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Abstract-The flow and heat transfer along a porous plate are investigated when a transverse sinusoidal 
suction velocity distribution fluctuating with time is applied. Due to this transverse velocity the flow of fluid is 
three dimensional. For asymptotic flow conditions, wall shear stress and rate of heat transfer are obtained. 
When frequency parameter cc --f 0, it is found that the phase lead of the skin friction in the cross-flow direction 

is n/2. 

NOMENCLATURE 

time; 

dimensionless time, et; 
co-ordinate along main flow direction ; 
co-ordinate perpendicular to the plate; 
dimensionless co-ordinate perpendicular 
to the plate, y/l; 
co-ordinate transverse to the main flow 
direction ; 
dimensionless co-ordinate transverse to 
the main flow direction ; 
velocity component along x; 
velocity component along y; 
velocity component along z; 
fluid temperature; 
dimensionless fluid temperature, 

T-T, 

T,-T,: 

free stream temperature ; 
temperature at the plate; 
wave length of the periodic suction; 
velocity distribution; 
constant suction velocity; 
pressure ; 
density; 
free stream velocity; 
thermal diffus~~ty ; 
kinematic viscosity; 
Prandtl number, v/a; 
amplitude of the suction velocity 
variation ; 
Reynolds number; 
frequency parameter, c12/v ; 
skin friction along main flow ; 
skin friction transverse to the main flow; 
local heat transfer at the plate; 
local Nusselt number. 

engineering in view of its application to reduce drag 
and hence the vehicle power requirements by a 
substantial amount. The development, since World 
War II, on this subject has been reported by Lach- 
mann [l]. The transition from Iaminar to turbulent 
tlow which causes increase of drag coe~cient, 
may be prevented by removing the decelerated 
particles from the boundary Iayer through the pores 
or slits in the wall. The effects of different arrange- 
ments and configurations of the suction holes 
and slits on the drag coefficients have been studied 
extensively both ex~rimentally and theoreticaily. 
Most of the investigators have however, confined 
themselves to two dimensional flows. There may arise 
situations where the flow fields may be essentially 
three dimensional, for example, when variation in 
the suction velocity distribution is transverse to the 
potential flow. 

Recently Gersten and Gross [2] have studied the 
effect of a transverse”sinusoida1 suction velocity distri- 
bution on flow and heat transfer over a plane wall. The 
suction velocity v, was assumed in the form v, = u,(l 
-I-r:cosnz/l), E < 1, transverse to the flow direction. 
Here so < 0 for suction, 1 is the wave length of the 
periodic suction veIocity distribution and e is the 
amplitude of the suction velocity variation. 

In the present paper we investigate the effect of 
fluctuating suction velocity distribution on wall shear 
stress and heat transfer along a porous wall. It is 
assumed that the intensity of suction velocity aiso 
varies with time and is perpendicular to the flow 
direction. A constant suction velocity at the wall leads 
to twodimens~onal flow and any other suction velocity 
transverse to the flow direction leads to cross Bow and 
hence the Bow will be three dimensional over the entire 
surface. Gersten and Gross [2] have studied the same 
problem when the suction velocity is independent of 
time, that is their investigation comes out as a 
particular case of this work. When the suction velocity 
becomes independent of time, we have found that 
Gersten and Gross [2] results are different from those 
of ours. The correct expressions for main flow field and 
temperature profile are given. Consequently the ex- 
pressions for rate of heat transfer and shear stress are 
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THE PROBLEM of laminar flow control is gaining 
considerable importance in the fields of aeronautical 
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BASIC EQUATIONS 

Introduce a coordinate system with the wall lying on N-Z plane and 4’ axis perpendicLlIar to it and directed irtt~~ 
the incompressible fluid flowing laminariy. We take the suction velocity distribution of the form: 

which consists of a basic steady dist~bution E:~ < 0 with a superimposed weak time varying distr~buti(~ll 
ue cos[(nz/l) - ct] of wave length I and frequency c’. 

We select for investigation the asymptotic flow along the direction of .Y and hence the velocity and temperature 
fields will be independent of X, but the flow remains essentially three dimensional due to suction velocity (1 ). 

