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ABSTRACT

The unsteady, two dimensional, mixed convection flow of an viscous incompressible electrically conducting
micropolar fluid over a vertical and impermeable stretching surface in the presence of MHD and second order slip
flow when the buoyancy force assists or opposes the flow has been studied. Using the similarity transformations, the
governing equations have been transformed into a system of ordinary differential equations. These differential
equations are highly nonlinear which cannot be solved analytically. Therefore, bvpdc MATLAB solver has been
used for solving it. Numerical results are obtained for the skin-friction coefficient, the couple wall stress and the
local Nusselt number as well as the velocity, microrotation and temperature profiles for different values of the
governing parameters, namely, material parameter, magnetic parameter, first order velocity dip parameter, second
order velocity slip parameter and Eckert number.

Keywords. Unsteady FlowMixed ConvectionHeat Transfer, Micropolar Fluid, MHD, Stretchingriace, Second
order Slip Flow, Viscous Dissipation.

INTRODUCTION

Micropolar fluids are fluids of microstructure. Theepresent fluids consisting of rigid, randomlyieoted, or
spherical particles suspended in a viscous meditmere deformation of fluids particles is ignoredheTdynamics
of micropolar fluids, originated from the theory Bfingen [1-3], has been a popular area of resedvehto its
application in a number of processes that occundustry. Such applications include polymeric fljideal fluids
with suspensions, liquid crystal, animal blood, anabtic lubricants. Extensive reviews of theorynoicropolar
fluids and its applications can be found in reviasicles by Ariman et al. [4, 5] and recent boolstlnkaszewicz
[6] and Eringen [7].

According to most of the previous studies, the MRV has received the attention of many researcteesto its
engineering applications. In metallurgy, for exaemome processes involve the cooling of many poatis strips
by drawing them through an electrically conductthgd subject to a magnetic field (Kandasamy andhigimin
[8])-This allows the rate of cooling to be contealland final product with the desired charactesstd be obtained.
Another important application of hydromagnetic flanvmetallurgy is in the purification of molten raés from
nonmetallic inclusions through the application ahagnetic field. Research has also been carriedypirevious
researchers on the flow and heat transfer effdat$ectrically conducting fluids such as liquid rakst water mixed
with a little acid and other equivalent substantehie presence of a magnetic field. The studie havolved
different geometries and different boundary coondsi Herdricha et al. [9] studied MHD flow contrfofr plasma
technology applications. They identified potentglplications for magnetically controlled plasmagha fields of
space technology as well as in plasma technologgd&ek et al. [10] investigated the similarity ol in MHD
flow and heat transfer over a wedge taking intooaot variable viscosity and thermal conductivitidhe
magnetohydrodynamic (MHD) forced convection bougdayer flow of nanofluid over a horizontal streitatp
plate was investigated by Nourazar et al. [11] gisiamotopy perturbation method (HPM).
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Unsteady free convection flows of dissipative fhijghast an infinite plate have received a littlertton because of
non-linearity of the governing equations. Bhaskad&® and Bathaiah [12] studied the magnetohydraaynéow
of a viscous incompressible fluid between a paréiie wall and a long wavy wall. Neeraja and BhasReddy [13]
investigated the MHD unsteady free convection flmast a vertical porous plate with viscous dissgratRecently,
El-Aziz [14] studied the mixed convection flow ofraicropolar fluid from an unsteady stretching scefavith
viscous dissipation. Gangadhar [15] conclude thatlbcal skin friction coefficient increases anddbNusselt
number coefficient decreases in the presence ebuss dissipation. Aydin and Kaya [16] studied MHDxed
convection of a viscous dissipating fluid abouteanpeable vertical flat plate and found that theigadf Richardson
number determines the effect of the magnetic patemoa the momentum and heat transfer.

