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Abstract

Analytical solution for the flow of a viscous incompressible heat generation fluid
between two periodically heated vertical porous plates with variable suction in free
convective flow. The dimensionless governing equations are solved analytically using
the two-term steady and non steady functions (temperature and velocity fields
respectively) and the resulting second order ordinary differential equations solved. The
viscosity and thermal conductivity of the fluid are assumed to vary with temperature.
The fluid is subjected to a constant pressure gradient and a uniform suction and
injection through the plates which are kept at different but constant temperatures. The
ordinary differential equations are then solved numerically using asymptotic expansion
technique. The exact solutions are solved using undetermined coefficients. Graphical
results for velocity and temperature profile of both phases based on the analytical
solution are presented and discussed. The significant result from this study is that
temperature is higher near the plate with injection while velocity is more enhanced
near the plate with suction. Similarly, for large values of Strouhal number the flow
behaves asif thereis no suction/injection at the plates Wang(1988)

Keywords: free convection, periodic heating, variable sugtgrction/injection, porous medium

1.0 Introduction

Heat transfer is the area that deals with the nméshes responsible for transferring energy from plaee to another
when a temperature difference exists. In thermonhjos, heat is defined as energy in transient; hewawost of the
thermodynamic processes are concerned with equitibior quasi equilibrium situations in [2]. [3] aducted the first
comprehensive experimental work on free conveditigatt transfer. [4-5] presented laminar free-convedtow of a viscous
incompressible fluid between two vertical walls-gpinvestigated the combined effects of a steadg tonvective laminar
flow and [9] investigated the boundary-layer apjmmtion while [10-16] obtained analytical and nuioef solutions for
free convection flow along a porous plate with abké suction in porous medium. [17-18] studied Dwfand Soret effect
with variable suction on unsteady MHD free conwattilow along a porous plate while [19] investightae periodic heat
input of free convective fluid. Also [20-21] invagated flow in porous media and [22] presentedwa nemerical method for
the solution of porous media equation and [23] stigated free convective flow between vertical psrplates.

2.0 Mathematical Formulation

The flow considered is a free convective flow ofiscous incompressible heat generating/absorbind fh a vertical
channel with variable suction and periodic heatithe porous channel plates.

Periodic heating is introduced on both walls ané thu temperature gradient between the walls andltiig which
resulted in buoyancy effect, natural convectionoendtically sets in. Due to the viscosity of the kog fluid, velocity
remains zero on both plates of the channel. Urtteset assumptioniscorporating the Boussinesq approximation withie t
boundary layer, the governing equations of contjpunomentum and energy [24, 25, 26, 27 and 2§Jeetsvely are given
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byEquation of continuity

au
1
ay 1)
Momentum transport equation
ou ou 0%u
—tV_—=V_——+ T-T, 2
o Vay Vo 9B(T -T,) ()

Energy transport equation

oT , OT _ k 0T, Q
EN 6y ~ Cp dy? pCp

wherau and v are velocity components along and y-directions,t is time variable and throughout we shall rely oa th
nomenclature as defined in appendix A and appeBdix

The channel walls are taken vertically, paralleth® x-axis at y =t 1.1t is assumed that the suction velocity at theepla
is not a constant and takes the following exporéfdrm

v=-v,(1+£A€“) (4)
and that it is socked off from the other plate yathhe same rate (see figure 1). The heat geoertim in this problem is

3)

Q.
where Q=Q,(T,-T) (5)
Substituting equation (4) into equation (2) andagipun (3) yields
ou ou 0°u
— Vo (L+ A E) = =v—— +gB(T - T,) (6)
ot oy oy’
oT oT k 62T
— Vo (l+eAe) == 9 (7)
t dy pCp oy pCp
The following expressions are used to split th@eity and temperature into steady and unsteadyg pespectively.
2
o= (T, T, AY) +T,B(V)e ] + O(e™) ®
T=T, + (T, = To)F(Y) + T,G(Y)e' +O(e")? 9)
substituting equation (5) and equation (9) intoagigu (7), the momentum equation above, yields
al [ ]
| ] ::
ond - 8|
n i >
- Ym
i 1]
suction W injection
" h— hmy
al 1]
r(-hi)=17+1, c"ﬁ“"":: W 7(hi) =7 +T, cosa
] -
o T, Figure 1: Schematic diagram of the problem

