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ABSTRACT

An attempt has been made to study an oscillatoryDMi¢e and forced convective flow past a verticatqus
plate in slip-flow regime with variable suction acdnstant heat flux. The temperature of the platdllates in time about
a constant mean and a uniform magnetic field isiragssl to be applied transversely to the directiorthef flow. The

magnetic Reynolds number is assumed to be sm#liasdhe induced magnetic field can be neglectée. Solutions to the

governing equations are derived by regular pertizhaechnique with Eckert numbek() as perturbation parameter.

The expressions for the velocity field, temperaffigkl, skin friction at the plate in the directiof the flow and
the plate temperature are obtained in non-dimeasimnm. The amplitudes and phases of the fluatgagiarts of the skin

friction and rate of heat transfer (Nusselt Numksmg obtained in non-dimensional form. The effadtshe Hartmann
number (M ), the frequency of oscillatiow(), suction paramete\) and the rarefaction parameter(h) on these fiatds

discussed and demonstrated with the help of graphs.

KEYWORDS: MHD, Viscous, Oscillatory, Electrically Conductintncompressible, Heat Transfer, Slip-Flow, Eckert
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1. INTRODUCTION

The problems of convective flows arising in fluids a result of interaction of the force of graatyd density
difference caused by simultaneous diffusion of rtredrenergy and chemical species have been stugiedaby authors
due to applications of such problems in Geophyaits Engineering. In this regard, we may cite theke@one by Bejan
and Khair [1], Trivision and Bejan [2], Acharya edt [3], Raptis and Kafousias [4], Ahmed etc al5{)[. Unsteady
oscillatory free and forced convective flows playsnajor rule in chemical engineering, turbo mactyirend aerospace
technology. The temperature change causes dergitgtion which leads to the free convection in thed. The free

convection flow is enhanced by superimposing iy temperature on the mean plate temperature.

Soundalgeka{r6, 7,q studied the free convection effects on mean vslaoid temperature field of oscillatory

flow past an infinite vertical porous plate withngtant suction with or without transverse magnigicl. The analysis of

viscous dissipation on the transient free convecflow past a semi-infinite vertical plate is stediby Soundalgekar

et. al.[9] . The results of the combined free and forced cotime flow of water at4” C from a vertical plate with variable

temperature was investigated analytically by Viglam and Soundalgek%lO] . Sahoo et. a[ll] have investigated an

unsteady MHD free convection flow of a viscous impessible electrically conducting fluid past afinite vertical
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porous plate subjected to constant suction and diekt The analysis of the MHD unsteady free cotigecflow past a
vertical porous plate was made by Anvv%’kZ]. Hussain et. al.[13] studied the effects of a fluctuating surface

temperature and concentration on a natural cororefibw from a vertical plate.

Analytical solutions to the problems of the transifee convective viscous incompressible flow pasertical

plate with periodic temperature and variable suctioa slip-flow regime are presented by many aithS8ome of them
are Sharma and Choudh%ly‘r] , Sharm{lS] , Jain and Sharrr[&6] and Ahmed and Goswami[17]. This paper presents
the extension work of Ahmed and Goswaﬁiﬂ] to investigate the effects of various parametesely Hartmann

number (M ), the frequency of oscillatiom), suction paramete\) and the rarefaction parameter(h) on a flow with

mass transfer in a slip-flow regime.

2. MATHEMATICAL FORMULATION

We now consider a two dimensional boundary layaw fof an oscillatory MHD free and forced convectfieav
past a vertical porous plate in slip-flow regimehavariable suction in presence of a transversenetagfield by making

the assumptions.
I All the properties except the density in the buayaforce term are constant.
Il. The Eckert number E is small.
Il. The Magnetic Reynolds number is so small that iedumagnetic field can be neglected.
\VA The plate is subjected to a normal suction velgaitlgich varies periodically with time about a cardt mean
V, (say).
V. The Magnetic dissipation term in the energy equaismegligible.

We introduce a coordinate syste(n_(, )7,7) with X-axis vertically upward along the plate, ¥Xisperpendicular

to it and directed in to the fluid region and Zsapierpendicularly to XY plane. Lef = EA+\7i be the fluid velocity at

the point ((Y, 7,7) and B = Boi be the applied magnetic field with strendfy, | and I being the unit vectors along

X-axis and Y-axis respectively. Since the platefignfinite length therefore all the physical quiéiss except the pressure

p are independent of x. Under these assumptionshiysiqal quantities are functions of y and t only.