The non-adherence of the fluid to a solid boundatyp known as velocity slip, is a phenomenon tiag been
observed under certain circumstances (YoshimurePandhomme [17]). It is a well-known fact that,iacous fluid
normally sticks to the boundary. But, there are yriduids, e.g. particulate fluids, rarefied gas.gtehere there may
be a slip between the fluid and the boundary (8kikiy [18]). Beavers and Joseph [19] proposedim fldw
condition at the boundary. Andersson [20] considehe slip flow of a Newtonian fluid past a lingasdtretching
sheet. Ariel [21] investigated the laminar flow afi elastic-viscous fluid impinging normally upormall with
partial slip of the fluid at the wall. Wang [22] dertook the study of the flow of a Newtonian flyidst a stretching
sheet with partial slip and purportedly gave ancesalution. He reported that the partial slip begw the fluid and
the moving surface may occur in particulate fluidiaions such as emulsions, suspensions, foamsalyther
solutions. Fang et al [23] investigated the magmgdoodynamic (MHD) flow under slip condition oveparmeable
stretching surface. Fang and Aziz [24] conclude thae combined effects of the two slips and maasstier
parameters greatly influence the fluid flow andah&resses on the wall and in the fluid. Nandeppanet al. [25]
analyze the second order slip flow and heat trarwfer a stretching sheet. Sajid et al. [26] aredythe stretching
flow with general slip condition. Sahoo and Por{@sf studied the Non-Newtonian boundary layer fland heat
transfer over an exponentially stretching sheetwgartial slip boundary condition. Noghrehabatlial. [28]
analyzed the effect of partial slip on the flow deht transfer of nanofluids past a stretching tst@enget al. [29]
investigated the magnetohydrodynamic (MHD) flow dwt transfer over a stretching sheet with vejaslip and
temperature jump. Sharma et al. [30] consideredvétecity and temperature slip on the boundary. Bkaand
Ishak [31] considered the Second order velocity ftiw model instead of no-slip at the boundary.

The present study investigates the unsteady mixadection flow of a viscous incompressible eleeiftic
conducting micropolar fluid on a vertical and impeable stretching sheet in the presence of MHD smudnd
order slip flow. Using the similarity transformati®, the governing equations have been transformtedai set of
ordinary differential equations, which are nonlinead cannot be solved analytically, therefore,4avMATLAB
solver has been used for solving it. The resultsvébocity, microrotation and temperature functi@me carried out
for the wide range of important parameters nanmmehterial parameter, magnetic parameter, Eckert puufd first
order slip velocity parameter and second orderoigislip parameter. The skin friction, the couplall stress and
the rate of heat transfer have also been computed.

2. MATHEMATICAL FORMULATION

Consider an unsteady two dimensional, mixed comwecboundary layer flow of a viscous incompressible
micropolar fluid over an elastic, vertical and impeable stretching sheet which emerges verticallthe upward
direction from a narrow slot with velocity [32]

ax
1-agt

u, (x,t) = (2.1)

where botha anda are positive constants with dimension per times Ppbsitivex coordinate is measured along the
stretching sheet with the slot as the origin arel gbsitivey coordinate is measured normal to the sheet in the

outward direction toward the fluid. The surface pemature T, of the stretching sheet varies with the distance x
from the slot and time t as

bx
2
(1-agt)
whereb is constant with dimension temperature over lemgitiv is the kinematic viscosity of the ambient fluidl. |
is apt to note here that, the expressionsug(X,t)and T, (X,t)in Equations. (2.1) and (2.2) are valid only for

T,(xt) =T, + (2.2)

time t < ao_l unlesxx, = 0. Expression (2.1) for the velocity of the sheu;;(x,t) reflects that the elastic sheet
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which is fixed at the origin is stretched by apptyia force in the positive - direction and the effective stretching

a . L . .
rate m increases with time. With the same analogy theresgion for the surface temperatuT@(X,t)
given by Equation (2.2) represents a situation Imctv the sheet temperature increases (reducds)sifpositive
(negative) fromT_ at the slot in proportion t® and such that the amount of temperature and ctnatiem increase

(reduction) along the sheet increases with timenform magnetic field of strength, is assumed to be applied in
the positive y-direction normal to the plate. Thagmetic Reynolds number of the flow is taken tesimll enough
so that the induced magnetic field is negligibtdslassumed that the radiation and Dufour effactsneglected in
the energy equation. It is further assumed thafflthid properties are taken to be constant exceptte density
variation with the temperature in the buoyancy trbinder the usual boundary layer approximatioa,gibwverning
equations are

Continuity equation
% +% =0 (2.3)
ox oy

Linear momentum equation

2 2
My U, U [ KK al;—UB"u+£a—|\|+g,8r(T—Tm) (2.4)
ot ox oy L )oy Yo, p oy

Angular momentum equation

p] a_N+ua_N+Va_N :y*azN -kl 2N +@ (2.5)
ot  ox oy ay? ay '