Denoting velocity components (x, y, z) as (u, I:, \v) and temperature as T. the equations of continuity Nkrvrers- 
Stokes and energy reduce to 

i?T 27 
dt + 1’ _,. + ,y -.-. = 

I:, 
‘12’ a(;;;+!g) 

where v is the kinematic viscosity, p is the density, p is the pressure and II is the thermal difhtsivity. 
The boundary conditions of the problem are 

!24, 

iI!..i) 

Method of solution 
When the amplitude of the suction velocity variation is small, we assume the solutions of the following form 

11 = iIO+CUi+C%2+. ii.1 t 

I: = E:*+sc, +A, -t i4.2 1 

U’ = W” +cw, +c%, -i- (4.3 1 

p = po + cp, + c:lp, $- (4.4) 

H=8,+f,tl,+i:21),+.,. (4.5 1 

where 

T-7‘. 
(1 = _-_-K 

7-7 - T,,. 

In the case c = 0, we note that uO, V,, wO, p,, and N, lead to the well known asymptotic solution of two dimensionai 
flow over a plane wall with constant suction and are given as [3] 

uO = I’, [I -exp(v,y/v)]; V. = vo, tvO = 0, p. = pm& = 1 -exp(t:,yja). isi 

The series expansion (4) along with (5) are substituted in equations (2) and like powers of I: are equated to get the 
perturbation equations of various order of c. For small values of c it is sufficient to consider the perturbation 
equations of only O(F), which are, 
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a4 1 ah rcv,!!!~ ___+ ~a%+ a%, 

aY p ay 
v-+-, ! ay2 az2 ) 

aw, aw, i ap, azw, azw, 
at+““-=--+v -7+- 

ay P a2 i ay ! az2 ’ 

ae, ae, v. 
~+vO---q4~o~/~h =a 

i 

a%, a%, 

ay a 
F+;--) ay L -_ 

(6.3) 

(6.4) 

(6.5) 

To solve the above set of linear differential equations it is convenient to adopt complex notations for velocity and 

temperature profiles. The solutions will be obtained in terms of complex notations, the real part of which will 
have physical significance. We now write ul, elI, wl, p1 and 8, as 

u,(l, 2, i) = U,u,,(.~)exp[i(nf-i)] (7.1) 

v,(.r, 3, i) = xu,u,,(!_)exp[i(ni-t)] (7.2) 

w, (,p, ;, i) = iv& ,(p)exp[i(n:- F)] (7.3) 

pI(.r, ?, t) = pv~p,,(.~fexp[i(a_:-~)] (7.4) 

O,(,r, :, i) = O,,(,~)exp[i(n:-i)] (7.5) 

where z = z/l, ,i: = y/l, I = ct, and prime denotes differentiation with respect to ,?. These forms of velocity profile 
satisfy the equation of continuity (6.1). Substituting expressions (7) in equations (6), four ordinary differential 
equations for uI 1, u1 1, pl, and 0, 1 are obtained: 

u;‘,$Reu;,-(71’-_~)~~~ = -zRe2exp(-Re_r)v,, (8.1) 

Re 
v’,‘,+Rev\, -(72-itl)u,, = -- ’ 7L Pll (8.2) 

u;‘; + Reo;‘, - (x2 - ior)u; , = - nRep,, 

e;l, + PrReB; 1 - (r2 -iPmf8, 1 = -nPr2Re2 exp( - PrRe,i+, , 

(8.3) 

(8.4) 

where 

Re = - 2 is the Reynolds number 
v 

and 

G[ = - is the frequency parameter 
V 

Pr = !f is the Prandtl number. 
Ld 

The boundary conditions according to equations (3), (4) and (7) can be written as 

y=o: U11 =o, u11=’ ?I;1 =o, 8x1 =o 
71’ (9.1) 

y-+co: U *, =o, U,l =o, o;, =o, $11 =o, pII =o. (9.2) 

We observe from equations (8) that the cross Aow solutions Use, pI1, and wl, are independent of main flow 
component uI1 and the temperature field 011, but it influences the main flow and temperature. Therefore we 
consider first, the equations (8.2) and (8.3) describing cross flow components. 

Eliminating u1 1 from equations (8.2) and (8.3) we get equation for p1 1 as 

p;‘z -??p,, = 0. (lo) 

The solution of the equation is 

pII = P,,exp(-RF_). 

