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Abstract-A study of a two-dimensional, unsteady flow of an incompressible, viscous dissipative fluid 
past an infmite plate with variable suction has been presented. Approximate solutions to the coupled 
non-linear equations governing the flow are derived and expressions for the fluctuating parts of the velocity, 
transient velocity and temperature, the amplitude and the phase of the skin-friction and the rate of heat 
transfer are derived. The mean flow is affected by G (Grashof number), E (Eckert number) and P (Prandtl 
number) and the fluctuating flow is affected by G. E, P, A (suction parameter) and o (frequency). During 

the course of discussion, the mean flow and the fluctuating flow are discussed separately. 

NOMENCLATURE 1. INTRODUCTION 

suction parameter, INTERIBT in free convective flow of a viscous, incom- 
amplitude of the skin-friction; pressible fluid past a semi-infinite or infinite flat 
specific heat at constant pressure; plates is taken by many researchers. Usually, it is 
Eckert number; assumed that in such flows the viscous dissipative 
gravitational force; heat is negligible. But Gebhart [l] has shown that the 
Grashof number; viscous dissipative heat is important when the natural 
thermal conductivity; convection flow field is of extreme size or the flow is at 
fluctuating parts of the unsteady velocity; extremely low temperature or in high gravity field. 
Prandtl number; Gebhart and Mollendorf [2] have again studied the 
rate of heat transfer; effects of viscous dissipative heat on free convective 
temperature in the boundary layer; flow past semi-infinite plates. Many,papers, published 
free stream temperature; on this topic, deal with steady flow, but unsteady 
plate temperature; free convective flow past bodies of different shapes 
fluctuating parts of the unsteady tempera- has received little attention. With suction at vertical 
ture; plate, the unsteady free convective flow problems, 
time; without viscous dissipative heat, have been studied 
velocity components in the x’, y’- by Nanda and Sharma [3] and Pop [4]. In [3], the 
directions; suction velocity was assumed to be proportional to 
suction velocity; t-* whereas in [4], time-dependent oscillatory type 
coordinate axes along and perpendicular of suction velocity was assumed. The effects of mag- 
to the plate; netic field on the flow studied in [4] have been studied 
coefficient of volume expansion; independently by Pop [5] and Soundalgekar [6]. In 
density; all these unsteady problems, the plate temperature 
viscosity; was assumed to be oscillating about a constant non- 
kinematic viscosity; zero mean. 
frequency; With viscous dissipative heat included in the energy 
amplitude of the unsteady part; equation, the unsteady free convective flow past an 
skin-friction; infinite porous plate with constants sue tion and the 
phase of the skin-friction; plate temperature oscillating about the constant non- 
phase of the rate of heat transfer. zero mean, was analysed recently by Soundalgekar 
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[7]. The approximate solutions to the problem 
croverned by coupled non-linear equations were c 
derived by the method suggested by Lighthill [8]. It 
IS now the object of the present paper to study the 
effects of the variable suction velocity on the unsteady 
free convective flow of a viscous, dissipative, incom- 

pressible fluid past an infinite plate when the plate 

temperature oscillates with the same frequency as 
that of the variable suction velocity. Following 
Lighthill’s method, approximate solutions to the 
coupled non-linear equations are derived in Section 2 
and expressions for the mean velocity, fluctuating 

part of the velocity, transient velocity, transient 

temperature profiles, the amplitude and the phase of 
the skin-friction and the rate of heat-transfer are 

derived and are shown graphically. This is followed 
by a discussion wherein the results for variable suction 

velocity are compared with those of constant suction 
velocity. The mean velocity, affected by the Grashof 

number G, the Prandtl number P and the Eckert 
number E, was not discussed in [7]. In the present 
study. these effects are also discussed. 

2. MATHEMATICAL ANALYSIS 

Here, a two-dimensional unsteady flow of an 

incompressible, viscous, dissipative fluid past an 

infinite porous plate is assumed. The x’-axis is taken 
along the plate in the vertical direction and the Y’- 
axis is chosen normal to the plate. The fluid is assumed 

to have constant properties except that the influence 
of the density variations with temperature is considered 

only in the body force term. It is also assumed that 
the variations in density in the body-force term does 

not affect the other terms of the momentum and 
energy equations. The variation of expansion coeffi- 
cient with temperature is assumed to be negligible. 
Then the physical variables are functions of Y’ and f’ 
only. Hence following equations govern the flow: 

P’Cp 

The last term in equation (4) represents the heat due 
to viscous dissipation. The present analysis describes 
the flow of fluids rather than gases as the pressure 
terms are neglected. All the physical variables are 
defined in notation. 

