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In the present study, the hydromagnetic pulsating flow of Casson fluid between two parallel
plates in a porous space, thermal radiation and chemical reaction are investigated. The analyti-
cal solutions for flow variables are obtained by using a perturbation technique. The effects of
pertinent parameters on velocity, temperature, concentration, Nusselt number and Sherwood
number distributions are studied in detail.
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1. INTRODUCTION

The study of magnetohydrodynamic (MHD) flows of non-Newtonian fluid in
a porous medium has attracted the attention of many researchers. This is due
to a wide variety of applications for the MHD flows of non-Newtonian fluids
in a porous medium which are encountered in irrigation problems, heat-storage
beds, biological systems, processing of petroleum, and textile, paper and poly-
mer composite industries. Numerous studies have been presented on various
aspects of MHD flows of non-Newtonian fluid flows passing through a porous
medium [1-4]. RoscA and Pop [5] investigated the flow and heat transfer of
Powell-Eyring fluid over a shrinking surface in a parallel free stream. WEN-
CHANG et al. [6] introduced the fractional calculus approach in the constitutive
relationship model of a generalized Maxwell fluid between two parallel plates.



462 C.K. KUMAR, S. SRINIVAS

KHAN et al. [7] examined the unsteady squeezing flow of a Casson fluid between
parallel plates. ATTIA and SAYED-AHMED [8] analyzed the unsteady magneto-
hydrodynamic flow of a non-Newtonian Casson fluid bounded by two parallel
non-conducting porous plates. CHIU-ON NG [9] developed analytical solutions
for steady electroosmotic (EO) flow of a Casson fluid through a parallel-plate
microchannel. HAYAT et al. [10] investigated the stagnation point flow and heat
transfer of a Casson fluid towards a stretching surface. The boundary layer flow
of a Casson fluid over an exponentially permeable shrinking sheet has been
examined by NADEEM et al. [11].

The pulsatile flow in a porous channel or pipe is important to understand
the process of dialysis of blood in an artificial kidney [12-15]. An investigation
about heat transfer to pulsatile flow in a porous channel was made by RAD-
HAKRISHNAMACHARYA and MAITI [15]. In their investigation, the walls were
maintained at uniform temperatures and fluid was injected through one wall
and removed at the opposite wall at the same rate. SIDDIQUI et al. [16] studied
the pulsatile flow of blood in a stenosed artery by modeling blood as a Cas-
son fluid. SHIT and ROy [17] investigated the pulsatile flow and heat transfer
of a magneto-micropolar fluid through a stenosed artery under the influence of
body acceleration. SHAWKY [18] studied the pulsatile flow with heat transfer of
dusty magnetohydrodynamic Ree-Eyring fluid through a channel.

The study of thermal radiation has received much attention of several re-
searchers because of its many applications in environmental and scientific pro-
cesses, physics and engineering. For example, the research on thermal radiation
is used in aeronautics, fire research, heating and cooling of channels, nuclear
power plants, gas turbines, and various propulsion devices for missiles, aircraft,
space vehicles, and satellites [19-23]. HOSSAIN et al. [24] studied the effect of
radiation on free convection from a porous vertical plate. An analysis of ther-
mal radiation on steady MHD asymmetric flow past a semi-infinite stationary
plate was made by RAPTIS et al. [25]. MUKHOPADHYAY [26] examined the ther-
mal radiation effect on unsteady flow of a Casson fluid and heat transfer over
a stretching surface in presence of suction/blowing. The effects of slip and ther-
mal radiation on the MHD free convection flow of a Casson fluid over a cylinder
in a non-Darcy porous medium were investigated by MAKANDA et al. [27].

The combined study of heat and mass transfer problems with chemical re-
action are of great practical importance in many processes and therefore have
received a considerable amount of attention in recent years. Possible applica-
tions of this type of flow can be found in many industries such as electric power
industry, chemical industry, food processing, etc. A reaction is said to be of
first order if the rate of reaction is directly proportional to concentration itself.
In many chemical engineering processes, a chemical reaction between a foreign
mass and the fluid does occur. These processes happen in numerous industrial
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applications such as polymer production, manufacturing of ceramics or glass-
ware, food processing [28-32]. DAS et al. [33] analyzed the effects of a first order
chemical reaction on the flow past an impulsively started infinite vertical plate
with constant heat flux and mass transfer. NABLE et al. [34] examined the ef-
fects of chemical reaction and heat radiation on the MHD flow of a viscoelastic
fluid through a porous medium over a horizontal stretching flat plate. SHEHZAD
et al. [35] studied the effects of mass transfer on the MHD flow of a Casson fluid
with chemical reaction and suction. Recently, SRINIVAS et al. [36] have presented
a note on thermal-diffusion and chemical reaction effects on the MHD pulsating
flow in a porous channel with slip and convective boundary conditions.

