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An analysis of the effects of a variable suction and the horizontal magnetic
field on the free convective flow past infinite, vertical, porous plate has been
carried out. Approximate solutions for the velocity, fluctuating parts of the
velocity, amplitude and phase of the skin friction are obtained. This is
followed by a detail comparative discussion of different parameters on the
free convective flow of mercury and ionized air.

INTRODUCTION

The unsteady free convection flow of an incompressible, viscous fluid
past an infinite porous plate and a semi-infinite plate was studied by Nanda
and Sharma (1962, 1963). In their first paper, they assumed suction velocity
to be proportional to t~1/2 whereas in the second paper the plate temperature
was assumed to oscillate in time about a constant non-zero mean with iso-
thermal free stream. Extending the work of Lighthill (1954) and Stuart
(1955), Messiha (1966) studied the unsteady flow past an infinite porous plate
with variable suction when the free stream oscillates about a non-zero constant
mean. The hydromagnetic problem corresponding to Messiha’s problem was
recently presented independently by Soundalgekar (1969) and Pop (1967).
The free convection flow past an infinite porous plate, when the plate tem-
perature oscillates about a non-zero constant mean, was analysed by Messiha.
(1965) in case of constant suction velocity, and by Pop (1968) in case of varia-
ble suction velocity. The plate temperature was assumed by them to be
oscillating with a frequency equal to that of the variable suction velocity.
Recently, Lal (1969) has considered the same problem as Pop (1968). Lal
first assumes the wall temperature to be an arbitrary function of time and
then takes it as constant. The hydromagnetic case corresponding to that in
Messiha (1965) has been presented in a recent note by Pop (1969). A

It is the object of the present paper to study the effects of the horizontal
magnetic field on the unsteady free convection flow, as studied by Pop (1968),
past a porous vertical plate when a variable suction is assumed to be applied
at the plate. The plate temperature is assumed to oscillate with the same
frequency as that of the variable suction velocity. We also assume that the
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induced magnetic field is negligible which is true for very small magnetic
Reynolds number (Shercliff 1965).

Expressions for velocity, fluctuating parts of the velocity, skin friction,
amplitude of the skin friction, etc., are derived. Velocity profiles and the
fluctuating parts of it are shown on graphs, whereas the numerical values of
the amplitude, phase and the skin friction are entered in tables.

MATHEMATICAL, ANALYSIS

Here z'-axis is assumed to be along the vertical, porous, infinite plate, in
the upward direction, and the y’-axis is taken perpendicular to it. The origin
of the coordinate system is assumed to be at the lowest point of the plate, If
B, is the strength of the magnetic induction applied parallel to y'-axis, then
the unsteady free convective flow of an electrically conducting, viscous, in-
compressible fluid is governed by the following set of equations:

g—;:=0 O ()
g—t”;'+v’gyi,'=fxﬂ(T'—T'w)+vg;%—ff—,"2u’ L@
%=_’%%’; O
%@+v'%=%%_ @

Here u’, v’ are the velocity components in the ', y'-directions, f, the accelera-
tion due to gravity, B the coefficient of the volume expansion, » the kine-
matic viscosity, T’ the temperature in the boundary layer, T, temperature
of the free-stream, ¢’ the time, and o, %, p’, C, respectively the electrical con-
ductivity, thermal conductivity, density and heat capacity of the fluid. With
the usual assumptions of free convective flows, the heat due to viscous and
ohmic dissipation is neglected in eqn. (4). As the suction velocity is assumed
to be time-dependent, to first order in e, where € is a small positive constant,
we have from eqn. (1)

v = —v(l e def?) || .. .. .. ()

where v, is a non-zero constant suction velocity and A is a real positive con-
stant such that e 4 < 1. The negative sign in (5) indicates that the suction
velocity normal to the wall is directed towards the wall. Also «’ is the. fre-
quency of the suction velocity.
The boundary conditions are:
@) <0, w=¢v=T"=0 fory >0
(i) =0, w=0, T'=T,tfory =0 }
w->0, T">Ty% a8y —>®©

(6)
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Substituting for o' from (5), eqns. (2) and (4) reduce to the following non-
dimensional form:

