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This paper deals with momentum and heat
transmission in unsteady boundary layer flow of rotating
non-Newtonian fluid with time dependent suction, when the
plate velocity is constant. Constitutive equations of
momentum and energy are formulated. These equations
are non-dimensionalised and solved with the permissible
boundary conditions. Velocity and temperature profiles are
drawn varying the fluid parameters. The numerical values
of shearing stresses are entered in the tables for different
values of fluid parameters. It is noticed that the non-
Newtonian parameter and the suction parameter influence
the flow field to a great extent and the prandtl number
affects the temperature field.
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InTRODUCTION

Envestigations on rotating flows of non-Newtonian fluids attract the attention of
researchers in view of their applications in cosmical and geophysical fluid dynamics and in
mechanical and nuclear engineering. The literature is replete with copious such studies. Miles
[1] discussed the Cauchyission problem for a rotating liquid. Greenspan and Howard [2] have
considered unsteady rotating flow. Batchelor [3] has discussed the of rotating fluid on a plate
and it has been observed there exists a layer of fluid near the plate, called the layer, where the
viscous and the coriolis forces are of same order of magnitude. Chawla [4] as well as Singh
and Santhi [5] have studied unsteady rotating flow in an impermeable plate under the
assumption of rigid body. Thornley [6] discussed the Stokes and Ekman layers case of the
plate performing non-torsional oscillations down plane. Incompressible fluid. Pop [7] has
considered unsteady boundary layers in a rotating fluid. Dordjevic [8] extended the problem of
Thornley [9] to the case of non-homogeneous fluid. Debnath and Mukherjee [10] have
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discussed unsteady multiple boundary layers on a porous plate in a rotating system. Unsteady
boundary layers in a rotating flow has also been considered by Pop and Soundalgekar [11].
Soundalgekar, Martin, Gupta and Pop [12] have studied unsteady boundary-layers in a
rotating fluid with time-dependent suction. The method of Fourier series suggested by Kelley
[13] has been used to obtain the solution. Biswal [14] has analysed the problem of unsteady
free convection flow and heat transfer of a visco-elastic fluid past an impulsively started
porous wall. Biswal, Roy and Mishra [15] have investigated the problem of Heat transfer in
unsteady axisymmetric rotational flow of Oldroyd liquid. The same authors [16] have also
analysed the hydrodynamic free convection flow of a rotating visco elastic fluid past an
isothermal vertical porous plate with mass transfer. Dash and Paikaray [17] have studied the
heat and mass transfer in the unsteady Couette flow of Oldroyd liquid between two horizontal
parallel porous plates with heat sources, chemical reaction and Soret effect when the lower
plate moves with time varying velocity.

8 20

Fig 1 : Velocity component u for different values of R. when Q= n/2, andw=m/4,

In this paper, our aim is to study the momentum and heat transfer in unsteady boundary
layer flow of a rotating non-Newtonian fluid with time dependent suction. Here the problem is
studied, when the plate velocity is constant. Analysis of the temperature field has also been
presented.

Basic ebucartions

En this paper, the Cartesian co-ordinate system is supposed to be rotating uniformly with
the fluid, with angular velocity Q, about z-axis taken vertically upwards, i.e., normal to the
plate. The x-axis in taken along the plate, in the direction of motion and the y-axis is taken on
the plate, perpendicular to the x-axis. Moreover, the plate being infinite in length all variables
in the problem are functions of a z and to only.

Hence, the equation of continuity takes the form

ow
—=0, ... (21
. (2.1
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Fig. 2 : Velocity component ‘u’ for different values of Q and ® when R, = 4.0

Which on integration gives

w = constant = w () ...(2.2)

N

Vo= (u,v,w (), ...(23)
Let us assume w (¢) to be of the form

w(t)=—wy [l +e( +e ™) o (2.4)

where wy is the constant suction velocity, w is the frequency of oscillation and ¢ (<< 1) is
assumed to be a constant amplitude of suction velocity.

The equations of motion are reduced to

2 3
- . K,
u—wy[l+e(E@"+e ™) 6—u=v6—g+2§2v+—0 62u ... (2.5
0z oz p o0z“0t
2 3
A A K
v—wo[l+e(e™+e ™) @:Va_;_z u——2 82\/ .. (2.6)
0z 0z p oz°ot

Tl‘lE CASE OF CONSTANT PLATE VELOCITY

et us formulate the equations of the problem when the plate moves with constant

velocity A. Initially, at time ¢ < 0, the fluid and the plate have no motion along x and y axes. At
time ¢ > 0, the plate is accelerated with velocity 4 along x-axis. Hence, equns. (2.5) and (2.6)
are to be solved subject to the boundary conditions:

u=0=v,forallz,atr <0,

u=A,v=0,atz=0 ...(3.1
u=0=v,asz—oow | >0

From equns. (4.2.5) and (4.2.6) we get



132 Acta Ciencia Indica, Vol. XLI P, No. 3 (2015)

2 3
8—F—wo[l +e (e +e ™) a—F:v g F—2IQF—RC oF
ot oz ot oz%ot

...(32)

where F=u+iv.

The boundary conditions (3.1) are now modified to

F=0,att < 0, forallz
F=A4atz=0 ...(33)
F=0,asz o] t>0

-0-20r

Fig. 3 : Velocity component v for different values of R, when Q= /2. and 0= n/4,

Since the flow field is under the influence of time dependent suction, given by eqn. (2.2),
we assume the solution F (z, f) of eqn. (3.2) in the form of the following Fourier series :

F(z,)=F,(2) + i F,(z) ™"+ i F,(z) e ..(34)

n=l1 n=l1

Substituting F (z, ¢) from eqn. (3.4) in eq. (3.2) and equating the harmonic and non-
harmonic terms from both sides, we get the following equations:

VE§ +woFy +wye (F+ F' ~[R,. +2iQ)]F, =0 (3.5
VE"+ woF§ +woe (F§ + F3)—[R,. +2iQ)]F, —ioF, =0 (3.6)
VE,) + wo g + woe (Fy_y + Fpyy —[R, +i(2Q+nw)] F,, =0, n>2, (3.7
VE+ woF{ +woe (F) + F3) ~[R, +2iQ—io]F =0 } L G8)
VE +wo g +woe (Fy_y + Fq —[R. +i(2Q+nw)]F, = 0,n > 2

The boundary conditions (4.3.3.) yield
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Fy (0)=4,F, (0)=0, forn>1
Fy (0)=0,F, (0)=0,forn>1
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Fig. 4 : Velocity component ‘v’ for different values of Q and @ when R, = 4.

In order to obtain the solutions F, (n > 0), we expand these functions in powers of € as

follows:

F(z)= iFnr (2) ¢
r=0

(3.10)

Substituting F, from eqn. (3.10) in eqns. (3.5) — (3.7) and equating coefficients of like

powers of & (up to &%), we obtain the following equations:
vFyo + woFpp —[R, +2iQ] Fyg =0
VEG) +woFgy —[R, +2iQ] Fy; = —wy (Fo + Fp)
VFg +woFop —[R. + 2iQ) Fop = —wo (Fy + 1)
vE ) + Wy Fy —[R. +2iQ+i0] Fp =0
VR +wo b —[Re +2iQ+i0] F = —wy (Fgo + Fy9)
VF5 + wyF5 —[R,. +2iQ+iw] Fjo =—wy(Fy; + F;)
vFy + wyFyg —[R,. +2iQ+2i0] Fhy =0
VIS + woFy —[R, +2iQ+2i0] Fyy =—-wy (Fy + F3p)
VFyy + wyFyy —[R, +2iQ+ 2i0] Fyy =-wy(F + F31)

The boundary conditions (3.9) are now modified to

Fyo(0) =4, for (0),r 21, F,,. (O) = 0, forall f,n>1
Fy,(0)=0,forallr, F,,. () =0,forallr,n>1

(3.11)
(3.12)
(3.13)
(3.14)
(3.15)
(3.16)
(3.17)
(3.18)
(3.19)

.. (3.20)
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Fig. 5 : Temperature field for different values of R.