To the best of authors’ knowledge, no investigation has been made yet that
would analyze the MHD pulsating flow of a Casson fluid in a porous space with
thermal radiation and chemical reaction. Such consideration is of great value in
engineering and science research. Keeping in view the wide range of applications
both in engineering and science, an attempt is made in this paper to study the
effects of thermal radiation and chemical reaction on the pulsating MHD flow of
a Casson fluid between two walls with Joule heating. The structure of the paper
is as follows: the formulation of problem is given in Sec. 2. Section 3 comprises
the solution of the problem. The results and discussion are presented in Sec. 4.
Section 5 contains the concluding remarks.

2. FORMULATION OF THE PROBLEM

Let us consider the pulsatile flow of electrically conducting Casson fluid
between two parallel walls in Darcian porous medium, at a distance h in a porous
medium apart, which is driven by the unsteady pressure gradient

1op*

2.1 = A1 iwt”
(2.1) P (1+ee™"),

where A is a known constant, ¢ (< 1) is a suitably chosen positive quantity,
w is the frequency, p* is pressure and p is density of the fluid. As shown in Fig. 1
a cartesian coordinate system is taken in such a way that the z*-axis is taken
along the lower wall and the y*-axis is normal to it. A magnetic field of uniform
strength By is applied perpendicular to the walls. The rheological equation of
state for an isotropic and incompressible flow of a Casson fluid is [10, 11, 26]

2(”3 + Py*/ \Z 27T)eij7 ™ > T,
(2.2) Tij =

2(uB + Py /\/2mc)esj,  w < T,

where 7;; is the (7,7)-th component of the stress tensor, up is the plastic dy-
namic viscosity of the non-Newtonian fluid, Py« is the yield stress of the fluid,
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Fi1G. 1. Physical model of the studied problem.

T = ejj€ij; €;j is the (7, j)-th component of the deformation rate and 7 is the
critical value of this product based on the non-Newtonian model. Under these
assumptions, the governing equations are

ou* 1 90p* 1\ 9*u*  oB? v
2.3 = —= 1+ — - —u* = —u*
( ) ot* p8x* +V< B) ay*2 p u ku ?
T QT* 1 *\ 2 1 - BQ
(2.4) 5, " Kk 0 A % <1+) <8u*> _78q*+070u*2’
ot pCyp Oy pCyp B) \ 0y pCp y* — pCp
oCc* 0°C*  Dkr 0°T*
2.5 =D — kC*.
The corresponding boundary conditions are
(2.6) ut = O, T = T(), C* = Co at y* = 0,
(2.7) u* =0, T =T, c* =0 at Yy =h,

where u* is dimensional velocity in x* direction, v is the kinematic viscosity,

= EBy=Tc Vf”" is the Casson fluid parameter, o is electrical conductivity, p is the
Y

dynamic viscosity, k is the permeability of porous medium, C), is the specific heat
at constant pressure, k is the thermal conductivity, T*, C* are the temperatu-
re and concentration of the fluid, respectively, Ty, 71 (> Tp) are the temperatures
of the lower and upper walls, respectively, Cy, C1(> Cp) are the concentrations of
the lower and upper walls respectively, D is the coeflicient of mass diffusivity, kq
is the first order chemical reaction rate, k7 is the thermal diffusion ratio, T}, is
the mean temperature of the fluid, and ¢, is the radiative heat flux. By using
the Rosseland approximation for radiative heat flux, ¢, is defined as [20, 21, 23]

4%\ OT**
2. = — o
28 4 <3x> oy*
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*

where o* is the Stefan-Boltzmann constant, and x is the Rosseland mean ab-

sorption co-efficient. We assume that the temperature differences within the flow
are sufficiently small such that 7*% may be expressed as a linear function of the
temperature. This is accomplished by expanding 7** in a Taylor series about
Ty and neglecting higher order terms, thus:

(2.9) T = ATST* — 3T}

On substituting Egs. (2.8) and (2.9) into Eq. (2.4), we obtain

oT™* Kk O*T* 7 1 our\ 2
2.10 = 14+ =
(2100 5 oCy 0y " 0C, ( " 5) <8y*)
1 160*1p 0°T* aBgu*Q
pCp 3x Oy pC,

By introducing non-dimensional parameters,

urw b x* y*
U= — e w xr = — = —
A ) ) h ) y h )
(2.11)
9 — T — TO ¢ c* C() . p*
N Tl—Tg’ Cl Co p_Aph7
Egs. (2.3), (2.10) and (2.5) become
ou Op 1\ 1 [0%u 1 |
2.12 — = —— I+ =)= | M+ —
212) % 8x+<+ﬁ)H2<8y2> H2< T Da )"
(2.13) 0 1 dpy 829+ L4 LY Be (0u 2+M2Ec2
. — = — == | = —u
ot Pr H? 3 Oy? B ) H? \ 9y oz -
0¢ 1 0%  Sr 9% ~y
2.14 - = — 4+ — - —
(2.14) ot SCH28y2+H28y 2¢ H27
where Da = % is the Darcy number of the porous media, Pr = % is the
AN2
Prandtl number, Ec = % is the Eckert number, Rd = 1o XTO is the radia-
tion parameter, M = Bo\hf‘f is the Hartmann number, H = % is frequency
parameter, Sr = % is the Soret number, Sc = % is the Schmidt number,
v = % is the chemical reaction parameter and K; = %.
The corresponding boundary conditions are
(2.15) u =0, 0 =0, ¢=0 at y =0,

(2.16) u =0, 0=1, p=1 at y=1.
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3. SOLUTION OF THE PROBLEM

The velocity u, temperature # and concentration ¢ can be assumed to have
the form [15, 18]

(3.1) u = up(y) + sur(y)e™,
(3.2) 0 = Oo(y) +ebi(y)e” + 202 (y)e””,
(3.3) ¢ = doly) +edi(y)e” + e a(y)e™™.