Energy equation

2
oT oT aT 0°T [ u+k)(ou

—tu—+tv_—=a_——+ — (.6
ot ox oy oy pc, )\ oy

The boundary conditions for the velocity, Angulaldtity and temperature fields are
u=u,+Ug,,v=0,N=0T=T, at y=0

U—»O,N—»O,T —>T°o as y - o (2.7)

WhereUSjip is the slip velocity at the wall. The Wu’s Slipleeity model (Valid for arbitrary Kundsen numberis)

used and is given as follows

—l? —12 2
u —3{3 al’_3r] })I a—“——l[|4+ 2(1—|2)})|fa—‘j

Sip — 1 N, 2
3 zr 2 K, oy 4 K oy 2.8)
= Aa_u+ Ba_u
ay oy’

Whereu andv are the velocity components in the andy - directions, respectively, is the fluid temperature in the
boundary layerN is the component of the microrotation vector norieakhe x-y plane,s is the spin-gradient

viscosity and@;(=K/ oC,) is the thermal diffusivity withk is the fluid thermal conductivityC, is the heat

capacity pressure, respectively.
The continuity equation (2.3) is satisfied by theu€hy Riemann equations
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d 0
u= a_w and V= _a_‘//
y X (2.9)
wherey/ (X, y) is the stream function.

In order to transform equations (2.4), (2.5) (&6} (2.7) into a set of ordinary differential eqomas, the following
similarity transformations and dimensionless vdaalare introduced.

a va a
= |—VY, ¥ = ,N: ———xh
7 u(l—aot)y(// 1-at () v(l-at)’ )
T=T,+ % _g(p),A=% k=X
(1-ayt) H
2 _ 3
M :ﬂ,przi,c;rx:g@(Tszw)x Re = X (2.10)
00, a, v v
y* ,_9Bb_Gr
1=7_7= =
° Ui Sl Re;
B:U(l—aot)_ UX oo u?2

b U, o (T,-T.)

where f (17)is the dimensionless stream functiéris the dimensionless temperatuyés the similarity variableA
is the unsteadiness parametM,is the magnetic parametdig is the Eckert numberGr, is the thermal Grashof

number, { is the thermal buoyancy parameﬁy, and B are the dimensionless parametel$g, is the local
Reynolds numbeRr is the Prandtl number.

In view of equations (2.9) and (2.10), the equai(h4), (2.5) and (2.6) transform into

@+K)f"+ ff"=(f )" +Kh- Mf '—?(21‘ +nf )+{0=0 (2.11)
Aht+ fhi= f'h—KB(2h+ f ")—?(Eh+/7h): 0 2.12)
%eu fo- f '6——2(46+/76')+ Ec(1+K)(f ) =0 (2.13)

The corresponding boundary conditions are

f(0)=0,f (0)= I+ yf "(Opof "(O)h (OF & (OF

f'=h=6=0 as N — © (2.15)
. : - , a . ,
where the primes denote differentiation with resgec/7 and the = A —(> 0) is the first order
v(d-ag)
L a . L
velocity slip parameterd = B| ——— (< 0) is the second order velocity slip parameter
v(d-agt)

The physical quantities of interest are the skiatifrn coefficienthx, the local couple wall streMW and the

local Nusselt numbeNU, which are defined as
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2 ou _
C,=——— — N =2(1+K)Re 2 f | 2.16
= 0] o0 2erRe T (9 @10
oN yauU ,
M,, = = w _h'(0 (2.17)
y( ay jyzo v(1-at) (0)
X oT
Nu, =- — =-R | 2.18
ux Tw _Too (ayjyzo é 9 (O) ( )

Our main aim is to investigate how the value$'¢0), h'(0) and —8'(0) vary in terms of the various parameters.

3 SOLUTION OF THE PROBLEM
The set of equations (2.11) to (2.13) were reduoetsystem of first-order differential equatiomsl solved using a
MATLAB boundary value problem solver call&dp4c. This program solves boundary value problems fdmary

differential equations of the foriyt' = f (X, Y, p) ,a< X<b, by implementing a collocation method subject to

general nonlinear, two-point boundary conditi@(sy(a), y(b), p). Herep is a vector of unknown parameters.

Boundary value problems (BVPs) arise in most dedmsms. Just about any BVP can be formulated dtuti®n
with bvp4c. The first step is to write th®DEs as a system of first order ordinary differentialiations. The details
of the solution method are presented in Shampidekagrzenka[33].