0% du 10u
- fwty . — =
ayz+(1+eAe )ay 15 Mu=0 .. .. o (T
020 win 80 P06
where
vy _ vt _ 4y’
y=—, T =g 0T
_t0 BT =T )
P=" O="fmr (9)

w=wf1p| 6, 8=(T"=T' ) (T"—T"s)
M = 4voB?/p'vy'®
Here P is the Prandtl number, @ is the Grashof number and M the hydro-

magnetic parameter.
By virtue of (9), the boundary conditions (6) now become

u=10, 0="Tut), fory=0} .
u=0, 0§->0asy—> o0 (10)
where
Tu(t) = 1+4€ elt
To solve eqns. (7) and (8), we assume that
0(y, &) = 1teett—fi(y)—eetlfofy) .. .. .. (1)
and
u(y, 1) = gy)Feetig(y). .. .. .. . (12)

Substituting (11) and (12) in (7) and (8), comparing harmonic terms and neg-
lecting coefficients of 2, we get

fi+Pf1=0 .. .. .. . .. .. (13)
P P
e+ FPfa— ?'%‘fz= —%—-—APflz .. .. .o (14)
9"1+91—~Mg =fi—~1 .. R . .. (15)
4 ’ iw ’
g2 t+9 2—(Z+M)!72 = — A9 +fo—1. . - (16)

Here primes denote the differentiation with respect to y.
The corresponding boundary conditions on f’s and ¢’s are:

fi=f=0, g1=9,=0at y=0 } L am
i1l fo—=l, g1=¢,=02as y—> 0
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Solving (13-15) with boundary conditions (17), substituting in (11) and (12),
we have

8(y, ) = e~P¥—c efoi[(S—1)e—P¥—§ ¢~ Phy] A 1)
and
e=my—g—Fy A m(e™ ™Y wg") P(e-Fy—e—ny)
uy, t) = 5g—5—; Feetet — — -
—_pP= 2 _P—
PP PPl e ey prop_y— @
\ 4 4
+_Lz_w(e-Py_e-w)_ ol § (6—Phy_e—ny) (19)
P—P—M-2 PR —Ph—M— %;—”
where
.y 44iP . { iw\
S=1-2, b=} 1+<1+F)}

m=l‘."_\1.21_'.*‘iM_, n={1+V1+4M +iw} .

The non-dimensional form of the skin friction is given by

7' (au) 20
T = =} —
p’v.,’2 ), _. .. .. .. (20)

Hence from (19) and (20), we obtain

7=P2P;mM+ee‘w‘ - ‘11:1, - m({n—m) __ P(n—P) .
- T m—m—M—"2 pr_p_py
4 4
S—1)(n—P S(n—Ph
§B=Do=P) __ Se—Ph | -
PieP—-M— vy P2h2—Ph—M — T

To obtain the fluctuating parts of the velocity profile, we have from (19),

e~mY.g-Py .
u(y, t) = m+€[Mr co8 wt—Mt 8. wt] .. .. (22)
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where M,, M, are the fluctuating parts, given by

M, = ___41’._;_ % A2e"my-—6-"r?l(A2 cos n‘y+‘£ sin n;y) }

Al(A22+;i6)

— AP P w .
***‘—'*;;—{Ale‘ v—e~mY| 4, cos my—}-z sin n;y) }
AI(A12+"'—)

16
44AP§ _ . w o _, }

~dw {e n V(Al sin gy — - cos n;y)-l-z ety

- [e—Phri’I{ (A3-— 4iP A,,,) cos Phy4 (A4+4‘ip A,,) sin Ph;y}

—e=mY { <A3— 4‘;1,1) A4) cos niy+ (A‘,k+‘%J Aa) sin 7y }]

A 28)
Am
M= ———2-§ge‘"‘y—e—”ﬂ/(g cos ny— 4, sin niy)}

4 ( 2+1) 4 ¢

1 2 16
AP

w .
) {Z e-my_e'nry(g co8 ny— A, sin n;y) }

2
AI(A412+‘T”6

44P . |
+A1w {Ale‘Py—e-”r?/(Al CO8 7Y — % sin my)}

_ [e-ph,y { (A4+4—i—P Aa) 008 Ph,y-—(A3— 4P A4) sin Ph;y}

w

_e-‘nr!lg (A4+4iPA3) cos nY— (A3— 4‘3’P A,;) sin n;y}]
A2+ 448
2\ § S
he = é+%{%((l+%2) +1)}