Now, by substituting Eqs. (3.1)—(3.3) into Egs. (2.12)—(2.14) and then equating
the coefficients of various powers of €, we obtain

(3.4) (1 - ;) ug — (M2 - Dla> ug+ H? = 0,
(3.5) <1 + ;) uf — <M2 - i + iH2> up + H? = 0,
(3.6) <1 - ;le> 0y + (1 - ;) Ec Prug + M?Ec Pru} = 0,
(3.7) (1 + ;le) 0] — iH*Pro; +2 (1 + ;) Ec Pruju)

+2M%Ec Prugu; = 0,

4 1
(3.8) <1 + 3Rd> 6y — 2iH?Pr 6y + (1 + B) Ec Pru? + M?Ec Pru? = 0,

(3.9) 0 —Scpo — K1Sc + Sc St = 0,
(3.10) ¢ — (iH?*Sc 4 vSc)py + Sc Srd] = 0,
(3.11) o — (2iH?Sc + vSc)py + Sc Sy = 0.

The corresponding boundary conditions are:

uo(O) = 0, UO(l) = 0, ul(O) = 0, ul(l) = 0,

6o(0) = 0, fo(1) = 1, 61(0) = 0, 61(1) =0,
(3.12)

02(0) = 0, t2(1) =0, $0(0) =0, do(1) =1,

¢1(0) =0, $1(1) =0, $2(0) =0, $2(1) =0
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By solving Egs. (3.4)-(3.11) with the corresponding boundary conditions (3.12),
one obtains

(3.13) wp = Ajcosy/ By + Assiny/B1y + As,

(3.14) wy = Agcos/Bay + Assin/Bay + Ag,

(3.15) 6y = A7 + Asy + Agy® + Aygcos\/Biy + Ay sin /By
+ A19 cos 24/ By + Aq3sin 2\/B>1y,

(3.16) 61 = Ajgcos/ B3y + Aissiny/ Bsy + Ajgcos(v/ B1 — v/ B2)y
+ A7 cos(v/B1 + / B2)y + Aigsin(v/ By + v/ B2)y
+ Aqg sin(\/ B — v/ Bg)y + Agg cos +/ By + Agq sin / By

+ Ago cos v/ Boy + Aoz sin \/ Boy + Aay,

(3.17) 09 = Ags cos/ Byy + Agg sin/ Byy + Aay cos 24/ Boy
+ Asg sin 24/ Boy + Asg sin v/ Boy + Asg cos v/ Bay + Asq,

(3.18) ¢o = Asocosy/ Bsy + Asssin/ Bsy + Asqcos/ By
+ Asssin \/ By + Asg cos 21/ B1y + As7sin 2/ Biy + Ass,

(3.19) ¢ = Asgcos/Bgy + Agpsin\/Bgy + A1 cos/ Bsy + Ayosin/Bsy
+ Ayscos(v/B1 — v/ B2)y + Agg cos(v/ B1 + / B2)y
+ A45 sin(\/ Bl =+ \/ Bg)y + A46 sin(\/ Bl — 4/ Bg)y + A47 COS \/ Bly

+ Ayg sin\/ B1y + Ayg cos \/ Boy + Asg sin \/ Boy,

(3.20) ¢ = A5y cos/ Bry + Asasin\/ By + Ass cos /By + Asysin\/ Byy
+ Ass cos 2/ Boy + Asg sin 24/ Boy + As7sin v/ Boy + Asg cos v/ By,

where A’s and B’s are constants given in the Appendix.
Next, the heat and mass transfer rates in terms of Nusselt number and
Sherwood number at the walls respectively are defined as

(3.21) Nu = — <80> and Sh = — <3¢> .
dy y=0,1 dy y=0,1
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4. RESULTS AND DISCUSSION