3.0 Method of Solution
Following [19], we use asymptotic expansion to abthe following,

0 j « jaty O i
E[To + (Tl _To) F(Y) +T2G(Y)em] _V({l +eA em) a_y[To'*'(Tl_T() F(Y) +T£;(Y) em] =
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2 —
O+ (1, TR +T.o(ne ] + 2D
oCp oy PCp
further substitution and collecting like terms, atjon (10) reduces to

T+ (TR +T,MNE™] v, L+ sA*ei“‘)aiy[To +(T, = T)F(Y) + T,G(V)e“] =

2 _ _ i ok
01, + (1, TR () +T,6(ne ) + Bl e T TP * L.EMET]
Cp dy pCp
on opening the bracket in equation (11) and fursiraplification, equation (11) becomes
9 i iy O i
E[To + (Tl _TO)F(Y) +T2G(Y)em] Vo @+eA eﬂ)a_y[To + (Tl _To)F(Y) +T2G(Y)eax] =

(12)

(11)

KO (1, -T)F () +T,6(v)e ] + T Tl F ) +T,C(V)e]
£Cp oy Cp
term by term differentiation of equation (12) resuh
i T,G(Y)e"™ —v, L+ A €“)[(T, —T,)F (Y) +T,G (Y)e“] =
Qu[H{T, —T,IF(Y) _TQG(Y)em}] (13)
oCp

k " " i
ﬁ[(Tl —T)F (Y)+T,G (Y)e“]+
on expanding all the products of equation (13),

T, G(Y)e™ = (v, +V,eA' e€“)[(T, - Ty)F (V) +T,G (Y)g“] = (14)
Q[HT, - T,IF(Y) - T,G(Y)€“}]
~Cp

%[(Tl STF (V) +T,G (V)e“] +

on opening the bracket and expanding all the témmagjuation (14),
T, G(Y)e™ —v, (T, —T,)F (Y) —V,eA €“ (T, - T,)F (Y) -V, T,G (Y)e“ -

. , . . . . - 15
Vo EAEUT,G (Y)e“] = LS (T, -To)F (Y) L T,G (Y)e“ - QlT, “TolF(Y) (9)
Cp Cp Cp

now equating orders of the periodic functions afasrzero, order one and neglecting other higherepsyvgives
(2). for order zero, we have

: k ; Q,[T, —T,IF(Y)
-V, (T, -T)F (Y)=— (T, -T,)F (Y) - =10 (16)
oll1 7 1o oCp 1o oCp
divide through equation(16) b{T, —T,) gives
. K . Q,F (Y)
~Vv,F'(Y) = ——F"(Y) - 17
i £Cp PCp
and then, multiply through equation (17) %gives
—VOFI(Y)&:LF“(Y)mp—QOF(Y) ,OCp (18)
k  Cp K /Qp Kk

on simplification, equation (18) becomes
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. . F(Y
—VOF (Y)@:F (Y)—Q)—() (19)
k k
recall, by definition,gg = ——, (20a)
oCp
therefore, it implies tha{l = p_Cp (20b)
a k
substituting equation (20a) and equation (20b) @goation (19), we have
- R =Fr ) - R E(Y) @
a
simple re-rearrangement of equation (21), gives
Frn =2 R+ 2F) 222
or better still in differential sign notation,
2
V
d '2: :——°d—F+&F(Y) (22b)
dy ady k
using the following non-dimensional quantities;
2
s:VLh,St:hw,Pr:—Vpszl,az—k and5:—QO (23)
\Y; v k a p apCp
whenY = %, (24)
by deﬁnition,i = id—Y (25)
dy dY dy
substituting equation(24) into equation (25)
dy dY h h'dy
invoke equation (26) into equation (22b)
dF _dF 1 _1dF d°F _d°F 1 _ 1 d°F
therefore, — =—.—=—.— an = T 2 T 12 02 (27a)
dy dY 'h h'dy dy? dY?'h? h?'dy
d2F _d ,dF, d ,dF dY, d ,1dF, 1dF,1dF, 1 d%F
7= ()= ()= ()= () = (@)
dy dy dy° dy dY dy° dy hdYy" hdy hdy  h°dy
substituting equation (27a) and equation (27b) égoation (22b) above
1 d%F v, dF  Q,
— = —+—F(Y 28
h? dy? ah dy k ) (28)
multiply through equation (28) bi?
2 2
he L AP e Yo dF  NQy -y (29)
h* dY ah dy k
on further simplification of equation (29), it rezis to
2 2
d°F _ _VohdF  N'Qo v (30a)

