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Abstract. The unsteady three-dimensional Couette flow ofsaadiis incompressible fluid
between two porous flat plates with uniform injeatiand periodic suction in the
presence of magnetic field, radiation and heat c@sink has been investigated.
Perturbation technique has been used to obtairogippeite solutions for the velocity and
temperature fields, skin friction and Nusselt numbEhe velocity and temperature
profiles have been plotted to study the effecthaddt parameter, Hartmann number and
other non-dimensional parameters on them. Furthermskin friction and Nusselt
number have been tabulated for different valugh®hon-dimensional parameters.

Keywords: Slip flow regime, MHD, heat source, porous medi®ouette flow, dusty
fluid

1. Introduction

Dusty Couette flows in the presence of magnetitd fiinds its application in many
industrial processes in the field of aerodynamieglear cooling and geophysics. Some
of their applications include liquid metal coolird nuclear reactors, electromagnetic
casting and plasma confinement. The steady two+tiinaal plane Couette flow with
transpiration cooling for uniform injection and soa at the porous plates for a clear
fluid has been discussed in Eckert [7].

Raptis [2] studied the steady two dimensional fteavection flow through a
very porous medium subjected to a constant suetdocity and bounded by a vertical
infinite porous plate in the presence of radiatidhe flow velocity was found to be
increasing with the radiation parameter. Seddegk ifivestigated the effect of variable
viscosity on free convective flows with magnetieldi and radiation. The solutions were
obtained using the shooting method and similaotyttons.

The unsteady two-dimensional flow of a viscous mpeessible and electrically
conducting fluid between two parallel plates in fhhesence of a uniform transverse
magnetic field has been analysed by Bodosa andaRatk[8]. The fluid velocity and
temperature profiles were obtained for differentido and upper plate temperatures as
well as adiabatic lower plate. The radiation eBemh an unsteady free convective flow
through a porous medium bounded by an oscillatitatepwith a variable wall
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temperature was analysed by Pathak and Mahesh@jariThe analytical solution of
resulting ordinary differential equations was obeal in terms of repeated integrals of
complementary error functions.

The steady three dimensional Couette flow withamif suction at the stationary
plate and transverse sinusoidal injection at théotmly moving plate has been studied
by Sharma et al. [5] to study the effects of Priandimber, radiation parameter and
injection parameter on the rate of heat transfdre Tinsteady Couette flow of an
electrically conducting, viscous, incompressiblaidl bounded by two parallel non-
conducting porous plates with uniform suction ameédtion in the presence of transverse
magnetic field was studied with heat transfer biyaAtL0]. The effects of magnetic field
and uniform injection and suction was examinednenvelocity and temperature fields.

Loganathan and Prathiba [6] studied the effectmfoum magnetic field on a
viscous, incompressible fluid past a spherical pemeable aggregate. Jump boundary
conditions were used at the interface between tveus region and clear fluid. The
magnetic field with variable permeability is foutal effect the stress jump coefficient
which changes the normalized drag and torque. Bablal [11] investigated the effects
of thermal radiation and magnetic field on hydrometg: Couette flow of a highly
viscous fluid with temperature-dependent viscoaitg thermal conductivity at constant
pressure through a porous channel. The relevardrgimg partial differential equations
were transformed to non-linear coupled ode andesblwumerically using a marching
finite difference scheme to obtain the velocity ateimperature profiles. The
magnetohydrodynamic flow of viscous incompressthl@l past a vertical porous plate
in the presence of radiation was analysed by Catrial. [13]. The main fluid velocity
was found to decrease with increase in Hartmanrbeogmadiation parameter as well as
suction parameter for cooling of the plate andease for heating of the plate.