The equations governing the flow are
Equation of Continuity

a_\_/:O
oy

=V =-v,(1+£Ae?) (2.1)

Momentum equation;
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U 2\ OU - = == = 0°U 0 _,,~

— -V (1+£Ae” ) —= -T,)+gB(C-C,)+v—+—B U -T 2.2
5t o )ay 9B -T,)+9B(C-C,) 5 o s (U -T) (2.2)
Energy Equation

_ o= N2
C, a—T—v(1+£A I“)‘)aT :Ea—-l;+|/ au (2.3)
ot ay | poy ay

Species continuity equation

g—i_:—vo(1+£A )—y—D ?337(2: DT%;E (2.9)

The boundary conditions are

H(gﬂj,f:fww(ﬁ)—i)é” C=C.+£(C,-C.)6" ary=0 25)
y
U—»J,f—»i,é—»éwaty—»w (2.6)

— =. 2 — —_ — —_—
y:yVO,t_t_O,a):V_aj,u:i,H:I © ’U221¢:9 %,
Vv Vv Vv, v, T,-T, A C,—C,
== c , _ ,
= gy Gm-Vgﬂ(Cg Cl pHS g W p_wh M=UB°2V,
Vo k C,(T,-T.) PV,
% 1 7]
S=—, §=-.v==1.
° Dy, 2 A P

Where G, is the Grashof number for heat transfer,, is the Grashof number for mass transfer,is the Prandtl
number, E is the Eckert numberh is the rarefaction parametek is the thermal conductivityd is the suction
parameter) is the kinematics viscosityM is the Hartmann numbeE;p is the specific heat at constant temperatyfe,
is the coefficient of thermal expansioB, is the Schmidt number is the frequency parameter and the other symbols
have their usual meanings.

The non-dimensional form of the equations (2.28)X2nd (2.4) are

2
g——(l+£A ) -G 9+quo+37+M(U u) (2.7)
2 2
%—(1+ A€ I“‘)69 100 H +E ou 8p.
ot Pay oy
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6(0 16(0

(1 AL
dy S oy’

So_ 2.9)

Subject to the boundary conditions

u :h%, f=1+c" p=1+ce“aty=0 2.10)
y
u=U,8=0, =0 aty — o 21

3. METHOD OF SOLUTION

Assuming the small amplitude of oscillatios (I 1), we represent the velocity and the temperaturé, near

the plate as follows

u(y,t)= uy(y) + e€“u,(y) +0(e?) (3.1)
B(y,t)=6,(y) +£€“6,(y) +0o(£?) 3.2)
Ay.t) =@ (y) +ee€“g(y) +o(e?) (3.3)

Substituting the above assumptions in (2.6) toQRand equating the harmonic terms and neglecﬁﬁgthe

equations for,, U,, €, and &, with reduced boundary conditions are as follows.

U, +U, ~Mu,=-G.6, -G, @ - MU (3.4)
u +u, - (M +iw)u,=-G.6, -G, @ - Au, (3.5)
g, +P6,= —EPu;’ (3.6)
6, + PG, -iPwb,=-2PEu,u, - AP, (3.7)
@ +S@=-S56 (38)
@ +S.@ —iPwg=-AS.@ - S,S.6, (3.9)

Subject to the boundary conditions:

ou, ou,
U=h—=,u=h—=2,6=16=1,¢=1¢g=1ay=0 18
LY 6y =L g=Lay= 16)
U =U,u=0,=0,6=0,9=0, g=0aty - 13)

To solve the equations we assume

U = Uy, + Eu,,+O(E?); u, =u,, +Eu,,+O(E?) (3.12)
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6, =6, +Ef6,+O(E?); 6,=6,+Ef,+O(E?) (3.13)
% =, +E@,+O(E): ¢ =¢,+Eg,+O(E") (3.14)