RESULTSAND DISCUSSION
The governing equations (2.11) - (2.13) subjecth® boundary conditions (2.14) are integrated arilged in

section 3. In order to get a clear insight of thgical problem, the velocity, angular velocitymigerature and
concentration have been discussed by assigningnmzahealues to the parameters encountered in fiblel@m.

Table.1 Comparison for the values of —0'(0) for A=Ec=y=6=0 and various values of A, Z and Pr with Ishak et al.[34]

Al ¢ || 00 | -60
Ishak et al.[34]| Present resultg
0 0 | 072 0.8086 0.8087
0 0 1 1.0000 1.0000
0 0 3 1.9237 1.9237
0 0 10 3.7207 3.7207
0 0 100 12.294 12.2941
0 1 1 1.0873 1.0873
0 2 1 1.1423 1.1423
0 3 1 1.1853 1.1853
1 0 1 1.6820 1.6820
1 1 1 1.7039 1.7039
1]|-05]| 10 5.5585 5.5585
1] 05] 10 5.5690 5.5690

Physically ¢ > 0means heating of the fluid or cooling of the sueféassisting flow), < 0 means cooling of the
fluid or heating of the surface (opposing flow) agid= O means the absence of free convection currentsedorc
convection flow). Figs. 1-3 illustrate the axialocity, angular velocity and temperature fields ddferent values
of the magnetic parametevl). It is observed that for both positive (assistilegv) and negative (opposing flowd

that the axial velocityf (17) and angular velocit)h(l7) decrease while the temperatuﬂ{l]) increases with an

increase in the magnetic parameter. The magnetanper is found to retard the velocity at all peiaf the flow
field. It is because that the application of trarse magnetic field will result in a resistive tyfpece (Lorentz force)
similar to drag force which tends to resist thedflilow and thus reducing its velocity.

The axial velocity, angular velocity and temperatprofiles in the case of assisting and opposiogdland various
values of the first order velocity slip paramegeand the second order velocity slip paramétare presented in

Figs. 4-9. It is found that for both positive (asig flow) and negative (opposing flow]j , the present findings are
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similar to results reported by Sharma and Ishak {Bat is axial velocity f (/7) decrease while the temperature

9(/7) increases with an increase in thand Further angular veIociﬂSA(/]) decreases withandd.

‘ Pr=0.72=0.5, Ec=K=0.5, B=0.1, A==0.3,5= -0.5 ‘

0.6

1 (Assisting Flow)

Z =
{ =- 0.5 (Opposing Flow) n

12 14 16 18 20

Fig.1 Velocity for different values of M

x 10
I I
101 Pr=0.72y=0.5, Ec=K=0.5, B=0.1, A&=0.3,5= -0.5
—— { =1 (Assisting Flow)
8r ---- { =-0.5 (Opposing Flow) 7
6, —
ey
al M=1, 3, 5 ]
2l \ 1
\\\
or B i —
| | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Fig.2 Angular velocity for different valuesof M

Representative axial velocity, angular velocitynperature and concentration profiles in the casassfsting and
opposing flows and various values of the micropplarameteK are presented in Figs. 10-12. It is found that for

both positive (assisting flow) and negative (oppgsilow) ¢ that the raising the values of K the present tesul

similar to those results of El-Aziz [14] that ithxial velocity f (17) and angular veIocit;h(l]) increase while

the temperatureﬁ(/]) decreases with an increase in the micropolar MRmK but the effect ofK on the
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velocity, temperature fields is more pronouncethmcase of opposing flow. Whdf =0 (Newtonian fluid) there
is no angular velocity, and ai increases, the angular velocity is greatly indudédrther, the micropolar

parameterK demonstrates a more pronounced influence on tta amd angular velocitiesf '(/7) and h(/7)

respectively, than that on the temperaﬁ(é]). Moreover, it is seen from Figs. 10 and 11 thatgmaller theK ,

the thinner the momentum and angular momentum tkaryridyer thickness while the opposite trend ig tior the
thermal boundary layer as obvious from Fig. 12.