day? o dY k
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h h?
Fr(Y) = -2 Er(y) +—E° F(Y) (30b)
a

and applying the non- dimensional guantities in G’qna (23) into equation (30b), it results into

2 2
s—— Pr—v’aCIO spr=Yo!! VAP vpCp h.'OCp:V°h,5: QN _Qh (31)
v k v k a apCp k
F"(Y) =-sPrF'(Y) + & (Y) (32)
Simple re-arrangement in equation (31) to the rigind side, gives
F'(Y)+sPrE'(Y)-d(Y)=0 (33)

(ii). secondly, for order 1, we have

T, G(Y) =V, eA (T, -T,)F'(Y) -V, T,G'(Y) = LTZG" Y)- % T,G(Y) (34)
ACp p

multiply through equation (34) b% it becomes
2

C . C * f C 1
f(Tp i WT,G(Y) - ’f(Tp VgeA (T, = T,)F(Y) —’i_l_—pvoTzG (Y) =

2 2 2

(35)
pcp k TZGII(Y)_QOTZ G(Y) pcp
KT, pCp PCp KT,
and upon simplification, equation (35) becomes
ELiasn-LPven 1, -T)FN-LPve 1 =6"M-26m (@)

and makingG’ (Y) the subject of formula in equation (36) above

G'(Y) ==Ly G )+ AL + 2 6N - PPy A M -T)F ) @

and applying the non-dimensional quantities in ¢équa (23) into equation (37), and using

dF _dF 1_1dF dG_dG 1_1dG d°G_d*G 1 _ 1 d°G

dy dY'h h'dY'dy dY'h hdy’ dy? TR R dY?

it reduces to

G(Y)———°G(Y)+—G(Y)+Q°G(Y) N (Bt °)F(Y) @8)

equation (38) further reduces to

2
iz.d CZ;— _Y, 46 E)G(Y)+ G(Y) °£A (T TO)Ed—F (39)
h?'dy? ahdY a T, “hdy
multiply through equation (40) b, simplify it and it becomes
d’G _ v,hdG iah? Q0h2 T,-T, 1dF
=—-2 "~ + G +——G - 40
dy? adY a ) ™) A T, )hdY 49)

and applying the non-dimensional quantities in é#qua (23) into equat|0n(40), it results uniquetyoi
v,h v v,h v v,h h? h?
S:L,Pr:—pCp,sPr:L.—pCp:voh.’on: °Jd= QN _Q
v Kk k a apCp k

_h*wv _h*w
vV a a
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d’G dG T, -T,\dF

=-sPr— +iSPrG(Y) + &G SPreA — 41
vz v (Y) +&G(Y) - (— T ) (41)
in equation (41) above, ldf = EA ( ) (42)
T,
then, equation (41) becomes
d*G dG dF
— =—-SPr—+iSPrG(Y) + &G(Y) - sPry— 43
Ve v (Y) + &G(Y) —sPry v (43)

and (jii) other higher power®(e™ ) are neglected.