Substituting above in equations (3.4) to (3.11) agdating the terms independentkefand the coefficient o

in each equation and neglectin&z, we obtained the following equations with respectboundary conditions are as

follows.
Uy, +Uy, —Muy,=-G 8,—G, @,,~MU (3.15)
Uy, +Uy, —Muy= -G 6,-G. @, (3.16)
U, U, —(M +iwu, = -G 6,-G, @a,— Au,, (3.17)
U, +U, —(M +iwu,= -G 8,-G @,— Au,, (3.18)
6, +P6, =0 (3.19)
By, + POy, =—P(Uy, )’ (3.20)
6, +P6, —iawPl, = —APE,, (3.21)
6, + P8, —iwPb = —2Pu,u,, — APE,, (3.22)
@, +Pg, =-SS.0,, (3.23)
@, +S.@,=-5S.6,, (3.24)
@, +S@, -iuvSe = -AS@, —-S,S6,, (3.25)
@, +S.4, -iuS.@.,= —ASq@, —S,S.6,, (3.26)
Subject to the boundary conditions
Uy, = haaL;l, U, = h%, Uy, = haaL;Z, U, = ha:;z
6,=16,=0,6,=-1,6,=0,¢,-1,¢4¢,=0,9,=1,9,=0 aty=0
And
u,=Y, uw,=0, uv,=0,u,=0,6,=0,6,=0,6,=0,6,=0, ¢@,=0,¢,=0, @,=0,
@,=0 aty - o«
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Solving the equations from (3.15) to (3.26) witlbjget to the boundary conditions we get

6,,= ™ (3.27)
6,= Be™ +Be™ (3.28)
Uy, =A™ +A Y +A e +U (3.29)
502 - F01e_Py - Fo —2hy _ F0§‘2Py -F Og_zscy -F 0§_(/11+P)y -F Og-(P“fSc)y -F (ﬁ_(/ll+86)y (3.30)
%, =(1+D)e™ -D, g™ (3.31)
@, =D,gV+D g¥+D g +D g™ (3.32)

@, = D15e—5cy + Dlee_Py + Dpec-ﬂly +D 1§-2Py +D 1§—280y +D zg-(P“f/h)y +D ﬁ—(P+SC)y +D E—Uﬁsc)y
(3.33)

(3.34)
- -l ) - - L )
U, _Tloe v +Tlle ) +T1§ ~ +T1§ ® +T1§ T4T & Y (3.35)
612 =H Ooe_ﬂuy +H 11e_(/]l+|1)y +H 1§_(/11+/111)y +H lg‘(/‘ t+P)y +H 1§_M +S)y +H ]g_(/] #L)y
+H16e_2/11y + H17e_(P+| 9% + H lge_(P'*‘Au)y + H 1§_2Py + H 2@'(3:“3))/ + H 2?_(P+L)y +
sze_(sc+ll)y + H Zae_(%"'/‘ll)y + H Zﬁ_zscy + H 2§_(SC+L)Y + H 2§_Py (336)
- - — — Py 2} —2Py )
@ =D,V +D,E Y +D g7 +D g +D £V +D g7
+ nge—(ﬂﬁP)y + Dsoe—(SC+P)y + Dsle—(/lﬁsc)y +D 3?‘411)/ +D 3§—(41+|1)y +D 3§_Ml+/1“)y +
Dsse—(ﬂlﬂ)y + D36e_(ll+P)y + D37e—(/111+P)y +D 3g—(P‘rL)y +D 3§_($:+|1)y +D 4§—(Sc+/hl)y + D4le—(sc+|-)y (3.37)

LI:L2 =VOOe_I1y +le_/]11y +V1§_(/11+|1)y +V1§_(/]1+/11])y +V 1§_(/‘ :["P)y +V 1§_(/]1+Sc)y+
Vlﬁe-(/hﬂ-)y +V17e—241y +V1ae_(P+ll)y +V1§—(P+/111)Y +Vzoe_(2P)y +VZle—(P+Sc)y +sze—(P+L)y
— (S, +l —(S A -2 -(S+L -P L - -
+V233 (&+h)y +V24e (S+A)y +ste Sy +Vgﬁe (&+L)y +V27e y +ste y +Vzge Sy +V3£ Ay (338)

Substituting equations (3.27) to (3.38) in (3.1 dB.2) we get the expressions for velocity andpemature

profiles as given below.

U(Y,t) =Ugy () + EU(y) + £(U,,+ EU,)(COSGL +i Sinat (3:39)

B(y.1) =6, (Y) + EO,(y) + £(6,,+ EB,) (oSt +i Simat 3.40)
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1+J1+ 4m P+VP? +icwP
Where A, = =

| 141+ M Hiw
2 A 2 o 2 ’
— 2_ — —
81:1—82,82:i£,53:6r(1+|3h) UZ(P P M),B4: i G,
w @L+hA)(P?-P-M) P2-P-M

The other constant are obtained but not preserrzifor sake of brevity.