1 ‘ |
0.9 Pr=0.72y=0.5, Ec=K=0.5, B=0.1, A%=0.3,3= -0.5 7
—— { =1 (Assisting Flow) 7
---- { =-0.5(Opposing Flow)
- i
-_— | | |
10 12 14 16 18 20

n

Fig.3 Temperaturefor different values of M

0.6
Pr=0.72, K=0.5, Ec=0.5, B=0.1, M=1, A=0.3,0=-0.5 |
—— { = 0.5 (Assisting Flow)
---- { =-0.5(0Opposing Flow) | |
— ;f??f - - -
| | | |
10 15 20 25 30

n

Fig.4 Velocity for different valuesof y
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x 10
I

9’[ “ Pr=0.72, K=0.5, Ec=0.5, B=0.1, M=1, A=0.3,6=-0.5 ]

8 —— { = 0.5 (Assisting Flow) 7

7 / ---- { =-0.5(0Opposing Flow) | |

6 |

5l |

ey 4 -

3 |

of |

1 |

0 22?5754

-1 | | | | | ]

0 5 10 15 20 25 30
n
Fig.5 Angular velocity for different valuesof y

1
0.94 Pr=0.72, K=0.5, Ec=0.5, B=0.1, M=1, A=0.3,%=-0.5 s
0.8 — { = 0.5 (Assisting Flow) _

N ---- { =-0.5(Opposing Flow)
0.7 7]
0.6-| 1

@© 0.5 N
0.4 7
03\ y=05,1,2,3 -
0.2 7]
0.1 § 7
'*":—; _— |
O0 10 15 20 25 30

n
Fig.6 Temperaturefor different valuesof y

Figs. 13-15 are the plot of the velocity, angulafoeity and temperature distribution wit for various values of

Eckert numbeEc in the case of assisting and opposing flows. kniswn that the viscous dissipation produces heat
due to drag between the fluid particles and thisaekeat causes an increase of the initial flurdperature (see
Fig.15). This increase of temperature causes arase of the buoyant force. Also, there is a coptis interaction
between the viscous heating and the buoyant forbes mechanism produces different results in th&sting
(upward) and opposing (downward) flow. In the &ssjs(opposing) flow, the increase in the valuegpositive
(negative) Ec will increase the buoyant force ia tipward (downward) direction which results in acréase in the
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fluid velocity as shown in Fig. 13. The positivec(& 0) and negative (Ec < 0) Eckert numbers astistsipward (
{ >0and hence Ec >0) and downward € O and hence Ec < 0) flow, respectively as shownign E3.

‘ Pr=0.72, Ec=K=0.5, B=0.1, M=1, A=0.3,y=0.5

——— = 1 (Assisting flow)

oal ¢ =-0.5 (Opposing flow) | |
0.3 7
5=-05,-1,-2 -3
— 0.2 B
0.1 7
0 e o
—
-0.1 7
~ | | | | |
0'20 5 10 15 20 25 30
n
Fig.7 Velocity for different values of ¢
10x 10
/ Pr=0.72, Ec=K=0.5, B=0.1, M=1, A=0.3,y=0.5
8r \ ——{ =1 (Assisting flow) 7
----- ¢ =- 0.5 (Opposing flow)
6=-05,-1, -2, -3
6l N
c 4 _
ZT 7
o \\\;f == e -
\\:::f;::; —
) | | | | |
0 5 10 15 20 25 30
n

Fig.8 Angular velocity for different valuesof

It is noted from Fig. 14 that the angular veIoch(/]) first decreases with an increase in the Eckert mumb

According to the definition of Eckert number, a e Ec corresponds to fluid heating (heat is bgesupplied
across the walls into the fluid) cas-E,\(>Tm) so that the fluid is being heated whereas a neg&ic means that the
fluid is being cooled. From Fig. 15 it is seen thi& dimensionless temperature increases wherluioei$ being
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heated (Ec >0) but decrease when the fluid is bedrded (Ec < 0). For Ec < 0 the dimensionlesgfteémperature
TW <T_decreases monotonically with, from unity at the wall towards its free-streanfuea

Pr=0.72, Ec=K=0.5, B=0.1, M=1, A=0.3,y=0.5 | |
¢ =1 (Assisting flow) |
----- { =-0.5 (Opposing flow)
15 20 25 30

Fig.9 Temperaturefor different values of &

0.8 \
0.7 Pr=0.72y=0.5, Ec=0.5, B=0.1, M=1, A=0.3,6=-0.5 =
— { =1 (Assisting Flow) .
---- { =-0.5(0Opposing Flow)
| | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Fig.10 Velocity for different values of K