The solution of eqn. (3.11) in given by

FOO (Z) = Al edzz

where
2
1 W() WO 4
o) =—| —+4[—+—{R. +2iQ
7oy V2 v{ ¢ |
2
1 wWo W() .
Oy =—| ———4|— +—1R. +2iQ2
2 2 v v2 v{ ¢ }

.. (3.21)

, ...(322)

and 4, and A4, are to be evaluated with the help of boundary conditions (3.20).

Hence,
Ay =0 (since Fy () =0),
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and A, = A ((since Fy () = A).
Thus we have,

Fy (z) = 4% ... (3.23)
The solution of eqn. (3.14) is given by
Fio(a) =B, P77 + B, P27

where

1| wp wo

4
=—| ——+4|—=—+—1R. +2iQ+iw
P 2 v V2 v{ ¢ j
... (3.24)
1 0 WO 4 . .
=—| ———|—=+—{R. +2iQ+in
P2 20 v V2 v{ ¢ }

And B, and B, are to be determined subject to the boundary conditions (3.20). We thus
obtain.

B,=B,=0,
So that
Fiy(2) =0, ... (3.25)
Similar, the solution of eqn. (3.17) is given by

F20 (Z) =C eYIZ + o eyzz

where
2
w
7 LY L —°+i{Rc +2iQ +io}
2 v N
... (3.26)
2
1 wWo W() 4 . .
=— ———,’—+— R.+2iQ+io
72 2 v V2 v{ ¢ }
And from eqn. (3.20), c¢; and ¢, are determined as
CIL=C = 0.
Hence, Fy(@)=0 ...(3.27)

Substituting Fy (z) from eqn. (3.25) in eqn. (3.12) and solving for Fy; (z) subject to the
boundary conditions (3.20), obtain

Fy (=0 ... (3.28)
From equations (3.15), (3.23) and (3.27), we have

F'l”l + WOFYI _[RC +2iQ+ l(D]Fil = —WoA(Xzeazz cee (329)
Solution of eqn. (3.29) is given by
F1(2) = DieP” + DyeP?” + R,
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where 1, B, are given by (3.24),

0,22
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Fioo=— 29 4q = 0772 oz
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Fig. 6 : Temperature field for different values of ®and Q, R.=4.0, P =2.0
D,, D, are to be determined from the boundary conditions (3.20). Hence,

D, =0, (since F'j; () = 0),

4
D, =-207%2 (gince Fy, (0) = 0)
10

Therefore,

woday [P27 %27

F]l(Z):— P (330)
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Using equn. (3.30) in equn. (3.13) we get

1
Fly + 20 By 2[R, +2iQFy,
% \%

) , _
v

Hence the solution of eqn. (3.31) is given by
Foo (z) =45 €M7+ 4y "2+ Fy,
Where o, o, are given in eqn. (4.3.22),

wg A By oz io3ze*2* B 0, B, eP?? . a3ef2’
2{R, +20)

Fozp = 2 + Q)
® %2V Wo Z{Rc +ZQ+}
2
And 45 and 4, are to be determined subject to boundary conditions (3.20). Thus, we get,
Az =0, (since Fy, () =0)
—2

s o
wod| asfy asP, p
+20)}

A4:— .
@ ® 2{RC+ZQ+2}

5 {R (since Fy, () = 0)

C

Hence

2 .2
wy Al o 0y zeoyz
Fo, (Z) _ 70 _ 2'32 (e(lzz _ eBzZ ) + 2 2
® ® 201, v+ wy

G«ZBZ (e(lzz _ eBzZ) 062 (eﬁzz _ e(lzZ)

... (3.32)
2{RC+ZQ+(;} 2{R, +20)
With the help of eqns. (3.7), (3.10) and (3.20) for n = 3, we can easily get
F3(2)=0, ... (3.33)
Substituting Fo (z) and F3 (z) from eqns. (3.25) and (3.30) eqn. (3.18), we have
VEy +woFy —[R, +2iQ+2im] F5; =0 (3.34)

Proceeding as before the solution of eqn. (3.34) subject to boundary conditions (3.20) in
given by

Fy(2)=0, ... (3.35)
Substituting Fy; (z) and F5; (z) from eqns. (3.28) and (3.35) in eqn. (3.16), we obtain
vES + wyF, —[R. +2iQ+io] F, =0 ... (3.36)

The solution of eqn. (3.36) subject to boundary conditions (3.20) is
Fi,(2)=0, ... (3.37)
Further eqns. (3.7), (3.10) and (3.20), for n =3 and n = 4 yield
Fy(2)=0, ... (3.38)
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And so,
F31(2) =0, (since Fy (z) = 0 from eqn. (3.27) ... (3.39)

O-8f

Q61

0-4}

02t

(0,0)

-0-2
-0-4

voﬂér

Fig. 7 : Temperature field for different value s of P, R, =4.0,Q=2.0, ® =5.0
Substituting F; (z) and F3; (z) from eqns. (3.30) and (3.39) in eqn. (3.19), we get

ngocz

VF2”2 + WOF2’2 _[RC +2iQ+ 210)]F22 =

[Bzeﬁzz —oczeGZZJ . ..(3.40)
The solution of eqn. (3.40) is given by,
F22 (Z) = K] eYIZ + KzeYzz + F22p s
where y; + v, are given in eqn. (3.26),

2
wWo AO(.Z
Fy, = > I:B2eﬁzz _ a2eotzz:|
()]

And K; and K, are to be determined on application of boundary conditions (3.20), we
thus have,

K] = 0, (since F22 (OO) = 0)
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2
wy Aoy | o .
K= 2 . 2{72—[32}, (since Fa, (0) = 0).
®
Hence,
ngocz B oy
Fyn(z) = B (P22 —eyzz)+7(ehz —e2?)| L (3.41)

Table 1. Values of 0 for different values of oz, when R~ 4.0, ® = 5.0,
Q=2.0,P=2.0,E=0.5

n/ot 0.0 n/4 /2
0.0 1.0 1.0 1.0
0.1 0.96866 0.96869 0.96940
0.2 0.87648 0.87681 0.87856
0.3 0.76346 0.76453 0.76758
0.4 0.64978 0.65223 0.65675
0.5 0.54500 0.54960 0.55570
0.6 0.45322 0.76080 0.46830
0.7 0.37598 0.38719 0.39536
0.8 0.31377 0.32874 0.33595
0.9 0.26681 0.28467 0.28796
1.0 0.23536 0.25347 0.24821
1.1 0.21948 0.23265 0.21226
1.2 0.21860 0.21813 0.17415
1.3 0.23054 0.20344 0.12625
1.4 0.25011 0.17884 0.05941
1.5 0.26737 0.13064 —0.03624
1.6 0.26560 0.04107 —0.16953
1.7 0.21938 —-0.11078 —0.34495
1.8 0.09350 —0.34609 —0.55747
1.9 —0.15631 —0.68055 —0.78527
2.0 —0.57918 —1.11473 —0.98021