sl -

Ay =P2—P—-M, Ay=mP—m—M
A3 = Pg(hfz-.h‘z)—th-—-M

. (24)
where

Ay = 2P%h,hy— Phy— 713 )
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Also, from (21), we have
T=P2I_)_T”_im+e|31 cos (whta) .. .. .. (25)

where the amplitude of the skin friction, | B|, is given by

|B| = A m{n—m) _ P(n—P) \t
p—-P—M mi—m—-M—"2 Pr_p_y— z_mJ
1 4
T (S_l)‘”'P;w ___ Si=Ph —=B4iB .. .. .. (26)
PP M-~ PRE_PhL—M -2
4 4
o =tan™ (By/B,) .. .. .. .. .. .. .. .. .. @7
p m(Az(n,—m)—ﬁ:l) P(Al(n,—P)— ‘-‘g-‘) AP Aln,+§(n,-P)
l?r=“T1 s o - PP 9—2 - P 42 w?
2 +E 2 +16 1 E

4AP
Ay(ny— Phy)— A= Phi) = Z== {4y(ni— Phi)+ Au(n, — Phy)}

- yREWY. .. (28)

A m(g‘(n"_m)-l-ﬂf“’Z) P(n‘Al+§(n’——P)) +4AP AI(MY—P)_ Eu%

B== _
Ay w® g, @° w w?
A22+1_6 Ay +76 A12+ié
44P
Ag(e—Phi) + A (o= Phy)+ === {Ay(n;— Phr) — A (n— Ph)}
- yREw. . (29)
where '
' VIFEM P+ +14+4M P
n,=é+%{ (1+ )-;w++ }

1AM L Am® H
m=%{\/(l+4M) +24w (1+¢M)} ‘

Resurts aNp Discussion

For large values of o, with constant M and 4, we have

b~ (tw/P)}, n~ (lw)i
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Hence from (19),

uly, t) = ?;;i%e—M+ ghot [~——é@— { m (e‘””—e‘”‘/‘—w)+§ (e-”ﬂ—e‘”"‘_‘")){

PP—P_N
L UP=DA—44iP )(e-v\/m’_e-v\/%)] e
and from (26),
|B| = ﬁ’%-—M{‘im@(\/W—m)—_“(’\/m—P}
+16APA/Z3+ZC//_7' —1)(1—44iP)(1—4/P). .. @

To study the effects of different parameters on the flow field, calculations
have been carried out for different values of P, w, M and 4. To be realistic,
the fluids considered here are mercury (P = 0-025) and ionized air (P = 0-72),
From eqn. (22), the expression for the velocity when wt ==/2 is obtained as

- —P:

) = o peegy s
The velocity profiles are shown on Figs. 1 and 2. The effects of the magnetic
field on the velocity profiles, in case of mercury, can be seen from Fig. 1 and
the curves I, IT, TIT and IV from Fig. 2. Due to the presence of the magnetic
field, the velocity is reduced appreciably when 4 and w are constant. How-
ever, an increase in A4 leads to an increase in the velocity for all values of M
and w. In case of an ionized air, there is reduction in velocity due to presence
of the magnetic field. However, it is not so appreciable. An increase in w
leads to a decrease in the velocity.

(32)

1 1 i 1

1
o 1 2 3 4 5

Y

Fra. 1. Velocity profiles. w = 10, P = 0-025, ot = n/2, € = 0-2, M = 0.
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But it is interesting to note that the velocity, in case of air, fades away
very near the vertical plate than it is in case of mercury.
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F1a. 2. Velocity profiles. P = 0-025—; 0-72 ;€=02~~--,
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The fluctuating parts of the velocity profiles are shown in Figs. 3 and 4.
In case of mercury, M, is negative for small values of w and constant suction
velocity (4 = 0) near the plate. However, an increase in « leads to a de-
crease in M, when A or M is constant. But due to the application of the
magnetic field, M, is positive in case of mercury, which can be observed from
curves V, VI, VIT in Fig. 3. An increase in 4 leads to an increase in M, for
all values of M and w.

o6
o4

0-2F

M A w
-0-2H \/ / Vil 0 0 5-1I
£/ Vi 0 0 10-1I
xI (o} 0-2 10-II
I v 0 02 15-I¥
-0-4 I 2 o0 10~-Y¥
v q 0-2 10 - V1L
0 0 10 ~VIL
— o6l 0 02 10-vm
0 02 15—IX
2 o 10-X
2 0-2 10 -X1
-0-8}
—-10}
F16. 4. Fluctuating part of the velocity profiles. P = 0-025 — ; 0:72———.