It is noted from the definition off that this behavior implies the monotonous decrdasthe actual fluid
temperature in the horizontal direction from theeﬂtemperatura_w to the free-stream temperature. On the other

hand, for Ec <0 (i.eTW <T,) the dimensionless fluid temperatuﬁbdecreases with) rapidly at first, arriving at a
negative minimum value, for Ec = -4 and then insemsamore gradually to its free surface value. Gpordingly,
the actual fluid temperature in the horizontal dil@n increases at first from the surface tempeeat-ﬁN to a
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maximum value and then decrease to its free-stredne. It should be noted that for the fluid coglitase (Ec < 0)

a negative@ indicates the excess of actual fluid temperaflirever that at the plate because of the viscous
dissipation effect.

0.07,

Pr=0.72y=0.5, Ec=0.5, B=0.1, M=1, A=0.3,0=-0.5
0.06 /

{ =1 (Assisting Flow)
{ = - 0.5 (Opposing Flow)

0.05

0.04 ,
ey
0.03 *
0.02 *
0.01 *
0 | | | |
0 12 14 16 18 20
Fig.11 Angular velocity for different values of K
1 \
0.9 Pr=0.72,y=0.5, Ec=0.5, B=0.1, M=1, A=0.3,5=-0.5 f
—— { =1 (Assisting Flow) f
---- { =-0.5 (Opposing Flow)
@ ,
-
10 12 14 16 18 20

n
Fig.12 Temperaturefor different values of K
Fig. 16-18 shows the variation of the skin frictieouple wall stress and Nusselt number with féfedént values of
magnetic parameter and Eckert number. It is obsetivat the skin friction increases with an increisthe Ec for

both assisting and opposing flow cases these findie similar to the results reported by El-Azi2][1In addition,
the effect of viscous dissipation on skin frictisnmore pronounced for lower valuesMf It is also observed that
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the local skin friction coefficient of buoyancy &g flow is higher than that of buoyancy oppasitow for all
values ofM and Ec and couple wall stress decreases withdsirg the Ec these findings are similar to theltgsu
reported by El-Aziz [14], Further, viscous dissipatdemonstrates a more pronounced influence omw#tlecouple

stress in the opposing flow than that of assidliog (See Fig. 17).

Pr=0.72,y=0.5, K=0.5, B=0.1, M=1, A¥=0.3,6= -0.5

0.6/|

¢ = 1 (Assisting Flow)
---- { =-0.5(Opposing Flow) 7

N \ \
0 10 2 4 6 8 10 12 14 16 18 20

Fig.13 Velocity for different values of Ec

x 10
T
101 Pr=0.72y=0.5, K=0.5, B=0.1, M=1, A%=0.3,5= -0.5
; ——— T =1 (Assisting Flow)
8 iﬁ‘ ---- { =-0.5(0Opposing Flow)|
|
6 _
ey
4k |
2l |
o 7
0 16 18 20

Fig.14 Angular velocity for different values of Ec

It is observed that the heat transfer rate decseaith an increase in the Eckert number, Furthsgous dissipation
demonstrates a more pronounced influence on thedtusumber in the opposing flow than that of assjsflow
and also, increases with increasing the Magnetiarpater in the case of assisting flow and decreiasthe case of
opposing flow (See Fig.18). Fig. 19(a)-19(b) depite variation of the skin friction for differemhlues ofy ands.
It is noticed that the skin friction increases wath increasing id in the range 000.5< y [11.7and decreases with
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increasingd in the range ofl.7 0y < 3in the case of assisting flow. It is observed that skin friction increases
with an increase in the parametgisr J in the case of opposing flow.

0.94
0.8

I
0.7

0.6

0.4
0.3

0.2

Pr=0.72,y=0.5, K=0.5, B=0.1, M=1, A*=0.3,6= -0.5 *

{ =1 (Assisting Flow) 7
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Fig.15 Temperaturefor different valuesof Ec
-0.25
J Pr=0.72, K=0.5, B=0.1, A=A=0.3, y=0.5, 5= -0.5
-0.30 — =1 (Assisting flow)
| Ec=0,2,4 | - Z= -0.5 (Opposing flow)
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f ||(O)'0.40 -1
-0.45 4
-0.50
-0.55 - N I oo