From eqns. (3.10), (3.23), (3.28) and (3.32), we obtain the mean velocity Fy (z) as

2 . 2
wyAd| o ioyzetl,z
Fo(2) = A.¢027 4 g2 M0A] 02Ba (Lonz _ oz F0pZ€0pZ
® ® 20,V + 0,

azﬁ2 (e()tzz _eﬁzz) 0.52 (eazz _eqzz)

2{R. +20)}

.. (3.42)
2 {RC+2Q+(§}

Similarly egns. (3.10), (3.25), (3.30) and (3.37) yield



140 Acta Ciencia Indica, Vol. XLI P, No. 3 (2015)

y
Fi(2) = —W"i—szg[eﬁzz —eazz] . (3.43)

In a similar way eqns. (3.10), (3.27), (3.35) and (3.41) give

2 2
A
Fy(z) = M[Bz(eﬁzz _evzz)+%(e“/22 _eazz)} ... (3.44)
Q)

Denoting the real and imaginary parata of F, (z) by u, (z) and v, (z) respectively, for
r=0,1,2 we get from eqns. (3.42) — (3.44)

2.2
e“wyAd| ajar, —bb
o (z) =A™ cos bz + 0 [ 19 ~hiby (e™ cos bz —e®2% cos byz)
o) 1)

_aihy —ayby (7
()]

sin bz — %27 sin byz)

+ze%F {(al2 _b12) (2vb| cos bz —[2va, + wy] sin b;z)

— 2a,by [(2va; + w) cos biz + 2vb; sin biz]}/{(2va, + wy)* + 4°b,*

P {(a1a2— b1by) (€™ cos bz —e®27 cos byz)
2{RC +20 +‘”}
2
alz .
T (arhy+ aghy) (¢ sin byz + %27 sin byz)l— 2AACTSNBZ g g
(R.+20}

2.2
) e“wyA| ajay —bib . .
v (2) = Ae®V sin byz + u)o { 1 2@191 2 (€7 sinbyz — ™ sin b, z)

az
ze"l

+ a1b2 + Cl2b1 (ealz
(2vay +wp)? +(2vhy)?

cosbyz —e2* cosbhyz)

{(ar*— b®) [(2va, + wy) cos byz + 2vbsin biz] — 2a1bi[(2va; + wp) sin bz

1

—2vhcos bz} + {(a1a2 — b1by)

2{Rc+2Q+‘2°}

(e sin byz + €27 sin byz) — (a1h, + azhy) (€17 cos bz — e¥27 cos byz)}

(af =b)e™ sinbyz (3.46)
(R, +20} S
A
uy (2) = 2O [p, (M7 cos byz — €27 cos byz) + ay (¢ sin byz — €™ sinbyz)], ... (3.47)
A
vi(2) = WoZe [by (™ sin bz — e®27sin byz) + a; (€1 cos bz — e¥27 cos byz)], ... (3.48)
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2 4.2

A
@)= VT [(@iay= biby) (€2 cos byz — ¢ cos byz)
()
2 42
-b
— (a1by + axby) (€%? sin byz — %3 sin byz)], Jao1 (¥ cos byz — €™ cos bz)
— (a1hy) (e™37sin byz — €™ sin byz)], ... (3.49)
2,2
A
Vo (Z): "o 28 [(Cllaz—blbz) (eazz sin sz_ eOLSZ sin b3Z)
()
— (a1by+ asby) ((€%?7 cos byz — €¥3 cos by2)],
a’ —b3
+L 2L (%% gin byz — €M7 sin byz) + (a1hy) (€%37 cos byz — €17 cos byz)], ...(3.50)
2
where
5 1/2
g =20 _11 W—3+R +(R +2Q)2 +W—3+R
1 2w 2|2 v2 c c V2 4 >
5 5 1/2
2
Wo 1 wo 2 wo
bl:_z—[a{ —+RCJ +(2Q) —[—+Rc] +(RC)H ,
4 % %
- . 1/2
2
2 2
wo 111 wo 2 wo
ay =————|=||| —=—+R R . +2Q+® +—+R ,
2w 2|2 [[vz C](C ) v
. 1/2
2
2
111 0 2 WO
by =—=|=||| =5 +R J R.+2Q+m -|—=+R ] ,
2 2 [ v2 C ( C ) v2 C
- s 1/2
2
2 2
) 111 wo 2 wo
a=————=|=||| —=+R R.+2Q+® +—+R
> 22 [[vz CJ(C ) vl
i, 1/2
2
2 2
b3:_% % [W—gch (R, +2Q+0) | - W—g+ch .. (3.51)
v v

From equation (3.4), we obtain
F(z,0)=uy (2) + ivg (2) + (uy (2) + ivy (2)) €
+ (w1 (2) = vy (2)) €' (w2 (2) + vy (2) €72+ (ua (2) — v (2)) €2+

Hence separating real and imaginary parts
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u (z, £) =ug (z) + 2 (u; (z) cos ot — v (z) sin of) + 2 (u, (z) cos 2wt
—v(2)sin2f) + ........... , ... (3.52)
and v (z, £) = v (2). ... (3.53)
Table 2. Values of 1, and 1, for different values of R, (high) and Q = 5.0
T %)
o/R, 4.0 6.0 8.0 4.0 6.0 8.0
1.5 —2.846 -3.321 -3.728 - 1.171 —1.447 - 1.677
2.0 —2.863 -3.336 —3.742 -1.139 —1.421 —1.655
2.5 —2.881 —-3.350 —3.754 —1.103 - 1.395 —1.633
3.0 —2.898 —3.364 -3.767 —1.065 - 1.367 - 1.610
35 -2.917 -3.379 -3.779 —1.024 —1.338 —1.587
4.0 —-2.935 -3.393 -3.791 -0.974 - 1.307 - 1.562
4.5 —2.954 —3.408 —3.804 -0.931 - 1.274 - 1.537
5.0 -2.973 —3.423 —3.816 - 0.879 —1.240 - 1.510
5.5 -2.993 -3.439 -3.829 —0.822 —1.203 —1.482
6.0 -3.013 —3.454 —3.842 -0.759 —1.165 —1.453
6.5 —3.033 -3.470 —3.855 —0.689 —1.124 —1.423
7.0 —3.053 —3.486 —3.868 -0.610 —1.081 - 1.391
7.5 -3.073 -3.502 —3.882 -0.517 —1.036 - 1.359
8.0 —3.093 -3.518 —3.895 —0.402 —0.988 - 1.324
8.5 -3.114 —3.535 —3.909 -0.233 —0.936 - 1.289
9.0 —3.135 —3.551 —-3.923 —0.233 —0.881 —1.252
9.5 —3.155 —3.568 -3.937 —0.405 —0.821 - 1.213
10.0 -3.176 —3.585 —3.951 —0.524 —0.756 -1.172
10.5 -3.197 -3.601 —3.965 —0.621 —0.683 -1.130
11.0 -3.218 -3.618 -3.979 —0.705 —0.602 —1.085
11.5 -3.239 —3.635 —3.994 -0.781 —0.506 —1.038
Introducing the non-dimensional parameters
v wp wy v W
=ty = 2 N Y A
"o wo "o "o "o ... (4.3.54)
uz; _“7°,v2§ :%,uf —Mj,v* :Vj,
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In eqns. (3.45) — (3.50) and dropping stars we obtain

aja; —bb,

82
uo (M) = e“Mcos byn + —[
® ®

} (€M cosbyn — e cos bym)

by - . .
—w(eam sin b —e“2" sinbyn)
o)