Radiation effects on free convection MHD Couettmnflstarted exponentially
with variable wall temperature in the presence edthgeneration were investigated by
Das et al. [16]. The governing equations were sblaealytically using the Laplace
transform technique and the variations of veloeityl fluid temperature were analysed.
Unsteady MHD couette flow between two infinite pelaporous plates in an inclined
magneticfield with heat transfer were studied bgeph et al. [12]. The governing
equations were solved by variable separable teakniq study the effects of various
parameters such as Hartman number and Prandtl mumlikbe flow field.

Jha et al. [3] investigated the unsteady MHD freavective Couette flow of
viscous incompressible electrically conductingdibietween two infinite vertical porous
plates in the presence of transverse magnetic fiettl thermal radiation. Solutions for
time dependent energy and momentum equations weeened by the implicit finite
difference method and verified by steady state tgwls obtained by using the
perturbation method. Similar method was appliediy et al. [4] to study the combined
effect of injection/suction.

Guria [14] investigated the three dimensionalflof a viscous incompressible
fluid through a vertical channel in the presenceanlation in slip flow regime. The right
plate was subjected to a uniform injection andlgffieplate to a periodic suction velocity
distribution. The present work aims to extend trerknof Guria [14] and extend it for
heat source and radiation in the presence of miagiedd.
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2. Flow description and gover ning equations

The flow under investigation has been modellednagrsteady three dimensional flow of
a viscous, incompressible, dusty fluid between iwdzontal porous flat plates separated
by a distance ‘d’ in a slip flow regime with unifarsuction at the stationary plate and
periodic suction at the plate in motion. A uniforagnetic fieldB, is applied to the plate
as shown in Fig. 1.

> N

Figure 1. Couette dusty flow with constant injection andipdic suction at the porous
plates.

The upper plate is assumed to be the one in matitnuniform velocityU in
the direction of the flow. The Cartesian coordirgstem is chosen with its origin on the
lower stationary platex*- axis in the direction of the flovg;*- axis taken perpendicular
to the plate and directed into fluid flowing in lamar regime with a uniform free stream
velocity U andz*- axis is taken normal to the€y*- plane.

The upper plate is subjected to a constant injecti, and the lower plate to a
transverse sinusoidal time dependent suction wgldg$tribution of the form

v'=-V, [1 + €cos (T;—Z - ct*)] D
wheree(« 1) is the amplitude of the suction velocity as shamwirig 2.1. The distance
between the plates is taken equal to the suctitotite The slip condition is assumed
for the fluid phase and similar slip condition isaassumed for the particle phase.
Denoting dimensional velocity componentsiasv* andw* in the directions ™,
y* andz" axes respectively for the fluid phasg, v, andw,, in the directions*, y* and
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z*axes respectively for the particle phase @&h@ndT,, for the temperature of the fluid
and particle phase respectively, the governing teapgmare given as:

For fluid phase:

av* ow*

o+ = 0 )
ou* L ou* L ou* _ 2%u o ey oB3u*
ot* + v ay* + w dz* - (a %2 + 9z *2) + gﬁT(T Td) +
KNO ) (3)
av* « OV” « OV” _ 0%v KNO ok
o T ay* TWoos - ( az*z) vp v ) )
ow* . Ow* . W™ _ 62 a%w Bp _ O’BOW
at* t ay* tw az* - (By 62*2) + az* p +
KN
- (Wp - w) ) (5
aT* « 0T £ OT* _ o%T 2°T aq; "
pC (6t* + ay* + 62*) B (63/* az* )_ ady T Q(T - TO) +
PpCs * *
I'r (vp - v ) (6)
For particle phase:
dvp | Owp —
ay* 62 - 0 (7)
dup up « 0up _ Ko«
Yo vp 3y T W3, = m, (w - (®)
vy « 0vp « 0Vp _ Koo
e T Vp oy " Wp 5z B m (v p ©)
owp aw,, 6wp _ Kk .
at* Ty Up ay* W Wp az* - my (W Wp (10)
0Ty , +«9Tp . +0Tp - 1 e
5 TV gy T Wi oy = = (-1, (11)
The corresponding boundary conditions are:
= oy [1+scos(ﬂ—z*—ct*)]' w = L2 = 2
u = 1 ay* 1 - 0 d 1 - 1 ay* 1 - 0 2 a * 1
a a3
uy = Lj au’:, vy = =V [1 + scos(d* - ct*)]; wy = Lj awf Ty =T +L26_y*
at y=0 (12)
uw=Uv= -V, w' =0;,T"'=T, uy=U;, vp= =Vo, wp =0, T, =T
at y=d (13)