20

Fig.16 Skin friction for different values of M and Ec

Variations of the wall couple stress and Nussefhiper for the different values gfands are presented in Figs.
20(a)-21(b). It is noticed that the skin frictiondaNusselt number decreases with an increasidgrirthe range of
0.5< yO1.7and increases with increasifign the range ofl..7 1y < 3in the case of assisting flow. It is observed
that the skin friction and Nusselt number decreastfsan increase in the parametgiar ¢ in the case of opposing
flow. Table.1 shows that the present results peegreement to the previously published data (R&f.3
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0.039 Pr=0.72, K=0.5, B=0.1, A=A=0.3, y=0.5, 5= -0.5
0.038 ] Z=1 (Assisting flow)
oos7 4 .. L = -0.5 (Opposing flow)
0.036 Ec=0, -2, -4

oossd A )

0.034 -

h'© o0.033d ..

0.0 0.2 0.4 0.6 0.8 1.0
M

Fig.17 couplewall stressfor different valuesof M and Ec

1.3 1 —— Z=1 (Assisting flow)
1 e (= -0.5 (Opposing flow)
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Pr=0.72, K=0.5, B=0.1, A=A=0.3, y=0.5, 5= -0.5

T T T T
0.0 0.2 0.4 0.6 0.8 1.0
M

Fig.18 Nusselt number for different values of M and Ec
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| Assisting flow

f "(0)

Pr=0.72, Ec=K=0.5, B=0.1, A=A=0.3, ¢=1

T T T T T T T T

T
0.5 1.0 1.5 2.0 25 3.0
y

Fig.19 (a) Skin friction for different valuesof y and ¢ for assisting flow

f ")

Opposing flow

-0.55 Pr=0.72, Ec=K=0.5, B=0.1, A=A=0.3, = -0.5

T

T T T T
0.5 1.0 1.5 2.0 2.5 3.0
y

Fig.19 (b) Skin friction for different valuesof y and é for opposing flow
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0.032 Pr=0.72, Ec=K=0.5, B=0.1, A=A=0.3, ¢=1

Assisting flow

h'(0)

0.5 1.0 1.5 2.0 2.5 3.0
y

Fig.20(a) couplewall stressfor different valuesof y and ¢ for assisting flow

0.036
Pr=0.72, Ec=K=0.5, B=0.1, A=A=0.3, ¢= -0.5

0.032 + Opposing flow

0.028

0.024
h'(0)

0.020

0.016

0.5 1.0 1.5 2.0 2.5 3.0
y

Fig.20(b) couplewall stressfor different valuesof y and é for opposing flow
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Assisting flow

1 Pr=0.72, Ec=K=0.5, B=0.1, A=A=0.3,¢=1

5= -0.5, -1, -2, -3

-6'(0)

Fig.21(a) Nusselt number for different valuesof y and ¢ for assisting flow

Opposing flow
Pr=0.72, Ec=K=0.5, B=0.1, A=A=0.3, = -0.5

-6'(0)

0.5 1.0 1.5 2.0 2.5 3.0
y

Fig.21(b) Nusselt number for different values of y and ¢ for opposing flow

CONCLUSION

In the present prater, the unsteady mixed convedlimv of a viscous incompressible electrically danting
micropolar fluid on a vertical and impermeable tstning surface by taking MHD and second order 8t/ into
account, are analyzedhe governing equations are approximated to a systenon-linear ordinary differential
equations by similarity transformation. Numericahlaulations are carried out for various values bé t
dimensionless parameters of the problem. It has fmend that

1.The velocity and angular velocity decreases as a®ltemperature increases with an increase in tgnatic
parameter in both assisting and opposing flows.

2.The first order slip parameter and second ordgr girameter reduces the velocity and angular wgloand
enhances the temperature in both assisting andsompfows.

3.The skin friction enhances the first order slipgraeter or second order slip parameter and decrélasdgst
order slip parameter and second order slip pararf@tepposing flows.

240
Pelagia Research Library



K. Lakshmi Narayana and K. Gangadhar Adv. Appl. Sci. Res., 2015, 6(8):224-241

REFERENCES

[1] Eringe, A. C., 1964), International Journal of Engineering Science, Vol. 2, pp. 205-217.

[2] Eringen, A. C., 1966), Vol. 16, pp. 1-18.

[3] Eringen, A. C., 1972), Journal of Mathematical Analysis and Applications, Vol. 38, No. 2, pp. 480-496.