+Ne“ M {(af —bf) (2b; cosbm—[2a; +1]sinbyn)

—2a,b; [(2a; + 1) cos by + 2b; sin bn1}/{(2a, + 1)* + 4b,*}

I {(a1a; — byby) (€M cos bym — e“2" cos byn)

2{RC+ZQ+(;}

2a1bleam sin bln
R.+2Q

C

+ (a1b, + azby) (€™M sin by — e“2sin bym)} — ... (3.55)

. —bb . .
vo (n) = (M sinbym + [alaz—]z (™™ sin bym —e“2" sin byn)
®

L @by +arh (e
(0]

cos bim —e“2" cos bym)

nem

+
(2a; +1)* +4bf

(i =b{) [(2ay + 1) cos by + 2b; sin byn]

—2a1b; [2a, + 1) sin byn — 2b cos bin]} + ;x

2{RC+ZQ+(;}

{(a1az — biby) ("™ sin b — ™" sin bym) — (a1b; + azby)

(a? —b})e"Msinbn

M cos b —e™Mcos b -
( m M)} R +2Q

} ...(3.56)

u () = % [by (M cos byn —e™" cos byn) + a; (M sin bim —e®M sin byn)] ...(3.57)

vi(m) :% [b; (e“M sin byn —e®" sin byn) — a; (M cos by —e“?N cos bon)] ... (3.58)

2
uy (1) :8—2 [(a1a,— biby) (€7 cos byn —e®" cos b3n)
o

2 52
~(abs + ashy) (€M sin byn —e“Msin byn) + bi

(€™M cos byn) — eMcos b)) — arby (€3Msin byn) — e“Msinbm)] ... (3.59)
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2
and v, () =5 [(@a~biby) (€ sin by — eMsin byn)
()

2 —
+ (a1by + ashy) (e cos bom — €M cos bym) + il

(€M sin bsn) — e“Msin byn) — a1by (€™M cos bin) — e“Mcos bin)] ...(3.60)
Table 3. Values of t; and 1, for different values of R. (low) and Q = 5.0

T 1%)
®/R, 0.5 1.0 1.5 0.5 1.0 1.5
1.5 —2.846 —2.566 —2.224 -1.171 —0.690 —0.118
2.0 —2.863 —2.529 —2.255 —1.139 -0.614 —0.353
2.5 —2.881 —2.553 -2.287 -1.103 —0.524 —0.486
3.0 —2.898 —2.578 -2.319 —1.065 -0.413 -0.592
3.5 -2917 —2.604 —2.350 —1.024 —0.252 —0.682
4.0 —2.935 -2.629 -2.382 -0.974 -0.212 -0.763
4.5 —2.954 —2.655 -2.413 -0.931 -0.3%4 —-0.836
5.0 -2.973 —2.681 —2.443 —0.879 -0.516 —0.904
5.5 -2.993 -2.707 -2474 -0.822 -0.616 -0.967
6.0 -3.013 -2.733 —2.504 -0.759 -0.702 - 1.027
6.5 —3.033 —2.758 —2.534 —0.689 -0.779 —1.084
7.0 —3.053 —2.784 —2.563 —-0.610 —0.850 —1.138
7.5 -3.073 -2.810 -2.592 -0.517 -0.916 - 1.190
8.0 —3.093 —2.835 —2.621 —0.402 -0.978 —1.240
8.5 -3.114 —2.860 —2.650 —-0.233 —1.036 —1.288
9.0 —-3.135 —2.885 -2.678 —-0.233 - 1.091 -1.334
9.5 —3.155 -2.910 —2.706 - 0.405 —1.144 -1.379
10.0 -3.176 -2.934 —2.733 —0.524 —1.195 —1.423
10.5 -3.197 —2.959 -2.761 -0.621 —1.244 —1.465
11.0 -3.218 -2.983 —2.788 -0.705 -1.291 - 1.506
11.5 —3.239 —3.007 -2.814 —0.781 -1.337 —1.546

ANALYSIS OF TEMPERATURE FIELD

Ehe energy equation with the help of eqns. (2.5), (2.8), (2.9) and (2.10), takes the form

oT i —iot OT
vr l+¢ ot + it _}
p{ o WO{ (@ re o
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T [Bujz (ayjz
622 aZ aZ

2 2
:K6—§+ or +R.[u? +1?]
oz
2
S L A ] (@)
o2 Z

where F=u+iv.
The boundary conditions are
T=Tw, atz=0 }

.. (42
T=T,, atz—> o “4-2)

Introducing the following non-dimensional quantities in addition to those given in eqn.
(3.54)

2 —
p =ﬁ,E _ A 0= T-T,
k C(ETW L) Tl .. (43)
Frafe oy g fo gt
A A
Equation (4.1) reduces to (dropping stars),
2 . . 2
99 _p @—{Hs(e’w’ +e*"°’)}@ —_pe|%E ~R.[FT .. (4.4)
67]2 ot o 2
The transformed boundary conditions are from eqn. (4.2)
00,)=1,0(x0,0)=0 ... (45)

In order to solve eqn. (4.4), we assume that in the boundary layer, the unsteady

temperature in super-imposed on the mean temperature and thus 6 can be represented by the
following Fourier series:

0=0m)+ Y, 0,() "™+ > 8, ()™ .. (4.6)
n=l1 n=l1

With the help of equations (3.4), (4.3) and (4.6), eqn. (4.4), on equating the harmonic and
non-harmonic terms, yields

0 + POy +& P(6] +0,) = —PEDFO’|2 +2FF +2F;F;
+...+2FF+...]- PER.[|[F)| +2F-F
+2F~Fy+ ... +2F, F, +...] ...(47)
Of — PO, + PO; +&P(0) +05) = —PE| (Fj + Fy ) F{ + 23 F{

+2FFy +... ] +2F)F)_ +........]
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—PER, [FyF\+ FoF\ +2F, F{ +2F3Fy + ...+ 2F, F,_1+...], ... (4.8)
05 —2iP0, + PO, +&P(6] +0y) = —PE[ (Fy + Fy ) F3 + 2F{F
2Ry 4. W 2F e ]

— PER,[(Fyt Fy) Fyt 2F3 Fy +2F4 By + ... +2F, F, »+ ...+ 7], ... (4.9)
And similar equations for 6,, n > 2.
The boundary conditions (4.5) are now modified to
0,(0)=1,0,0)=0,n>1
0p(0)=1,6,(0)=0,n>1 ... (4.10)

In order to obtain solutions of eqns. (4.7) — (4.9), we assume the following expansion for
0, in powers of :

6, (M= Y6, (n)e" .(4.11)

r=0

Substituting 6, from eqn. (4.11) in eqn. (4.7) and equating the coefficients of like powers
of &, we get (using eqn. (3.10) and (3.3))

" ' r 12 1o T 2
0G0 + PBoo = —PE|Fgo|” +2FoF +2F20F20] — PER, [|F00|
+2F) Fm +2F, fzo] , (neglecting terms for n > 2)
—— PE |F|* - PER, [|F00|2 [using eqn. (4.25) and (427), ... (4.12)

001 + POy + P(8lg +0]¢) = —PE[Fy Foo + FooFoy +2(Fo 'y + F1 F))