In order to get the physical insight of the problem, velocity, temperature,
concentration, Nusselt number and Sherwood number distributions have been
discussed by assigning numerical values to various parameters obtained in math-
ematical formulation of the problem and the results are shown graphically. In
this analysis ug, 05, ¢s, U, 0, ¢¢ represent steady velocity, steady temperature,
steady concentration, unsteady velocity, unsteady temperature, unsteady con-
centration respectively. Figure 2 shows the influence of Hartmann number (M),
Darcy number (Da), Casson parameter /non-Newtonian parameter (), and fre-
quency parameter (H), on the velocity distribution. Figure 2a shows that for
a given increase in Hartmann number, there is a decrease in velocity. This is
due to the fact that the retarding forces (called Lorentz forces) generated by the
applied magnetic field act as resistive drag forces opposite to the flow direction
which results a decrease in velocity. Figure 2b depicts the variation of velocity
for different values of Da. It is noticed that the velocity is an increasing func-
b) !
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F1G. 2. Velocity distribution for e = 0.01, ¢t = 7/4: a) effect of M when 8 = 2, Da= 0.5, H =5,
b) effect of Da when 8 =2, H =5, M = 0.5, c) effect of 3 when Da = 0.5, H =5, M = 0.5,
d) effect of H when 8 =2, Da = 0.5, M = 0.5.
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tion of Da. Because the linear porous drag force called the Darcian drag force
is inversely proportional to Da (see the last term of Eq. (2.12), i.e., —3355)
an increase in permeability of porous regions will increase Da which will act
as the Darcian drag force. Hence, there is an increase in velocity with increase
in Da. From Figs. 2c and 2d, it is clear that the velocity increases with an in-
crease in Casson parameter and frequency parameter. Figure 3 demonstrate the
variation of unsteady velocity for frequency parameter and various values of ¢.
From Fig. 3a it is noticed that the unsteady velocity profiles exhibit oscillating
character with an increasing frequency parameter. For small values of H the
profiles are almost parabolic in nature. The maximum velocity is shifted to the
boundary layers near the walls. From Fig. 3b, one can observe that the unsteady
velocity profiles oscillate with increasing ¢.

1
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Fic. 3. Unsteady velocity distribution for ¢ = 0.01, g = 2, M = 0.5, Da = 0.5:
a) effect of H, b) effect of ¢.

Figure 4 shows the influence of Casson parameter and radiation parameter
on the temperature distribution. Figure 4a shows that for a given increase in
Casson parameter, there is an increase in temperature. Figure 4b depicts the
variation of temperature distribution for different values of radiation parameter.
It is noticed that the temperature is a decreasing function of Rd. The influence
of Eckert number (Ec), Hartmann number (M) and radiation parameter on
steady and unsteady temperature distributions are shown in Figs. 5-7. Figure 5
shows the effect of Ec on steady and unsteady temperature distributions. It
is observed that the steady temperature increases with an increasing Ec. This
increase in temperature may be due to heat created by viscous distribution (see
Fig. 5a). From Fig. 5b it is observed that the unsteady temperature exhibits
oscillating character and oscillations increase with an increasing Ec and the
maximum is shifted to the boundary layers near the walls. From Fig. 6 it is
clear that the steady and unsteady temperatures decrease near the walls with
an increasing M while they increase near the center. Furthermore, the unsteady
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Fic. 5. Effect of Ec on temperature distribution when ¢ = 0.01, 8 = 2, t = 7/4, H = 8,
M = 0.5, Pr = 0.71, Rd = 2, Da = 0.5.
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F1a. 7. Effect of Rd on temperature distribution when ¢ = 0.01, 8 =2, t = w/4, H = 5,
M = 0.5, Pr = 0.71, Ec = 0.5, Da = 0.5.

temperature oscillates with an increasing M and the amplitude decreases with an
increasing M. Figure 7 depicts the variation of steady and unsteady temperature
profiles for different values of radiation parameter. It is noticed that the steady
temperature decreases for a given increase in radiation parameter (see Fig. 7a).
From Fig. 7b one can see that the unsteady temperature oscillating with an
increasing Rd and the maximum is shifted to the near the walls. The effect of
t on unsteady temperature distribution is shown in Fig. 8. One can notice that
the unsteady temperature profiles oscillate with increasing ¢.
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F1c. 8. Effect of ¢ on unsteady temperature distribution when ¢ = 0.01, 5 = 2,
Rd =2, H=>5 M= 0.5 Pr=0.71, Ec = 0.5, Da = 0.5.

Figures 9-11 presents the effects of the chemical reaction parameter (7), the
Schmidt number (Sc) and the Soret number (Sr) on steady and unsteady con-
centration distributions. Figure 9 shows the effect of v on steady and unsteady
concentration distributions. It is observed that the steady and unsteady concen-
tration decrease with increasing ~. This is due to fact that for a given increase
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F1c. 11. Effect of Sr on concentration distribution when ¢ = 0.01, 8 = 2, t = n/4, H = 5,
M =0.5, Pr=0.71, Ec = 0.5, Da= 0.5, Rd =2, y =1, Sc = 0.65, 8 =2, K1 = 0.001.



SIMULTANEOUS EFFECTS OF THERMAL RADIATIO... 473

in chemical reaction there is a decrease in the concentration boundary layer
because the destructive chemical reaction reduces the solutal boundary layer
thickness and increases the mass transfer. Moreover, the unsteady concentra-
tion exhibits oscillating character and the minimum is shifted to the boundary
layers near the walls (see Fig. 9b). The similar behaviour can be observed from
Figs. 10 and 11 by varying Sc and Sr.