Substituting equation (8) and equation (9) intoatigun (60), the momentum equation, upon correcstuition gives

ST, =T A # TR —vo 0 oae) 2 I8y, — 7)) Av) +

ot

it 0° ,gph? it
T,B(Y)e 3 {T[(Tl “T)ANY) +T,B(Y)e™ [} + gB{([ T, +
it (44)
(Ty —T)F(Y) +T,G(Y)e™] - Ty)}
equation (44) simplifies to
i{ gﬁhz i ot * ik i{ gﬁhz
ot v oy v
wn ., 07, gBn? it
T,B(Y)e“]} = Va—z{T[(Tl ~To)AKY) +T,B(Y)e™ ]} + (45)
y
9B{([(T, —T)F(Y) +T,G(Y)e“ )}
term by term differentiation of equation of equatib) gives
2 2
gﬂ] ot _VO (1+€A*eiax){ gﬂ‘] lwt]} =
\' \'
gﬂ‘lz n n i at i ot (46)
Ul y [(T, —To) A" (Y) +T,B"(Y)e | + gH[(T, —To) F(Y) + T,G(Y)e“ [}
on expanding all the products of equation (46) gxptically,
2 2 2
w—gﬁ\:” T2B(Y)e“ v, g/f/” (T, - T,)A(Y) -V, —g/f/” T,B'(Y)e“
2 2
RN g‘i/h (T, = T,) A(Y) =V A €T, B (Y)€'“ =vgﬂv1 (T, -T,)A"(Y) +
(47)
2
v “ 4 gB(T, ~T,)F(Y) + GAT,G(V)e™
similarly, equating all the periodic functions Gder,(é“)ofrom equation(47)
2 2
v L (7, T A () = v (1, T (V) + BT, - T FCY) (@8)

equation (48) simplify to
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Vo g’i/hz (T, —To)A(Y) = g,th(Tl ~To)A'(Y) +9B(T, —To)F(Y) (49)

divide through equation (49T, — T,)gBn?; it results in

o p(r) =AY+ F(Y) 50)
v h
simple rearrangement, equation (50) becomes
A'(Y) = =0 A(Y) - F(Y) 12

equation (51a) can also be written as

d’A_ _v,dA_1
dy>  vdy h?
voh

and applying the non-dimensional quantities in ¢qua (23),S = —,
Vv

F(y) (51b)

equation (51b) becomes

1d°A_ Vv,1dA 1
— =-02-_—_ - _F 52
e av? vhay hel Y 2

multiply through equation (52) bi?,

d’A_ _vhdA
-F 53

N2 v ay (y) (53)
d*A JIA

=-s—-F
ave Say W
A'(Y) = SA(Y) = F(Y) 54

Similarly, equating orders of periodic functionsasfler 1, from equation (47), we get

2 2 2

w9 128(v) —v, PPV vy —v oA 9P (T Ty A (Y) = (55)
\% \% \%

gﬂhz

T,B"(Y) + gBT,G(Y)

equation (55) decomposes to

gpn?
Vv

2 2
. @Tz B'(Y) —v,eA’ @(ﬁ ~T)A) = (56
gfBn’T,B" (Y) + gBT,G(Y)
divide through equation (56) by, gﬁh2

(57)
—B(Y)- 0B(Y) Yo A( 0)A'O/) B"(Y) +h*G(Y)

Making B" (Y) the subject of formulae in equation (57) above,
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V, ' Vg o, T
B"(Y) = =2 B(Y) +- B(Y) ~~2 A (-2 A(Y) +h’G(Y) (59
% % % T,
and applying the non-dimensional quantities in ¢qua (23) into equation (58), and usi

dA_dA1 1dAdB_dB1 _1dB d’B_d’B 1 _1 d°B

equation (58) becomes

1d°B_ v,1dB  iw T,-T,.1dA

V *
=== ER(Y) -2 A (2 = — +h®G(Y
h>dYy? v hdY v ) v ( T, )hdY ¥ (59)
multiply through equation (59) by’h
d’B_ v,hdB iah? voh . T, -T,, dA
Ty ay Ty BT () S+ G(Y)
Vv Vv Vv ) (60)
_ P P S _ voh _
from equation (42)) = EA ( ) and from equation (23), S=——, then equation (60) become
\
2
d’B dB . dA
— =-s— +iSB(Y) - sy—+G(Y
avz - Sqy TR Ty 6l