1/

x _ [2—r x _ [2=T\ 4/ _ T 2. .
wherelL] = (—T )L, L5 = (—r )L andL = 'u(_ZPp) is the mean free path amdis
the Maxwell's reflection coefficient.

The radiative heat transfer is taken similar toi&at al. [14] which results in:
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qy _ *
Fo 4(T" — To)l (14)
where

I = Jy K (G) aA 5[1

By introducing the following non-dimensional parders:

_ Y.z e D w0 W o, _T-Tg.
y—d,Z—d,t ct™; p pVOZ,u 5V Vo,w VO,H oy
_Ad W Vv Wy, _ Tp-Tq _ Vod .
L, = 7 Up =7 Vp = v wy = Ve 0, = T Reynolds numbeRe = ol
C . .
Prandtl numberPr =”T” ; Mass concentration parametgr= Norm Sllp parameter
d
h = é ; Grashof numbe6r = W Frequency parametér— — ; Relaxation
. Vi d
time parametep = % ; Hartmann numbeM = % ;  Radiation parametdﬁ =
dZ
‘ZT; Heat source parametlé[— Heat parametdl = F; — F,.
P
(16)
The governing equations (2-13) can be rewritteman-dimensional form as follows:
ov  ow _
>t = a7
ou ou ou _ a%u u Re
AE-I_Re(v@-I_WZ) = W+a—)+ReGr9 Mu + 8¢ (up u)

0

( 18
Qv v\ _ p,Op  fRe -

( 2 Zz) a ( Up U) (19)

(

17 v _
/1 + Re ( dy ay TW az) = 3y + 3
2 2
S ene(o ) = (B2 nel s L)
0§2
20 00 _ 629 62 ZfRe
/1Pr— + RePr( 3 TV az) = (? += ) FRePro + 7 (9 —-6) (21)
9 % _
% 3z ) = 0 (22)
up ( p _|_ p up) = % (u _ up) (23)
(317 ov. _ Re
oot (v wp52) = G r-v) 24]
aW ow _ Re
p (vp Ay p +w p azp) - 7 (W - Wp) (25)
69 20 3 Re
A p+Re(vpap+ Pazp) - X(g_ep) (26)
The corresponding boundary conditions are:
u=hlg_z- v =—S[1+¢ cos(nz—1t)]; W:h13—‘;i thzgi
2 4 a0
Up =My al;l’; v, = —S[1+ & cos(nz —t)]; Wp:hlalyp; 6, = hza—;
at  y=0 27)
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u=1, v=-5, w=0; 0=1; up=1; vp=—S; wp=0;9p=1

at y=1

3. Solution of the problem

(28)

When the amplitude of oscillation in the suctiorloegty is small (¢ « 1), we can
assume u, v, w, 0, u,, v,, wy, 8, andp in the following form to solve the differential

equations (17)-(26).

u(y, z,t) = uo(y) + eu; (y,z,t) + €2u,(y, z,t) + -
v(y,2,t) = vo(¥) + evy(y,2,t) + €2v,(y, z,t) + -
w(y,zt) = wo(¥) + ewy (v, 2, t) + 2w, (y, 2, t) + -
0(y,zt) = 0o(y) + €60,(y,z,t) + €20,(y,z, t) + -
u,(y,2,t) = upo(y) + supl(y, z,t) + ezupz(y, zZ,t) + -
v,(y,2,t) = vp, ) + vy (v, 2,8) + ezvpz(y,z, t) + -
w, (¥, 2, 1) = w, ) tewy, Oz,0)+ ezwpz(y, Z,t) + -
0,,z,1) = Gpo(y)+£9p1(y,z,t)+£29p2(y,z,t) + .-
r(¥,2t) = po) +ep (2 t) + %p (v, 2, t) + -