+2'(F30F3) + F31F30)]
—PER, [F01 F00+F00F01+2(F10F11+F111?10+ 2 (F20F21+F21F20 )],
= (0, [using eqns. (3.25), (3.27) and (3.28)] ... (4.13)
00 + POy + P (8], +6] ) = —PE[Fyo Fiy + Fo Foy + Fip Foo
+2 FoF,y + 2R + 2R3 Fy+ 2 FgFyy +2F5 Fy) +2F55F3 ]
— PE R, [ FgoFp + Foy Foy + FopFog +2F0Fa
+2 R + 255 Fy + 230 F3 + 25 Fyy +2Fy Py
= PE [ FgoFo + Foa Foo + 2F1Fy 1 = PE R. [ FgoFop + Fop Foo + 21 ),

[using eqns. (3.25), (3.27), (3.28) and (3.35)]. (414

Similarly substituting 6, and 6, from eqn. (4.11) in eqns. (4.8) and eqn. (4.9) and equating
the coefficients of like powers of ¢ (till the term involving &), we obtain

0]y —iP0( + PO}y = —PE [ (Fgy + Fio)Fy +2F30 ]
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—PE R, [ FooFig + FooFo +2F50Fi0]
=0, [using eqn. (3.25)], ... (4.15)
0]} + PO} | —iwPOy | + P8y +059) = — PE [ (Fg, + Fg1)Flo + (Foo + Fgo) i)
+2 Fjo Ry +2F3 Fo 1 = PE R, [ FooFyy + For R + FooFi1 + For g
+2 Pyl +2Fy Fg]
=~ PE [(Fgo +Fg0) Fi\) ~ PER [(Fyo + Foo ) 1]
[ Flo=Fy=F=0], ... (4.16)
072 + PBj, —ioPO), + P(0y; +05) =—PE [ (Fgo + Fjo) i + (Fgy + Fo )|
+ 2 (Fop + Fp)Fo +2F30Fy +2F5, F)
-2 F3y Flol= PER [FogFy + Foy Fyy + Fop R
+ FooF 15 + Fo Fyy + FooF 1o+ 2F20 Fpy +2Fy Fy +2 FyyFo ]
=0,[.. Fh=Fo=Fpn=Fy=F;=0], ... (4.17)
030 + POy —2iP0yy=— PE [ (Fyo + Fjo)F3g + Fg ] - PE R, [(Fo'o +F0)Fo +Fl'02J
—0, [ Fio=Fa=0] . (4.18)
051 + PBy; —2i0P8,; + PO =— PE [ (Fgo + Fgo)F3) + (Fgy + Fo)Fsp
+2 FoF1 1= PER[(FooFoo ) Fa1 + Fo1 + Fop ) Fag + 2F10F 1]
+0, [ Flo=Fy=Fy=0] ... (4.19)
05, + P0'y; —2i0PBy, + PO} =— PE [ (Fy + Fo)Fyy + (Fgy + Fo1) Fy
+ (Fi + Fip)F3 + R +2Fo ;s |
— PE R, [(FooFo0)Fap +(Fop + Foy )Py
+ (Foz“‘Foz)on*‘Fn2 + 2F 0 12]
=-PE [(Fo'o +F0)F3 +Fi'12}+PERc [(Foo +Fj0) P +Flﬂ

[For = Fo = Fa=Fip=F,=0] ... (4.20)
The boundary conditions (4.10) reduce to
000 (0)=1;6,.(00=0,r>1;6,,(0)=0, forallr,n>1
0, () =0, for all  and all n 4.21)
The solution of eqn. (4.12) subject to the boundary conditions (4.21) is given by

PE[a12+b12+RC]

800 (1) = ™+ [e‘m - ezamJ : .. (422)

4‘112 +2a1p
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where a; and b, are the non-dimensional form of the real and imaginary parts a;, b; given in
eqn. (3.51).

The solution of eqn. (4.15) with the boundary conditions (4.21) is easily found to be

Bo(M)=0 ... (423)
Consequently, eqn. (4.13) reduces to

0p; + POy =0,
the solution of which subject to boundary conditions (4.21) is given by
01 (M) =0 ... (424)
Similarly with the help of eqn. (4.23), eqn. (4.19) reduces to
051 + P05 —2i0P0,; =0,

and the solution of this equation with boundary conditions (4.21) is

020 (M) =0 ... (4.25)
Moreover, solution of eqn. (4.18) subject to boundary conditions (4.21) is obtained as
0 (M) =0 ... (4.26)

Again eqns. (4.24) and (4.25) reduce eqn. (4.17) to the form
eilz +P912 —in912 = O,
the solution of which under boundary conditions (4.21) is
0,(M)=0 ... (427
Equation (4.16) with the help of eqns. (4.22), (4.26), (3.23), (3.30) and (3.54) takes the
form
PE(a} +b +R,)

Gfl-i-PGil—i(DPell:P Pe_pn+ 5
4ai +2ayp

(&P +2g,eM }}

_ PER [Bzeﬁzn —azeazn]

a

+ [azeazn + 02" J - PER.0,, [eﬁzﬂ —eM J [eotzﬂ—&zn J

2 2 2 2 2
_ |:1+PE(a1 s +Rc)})zepn+ PPE(a] +b7 +Ry) s

4at +2a1p 2a +p

PER _
- <[y +R.)e 2PN 1 (@,8, + R, )x

AFP2N (g2 4 R ) 20 —(|0c2|2 +Rc)e(&2+62)n} ... (4.28)

The solution of the eqn. (4.28) is given by

oL (n):Ale—n/2[13—\/132+4im13]JFA2 o/ 2P+ P +4i0P]
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_{1+PE(a12+b12+RC)}Pe_Pn { PXE(a? +b2 + R, )M 1

4at +2a,P i© | (2a,+P)(4af +2a,P —ioP)
PEia, oo2P2)n
- [(aBr+R,) 2 :
((X,z+l32) +P(a2+B2)—le
B A02B2)n
+ ((X.z[?)z + RC ) — 3 —
((X,z‘f‘Bz) +P((X,2+l32)—i0)P
2(7,21’] 2(12T]
D) e e
_(aZ +Rc)2—. _(a§ +b12 + Rc)z— .
4611 +2a1P—l(DP 4(11 +2a1P—i0)P

Applying boundary conditions (4.21), it follows that
A] = 0,

A2_|:1+PE(a12+b12+Rc)}£+[( P2E(a? +b2 +R,) }

4af +2aP  |i® | (24 + P)(4af +2a,P - ioP)
_ PEiaZ Q2B2 + RC
O | (0 +By ) +P(0 +Py ) —ioP

TPy +R, a3 +R,

((_X,2 +[32)2+P(62 +l32)—i(DP _40%1+2G2P—i(1)P

+

_ a% +b12 +R,
4at +2a;P—iwP

Hence,

PX _
X :|£ e /2 _ ,~Pn +—1(62a1n_e onn/Z)

0nm)=|1+—L
u(m [ 2a;(2a, + P) |io (24, + P)Y,

N PEioy ﬁ(e—om/Z _e(a2+Bz)n)
o |

+ ﬂ(efan/Z _e(aerﬁz)T] )ﬁ(eZazn _efom/2)
8 ¥y

X
A1 (2am _pman/2) | . (4.29)
PEY,

Here
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a=P+ \(P* +4ioP),

X,=PE (a> + b’ +R,),

Xy =P T R,
X3: (_1,2[32 +RC’
X,= o3 +R,,

Y1 =4a,> +2a,P - ioP,
Yy = (0p + By)’ + P (ap + Bo) — ieoP,
Ys= (@ +By)? + P(@y +By)—iwP,
Y, = 40c22 + 20,P — 10P.
With the help of eqns. (3.23), (3.30), (3.32) and (4.29), the equation (4.14) takes the form