(61)
B (Y) = —sB'(Y) +iB(Y) - S)A (Y) + G(Y)

In summary, equations (33), (43), (55) and (61)aadénary differential equations obtained in dimentess form:

F'(Y)+sPrF'(Y)-d(Y)=0 (33)
d’F dF
G"(Y) =-sPrG'(Y) +iXPrG(Y) + &G(Y) = sPryF (Y) (43)
2

chj = -spr3_$+i8t PrG(Y)+d3(Y)—sPry3—5 (44)
d*A dA

=-s—-F 54
vz Sqy (y) (54)
A'(Y) = =SA(Y) - F(Y) 55)
d’B dB . dA
W = _Sd—Y + |SB(Y) - Syd—Y + G(Y)
B(Y) = —sB'(Y) +iSB(Y) - syA'(Y) + G(Y)

(61)
by simple rearrangement of the four coupled eqnatlmove,

F"(Y) +sPrE'(Y) - & (Y) =0 (33)

G"(Y) =-sPrG'(Y) +iSPrG(Y) + aG(Y) —sPryF'(Y)
A" (Y) = =sA(Y) - F(Y)
B"(Y) = —sB'(Y) +iSB(Y) — s)A(Y) + G(Y)

Subject to the following boundary conditions
A1) =B(=1)=0 (62)

F(x1) =G(x]) =1
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4.0  Discussion of Results

In this work, free convective flow of an incomprigds viscous fluid between vertical porous platéthwariable suction
and periodic heating input is studied in the preseof a uniform suction and injection considerirzgiable properties. The
viscosity and thermal conductivity of the fluid amssumed to vary with temperature and the two plate kept at two
constant but different temperatures. The fluidded upon by a constant pressure gradient. Theledwset of the nonlinear
equations of motion and the energy equation inolgidihe viscous dissipation term is solved numdsicaking the
asymptotic expansion method to obtain the velomity temperature distributions at any instant oétim

L FL
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0.95F
0.90F

0.85F
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.......

10 a5 _— F 05 1.0

Figure 2 figure 3
Figure 2: Steady temperature profile for differsattion (s). $=0.1,Pr=0.71 and St=5], Figure 3 Effect of sucliagettion
on temperature3E0.1,Pr=0.71 and St=5]
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Figure 4 figure 5

Figure 4: Rate of heat transfer on different surct[6=0.1,Pr=0.71 and St=5], Figure 5: Influence of s¥ak/sourced) on
temperature

UFL (FL

10 10r

~
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Figure 6 figure 7

Figure 6: Influence of heat sink/sour@ 6n suction. Figure 7: Temperature profile forfeliént heat sink/sourceé)(
F(y) is the steady temperature profile, the follogwd = 0.1,P r = 0.71 and St =véere kept constant and stroughal (s) was
varied in figure (2-4) above. In figure 2, s = f,,3} while in figure 3, s = {5, 7, 9}, and in figa 4, s = {10, 16, 20}:It was
observed that suction tends towards the lower platelower plate with higher value but tends totvéhe upper plate with
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small value ie when s = {1, 2, 3]. F(y) is the stgdemperature profile, the followirg= 1,Pr = 0.71 and St =vBere kept
constant andelta, ¢), and the dimensionless heat generating paransetaried in figure (5-7) above. In figure ®) = {3,
2, 1} while in figure 6,3) = {3, 4, 5}, and in figure 7(5) = {5, 9, 13}:It was observed that suction tendsdods a minimum
at the origin (ambient temperaturg) Bnd it increases symmetrically toward both thparpand lower plateThis is directly
proportional to the frequency of heating of theroiel walls Delta, ), and the variable suction parameter.