The equation for u1 1 (.T) can now be written as 

(11) 

v;‘,+Reu’,,- (n2 - IGI)vI, = ReP, 1 exp( - 7~ F). (12) 

Incorporating the boundary conditions (9), the solution of equation (12) and the value of the constant P, 1 can be 
easily obtained by usual method. In view of the transformations (7) the complex expressions for o1 (,r, F, i) and 



where ii satisfies the equation 

(lr 

where A and H arc given by 

It is relnarkable here that for z = 0, the real parts of (13)-( IS) are the same as obtained by Gcrsten and Gross 
[2]. Using the result of equation (13), we next find the solutions to the equations (8.1) and f&4), describing main 
flow Ut, and temperature 0, , in a similar manner. The expressions for n, and (1, satisfying the boundary 
conditions (9) are found as 

jLRC 
-----exp[-(Rr+?r)~] cxp[i(n:-r)] 

nRr> -I- ia i 
tli)) 

where 1, is the positive root of the equation 

7” - /+Re; - x2 + iupr -_ 0 

given by 

; = ,&_iR 

and A and B are given by 

It is interesting to mention that for x = 0, (XI), (21) reduce to 

/I 
exp[-(PrRe+L)_r] -t -exp(-(PrRe+n)~-j :exp(in;). 

n I 
(27) 

The comparison of expressions (26) and (27) with those obtained by Gersten and Gross [2] reveais that their 
results for w, and.@, are different from those of ours because of some ~lcu~at~on mistake in their paper. 
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RESULTS 

The important characteristics of the problem are the wall shear stress and the rate of heat transfer at the wall. 
The dimensionless shear components along and perpendicular to the main flow directions can now be calculated 
from the equations (4), (5), (15) and (20) and can be put in the form 

= 1 f&e, cos(n?--i+cbl) 

= &Re,cos(nz--i+#,) 

(28) 

(29) 

where 

and 

Re, = (C:!fD~)“2, Re, = (AZ+B2)1’Z, $1 = tan-r: 
‘4 

1 
and & = tan-lz 

C, =R” 
i 

A 1 
p+ 

2n’Re[nBRe-a(lr-A)-aRe] 

2 A2+B2 lrBRe-cr(n- A) n2Re2 + a2 

+ E-- A)[xBRe+a(n- A) 

(TC-A)~+B’ 

&=!!z ~- 
i 

B 1 2na[d3Re-a(lz-A)-aRe] 

2 A2+B2 nBRe-a(z-A) -n2Re2+a2 

+B[nBRe+r(z--A)] 

(x-A)‘+B’ 

The expression for shear stress in the direction of main flow is obtained for M = 0 as 

where 

z, = 1 +&(l+Fr)COS71, (30) 

7T(l+n) 
F, =p, 

212 

which is different from that obtained by Gersten and Gross [2]. The magnitude of skin friction in the main flow 
direction Re, is shown in Fig. 1 for various values of cI. It is found that for small a, Re, increases with tl, but for 
high values of c(, Re, decreases for small Reynolds number. For higher values of Reynolds number, c1 has no 
influence on Re,. At small Re, Re, increases with LX while for higher Reynolds number, c( has no influence on Re,. 
This is shown in Fig. 2. Figure 3 shows that the skin friction in the main flow direction has a phase lead which 
increases with CL The skin friction perpendicular to main flow direction has a phase lead which increases as cf 
decreases. It is shown in Fig. 4. When t( -+ 0 it is found that & -+ ‘11/2. 

FIG. 1. The amplitude Re, vs Re for a = 0,5,20,50. 
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FIG. 2. The amplitude Re, vs Re for E = 0,5,20,50. 

The heat-transfer coefficient from the wall to the fluid may be calculated from the equations (4), (5) and (21) 
using Fourier’s law 4, = -k(8T/iTY),.,~ and put in the non-dimensional form 

Nu = - 4, k 

PV,C,(T,- K,) = 
-- 

PW, 
= l+eRe,cos(nZ-f+#,) (31) 

HMT ?I :8-w 



FIG. 3. Tangent of phase shift. tan 4, vs frequency 

parameter u for Ru = 1. 10.20. 
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FIG. 4. Tangent of phase shift tan C/Q vs frequency 
parameter a for R< = 1. 10.20. 

where 

1 

C, = (X, +X,)(n--A)PrRe+Pr~ReZ~~+-ARe2Pr(Pr+ l)k; 