2 =2 .
03, + POy, =~ PE HZle +[ =2 =2 J’”X'

PE®? | 20, +1 20, +1|PEw

TP =22 - o |, 21X,
2ap+1 205 +1 ZmPE{R +2Q+‘°}
C
2

_ 2
__(a3+@3) X, L 2eal” X J2am
20PE{R, +20Q)  o’pE

_Ot_g(ﬁz +20, ))?38((12#32)11 _a_g(ﬁz 124, )X3e(&2+[32)n
() ()

3 aszXze(az 2 3 asz)_(ze(&2+ﬁ2 n

20;{130 +2Q+(5} 20){Rc +2Q+(;}

O!,%X462a2n . &%)?4326‘271 N 2|a2|2 Zze(BﬁBz)TI
20{R, +2Q}  20{R, +2Q} o

_p PXIG _ﬁ 1+ Xl +PEiaz
2(2611 +P)Y1 2i® 2(11 (2611 +P) ()

Xl(l +GX4_O(.X3_(X,X2 e,an/z P_a, 1+ Xl
2PEY, 2Y, 2% 2, 2io| 24 (2a; +P)

PXa PEi&z( X ax, ofy_ax j} an2
- — = = e

2(2¢/+P)Y,  ® \2PEY, 2, 2¥; 20,

+ 2(11X4 P +la_2 +2611_X1 P _la_z 6*2“111
Y, (2q+P o i 2q+P o
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_PEia2X2 (OLZ +[32)e(0,2+ﬁ2)r| n PEla,_zXz (az

(DYZ (,OY2

) =2y
_ PEZQ2X4 ezazn _ PEla2X4 eZ(XzT]:|

oYy oYy
where Zy= 0Py + TP,
and Z=|Baf +R..

The solution of this equation is given by

-2 2 ;
0o (M) =Cy + Gy e+ |:_ 41X +{ ) JZT]Xl

2

o) 2&2 +1 2&2 +1 ()
o (20,+1 20, +1 Zw{RC+ZQ+<;}

X( 2+_2) 2
LAt 2o X 241X

151

B, )e(az +Ba)n

.. (4.30)

20{R.+2Q) Y,
P2 " iP(lzjzale P2 _ lP(_X.z ezam
2611 +P () ?1 2611 +P () 4a12 +2a1P
PE)_(3 (7(32 + 2&2) Plaz (az +Bz) e(a2+62 )n
+ — — — —
(O] (O] Y3 (a2+[32)(a2+[32+P)

PEG2X3

Bz + 20(,2 Pl (ocz + BZ) e(az +B7 )‘q
€ (

oy +B5 ) (0 +B, + P)

R, +2Q+— }_ h (a2+62)(a2+EZ+P)

PEa2X4 il

2Pl
2 R +2Q 2(12(2&2+P)

 PEG3X, 2Pi 2aom
o 2{RC+ZQ} Y, |23, (23, + P)

2ay[ PEZ, Qo {P%L[l X, ]

- +
o 2a, (2a, + P) | 2i® 2a1(2a; + P)

PEa2X3 { Pi(d; +B,) A52+P2)n
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P’Xj0  P’Eio,( X L0Xy oXy oX,
2(2¢/+P)Y, © \2PEY, 2v, 2% 2V,

4e00'2 | p2g X, P’ Xa
- 1+ + —
o’ —2Pa 2a;(2a;+P)  2(24+P)Y;

2im

_ P’Eig, [ Yo oX, oX; af J} 4e~M/2

o \2pEN 21, 2% 2%, )|@-2ra

Applying the boundary conditions (4.21), we obtain,

. 2 —
[ O T T
0} [0} 2(1,2 +1 2(12 +1 (,023
X (03 +a3 2 2 .
1 2 2 _2|0~2| Xl _2a1X1 P +1P(12
20{R, +2Q} o’ Y | 29+P o
N 2a1 X, P? _iPoy 2 _ =P N a% B a%
Y, (2q+P o 4a? +2aP |20, +1 20, +1

l'l']Xl e2am n PEazy?) B2 +2a2 _ Pl(az‘i‘ﬁz)
® 44? +2aq,P ® ® Y,

X

e(a2+B2)n —e_PT] " PEG2X3 {52 +262 n Pl(a‘Z +BZ)}

(az +Bz)((12 +BZ +P) () w Y3
. e(a2+B2)n _e—PT] B PEQ,%X4 1 +£ 620,2T]
(@ +B) (@ +B+P) o |2{R.+20) ¥, |24, (2a,+P)
 PEG3X, 1 2P| S
o [2{R.+2Q} Y, |20,(2a,+P)
2o’ PEZ, 29— [ P2y . ¢
0)2 2(12 (2(12 +P) 2im 2(11 (2611 +P)

_ PXo PHoe( X X X X )[4l M)
2(2¢,+P)Y, 20 o’ -2Pa

PEY, Y, Y Y,
| P& X P’X,a
2io| 2a(2a;+P) 2(24,+P)Y
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>

PEel X X X X )|[4le™2-)
20 \PEY, Y, Y ¥, a’-2pra

where Zy=2 {RC 120 +§} (4.31)

Equation (4.20), with the aid of equations (3.23), (3.30) (3.41) and (4.29) reduces to

PE;U l:Xz {([32 +2a2)—%(a2 +B, )}e(a2+[32)n

2

952 +P9'22 —2i(0P922 =—

L ®2 —2 2B, Xl %2r2n %2 _22132 Xl @272

. Pa X _ PXu
2im 2611(2(11 +P) 2(2(11 +P)Y1

| PPEioyXya P’y (_ aXy oXy aX _ﬁj}

201, ® 2Y;  2Y, 2PEY, Y,
5 PP X, pn  P?Eioy X3
e M — 11+ e "M+
io 2a1(2a; + P) ol;
(6 +B, )@ P2 (4.32)
where Xs= oy, + R,

Xe= a2t R
X7=B" +R.

The solution of eqn. (4.32) is given by

0% (n)=G e(_PJr\/m)n +C, e—(P+M)n

PEUQ
2 [X2 {Bz +20, —

Pio(a, +B;) leatha)n
Y2 Y2 —ioP
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I (OLZ _2BZ)X5 e((xzﬂlz)n + (a2 _2B2)X6 e(a2+y2)n

27, 27,
. 20oM
_ (l2X4 E_ 2Pio | "2 _ (12X7 625271
2 Y4 Y4l0)P Y7

ix, o3 2aP| P oy 2
200 Y [2¢/+P o | |Y-ieP
. Pa X _ PXua
2im 2611(201 +P) 2(2611 +P)Y1

. P?Eioy X0 . P’Eioy (aX; aX, oX; ||e 2
2y, 2y, 2PEY )| X

2w, ®

2
_r 1+ X e PN e
2(,)2 2611 (2(11 + P)

. P2Eia, X5 (d, +B,) J@2+Ba)n
(OY?, (Y_a) —i(DP) ’

Here Ys= (0, +72)* + P (02 + 5) — 2iP.
Yo= (0ly +72)° + P (0, +7,) — 2i0P.