[4] Ariman, T., Turk, M. A., and Sylvester, N. D1973), International Journal of Engineering Science, Vol. 11,
No. 8, pp. 905-930.

[5] Ariman, T., Turk, M. A., and Sylvester, N. D1974), International Journal of Engineering Science, Vol. 12,
No. 4, pp. 273-293.

[6] Lukaszewicz, G.,1999), Birkh auser, Boston, Mass, USA, Theory and agppions.

[7] Eringen, A. C.,2001), Il. Fluent Media, Springer, NewYork, NY, USA.

[8] Kandasamy, R., and Muhaimin, 12040), Transport in Porous Media, Vol. 84, No. 2, pp. 549-568.

[9] Herdricha, G., Auweter-Kurtza, M., Fertiga, M., Nazm, A., and Petkowa, D.2006), Vacuum, Vol. 80, pp.
1167-1173.

[10]Seddeek, M. A., Afify, A. A., and Hanaya, M. A2009), Applications and Applied Mathematics, Vol. 4, pp.
301-313.

[11]Nourazar, S.S., Matin, M.H., and Simiari, M2011), J. Appl. Math., 2011: doi:10.1155/2011/876437.
[12]Bhaskar Reddy, N. and Bathaiah, Defence Sci., Journal, 31, No.4, 315-322981.

[13]Neeraja, A. and Bhaskar Reddy, NeQ@8), Ultra Science, Vol.20, No.1( M), pp.183-194.

[14]Mohamed Abd El-Aziz,2013), Journal of the Egyptian Mathematical Society, Vol. 21, pp.385-394.
[15]Gangadhar, K.,2012), Int. J. of Appl. Math and Mech., Vol. 8 (18), pp. 90-100.

[16]Aydin, O., and Kaya, A.,2009), Applied Mathematical Modelling, Vol. 33, No. 11, pp. 4086—-4096.
[17]Yoshimura, A. and Prudhomme, R.K1968), J. Rheal., Vol.32, pp.53-67.

[18] Shidlovskiy, V.P., 1967), New York: American Elsevier Publishing Compang.|

[19]Beavers, G.S. and Joseph, D.0947), J. Fluid Mech., Vol.30, pp.197-207.

[20]Andersson, H.I.,2002), Acta. Mech., Vol.158, pp.121-125.

[21] Ariel, P.D., @008), J. Appl. Math. Mech. (ZAMM), Vol.88, pp.320-324.

[22]Wang, C.Y., 2002), Chem. Eng. ci., Vol.57, pp.3745-3747.

[23]Fang, T., Zhang, J. and Yao, 20@9a), Commun. Nonlinear Sci. Numer. Smulat., Vol.17, pp.3731-3737.
[24]Fang, T., and Aziz, A2010), Z. Naturforsch., Vol.65a, pp.1087 — 1092.

[25]Nandeppanavar, M.M., Vajravelu, K., Abel, M.S., aiddalingappa, M.N.,2012), Int. J. Thermal ci., Vol.
58, pp. 143-150.

[26]Sajid, M., Ali, N., Abbas, Z., and Javed, T2010), Int. J. Mod. Phys. B, Vol.24, pp.5939-5947.

[27]Sahoo, B., and Poncet, 22011), Int. J. Heat Mass Transfer, Vol.54, pp.5010- 5019.

[28]Noghrehabadi, A., Pourrajab, R., and Ghalambaz(2012), Int. J. Thermal Sci., Vol.54, pp.253-261.
[29]Zheng, L., Niu, J., Zhang, X., and Gao, 2012), Math. Comp. Model., Vol.56, pp.133-144.

[30]Sharma, R., Ishak, A., Nazar, R., and Pop,2D14), Journal of Applied Fluid Mechanics, Vol. 7, No. 1, pp.
125-134.

[31]Rajesh Sharma and Anuar Ish&2Q¥4), Wseas Transactions on Fluid Mechanics, Vol. 9, pp.26-33.
[32]Andersson, H.l., Aarseth, J.B., Dandapat, BZ0(), Int. J. Heat Mass Transfer, Vol.43, pp.69-74.
[33]Shampine, L. F. and Kierzenka, 20Q0), Tutorial Notes.

[34]Ishak, A., Nazar, R., Pop, 12q09), Meccanica, Vol.44, pp.369-375.

241
Pelagia Research Library