0, = - PrBRe(X, + x2) - PraRe yl -I- [BRe2F’r(Pr + 1) -aRePrfPr - 1 )I il 

x 
1 

= nlB(,~-PrRe-n)l+BtA(“-A)-5’1 

P+iii%-_~ A)][(x - A)’ + S2-j 
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KtB(nfPrRe-A)+B(A-n)] 

ii2 =~(PI-l)(A-~)+nBRe(PY.+1)][(71-A)2+B2] 

‘fi _ (nSRe+aff)(71+PrRe-Af-t-A(olB-nARe) 
i- 

Pr[nBRe - a(z -A)] [nZReZ $c4”] 
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aRe(Pr+ l)[B(PrRe--..$+AB] -na(Pr--l)(FrRe-Ai-A) ____- 
~~~DRe(Pr+l)+a(Pr-1)(A-n)][A2Re2(Pr+1)2+[a(Pr-l)-BRr(Pr+1)2]2)~ 

It is fuund that for M = 0, the correct expression for Nusselt number Nu is obtained as 

Nu = 1 +~ff -F,)casx: 

where 

which is di~e~e~~ from that abtained in [2]. The amplitude and phase shift in Nusselt number are shown in Fig. 5 
and Fig. 6 for Pr = 0.73 and for various values of frequency parameter iy. It is found that Re, increases with ct. It 
means that for higher frequencies rate of heat transfer increases. In Fig. 6 we have plotted the phase shift in 
Nusselt number against CC. It is found that phase lead of Nusselt number increases with a which is more 
pronounced at small Reynolds number. 
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ECOULEMENT FLUCTIJANT TRIDDIMENSIONNEL ET TRANSFER? 
THERMIQUE LE LONG D’UNE PLAQUE AVEC ASPIRATION 

R&urn&-L’kcoulement et ie transfert thermique le long d’une plaque poreuse sent itudiks quand on 
applique une distribution fluctuante dam Ie temps d’une vitesse transversab sinusoidale. A cause de c&e 
vitesse transversale, IXcoulement est t~dimensionne~. On obtient, pour des conditions asynprotiques 
dkoulement, la tension de frottement park1 et fe flux thermique. Quand te param&e de frkquence a tend 

vers z&o, la phase du frottement pa&at dans la direction transversale est rcj2. 

~R~IDIMENSI~NAL~ ST~~~UNG UND W~RMEUB~RGANG LANGS 
EINER PLATTE MIT FLUKTUIERENDER A~SAUGUNG 

Zusammenfassung--Die Striimung und der Wlrmeiibergang Itings einer poriisen Platte werden untersucht, 
wenn eine sinusfsrmige Verteilung der Absauggeschwindigkeit vorliegt, die mit der Zeit fluktuiert. Infolge 
dieser Quergeschwindigkeit ist die Strijmung dreidimensional. Fiir den Fall asymptotischer Stremungsbed- 
ingungen werden Wandsch~rspannung und W~e~~rgangsge~hwindigkeit bestimmt. Fiir den Frequenz- 
parameter CI + 0 stellt man fest, dai3 der Phasenvorlauf der Oherfl~~henreibung quer zur Striimungsrich- 

tung zjz ist. 

TPEXMEPHOE I-lYJIbCMPYlOUIEE TEqEHME )KMflKOCTM I/I TEI’IJlOOEiMEH 
HA I’IJlACTMHE C OTCOCOM 

A~~~ - &CneAyeTCX ~~eH~e li TeO~O~MeH sa IsO~UCTO~ n~acT~He npU ~ny~~py~~eu 
~0 apeMeHn c~nyco~~anbnoM pacnpenenetmu nonepeqaofi c~opocru OTCOM. Ms-sa TaaKoro 83- 
Meriemix nonepewfol cxopoc~~ mens-ie XKB~KOCTW TpexMepHo. &UI acmmroT~~emix ycnosnB 
TeYemn nonyseHbl3HaYewiR KacaTenbHoro rfanpaxcema ifa meme w mremm~ocTn -rennooEiMeHa. 
Ycra~omeno, YTO ecnn racromibrfi napaMerp u-4, TO onepewrewie no *ase noBepxnocmor0 

Tpemia B nonepeun0h.i xanparmemn cocmm5reT r/2. 