L [Oscillatory_
Temperature
1.00000-

1.00+

0.99999-

0.99998

1.0 o%:

Figure 8 figure 9
OscillatoryL [ 17J0.3, Pr [[0.73, St LI50
Temperature Temperature

1.000000

1.00
i 0.9f
0.999995 0sl
0.7

0.6

[ 1.0 05 " " 7 0.5 1.0
figure 10 figure 11

Figure 8: Steady Temperature profile for differBnandtl, figure 9: Temperature profile for diffetétrandtl, Figure 10:
Oscillatory Temperature profile for different Pranérigures (8-10) is the steady oscillatory temperapmofile of F(y) with
the followings = 1,6 = 0.0001 and St = Bept constant anBelta, ¢) the dimensionless heat generating paranietearied.

In figure 8,(Pr) = {1, 2, 7} while in figure 9(Pr)={0.71, 1, 2}, and in figure 1qPr) = {8, 11, 13}: It was observed that the
minimum is at the origin (ambient temperaturg When y = 0 and that it is increasingrandtl number, (Pr) which is
inversely proportional to the thermal diffusivity the working fluid, When (Pr¥ {8, 11, 13}, the graphs tends towards
saturation at the upper part of the left plafégure 10: Unsteady Temperature profile for défg suction Figure 11:
Temperature distribution for different suction.

Wllo.1, prlJo.71, stlIsL Wllo.1, prlJo.7a, stlIsL

Temperature Temperature
1.0 F

r\
%

\
‘.’

-

figure 12 figure 13

Figure 12: Effect of suction/injection on Temperaii(y) is unsteady temperature profile. The followéhg 0.1,Pr = 0.71
and St = 0.5vere kept constant and suction (s) was variedgurd (11 - 13) above. In figure 11, s = {0, 1, ile in figure
12, s ={4, 6, 7}, and in figure 13, s = {8, 9, 10} was observed that suction tends towards thelgplate with lower value
but Suction and injection parameter, (s) simultaneoteshyls to the lower walls of the lower plate oifig 12 and figure 13.
with total saturation at the upper side of the uppate.
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Pr]o.71, stL 5, s [ 1l Prl]o.71, st 5, s aL
Temperature Temperature

1.0

1.0 0.5 0.5 1.0

Figure 14 figure 15
Figure 14: Temperature distribution for differeatisce/sink §), Figure 15: Influence of Temperature on heat/smikrce §).

Influence of suction/injection over heat sink/sasc@), Figures (14 - 16) below, represents G(y) is unstead
temperature profile of variance reating of the channel walls Delta).(The followingPr = 0.7, St = 5 and s =viere kept
constant. In figure 145 = {0.1, 0.2, 0.3} while in figure 15§ = {1, 1.6, 1.8}, and in figure 1& = {4, 4.1, 4.3}: It was
observed thaleating of the channel walls Delta) (ends towards the lower plate with lower value.r&symmetrical with
lower value of(3), Figure 17, effect of suction/injection on Prdndamber,(Pr) and Figure 18 below shows Unsteady
Temperature profile for different Prandtl and figur9, influence of Temperature on Prandtl (Pr)
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Figure 16 figure 17
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figure 18 figure 19

Journal of the Nigerian Association of Mathematical Physics Volume 19 (November, 2011)259 — 272

269



Free Convective Flow between Vertical Porous Asibor, Otolorin, Adesanya, and Hassan.J of NAMP

sl1, 0llo.1, stlsL sl 1, 0001, Prlo.71
Temperature Temperature
1.0¢ 1.0r

o.8f 09

i 0.8f
0.65 E

0.7

0.6f

0.5: St=5
; e~ ———»St=6
. 0.5 107 | 10 05 “e=---1 =~ 05 1.0 7Y
figure 20 figure 21