4. COEFFICIENT OF SKIN-FRICTION

The non-dimensional form of Skin-friction at thea Yy = 0 is given by

98
67 Gu ' ok, ' 0 jok -1
T, = = — =u,(0)+&e“u,(0)= 7, +€€“1T
o= (ayjyzo o(0)+£6“,(0)= 7§ + £d7;
y=0

=71J+&|B|costt+a )

Where| B F\/U; +U|2 , tana =8—'
R

Uy = Real parts o( u,,(0)+ Eu'lz(O)) ,U, = Imaginary parts 0( u,,(0)+ Eu'lz(O))

The expressions fdd ; andU, are obtained, but not presented here for the sbleevity.

5. COEFFICIENT OF HEAT-TRANSFER

The non-dimensional form of rate of heat transkugselt numbelN, ) at the plate is given by

_ k oT 1(06 1[06, .08
N, =- === | ~"5la | ~~ 0 +get—L
pVOCp (Tw _Too ) ay y=0 P ay y=0

y=0 P| dy ay

- -Zq+&|H costt+ 4

Where|H f=HZ+H/ and tanﬂzi

R

1(06
Hy and H, are respective real and imaginary parts—of—(—lj
y=0
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6. RESULTS AND DISCUSSIONS
The graphs for amplitude|B| (versus and h), the phase tan(versusw and h) of fluctuating part of the
non-dimensional skin frictior and the amplitude |H| (verswsand h), the phase f@nwversus h) of the fluctuating part of

the non-dimensional rate of heat transfd; have been presented. Throughout our investigatierPrandtl number P is
taken to be equal to 0.71 which corresponds toatheS=0.22 forH,, the free steam velocity U is equal to 1, the

Grashof number for heat transfés, =5, the Grashof number for mass tranfler =2 and the Eckert numbdr is

assumed to be 0.05 .The values of other paramgiesen arbitrary.

Figuresland 2 respectively demonstrate the behla\dbq B| against frequencyw| for different values of

Hartmann number M ) and suction parameter’). Both figures indicate th4B| sharply decreases asincreases, for

small values ofs and then it decreases steadily and slowly. Moreaveincrease in the values d¥A ) causes B | to

decrease and the graphs are distinguished for simélmoderate values of M, whereas opposite claisiits are noticed
in the second figure.

It is seen from figures 3 and 4 that the effectsHafrtmann number M ), suction parameter A) on

| H |respectively are almost similar to the effectshafse two parameter dB | in figl and fig2.

Figure 5 exhibits the variation of tamgainsth . It is observed that fotv< 5 the phase (tar) increases sharply
and for large values @f it is insignificant It is also inferred from thigure that tan — Oas w — o irrespective of the

values ofM .

Figures 6 and 7 are demonstrated the variatioarod againsth . It is observed from figure 6 that an increase in
the values ofh causestana increases for small values &fl and it remains constant for moderate valuedvbf It is
also marked from figure 7 thd&na decreases and the graphs are away from eachastierand M both increases.

Further from figure 6 it is inferred thdana is distinguished initially for different values d¥1 and ash — oo it is

insignificant and these behaviour takes reverswltie figure 7.

Figure8 exhibits the variation of famunder the influence of rarefaction parameleand the Hartmann number

M . It is clear from the figure that an increase auseshtarp increases adM increases but for small values M

causes tghremains constant. It is also noticed from the riggiinat there is no influence of rarefaction par@mb on tafi

for small values oM . The same figure also shows that for a fixed valudl an increase in the values M causes a

growth in tar.
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Figure 1: Amplitude (|B]) of Skin Friction Versus Frequency @) When A=2 and h=0.4
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Fig2: Amplitude of Skin-Friction |B| Against Frequency ParameterQ When M =1
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Figure 3: Amplitude of Heat Transfer (JH|) AgainstFrequency @) When A=2 and h=0.4
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Figure 5: Phase of Skin Friction (Tar) Against Frequency ) When A=1 and h=0.4
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Figure 6: Phase of Skin Friction (Tar) Versus Rarefaction Parameter 1) When A=2 andw=3
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Figure 7: Phase of Skin Friction (Tar) Against Rarefaction Parameter (N) When A=1 and w=3
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Figure 8: Heat Transfer Phase Ta@ versus Rarefaction Parameter i) When A=1 and w=3
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