Figure 12 demonstrates the effects of M and Rd on Nusselt number distri-
bution (Nu) against H. From Fig. 12a it is noticed that for a given increase
in Hartmann number, Nu increases at the lower wall while it decreases at the
upper wall. The similar behaviour can be found by varying Rd (see Fig. 12b).
The influence of Sc and Sr on Sherwood number distribution (Sh) against H is
shown in Fig. 13. From this figure one can infer that Sh is an increasing function
of Sc and Sr at the lower wall while it is a decreasing function at the upper wall.

a) b) 2

3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10

FiG. 12. Nusselt number distribution for ¢ = 0.01, t = 7/4, 8 = 2, Ec = 0.5, Da = 0.5,
Pr = 0.71: a) effect of M when Rd = 2, b) effect of Rd when M = 2.

pS 40
a) b)
! ” »
20 y=o 30 y=0 ,*
15}
d 20 4
10} Sc=025,045,0.65 ,* St=1,2.3 .
Y . - o
» - -
° PP 2e Vil
Sh o, swaezEIEIIo00T

Sc=0.25,0.45,0.65

-25

3 4 s 6 7 8 9 10 34 s 6 71 8 9 10
H H

Fig. 13. Sherwood number distribution for ¢ = 0.01, t = w/4, 8 = 2, Ec = 0.5, M = 2,

Da = 0.5, Pr =0.71, Rd = 2, v = 1, K1 = 0.001: a) effect of Sc when Sr = 2, b) effect of Sr

when Sc = 0.65.
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5. CONCLUSION

In the present analysis, the pulsating MHD flow of a Casson fluid in a porous
space with thermal radiation, thermal-diffusion, Joule heating and chemical re-
action has been investigated. Analytical solutions are obtained for flow variables.

The

Ay

As =

Az =—

Ay

As

Ag =

A7

Ag

main findings are summarized as follows:
The velocity decreases for a given increasing Hartmann number while it is
increasing with Da and H.

The temperature distribution increases with an increasing Casson param-
eter while it is decreases with an increasing Rd.

The concentration distributions in steady and unsteady cases decreases
with an increase in chemical reaction parameter.

The steady concentration decreases with increasing Sc and Sr while the
unsteady concentration distribution oscillates with increasing Sc and Sr.

Nusselt number distribution increases with an increasing Rd at the lower
wall while it decreases at the upper wall.

Sherwood number is a increasing function of Sc and Sr at the lower wall.

APPENDIX

= _A3a

As(cosv/ By — 1)
sin v/ Bj ’

= *Aﬁa

Ag(cosv/By — 1)
sin v/ Bs ’

H2
(1+3)B’

= _A10 - A12’

=1—Ag+ A10(1 — COS v/ Bl) — Aq1sinv/ By
+ A12(1 — COSQ\/Bl) — Aq3sin2+/ Bi,
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Ag = D1+ Dy + D3+ Dy + Ds,

O2M? Ec Pr Ay As
AIO — 4 )
Bi(1+ 3Rd)
2M? Ec Pr Ay A3
A=

Bi(1+3Rd) ’

Ar2 = Dg + D7+ Dg + Do,

A1z = D1 + D11,

Ay = —Ayg — A7 — Agp — A — Aoy,

A5 = ((Alﬁ + A1z + Agg + Ao + Azy) cos(y/Bs) — Aig cos(v/Bi — \/Ba)
— Ay cos(v/By + /Bs) — Aigsin(y/Bi + \/Ba) — Aygsin(v/B1 — v/ B2)
— Agp cos(\/371) — Aoy 81n(\/§ Aagg cos( \/E
— Aog Sil’l(\/E) — A24>/sin(\/Big),
Are = D12 + D13 + D14 + Dss,
A17 = D16 + D17 + Dig + Dy,
A1s = Dao + Da1 + Daz + Dag,

A1g9 = Doy + Das + Dag + Doy,

2M? Ec Pr Ay 4g
AQQ - — 4 ’
(1 + ng)(—Bl + Bs)
OM? Ec Pr Ay Ag
A = — 7} :
(1+ 3Rd)(—=B1 + Bs)
OM? Ec Pr A3 Ay
A22 = — 4 ’
(1+ 3Rd)(—B; + Bs)
Ao — 2M? Ec Pr A3A;
27 (14 2Rd)(—=By + By)’
OM? Ec Pr A3 Ag
Agy = —

(1+ 3Rd)(B3)
Ags = —Ag7r — Asp — A3y,
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Agg = ((A27 + Asg + A31) cos \/ By — Aoy cos 2/ Bg
— A28 sin 2\/ B2 — A29 sin v BQ — A30 COS / By — A31>/sin \ B s
Ag7 = Dag + D29 + D3 + Dsa,
Ags = D3a + Dss,

2M? Ec Pr A5 Ag
A29 - - 1 5
(1+ 3Rd)(Bs — Bs)
2M? EcPr A4 Ag
Agzp = —

(1+ 4Rd)(Bs — Bs)’