Figure 20: High Prandtl number (Pr) and Temperagirewing suction/injection (skigures (17 - 20) represents G(y),
unsteady temperature profile of variancéh@ating of the channel walls deltd).(The followings =1, §) = 0.1 and St =5
were kept constant. In figure 1Pr = {0.71, 1, 2 } while in figure 18Pr= {0.51, 0.65, 0.91}, figure 1%®r={0.5, 1.8, 2}
and in figure 20Pr = {1.9, 2.7, 3.1}: It was observed thheating of the channel walls increase in prandthiner tends
towards the lower plate with lower valuggure 21: Unsteady Temperature profile for différ8trouhal number. Figure 22
shows the influence of Strouhal number (St) onisndfs), and figure 23, influence of Strouhal num{&t) and suction (s)
on temperaturekigures (21 - 23) represents G(y) is unsteady teatpes profile of variance iStrouhal number, (St)rhe
following s = 1,6 = 0.1 and Pr = 0.7Were kept constant. In figure 23t= {4, 5, 6 } while in figure 22St= {2, 4, 6}.
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It was observed thaheating of the channel walls increase in prandtnioer Strouhal number, (St) is directly
proportional to the frequency of heating of therohe walls Delta, &), and the heat generating parameter Gammay,athe
variable suction parameter. The graph is symmeiaigcaut y = 0, Figure 24: Steady Temperature mdél different suction
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Figure 25: Steady Temperature profile for differsnttion,A(y) is steady velocity profile and B(y) is unstgadelocity
profile. Steady implies independent of time, i.e. t = 0. Blasic parameter that governs the flow in this ckhimcludes.
Suction and injection parameter, (s) simultaneoaglylied each to opposite walls of the channehatsame rate. Prandtl
number, (Pr) which is inversely proportional to tihermal diffusivity of the working fluidt was observed the$trouhal
number, (St) is directly proportional to the freqog of heating of the channel walls Deltd), @nd the graph is symmetrical
abouty = 0.

4.0 Conclusion

The problem of heat flow in a channel with periosliction has been investigated earlier byJha aigbdgle.[19]. They
considered constant suction; this work has now lee¢ended to variable suction, with more readingssiered. It can be
concluded that heat source and suction affectbabiedary layer thickness, temperature and velgqeitjiles and rate of heat
transfer at the plate surface in such flows. Initamtg exact solutions are obtained in the preseotk, which are very
important as they serve as accuracy checks forrempetal and analytical methods. Hence, the restithe study is
expected to contribute to the literature in theddiand enhance the understanding of free conveatiovertical channels.
And this will serve as a benchmark for researchiesested in this field for future study

APPENDIX A:
Nomenclatures:

A steady velocity profile T steady temperature on wall _

B unsteady velocity profile T, qn_s_teady temperature amplitude on wall
F steady temperature profile Vo |n|t_|al velocity Of_ suction

G unsteady temperature profile y honzo_ntal qoordmate .

g gravitational force X coord!nate in the direction of the flow

0 density of the fluid y cpordln_ate across the ﬂoyv

u viscosity of the fluid Y dimensionless chgnnel width

Cp specific heat at constant pressure (Ii mg:m:: gﬁ?udsli]\?ittl;/my

Klu Kladiggﬁl rll\lnuerln\t/)vgirth B cpefﬁcit_ent of thermal expan_sion

Pr Prandtl number ) d_|menS|(_)nIe_ss h_eat generating parameter
Q heat generation term : k”?em_a“_c viscosity

Qo dimensional heat generation coefficient t skin friction

S dimensionless suction/injection paramete © frequency

St Strouhal number & small parameter

t time

T temperature of the fluid

To ambient temperature

€A any real positive constant

APPENDIX B:

THE GENERAL VECTOR OPERATIONS
[] : known as “nabla” or “del” is the vector differéal operator .
For Cartesian coordinate

0.0 .0

Del Operator: O=(—i,—j,—k
P (ax ay : 0z )
[02: known as the Laplacian operator
_ 2 _ _0° 0 0
Laplacian Operatort1” =1l = —+—+—
ox® o0y° oz
Gradient: Op = (@,@,@
ox 0y 0z
Vector Gradient: Ou = (Qu, Ov, Ow)
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_ou, v, ow
ox o0y 0z
0

o o 0 0
Directional Derivative: ul=Uu—+V—+W—
ox oy 0z

Divergence: Llu
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