(29)

Whene = 0, the differential equations pertaining to two divei®nal flow are obtained

as:
7 = 0
uy — Revougy + ReGrfy — Mu + % (ul’o — uo) = 0
) _ f _
2 = Kl w)
wy — Revowy — Mwg + fAﬁ(pr - WO) = 0
" i 2 fRe —
90 - RePT'ero - PTF90 + ET(QPO - 90) - 0
! —
vpo = 0
1
votyy + 5 (15 — o) - 0
Up, = Vo
1 -
VoWp, + % (Wpo - wo) = 0
1
096y, ++ (65, = 60) = 0
Subiject to the boundary conditions:
ou, ow, a0
u0=h16—y°; Vo = =S5, Wo—h1a—yo, go—hza—yo:
Uy =h oy =S wy = hiaPo; 6, = hy o gty =0
Po~ "1 gy * Po T Py 19y Do 275y y=
uo = 1, UO = _S, WO = O, 90 = 1,
Uy =1 v ==S  wy =0 6, =1 aty =
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(30)
(31)
(32)
(33)
(34)
(39)
(36)
(37)
(38)
(39)

(40)
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The solutions for the equatlons (30), (32), (35) &3¥) are
vy = Up, = =S (42)
Po = 0 (43)

Substituting equations (42) and (43) in the renmgjrequations and rearranging as done
in Govindarajan et al. [1], we get

—ASuy’ + (1 — ReASH)ugy + (ReS(1 + f) + AMS)uj — Mu, =
—ReGro, + AReGrS6, (44)

—ASW{” + (1 — ReAS?)wl + (ReS(1 + f) + AMS)w, — Mw, =0 (45)
—AS8Y + (1 — RePrASZ)e (Res (Pr += f) + ASPrF) 0, — PrF, =0 (46)
—ASup +up, = Ug 47}
—ASWp0 + Wy, = Wy (48)
—Asep; + 0y, = 0, (49)

The solution to the remaining equations are:

we = Wy, = 0 (50)
6o = AelY + 4, efzy +A3e]3y (51)
= Jay el1y el2y elsy
B0 Asel? 4 iis el 4 s el s (52)
uy = AgelsY + AjpelsY + Ajiel7Y + AjpeltY + Ajzel?Y + ApuelsY (53)
upo = A15814y + A16e]5y + A17e]6y + A18617y + Alge‘lly + Azoe‘lzy +
A, el3Y (54)
The unsteady state equations of first order are:
9vy | 9w -
oy T oz = 0 (55)
ouy ouq duy _ 0%u,  0%uy
A—+R ( Sﬁ+vlﬁ) = (ay + )+ReGr91 Mu1+
fRe
" (upl — ul) (56)
o _sn - vy | 0w\ _ p,0m1
lat+Re( Say) - (6y2+622) Reay+
FR
(o, ) (57
6w1 ow, _ 2%w, = 9%w; P,
AGE+ Re (- w) = (ayz +57) — Re = Mwy +
fRe
2 (wp, = wa) (58)
691 26, 26, _ 226, | 9%6,\ _
APt Repr(-STt+v,Z8) = (SR+T3) - PrFo+
2 fRe
(60, - 81) (59)