In order to get a physical insight into the problem, 
numerical calculations are carried out for different 
values of G, E, P. A and w. The motion being free 
convective, E is very small and its values are chosen 
as 0.01 and 0.02, as these will be more appropriate 
from the practical point of view. In [7], the values of 
E were taken as 0.1 and 0.2. Hence the present results 
are different from those in [7]. In [7], arbitrary values 

At the plate, the suction velocity is assumed to be 

oscillating about a non-zero constant mean, equation 
(3) integrates to 

I.’ = - ~‘~(1 + EA eiw’ ) (5) 

where u,, is the mean suction velocity and F., ,g are 

small such that EA < 1. The negative sign in (5) 
indicates that the suction velocity is directed towards 
the plate. 

Equations (1) and (4) in view of (5) reduce to the 
following non-dimensional form 

where 

y = q)L“/", t = @/4v W = 4vw’/uf, 

The boundary conditions are: 

I.4 = 0, 0 = O,(t) = 1 + E eiwr at y = 0 

U + 0, 0 -+ 0 asy+n_! i 
(9) 

Equations (6) and (7) are the coupled non-linear 
equations governing the flow and are to be solved 
under the boundary conditions (9). Such a system of 
equations with A = 0 is solved by one of the authors 

in [7]. Following this procedure, these equations are 
solved and the solutions for uO, ui, et,, 0, are obtained. 
To save the space, they are not mentioned here. Now 
as in [7], the expressions for the transient velocity, 
the transient temperature, amplitude and the phase 
of the skin-friction and the rate of heat transfer are 
derived. They are shown graphically, followed by a 
discussion. 

DISCUSSION 
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of P were taken. In this study, from realistic point of 
view, water is considered and hence one of the value 
of P is chosen as 7, and al1 the results are shown for 
water. This is a case for water at 20°C. The behaviour 
of water at 49C is quite different from that 20°C as 
the Prandtl number is also different. So to study the 
phenomenon of unsteady free convection in water at 
4”C, the governing equations should be modified. 
This study will be presented in a subsequent paper. 
From the practical point of view, the study of mean 
flow is important. Hence the discussion is divided 
into two parts. In part I, the discussion is confined to 
the mean flow, which was not discussed in [7], and 
in part II, the discussion is confined to fluctuating 
flow. 
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Part I. Mean ,jlow 

FIG. 2. Mean temperature profile. 
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FIG. 1. Mean velocity profile. 
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The mean velocity profiles for water (P = 7) and 
other fluid are shown in Fig. 1. We observe from this 
figure that in case of water, when G is changed from 
5 to 10, there is a 100 per cent rise in the mean velocity 
of water. But with greater viscous dissipative heat, 
there is only l-4 per cent rise in the mean velocity of 
water. There is a drop in the mean velocity as the 
PrandtI number is reduced. In Fig. 2 are shown the 
mean temperature profiles. When G is doubled, the 
mean temperature at y = 05 drops by 44 per cent in 

2 
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5 

FIG. 3. Mean skin friction E = 0.01 ----- : 0.02 ----, 
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case of water. With greater viscous dissipative heat. 
there is also a drop in the mean temperature of water. 
The mean skin-friction is shown on Fig. 3. An increase 
in G leads to an increase in the mean skin-frictioil, 

For P = 7, E = OU. when G is increased from 5 to 10. 
there is a rise of 100 per cent in the mean skin-friction. 

But for P = 3, under similar circumstances, there is :I 
106 per cent rise in the mean skin-friction. This leads 
us to conclude that the rate of decrease in the mean 

skin-friction increases with a drop in the Prandtl 
number. Greater viscous dissipative heat also tedds 

to a rise in the mean skin-friction. 

Part 11. Fluctuatirlq flw 

FIG. 4. Fluctuating part of velocity profile, (; = 5, f< = @Ol. 

There is a rise in M, with increasing o for all A in 
case of water. An increase in A leads to an increase in 
M, whereas an increase in G or E leads to a decrease 

in M, for constant .4 or ox 
On Figs. 6 and 7. Mi is plotted. There is a rise in ?/Ii 

owing to the increase in o. For water, as A is increased 
from 0.3 to 0.7, there is a 19 per cent fall in Mi, and 
when G is doubled, there is a 112 per cent fall in M,. 
The effect of greater viscous dissipative heat is evident. 