Y; = 4B,° +2PB, - 2iwP,
and Y= =—-2i0P.

Applying the boundary conditions (4.21) we obtain

PEa Pio (o, +B,)] e PN _plaz+Ba)n
()= ? 2 {Xz {Bz 202- : Y ) Y, —ioP
) 5 ) —

+ (03 ~2B5) X (e—ﬁfl _e(a2+“/2)n)
21

(02 -2B5) X (e—Bn _e(a2+vz)n)_a2X4 3 _2Pio
2¥g

—Bn _ 2aom X
e e _ Xy (e—ﬁn _ 2B )] _x,
Y, —ioP Y,
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o5 2qP| P L) e P _g2om
200 Y [2¢0+P o Y —ioP

| Pa X _ PXu
2io \ 2a;(2a +P)) 2(2a;+P)Y,

+P2Eia2(aX3 +0()(4 oXy X ]}

155

o |21 2y 2y, 2PEY

—Bn _ —an/2 2
¢ ¢ + P 1+ X (eiPn—efpn)
2(11(2(11 +P)

X 20°
iP?Eo,y X3 (dp +B5) (¢80 _ o(@2+B2)n)

Y; (¥; —ioP)

where B=P+ \VP? +8iwP.

Combining equations (4.11), (4.22) — (4.27), (4.29), (4.31) and (4.33) we get

, .. (433)

_ X _
0p(n) = e Pn +—1|:e Pn_e2am]
201(2(11 +P)

2 42 2 42
g2 {_Zle . PEb (af +27) L& (af +27)
2
® Zm(af +bl +a +D m{mMz +ZQ}

1+m

i
(DZ3 0)2 Yl%‘ + Yl? 2611 +P Q)

2.2
_Zle_ZXl(al +b1)_ 4a1 X {Yl [ P _ﬂ] Y.EH
r

_ 2, .2
Ao b, (af +57 +a))

2a; (24, + P) m[af v +1) 2a, (2a; +P)
4

+2 (I5Ts + UsUs — Tg e ™) + 2 (T:Ty1 — UsUyy — Tiye ™)

PE(a12 +b12 )22 e2am _ ,~Pn

+2(T13Ths— Uy Upyg — Thse ™M) —
(13 16 13 16 16! ) 0)2 a2(2a2+P)

+2 (T1oTao + UroUsg — Toge ™)}, ... (4.34)

91 (n) =g |:£ 1+L (6—0“1/2 _e_Pn) _;,_&(62”1“ _e—aﬂ/z)
io 2a(2a; +P) (24, +P)Y;
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L PEiog | X (ami2 _ (az+Bo)n)
® Y,
+£(e—om/2 _e(&2+52)n )ﬁ(e(lzﬂ —eianu)
Ys Yy
X
X (o _efom/Z)}:| ... (4.35)
PEY,
PE Pio(as + —Bn _ ((12*'52)7]
92(“):82 32 X5 9By +205 — (o +B2) ¢ e.
o Y2 Y2 —ioP
o (022 20) [X5 (o _ o), Xs (oopm _ fazvra)n)
2Ys Ys ¥
i) e PN _ p20an
k32PN = arXs (e—Bn_eZan )}
2 Y4 Y4 —ioP Y7
[0 2aP[ P o] |eProgom
1 2(02 ¥ 2 +P ® Y —ioP
~ Pza - Xl B PZXI(X‘
2io | 2aj2a+P)) 2(2a+P)Y;
JPE (X X Ky X J|eMoeen?
® Y, Y Y, PEY e
2
X
+ P2(1+ ' J(epn—ePn)
2(0 2611 (2(11 +P)
.p2 =
_iP*Ea, X (sz +B2) (,pn _ (@2+B2)n) .. (4.36)
(0Y3 (Y3 —l(OP)
where Yo=Y, -iY,
X; = Xa, + iXy,,
3=Y3+iY3;

T'=a X5 - b X5
U= alXsi+ biXs,



Acta Ciencia Indica, Vol. XLI P, No. 3 (2015) 157

2ay1+a P
_sata

T, ) {Ysi (a1t ag) + Y3, (b1 = by)},
® Y, + 15
Table 4. Values of t; and 1, for different values of Q, when R, = 4.0
T T2
Q, /1Q 5.0 10.0 20.0 5.0 10.0 20.0
1.5 —2.846 —2.862 —2.883 -1.171 - 1.176 - 1.192
2.0 —2.863 —2.875 -2.891 -1.139 —1.142 —1.155
2.5 —2.881 —2.890 —2.902 - 1.103 - 1.106 - 1.117
3.0 —2.898 —2.906 -2.916 —1.065 - 1.067 -1.077
3.5 -2917 —-2.924 -2.931 -1.024 —1.025 —1.034
4.0 —2.935 —-2.941 —2.948 -0.974 - 0.981 - 0.989
4.5 —2.954 —2.958 —2.965 -0.931 -0.932 —0.940
5.0 -2.973 -2.977 —2.983 -0.879 —0.380 —0.887
5.5 —2.993 —2.996 —3.001 —-0.822 —0.823 —0.829
6.0 -3.013 -3.015 —3.020 -0.759 —0.760 —0.766
6.5 —3.033 —3.035 —3.040 —0.689 —0.690 —0.695
7.0 -3.053 —3.053 —3.059 -0.610 —0.611 —0.616
7.5 -3.073 —3.075 -3.079 -0.517 - 0.518 —0.523
8.0 —3.093 —3.095 —3.099 -0.402 —0.403 —0.407
8.5 -3.114 -3.116 -3.119 -0.233 -0.234 —0.238
9.0 —3.135 -3.137 —3.140 -0.233 -0.234 —0.237
9.5 —3.155 -3.157 —3.161 —0.405 —0.406 —0.409
10.0 -3.176 -3.178 -3.182 -0.524 —0.525 —0.528
10.5 -3.197 -3.199 -3.203 —0.621 —0.622 —0.626
11.0 -3.218 -3.220 -3.223 —0.705 -0.707 —0.710
11.5 -3.239 -3.241 —3.244 -0.781 -0.783 —0.786

2b, —b P
Uy, = b 2+ > ) {Ys (a1 + ay) = Y3 (b1 = b)),
® Y3r+Y3i

PE
I3 = o {T\T, + UUy),

PE
Us= o {1hU, - U0y),

Ty= (a1 +as)’ — (by = by’ + P (a1 + an),
Us=2(a1+ ay) (b= by) + P (b1 - by),

Ty= M gin (b, - by,
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Ty +U3Uy
Te=="5 >
i +Uj

U, -UsT,

- U
T4 +U4

7= M cos (b + by m,

Uy = e gy (bi+by)m,

Ty=(a; + @)’ = (b1 + by’ + P (a1 + @),
Us=2 (a1t ay) (bi+by) + P (bt by),
Xo =X, + iX,

To = a\Xo, — b1 Xy

Uy = a1X; + b1 Xy,

Y=Y + il
a P
T= 2t —— {(arta) Ya= (bt b) Yo,
3 Iyt
b P
Uy = Z_2.|_ﬁ {(a1+ ay) Yo, + (b1 + by) Yoy},
30 I +Yy
PE
T11 = ﬁ {Tg (TE)TIO_ U9U10) + U8 (T9U10+ U‘)TIO)}a
(O(Tg +U8)
PE
U“ = T {Tg (T9T10+ UgT]()) - Ug (T9T10_ U9U10)}7
O)(Tg +U8)
X4:X4r+ iX4is
Xy =Yy T Yy
1 2PY,;
T12: + ) 412 >
2R 420 Y+ Y
2Py,
2 2
Yy + Y3