= 0 (60)
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p aup _ Re
— +Re ( -S Vp, ayO) = T(u1 - up1) (61)
Vp _ Re
L+ Re ( S ) = 7(”1 — vpl) (62)
Wp _ Re
——+Re ( S ) = X(Wl - Wpl) (63)
a by aepl a6y, B Re
17 tRe(-sr 4w, ) = F(6-6,) (64)
The boundary conditions become
U = hlaa—l;l ;v = —S(cos(nz - t)); wy = h1 a 6;: = h, {;—il ;
6up1 . . Wp1 . a(91’1
Up, = th Up, = —S(COS(T[Z — t)) P Wp, = hy 3y bp, = h: 3y
at y = (65)
u1=v1=wl=91=up1=vp1=wp1=9p1=0 at y=1 (66)

In order to solve these partial differential eqomasiu,, vy, wy, 64, Up,» Vpr Wp, le
andp; are assumed to be of the following complex form:

u; (3,2, t) = Uy (y)eim=0
n(.zt) = vy, (y)eitmz=0
wi(y,z,t) = ivil(y)ei(n:z—t)
6:(y,2,t) = 0, (y)eitz=0
upl(}’; Z, t) = upll(y)ei(nz_t)
Upl(J/; z,t) = vpll(y)ei(nz—t)
Wpl(y;Z, t) = —Upll(y)el(ﬂz—t)
Qpl(y, z,t) = pll(y)el(n:z—t)
pl(YI Z, t) = pll(y)el(ﬂ'z—t)
(67)
Now using (67) in equations (55)-(64) and rearraggis before, we get
Wy + ReSuly + (—n? + i — Myugy + 25 (u, ) =
—ReGrli; + Revi ug (68)
viy+ ReSviy + (=1* + i)y, + %(vpn L = Repiq (69)
vit + ReSviy + (=n* + id = M)vy, + fie (Vpn V{l) = m?Rep;y,
(70)
611 + RePrS0i, + (—m? + iAPr — PrF)6;; + 2&(91’11 _ 911)
= Revllg(,) (71)
’ i1A 3 ’
_Aup11 + (1 - E) upll = Uy — Avpnul’o (72)
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—Avp’11 + (1

—Av, + (1=

—AG,)’

p11+(1_

iAA _
- E) Ypiq = V11 (73)
iAA ’ _ 1
E) Upia = V11 (74)
iAA _ ’
E) epll - 911 - Avpnepo (75)

Boundary conditions are

_ ouqy _ _ - _ owiy _ 0611 .
ujp = hy oy v =-S5, wy=h oy 011 = hy ay
u =h aupll- v =-S5 w awpn . 0 — aepn
P11 1 9y " P11 v Py 15y P11 2 3y
at y=0 (76)
U1 = V11 = W1 = 911 = upll = Upll == Wpll = 9p11 = 0 at y =1 (77)

The solutions of the equations (68)-(75) subjedidondary conditions (76)-(77) are

V11 =

vpn

Wi1 =

w
P11

011 =

P11

B,e’sY + B,eloY + Bje/10Y + B,e/11Y + Bcel12Y + Bgel13Y (78)
B,e/14Y + BgelsY 4+ ByeloY + Byyel10Y + By e/11Y + B ,el12Y +
B,ze’13Y (79)
i[BLISe]Sy + ByJoeloY + BsJ,0e’10Y + B,J;,e/11Y + BgelizV +

B6 ]13611337] (80)
i B7J14€714Y + BgJgelsY + ByJoe oY + BygJioe/10Y (61)

ml +ByiJ11e/Y + BipJ1,/12Y + Bysize)tsY

Clehsy + Czehey + C3el17y + (C4e]sy + CSBJQy + C6e]10y +

C7e]11y + Csehzy + Cgehsy + 6103114}’) e+ (Cp elsY +

Clzelgy + C13e]1oy + 6‘149]113/ +C'15€]12y + 6‘163]133/+

C17€]14y)€]2y +(C18918y + Clgejgy + Czoehoy + 6‘216/1137 +

szehzy + 62331133/ + 6‘243]143’)313}’ + (Czse]sy + 6269193/ +

C27e]1°y + 628311137 + ngehzy + C3Oe]13y + 63161143/) elsy (82)

