 3 0.5 0.199856 0.022879
1 005 05 01 7 0.5 0.247858 0.011252
1 005 05 01 071 1.0 0.655256 0.012245
I 005 05 0.1 071 15 1.552633 0.008591

DD NN NN NN NN N NN DN & WN
D NN NN N NN NN N E DD NDNDN

Bold values indicate the variation of particular parameter being other
parameters fixed
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number Ec. Figure 8 describes that the fluid temperature rises with an increase in
either magnetic parameter M. A rise in the intensity of the magnetic field causes an
increase in the fluid temperature within the channel. An increase in the permeability
parameter D or second grade fluid parameter S or thermal conductivity variation
parameter 6 the temperature decreases throughout the fluid region. As é increases,
the viscous heating effect decreases and hence the fluid temperature drops.

For purposes of engineering design, the shear stresses at the channel plates are
important. We can then obtain the shear stresses at the plates due to the primary
and the secondary flows on separating into real and imaginary parts of the com-
plex Egs. (18) and (19). Numerical results of the non-dimensional shear stresses
7, and 7, at the lower plate y = 0 due to the primary and the secondary flows and
the shear stresses 7, and 7, at the upper plate y = 1 due to the primary and the
secondary flows are presented in Table 1 for several values of magnetic parameter
M, rotation parameter K, Darcy parameter D and second grade fluid parameter
S. The flow separation does not occur as shear stresses are never zero. The posi-
tive values of the shear stress 7, at the moving plate y = 1 due to the secondary
flow actually confirm the existence of a backflow for the secondary velocity. At
the lower plate, the shear stress 7, increases whereas the magnitude of the shear
stress 7, decreases as M increases. The reversal behaviour is observed for the
upper plate with M. As the magnetic field intensity increases, the velocity gra-
dient increases at the lower fixed plate and decreases at the upper moving plate
due to the resistance effect of Lorenz force at the upper plate. The similar behav-
iour is observed with increasing second grade fluid parameter S. Both the stress
components enhances with increasing rotation parameter K at the lower plate
whereas 7, reduces and 7, increases with increasing K on upper plate. This is
because the rotational drag force leads to an increase in the fluid velocity gradi-
ent at both plate surfaces. At both the plates, the stresses enhance with increas-
ing Darcy parameter D. As expected, a progress in time the velocity components
are boosted up, leading to an increase in the shear stresses at the lower plate. On
other hand, the shear stress 7, increases whereas the shear stress 7, decreases as
time increases.

Table 3 Comparison of results for primary velocity component u
6=0.1, Ec=05, t=0.5, A=0.05, Pr=0.71, y=0.2

M K S Previous results Das et al. Present results u
(8]
uD—0
2 2 1 0.255665 0.255659
3 0.201478 0.201466
4 0.185547 0.185536
4 0.298857 0.298848
6 0.354478 0.354469
2 0.336698 0.336688
3 0.378857 0.378844

Bold values indicate the variation of particular parameter being other parameters fixed
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We noticed that from the Table 2 Nu, increases with an increase in M or time ¢
and Nu,, reduces as M increases. It is clear that the rate of heat transfer is less near
the moving plate in the presence of magnetic field. The rate of heat transfer Nu; or
Nuy, increase with Ec or D or K. Nu; increases whereas the rate of heat transfer Nuy;
reduces when Prandtl number Pr increases. This may be also explained by the fact
that frictional forces become dominant at the stationary plate for increasing values
of Prandtl number Pr and hence yield greater heat transfer rate. Hence, Prandtl num-
ber can be used to control the rate of cooling in flow systems. Similar behaviour
is observed for A. The rate of heat transfer Nu; decreases whereas the rate of heat
transfer Nu,, increases with an increase in 6. As ¢ increases, the thermal conductiv-
ity of fluid enhances and hence heat can diffuse from the moving plate faster. As a
result, the rate of heat transfer at the moving plate increases. The identical behavior
is monitored for the second grade fluid parameter S. Table 3 represent comparison
of results for primary velocity component u. We observed that, good agreement with
the previous results of Das et al. [8] when D — 0.

4 Conclusions

In this paper, a transient hydromagnetic Couette flow through porous medium and
heat transfer of a reactive viscous incompressible electrically conducting fluid
between two infinitely long horizontal parallel plates in the presence of a uniform
transverse magnetic field in a rotating system when one of the plate is set into uni-
form accelerated motion under Arrhenius reaction rate has been presented. The con-
clusions are made as the following.

1. The magnitude of the velocity has been significantly modified due to combined
effects of magnetic field, permeability and rotation.

2. The velocity within the channel is accelerated when time progresses.

3. The temperature within the channel reduces due to increasing variable thermal
conductivity while it enhances for increasing values of magnetic parameter or
Frank-Kamenetskii parameter or rotation or Eckert number.

4. The rotation enhances the absolute value of the shear stresses at the lower plate.

5. The shear stress due to the primary flow enhances whereas the shear stress due
to the secondary flow reduces at the lower plate for increasing M.

6. Nusselt number at the lower plate enhances whereas at the upper plate reduces as
magnetic parameter or Prandtl number or time increases.
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