Asz1 = D34 + D35 + D3s + D37 + Dss,

Agg = —Azq — Age — Ass,

Asz = (1 + (Asa + Agg + Asg) cos /By — Asy cos /Bi — Ass sin /By

+ A36 COS 2\/ Bl - A37 sin 2\/ Bl — A38>/Sin AV B5,

AloBlsC Sr
Ags = ————,
Bs — By
AHBlSC Sr
A35 = 5 B
Bs — By
4A12318(: Sr
A36 = "B b
Bs — 4B,
4A133180 Sr
A37 = 7B Db
Bs — 4By

Asg = D3g + Dy,
Azg = — Ay — Auz — Ays — Ayr — Ay,

Ago = ((A41 + Auz + Agg + Agg + Agg) cos /B — Agy cos\/Bs
— Aygsin\/Bs — Ags cos(v/Bi — \/Ba) — Ay cos(\/By + /B2)
— Agssin(v/Bi + /Ba) — Asgsin(y/B; — v/By)
— Ayy cos \/E — Augsin \/E — Ayg cos \/F — Asp sin @)/sin \/E,

SCSTAMB;;
A41 = T 5 5
—B3 + Bg
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Ay = Sc SrA15B37
—B3 + Bg
Agy — ScSr Ag(v/B1 — vVB2)?
—(VB1 —VB2)? + Bg ’
Mgy — ScSr Ai7(vB1 + VBs)?
—(VB1+VB2)? + Bg '’
A — ScSr A1g(v/B1 + v/Bs)?
—(VB1+VB2)? + Bs '’
Ay = ScSr Aj9(v/B1 — r)2
—(VB1— VB2)? + B’
A — ScSr AgoBl7
—B1+ Bg
Ay = ScSr A21B17
—DB1 + Bg
Ay — ScSr AQQBQ7
—DBs + Bg
Asg = Sc Sr Agng7
—By + Bg

As1 = —Asz — Ass — Asg,

A52 = <(A53+A55+A58) COS v/ B7—A53 COS v/ B4—A54 sin vV B4—A55 COS 24/ BQ
— Asgsin2+/ By — As7sin\/ By — Asg cos \/Bg)/sin v/ Br,

A . A25B4 ScSr
53 — B7 — B4
Ary — A26B4 ScSr
54 — B7 — B4
Aer — 4A27Bg Sc Sr
55 — B7 — 432 )
4A28B2 ScSr
Ase = —— 7
B; — 4By
A57 _ AggBQ ScSr

B; — By
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gy — AsoBaScSr b, _ (L §)EePr B4}
®T Bi-B "7 8Bi(1+4Rd)
M? + g2 M2 Ec Pr A2
By = - Da Dy = M EePrdi
1+ 3 8B (1 + 3Rd)
M? + oo+ iH? M? Ec Pr A3
By =— T ; Dy = —————+,
1+ 5 8B (1 + 2Rd)
iH? Pr b (14 4)EcPrBiAi A,
T 14 4Rd 10 4B;(1+ 4Rd)
2iH? Pr M2 EcPr A; A,
By = Y Ty Dy = S T dn
1+ 3Rd 4B (1 + 3Rd)
(1 + %)ECPI‘AlAZ“/ \/
B5 == _’Y SC7 D12 = — 1
(1+ 3RA)(=(VB1 — VB2)? +Bg)
1+ YEcPr Ay As/B1v/B>
Bg = —(iH*Sc + 7 Sc), Dy = — <4 5) 275
(14 5Rd)(=(VBi — VB2)? + B3)’
M2 EcPrA; Ay
B; = —(2iH? Sc + 7 Sc), Dy = —
(1+ 3Rd)(—(VB1 — VB2)? + B3)’
D (1 + %)EC Pr BlA% D M2 EC Pr A2A5
1=- 9 15 = —
4(1+ 3Rd) (1+ 2Rd)(—(vVB1 — VB2)? + B3)’
5 (14 4)EcPr B A3 5 (1 l)EcPrA1A4W,ﬁ
2 = — y 16 =
4(1 + 3Rd) (1+ 5RA)(—=(VB1 + vB2)? + B3)’
M2 EcPr A? b ( %)EcPrAQAmﬁ\ﬁ
3=~ I 17 = —
4(1+ 3Rd) (1+ 3RA)(=(VB1 + VB2)? + B3)’
5 M? Ec Pr A2 5 M? Ec Pr A; 44
4= =T T Ao 18 = —
4(1 + 3Rd) (1+ 3RA)(—(VB1 + vB2)? + B3)’
M? Ec Pr A2 D M2 EcPr As As
5= T An 19 =
2(1+ 3Rd) (1+ 3RA)(=(VB1 + VB2)* + Bs)’
(1+ %)EcPr B A (1+ Y)EcPr A AsVBiVB,

Do == 8B1(1 + iRd) DQO:(H%Rd)( (VB1+ VB2)? + Bs)’



21 =

Day = —

Da3 = —

Doy =

Das = —

Dog =

Day7 = —

Dog =

Dag = —

D3y = —
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(1 -+ %)EC Pr As Ay\/Biv B>