632911437 + C33e]15y + C34e]16y + C356117y + (C3ﬁe]8y +

C37e/9y + C386’]10y + ngehﬂf + C4oehzy + 6416113y +

C4zeh4J/) ely +(C43e]8y + C44e/9y + C45e]1°y + C466111y +

C47e]12y + C48€]13y + C4ge]14Y) el2y 4+ (Csoefsy + C5le]9y +

C52€]10y + C53e/11y + C54e]12y + C55€]13y + C56e]14J/) el3V +

(C57e]83’ + ngelgy + ngeh‘)y + CGOe]ny + C6le]1zy +

Cerel13Y + Cyzel14Y) eJey (83)

D,el18Y + D,el1oy + D3elzoy + D,e’1sY + Dsehey + Dee]17y +
(D,e’8Y + DgelsY + Dgel10Y + D,ye/11Y + D, el12Y + Dy el13Y +
D13e]14J’) el 4+ (D14e]8y + DyseloY + Dyge/10Y + Dy ,el1Y +
D18e]12y + D19e113y +Dzoe]14y)e]2y +(D21e]8y + Dzze]9y +
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D23e/10y + D24e]11y + D25€]12y + DZGehsy + D27e]143’) el3y +
ngelsy + nge]c;y + Dgoeho}’ + Dgle]ny + D326’]12y +
D33€h3y + D34e]1437) elay +(D35€]8y + D36€]9y + D37€]10y +
D383111y + D393112y + D40€]13y + D41€]14y) elsy +(D4Ze]8y +
D43e]9y + D44e]1oy + D45€]11y + D46€]12y + D47e/133’ +
D4ge]14y)e]6y + (D4ge]8y + Dsoelgy + D51e]1°y + Dsze]ny +
D53€]12y + D54€]13y + D553114Y) el?y (84)

= D566h4y + D57e]18y + Dssehgy + Dsgelzo}’ + D603115y +
D61e]16y + D62€]17y + (D636’]3y + D64e]9y + DGSeho}’ +
Dgge’11Y + D el12Y + D68eh3y + D696h4}’) ey + (Dmelay +
D7le]9y + D7Ze]1oy + D73e]11y + D74e]12y + D756113y +
D76e]14J/) el2y + (D77e]8y + D78319y + D7ge]1oy + Dgoe]ny +
Dg,e’/12Y + Dg,e/13Y + D83e]14}’) el3V + (D84e]8y + Dgse’oY +
D86e/1oy + D87e/11y + D88€]12y + D89€]13y + Dgoe]143’) elsy 4+
Dglefsy + Dgzefgy + D93€]10y + D94€]11y + D95€]12y +
D96e]13y + D97e]14-y) e]Sy + (D98618y + Dgge]‘By + Dlooejloy +
DlOlejlly + Dlozehz}’ + D1033113y + D104e]14}’) elsy +
(Dlosefsy + DlOGejgy + D107e]1oy + Dloge]ny + Dlogehzy +
Dlloehsy + Dllle]My) el7y (85)

u
P11

Skin friction

The skin friction at the wall due to main flowgaen by:

— du — dugy duy, i(mz—t) 2
Tx (dy)yzo (dy )y:0 + 8( dy )y:0 € +0(e%)
= Ty, + ERey cos(mz — t + ¢y) (86)

The skin friction at the wall due to cross flowgisen by:

_ aw - dwg dwiy i(mz—t) 2
. ®) () ve(tm) ety ogen
= eRe, cos(mz —t + ¢,) (87)

Nusselt number

The rate of heat transfer from the plate can becutatied using the formula

aT , . . .
qQw = — (@) and can be written in non-dimensional form as Elissimber:
y=0

_ (98 — _ (460 1 i(mz—t) 2
(dy)y=0 (dy )y=0 € ( dy )y=0 € +0(e%)
—64(0) + eRer cos(mz — t + ¢r) (88)

Nu

4. Numerical results
The velocity and temperature profiles have beeftgadoin Fig 2 to Fig 13 to study the
effect of different non-dimensional parameters lom pprofiles. Furthermore, skin friction
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and Nusselt number have been tabulated (Table fbd)ifferent values of non-

dimensional parameters such as Grashof number R&ynolds number (Re), Prandtl
number (Pr), heat parameter (F), mass concentrggamameter (f), relaxation time
parameter A4), suction parameter (S), temperature slip paramgt® and Hartmann

number (M).