But in case of an ionized air, M, is positive and also decreases with
increasing the strength of the magnetic field. The effect of 4 is the same as
in the case of mercury.

M is shown on Fig. 4. In case of mercury (P = 0-025), it has interesting
features. For M = 0, A = 0, M; is positive whereas for M = 0 and A 3£ 0,
M; is negative for all . M; decreases with increasing w when M and A4 are
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constant. M; also decreases in the presence of the magnetic field which
can be seen from curves I, IIT, V and VI.

In case of an ionized air, M, is completely negative for all M and A. M;
decreases with increasing 4 (curves VII and VIII, Fig. 4) when M = 0, but
increases with increasing A4 in the presence of the magnetic field for the same
w (curves X, XI, Fig. 4). An increase in w leads to an inerease in M, (curves
VIII, IX, Fig. 4).

In Table I the numerical values of the amplitude and phase of the
skin friction and the skin friction when wt = =/2 are entered. A close study
of the table reveals that the amplitude | B | of the skin friction, in case of mer-
cury, is greater than that of the ionized air. An increase in w leads to a
decrease in| B|. An increase in M also leads to a decrease in| B|. But an
increase in 4 leads to an increase in | B|.

TasLe I
P M A w | B} tan o T
0-025 0 0 5 1-2611 —2-3444  40-23
10 0-8603 —1-7873 40-15
15 0-6917 —1-5988 40-11
0-2 5 6-9798 —0-4780 40-60
10 5-2875 —0-6120 40-55
15 4-4578 —0-6757 40-49
0-4 5 14-9297 —0-5486  41-43
10 11-3331 —0-6643 41-25
15 9-5521 —0-7194 41-11
2 0 5 0-8028 1-1066 0-8564
10 3-7027 3-5161 0-8404
0-2 5 0-8629 0-8712 0-8622
10 0-7009 2-2120 0-8478
0-72 0 0 5 0-7616 —0-2472 1-4254

10 0-5185 —0-5081 1-4358
15 0-3984 —0-6356 1-4316

0-2 5 0:9092 —0-3579 1-4501

10 0-6742 —0-5582 1-4546

15 0-5408 —0-6574 1-4483

0-4 3] 1:0634 —0-4421 1-4749

10 0-8306 —0-5906 1-4733

15 0-6833 —0-6704 1-4649

2 0 5 0:3545 —0-3352 0-6039
10 0-2865 —0-3636 0-6009

0-2 5 0-4466 —0-4172 0-6157

10 0-3487 —0-4516 0-6101

4 0-2 5 0-4228 —0-3792 0-4682
10 0-3410 —0-4668 0-4671

It is interesting to note that the phase of the skin friction is negative for
all M, A and w in case of an ionized air, whereas it is negative, in case of
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mercury only, in the absence of the magnetic field. It is observed that the
phase of the skin friction is positive, in case of mercury, when the magnetic
field is present. Only in case of mercury when 4 = 0 (constant suction),
an increase in w leads to an increase in tan «. Otherwise, in all cases, an in-
crease in w leads to a decrease in tan «. An increase in A4 also leads to a
decrease in tan «. Tan a increases with increasing M but in the presence of
the magnetic field, in case of mercury, an increase in w leads to an increase in
tan o.

The numerical values of the skin friction =, as calculated from (21), are
interesting. 1In case of mercury, the application of the magnetic field reduces
the skin friction quite appreciably for all values of 4 and w. F¥or constant 4
and M, an increase in w leads to a decrease in . But an increase in 4 leads
to an increase in 7 when M and w are constant.

In conclusion, as the temperature field is not affected by the magnetic
field, probably due to neglecting the induced magnetic field, the effects of 4
and o on the temperature field have not been discussed here. It has already
been discussed by Pop (1968). '

In the next paper, to be presented soon, the problem will be presented
without neglecting the induced magnetic field.
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