(1+ 3RA)(~(VB1 + VB2)? + B3)’
M? Ec Pr 4; 45

(1+ gRA)(—(vBi + vB2)? + Bs)’
M2ECPI'A2A4

(1+ 3Rd)(—(VBi + VBa)? + By)’
(1+ 4)EcPr A Asv/Brv/Ba

(1+ 3RA)(~(vVB1 = VB2)* + By)’
(14 5)EcPr Ay Ayy/Biv/B2
(14 3Rd)(—=(VB1 — vVB2)? + B3)’
M? EcPr Ay As
(14 5RA)(=(VBi — VB2)? + B3)’
M2 EcPr Ay Ay

(1+ 3RA)(=(VB1 — VB2)? + B3)’
(1+ 3)EcPr A3B,

2(1 + ng)(B4 —4By)’

(14 %)EcPr AZB,
2(1+ 3Rd)(By — 4B)’

M? Ec Pr A2
2(1+ 4Rd)(By — 4By)’

REFERENCES

M2 Ec Pr A2
17 9(14 4Rd)(By — 4By)’
D (1 + %)EC Pr A4A5BQ
27 (1+ 2Rd)(By — 4By)’
1\/[2 EcPr A4A5
D33 = 4 )
(1+ 3Rd)(By — 4By)
b (1+ 3)EcPr AiB,
s 234( +4Rd)
D (14 %) cPr AZB;
P 2By(144Rd)
M? Ec Pr A2
D3¢ = ————F5 >
M? Ec Pr A?
D37 = —————F——,
2B4(1+ 3Rd)
M? Ec Pr A2
Dgg = ———— 71—,
By(1+ 3Rd)
2Ag9 Sc Sr
D3g = ——" =
39 B5 3
Kl Sc
Dy = :
40 B5

Moatmmip G.M., Aur H.S., Magnetohydrodynamic flow of non-

Newtonian viscoelastic fluid through a porous medium near an accelerated plate, Canadian
Journal of Physics, 81(11): 1249-1269, 2003.

. HAMEED M., NADEEM S., Unsteady MHD flow of a non-Newtonian fluid on a porous
plate, Journal of Mathematical Analysis and Applications, 325(1): 724-733, 2007.

. NabpeeMm S., UL-HAaQ R., AKBAR N.S., KHAN Z.H., MHD three-dimensional Casson
Sfluid flow past a porous linearly stretching sheet, Alexandria Engineering Journal, 52(4):
577-582, 2013.

. MisraA J.C., SHIT G.C., CHANDRA S., KunDU P.K., Hydromagnetic flow and heat trans-
fer of a second-grade viscoelastic fluid in a channel with oscillatory stretching walls: appli-
cation to the dynamics of blood flow, Journal of Engineering Mathematics, 69(1): 91-100,
2011.



480

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

C.K. KUMAR, S. SRINIVAS

Rosca A.V., Popr 1., Flow and heat transfer of Powell-Eyring fluid over a shrinking
surface in a parallel free stream, International Journal of Heat and Mass Transfer, 71:
321-327, 2014.

WENCHANG T., WENXIAO P., MINGYU X., A note on unsteady flows of a viscoelastic
fluid with the fractional Mazwell model between two parallel plates, International Journal
of Non-Linear Mechanics, 38(5): 645-650, 2003.

. KuaN U., ABMED N., KHAN S.I., BANO S., MOHYUD-DIN S.T., Unsteady squeezing flow

of a Casson fluid between parallel plates, World Journal of Modelling and Simulation,
10(4): 308-319, 2014.

AtTiA H.A., SAYED-AHMED M.E., Transient MHD Couette flow of a Casson fluid between
parallel plates with heat transfer, Italian Journal of Pure and Applied Mathematics, 27:
19-38, 2010, http://ijpam.uniud.it/online_issue/201027/02-Attia2.pdf.

CHIU-ON NG, Combined pressure-driven and electroosmotic flow of Casson fluid through
a slit microchannel, Journal of Non-Newtonian Fluid Mechanics, 198: 1-9, 2013.

Havar T., FAROOQ M., IQBAL Z., Stretched flow of Casson fluid with variable thermal
conductivity, Walailak Journal of Science and Technology, 10(2): 181-190, 2013.

NADEEM S., HAQ R., LEE C., MHD flow of a Casson fluid over an exponentially shrinking
sheet, Scientia Iranica B, 19(6): 1550-1553, 2012.

SRINTVAS S., MALATHY T., SACHDEV P.L., On pulsatile hydromagnetic flow of an Oldroyd
fluid with heat transfer, Engineering Transactions, 55(1): 79-94, 2007.

MALATHY T., SRINIVAS S.; Pulsating flow of hydromagnetic fluid between permeable beds,
International Communications in Heat and Mass Transfer, 35(5): 681-688, 2008.

WaNG C.Y., Pulsatile flow in a porous channel, Journal of Applied Mechanics, 38(2):
553-555, 1971.

RADHAKRISHNAMACHARYA G., MAITI M.K., Heat transfer to pulsatile flow in a porous
channel, International Journal of Heat and Mass Transfer, 20(2): 171-173, 1977.