Increasing the Hartmann number (M) results in ameiase in the main velocity
magnitude for both fluid and particle phase (Fig)2ut it has little effect on the cross
flow velocity. An increase in the suction paramd®®) results in circulation in the flow
profiles and the main flow velocity also increases both the phases (Fig 12-13). A
similar trend is also observed with the cross-floelocity profile as expected for
increasing suction parameter (Fig 8-9). The fluitd gparticle temperature profiles
increase with increasing value of the temperatlie garameter (Fig 6-7). For the
increasing heat parameter, the temperature profilge also found to be increasing for
both fluid and particle phases (Fig 4-5).

The temperature profiles for the fluid phase whegtien parameter are +1 and -
1 are as expected. For both the cases, incredsingnagnitude of suction parameter
results in an increase in the over all temperatfr¢he fluid (Fig 10). The particle
temperature profiles were found to be more unifgrintreasing with increasing suction
parameter magnitude. This is because increasingsticton parameter results in a
decrease in relaxation time for the phases thenesplting in a more uniform
cooling/heating depending on the sign of the sagt@rameter (Fig 11).

The amplitude of the shear stress and the tamgittase shift due to main flow
decreases with the increasing Hartmann number TlsI€é 1). For the increasing suction
parameter (S), there is no clear trend in the dogwiof shear stress or the magnitude of
tangent of phase shift due to main flow (TableQ).the other hand, the amplitude of the
shear stress and the tangent of phase shift dtheetoross flow velocity increases with
increasing suction parameter (S) as seen in Table 2

The amplitude of Nusselt number and the amplitudén® tangent of the phase
shift are found to increase with the increasing miagle of the heat parameter (F) as
seen from Table 3. The amplitude of Nusselt nung&und to be decreasing for F>0
and increasing for F<0 but there is no clear tiendhe tangent of phase shift (Table 3).

The amplitude of Nusselt number decreases witheasing values of the
temperature slip parameter)ibut there is little effect on the tangent of fifease shift
(Table 4).

5. Conclusion
We have extended the work of Guria [14] to study éffect of dust particles and the
magnetic and heat parameter with slip conditiontlo® three dimensional unsteady
couette flow of viscous incompressible fluid betwéwo horizontal porous flat plates. A
periodic suction is applied to the stationary pkate a constant injection is applied to the
uniformly moving plate. The conclusions of the stade:
Increasing the Hartmann number (M) increases thia fiav velocity for both
fluid and particle phase.
» Hartmann number (M) has little effect on the critd@a velocities.
» Increase in the suction parameter (S) resultsrquleition in the flow profiles.
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The fluid and particle temperature profiles inceeasth increasing value of the
temperature slip parametep)h
The particle temperature profiles were found tonfi@e uniformly increasing
with increasing suction parameter magnitude.
The amplitude of the shear stress and the tandgttase shift due to main flow
decreases with the increasing Hartmann number (M).
The amplitude of Nusselt number and the amplitudéne tangent of the phase

vV V V VY

shift are found to increase with the increasing mitage of the heat parameter

(F).