T3 = e2“Mcos 2bm),

Ups= e*“M gin (2bm),
Tiy=4(a" - b\’) +2Pa;
U14 = 8a1b1 + 2Pb1,

PE
Ts= —: {012— U12) = 2a,b, X4},
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PE
Uis= T {aib Xo,+ Qa’ - b%) X1},

_ B4(TisTip —UpsUpp) + Uy (TisUrp +UssTip)

T16
2 2
Ty +Ujy
Use = T4(ThsUip +UysTp) —Us (TisThp —UssTio)
2 2 >
T4+ Uiy
o=a,+ioy,

T17: OL%—OLI-Z—ZPOL,,

U7 =20,0,; — 2P0,
2
X
Pis=-— P— 14— a;,
2(0 201(2(11 +P)

2
X
O = P_ 14— i,
20 2611(2(11+P)

P2Xl arer _aiYIi
Py= 5 5
2(2a;+P)| Y2+ Y3

2
_ PAX(a, %, + oy,

Xy Yoy + XYy Xy

159

2 2
Y + ¥y

Q17 2 2.7
2Q2a +P)(Ny +17)
P Xor Yo, + Xl | X3, 15, + X305
2 2 2 2
Y2r +Y2i Y3r +Y3i
Ous = X0V =X Yo X3ils, — X5, 15

2 2 2 2
Y2r +Y2i Yt’:r +Y}:i

_ XaiVay = Xy Yoy

PE Y +¥;

2 2
Y4r +Y4i

2
Pyy= E (bio, + a o),
2m
P’E
Qo= — (bo; — ay0,),
2m

T3 = Pis+ Pi7+ PigPo— 01900,
Uig= Q16+ Q17+ P1g Q13+ Q19P1s,

PEv2 2’
PEer+Yli



160 Acta Ciencia Indica, Vol. XLI P, No. 3 (2015)

Tzoz—ﬁ (T7Tig + UnUsg)
L4 +Upy
4
Uzoz—ﬁ (T17T18 - U17U18)-
iy +Up;

In equation (4.6), truncating the series for 0 after n = 2, we obtain,
0 (n. 1) =00 () + (B () &+ B () &™)+ (0 () &+ B () &™)
=6y (n) +2(61, (n) cos ot - 8; (n) sin o)

+ 2 (05 (n) cos 2wt — 6,; (n) sin 2o¢)
01 (M) =01, () +ioy (M),
02 (M) = 62 () + iy, (M),

... (437)
where

Eqns. (4.34) — (4.37) yield the value of the temperature 6 (m, #), which is clearly a real
valued function.

SﬂEARlNG STRESS AT THE WALL
he sharing stress at the wall, along x-axis is given by

ou
Tyz ]z=0 =H E Oa
z=

Which with the help of the non-dimensional variables given in eqn. (4.54) takes the form

ou
T _[ELO’ ..(5.D)

um, ) =uy(m)+2 (M) cos ot —v; () sin of) + 2 (4 (M) cos 2wt v, (M) sin 20¢)

is the non-dimensional form of u (z) given in eqn. (3.52), truncated after n = 2. Equations
(3.55), (3.57) — (3.60) and (5.1) yield

where

2
-bb b
n=art 8—[—“1‘12 P R Lk LTS
(O] (O] (O]

_ 2(af +b ) (@@ —biby) (@ —ay) + (aiby +aby )by +by)
(2ay +1)* +4by

23
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2a,b?
— Rc+b21g)+2—(j|:{bl (al —az)al (bl —bz)}COS(Dt

= {b1 (b= by) —a; (a;— ay)} sin of]
2
+2 8—2 [{(@1a2 = b1by) (az— a3) — (a1by + azhy) (b~ b3)
®

2 52
ai — b
+ 4 4

(a3—ay) — a1by (b3— by)} cos 20t — {(a1a; — b1by) (by— b3)

az—bf
+(a1by + arhy) ay— as} + 12 (bs— by)

+ a1b1 (613—611)} sin 2(1)t]. (52)

Similarly the shearing stress at the wall along y-axis is given by

_| 9y
Tyz :|Z=0 - |:g:|zo >

Which takes the non-dimensional form

ov
T —[%LO, ...(5.3)

where v(n, )=vy (M)
is the non-dimensional form of v (z) given in eqn. (3.53). Eqns. (3.56) and (5.3) give

2

€| ma, —bby aiby +ayb
—= =2 (b -b)——=—=—(a;—a
[ o (b —by) . (a1 —ay)

T2:b1+—
Q)

(@ =b)Qa D) +habl | (@ —biby) (b +by) ~(aby +axby) (@) ~a)
(2a; +1)* +4b? z3

_ bhaf -) (54)
a0 | (5.

Concrusions

En this paper the flow of an incompressible, visco-elastic fluid past a porous plate with
time dependent suction has been studied, when the plate and the fluid are in solid body
rotation. The plate moves with a constant velocity, in a direction parallel to itself. The flow
field is characterized by the parameters : R. (Non-Newtonian parameter), QQ and ® (the
frequency parameters) and P (Prandtl number). The effect of these parameters on the velocity,
temperature and shearing stresses have been shown through several graphs and tables.

Fig. 1 shows u (n, f), the velocity component along x-axis, for different values of R.. It is
observed that decreases near the plate as R, increases, but an opposite effect is noticed away
from the plate.
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Fig. 2 presents u (n, #), for various values of (2 and o it is seen that u decreases near the
plate, when Q increases but u increases with €, away from the plate. The effect of ® on u is
opposite to that of Q on u.

Fig. 3 illustrates the nature of v, the velocity component, along y-axis, for different values
of R.. It is observed that an increase in R, retards v, near the plate and the effect is reversed
away from the plate.

Fig. 4 presents v, for several values of Q2 and . It is seen that v decreases near the plate as
Q) increases and away from the plate v increases with Q. The effect of m on v is the same as
that of Q2 v.

Fig. 5 shows the temperature 0, for different values of R.. It is observed that the
temperature rises with an increase in R, near the plate, but it falls as R, increases, away from
the plate.

Fig. 6 presents 0, for various values of ® and Q. It is seen that the temperature at any
point of the fluid decreases as Q increases. Moreover, the effect of QQ on 0 is seen to be the
same as that of M on it.

Fig. 7 illustrates 6, for several values of the Prandtl number P. It is observed that an
increase in P reduces the temperature at any point of the fluid.

Table 1 shows 0, for different values of . It is noticed that O increases, as Q¢ increases

. . T,m .
in0<mn<1.In1<n <z 6 decreases as mt increases from 2 to ) and at ) = 2, 0 increases

. T, T .. . .
as Q)¢ increase from " to 7 Similarly in 1.2 <1 £2.0, 6 decreases as ot increases from 0 to

T
1
Table 2 presents T, and t,, the shearing stresses at the wall, for various values of M. It is

seen that t; decreases as R, increases, whereas 1, decreases near the line . 1.5, as R, increases
and increases with R, far away from this line.

Table 3 illustrates t; and t,, for several values of R,. It is observed that 1, increases as R,
increases.

Table 4 shows 1, and 1, for different values of Q. It is seen that Q has a reparatory effect
on both 1 and 15, that is any one of 1, and 1, decreases with an increases in Q.
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