SiopiQul S.U., GupTA R.S., VERMA N.K., MISHRA S., Mathematical modelling of pul-
satile flow of Casson’s fluid in arterial stenosis, Applied Mathematics and Computations,
210: 1-10, 2009.

Suir G.C., Roy M., Pulsatile flow and heat transfer of magneto-micropolar fluid through
a stenosed artery under the influence of body acceleration, Journal of Mechanics in
Medicine and Biology, 11(3): 643-661, 2011.

SuAwKY H.M., Pulsatile flow with heat transfer of dusty magnetohydrodynamic Ree-
Eyring fluid through channel, Heat and Mass Transfer, 45(10): 1261-1269, 2009.

BREWSTER M.Q., Thermal radiative transfer and properties, Wiley, New York, 1992.

Havar T., SAJJAD R., ABBAS Z., SAJJAD M., HENDI A.A., Radiation effects on MHD
flow of Mazwell fluid in a channel with porous medium, International Journal of Heat and
Mass Transfer, 54(4): 854-862, 2011.

SRINIVAS S., SHUKLA A.K., RAMAMOHAN T.R., REDDY A.S., Influence of thermal radi-
ation on unsteady flow over an erpanding or contracting cylinder with thermal-diffusion
and diffusion-thermo effects, Journal of Aerospace Engineering, 28(5): 0401413410, 2015.

PAL D., VAJRAVELU K., MANDAL G., Convective-radiation effects on stagnation point
flow of nanofluids over a stretching/shrinking surface with viscous dissipation, Journal of
Mechanics, 30(3): 289-297, 2014.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

SIMULTANEOUS EFFECTS OF THERMAL RADIATIO... 481

MusTAFA M., MUSHTAQ A., HAYAT T., ALSAEDI A., Radiation effects in three-dimensio-
nal flow over a bi-directional exponentially stretching sheet, Journal of the Taiwan Institute
of Chemical Engineers, 47: 43-49, 2015.

Hossain M.A., ALim M. A., REEs D.A.S., The effect of radiation on free convection from
a porous vertical plate, International Journal of Heat and Mass Transfer, 42(1): 181-191,
1999.

RapTis A., PERDIKIS C., TAKHAR H.S., Effect of thermal radiation on MHD flow, Applied
Mathematics and Computation, 153(3): 645-649, 2004.

MUKHOPADHYAY S., Effects of thermal radiation on Casson fluid flow and heat trans-
fer over an unsteady stretching surface subjected to suction/blowing, Chinese Physics B,
22(11): 114702-7, 2013.

MAKANDA G., SHAW S., SIBANDA P., Effects of radiation on MHD free convection of
a Casson fluid from a horizontal circular cylinder with partial slip in non-Darcy porous
medium with viscous dissipation, Boundary Value Problems, 2015, doi: 10.1186/s13661-
015-0333-5.

MUTHURAJ R., SRINIVAS S., A note on heat transfer to MHD oscillatory flow in an
asymmetric wavy channel, International Communications in Heat and Mass Transfer,
37(9): 1255-1260, 2010.

BrIDGES C., RAajAcoPAL K.R., Pulsatile flow of a chemically-reacting nonlinear fluid,
Computers & Mathematics with Applications, 52(6—7): 1131-1144, 2006.

Havar T., ABBAS Z., Channel flow of a Mazwell fluid with chemical reaction, Zeitschrift
fiir Angewandte Mathematik und Physik, 59(1): 124-144, 2008.

Havar T., MUSTAFA M., ASGHAR S., Unsteady flow with heat and mass transfer of
a third grade fluid over a stretching surface in the presence of chemical reaction, Nonlinear
Analysis: Real World Applications, 11(4): 3186-3197, 2010.

VAJRAVELU K., PRASAD K.V., PRASANNA RAO N.S., Diffusion of a chemically reactive
species of a power-law fluid past a stretching surface, Computers & Mathematics with
Applications, 62(1): 93-108, 2011.

Das U.N., DEka R.K., SOUNDALGEKAR V.M., Effects of mass transfer on flow past an

impulsively started infinite vertical plate with constant heat flux and chemical reaction,
Forschung im Ingenieurwesen, 60(10): 284-287, 1994.

NaBiL E.T.M., ELsakA A.G., RADwAN A.E., Macepy A.M.E., Effects of chemical re-
action and heat radiation on the MHD flow of vicoelastic fluid through a porous medium
over a horizontal stretching flat plate, Journal of American Science, 6(9): 126-136, 2010.

SHEHZAD S.A., HavAT T., QASIM M., ASGHAR S., Effects of mass transfer on MHD
flow of Casson fluid with chemical reaction and suction, Brazilian Journal of Chemical
Engineering, 30(1): 187-195, 2013.

SRINIVAS S., MALATHY T., REDDY A.S., A note on thermal-diffusion and chemical reac-

tion effects on MHD pulsating flow in a porous channel with slip and convective boundary
conditions, Journal of King Saud University — Engineering Sciences, 28(2): 213-221, 2016.

Recewed July 2, 2016; accepted version April 4, 2017.