0.8 0.8

0.6 0.6

0.4 0.4

02 0.2

0 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 0.8 1

i i . y y
Figure 2: Main velocity u vs y foi = 5, Re = 5, Gr Figure 3: Main particle velocity yvs y fork = 5, Re
=5 Pr=071,S=1,F=1,k05 B=05,f= =5 Gr=5Pr=071,S=1F=1405h=
02A=022=00,t=0.0,=0.05 05,f=02A=0.2,2z=0.0,t=0.8,=0.05
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Figure 4. Temperatur® vs y fork = 5, Re = 5, Gr = Figure5: Particle temperatur@, vs y fork = 5,Re =
5 Pr=0.71,S=1,M=1;F05,=05,f=0.2, 5,Gr=5,Pr=0.71,S=1,M=1,h0.5,5=0.5,
A=0.2,2=0.0,t=0.¢,=0.0¢ f=0.2,A=0.2,z=0.0,t=0.6,=0.0¢
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Figure 6: Temperatur® vs y forh =5, Re =5, Gr =
5Pr=0.71,S=1,M=1,F=1,h1=05,f2Q
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Figure 8: Cross-flow velocity w vs y fok = 5, Re =
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Figure 10: Temperaturd vs y forh =5, Re =5, Gr
=5 Pr=071,M=1,F=1,F05,h=05,f=
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Figure 7: Particle temperature, vs y ford = 5, Re
=5,Gr=5Pr=071,S=1,M=1,F=1/A0.5, f
=0.2,A=0.2,z=0.0,t=0.¢,=0.05

0.06

0.04
0.02

10w
P .0.02
-0.04
-0.06

-0.08

-0.1

0 0.2 0.4 0.6 0.8 1

y
Figure 9: Cross-flow particle velocity yvs y fori

=5, Re=5,Gr=5Pr=071,M=1,F=1/40.5,
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Figure 11: Particle temperatur, vs y forh = 5, Re
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Figure 12: Main flow velocity u vs y foih =5, Re =
5 Gr=25Pr=071,M=1,F=1,4805,h=
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Figure 13: Main flow particle velocity y vs y fori
=5 Re=5G6r=25Pr=071,M=1,F={17
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Table 1: Shear stress due to main flow aty = Ofer5, Re =2, Gr=5, Pr=0.71, F =1,
h)=0.5,h=05,f=0.2A=0.2,z=0.0,t=0.¢,= 0.05.

S Re, tan ¢,
M=1 M=5 M=10 M=1 M=5 M=10
1 0.0802 0.4325 0.2901 -0.1182 -0.2760 -4.8287
1.25 59.6476 1.6503 1.4687 -2.5139 -0.8443 -0.8526
1.5 26.2496 1.9640 1.4572 -2.5800 0.6884 -0.2186

Table 2: Shear stress due to cross flow at y = O\ffer5, Re =2, Gr =5, Pr=0.71, M =
1,F=1,Kh=05,h=05,f=0.2A=0.2,z=0.0,t=0.@G,= 0.05.

S Re, tan ¢,

1 0.9161 -0.8255
1.25 0.9591 -0.6211
15 1.0096 -0.3926

Table 3: Nusselt numberaty =0 far=5, Re =2, Gr=5, Pr=0.71, M= 4,#0.5, h
=0.5,f=0.2A=0.2,z=0.0,t=0.@,= 0.05.

F Rer tan ¢,
S=1 S=1.25 S=15 S=1 S=1.25 S=15
30 60.7026 41.7222 4.1472 -0.4293 -2.9963 -0.6552
0 0.0969 0.6256 1.1400 -0.2994 0.0486 0.4655
-30 0.0953 0.6303 0.9268  -44.4020 0.0705 0.3132

Table 4: Nusselt numberaty =0 far=5 Re=2,Gr=5,Pr=0.71,M=1,F=1,S=
1, h=05f=02A=0.2,z2=0.0,t=0.G,= 0.05.

h, Rer tan ¢r

0 0.7102 -0.5908
2 0.2292 -0.6000
4 0.2060 -0.5608
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The remaining constants are also known and noepted here for the sake of
brevity but the constants were used for drawingptafiles of both fluid and particle
phases.

76