On Figs. 8 and 9. the transient velocity profiles are 
shown. We observe here that for LU = 15. P = 7, 
G = 5, E = 0.01, when A is changed from 0 to 0.3. 
there is 4.3 per cent rise in the transient velocity, When 
P = 7, G = 5, E = O,Ol, and w is increased from 15 
to 20, there is a drop of 50 per cent for .4 = 0 and a 
drop of 20.8 per cent when A = 0.3 in the transient 
velocity. This leads us to conclude that in the presence 

M, 

Fir;. 6. Fluctuating part of vclocity prdilc. 6 = 5, E z: OQI 

of the variable suction velocity, the rate of decrease 
in the transient velocity is more as compared to that 
in the presexx of a constant suction velocity. The 
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FIG. 9. Transient velocity profile, A = 0.3, p = 7; UJ = 15: 
E = 0.2, cot = x/2. 

FIG. 7. Fluctuallng part of velocity profiles, p = 7. o = 15, 
A = 0.3. 
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FIG. 8. Transient velocity profile, G = 5, E = 0.01, E = 0.2, 
cut = n/2. 

transient velocity also rises with increasing G. Thus 
from Fig. 9, we observe that when G is doubled, there 
is a 127 per cent rise in the transient velocity. Greater 
viscous dissipative heat also causes a rise in the trans- 
ient velocity. 

As a negligible difference is observed between the 
mean temperature profiles and the transient tempera- 
ture profiles, the transient temperature profiles are 
not shown. We conclude from this that the transient 
temperature is not affected significantly by the fre- 
quency of the oscillating temperature of the plate. 

The amplitude of the skin-friction is shown on 
Fig. 10. While the amplitude rises when the suction 
velocity is a variable i.e. for non-zero values of A. 
Thus when A is changed from zero to 0.3, there is a 
rise of 4.1 per cent in the amplitude of the skin-friction 
for w = 7. For A = 0.3, w = 7, there is a 133 per cent 
rise in the amplitude due to a rise in G from 5 to 10. 
It also rises with increasing E. 

The phase of the skin-friction is shown on Fig. 11. 
As it is observed to be negative for all values of o or 
A, we conclude that there is always a phase-lag. 

The amplitude of the rate of heat transfer is plotted 
on Fig. 12. With rising P, there is a rise in the amplitude 
) Q I. In case of water, when A is changed from zero to 
0.3, there is a rise of 4.3 per cent in ) Q 1 when o = 7. 
Also, the rate of rise in ) Q ) due to an increase in G 
from 5 to 10 is very large in case of water With greater 
viscous dissipative heat, there is also a rise in ( Q I. 

The phase ofthe rate of heat transfer tan c(~, is shown 
on Fig. 13. For small Q, it is negative whereas for 
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FIG. I I. Phase of skin friction 
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FIG. 12. Amplitude of rate of heat transfer. 
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FIG. 13. Phase of rate of heat transfer. 
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large Q, it is positive. Hence there is a phase-lead at 4. 1. Pup, I !icct <II perm&L suction on the unsteady free 

large w. With increasing A, the phase increases at convectiwl flow past a lcrtical porous tlat plate. Rev. 

small w and decreases at large w. Same is the effect of Roum. Sri TechmMe’c. .4ppl. 13, 41-46 (196s). 

G or E. 
5. I. Pop. On the unsteady hydromagnetic free con\cctran 

llow nasl .i vertical infinite flat otate. In&cm J, Phr\ -13. 
196- ioo ( 1969). 
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EFFET DE LA DISSIPATION VISQUEUSE SUR LA CONVECTION NATI’RELLE INSTABLl 
LE LONG DUNE PLAQUE VERTICALE POREUSE AVEC lJNE SUCCION VARIABLE 

RbumC--On presente l’ttude de l’ecoulement instationnaire et btdimensionnel d’un fluide incompressible 
a dissipation visqueuse le long d’une plaque inlinie avec une suction variable. On obtient des solutions 
approchies des equations non tineaires couplees gouvernant t‘ecoulement et on presente des expressions 
pour les parts fluctuantes de la vitesse. la vitesse et la temperature trancitoires. l’amptitude et la 
phase du frottement parietal et pour te flux thermique. L’ecouiement moyen est affect& par G (nombre de 
Grashof),E (nombre d’Eckert) et P (nombre de Prandtl) et l’ecoulement fluctuant est affect& par G, E. I’, A 
(parametre de suction) et cu (frequence). Dans Ic tours de la discussion, l’ecoulement moyen et l’ecoulement 

fluctuant sont consider& s&par&men t 

VISKOSE DISSIPATIONSEFIEKTE BE1 NICHTSTATIONAREK. FREIER KONVEKTtOh 
L.&NGS EINER UNENDLICHEN. SENKRECHTEN PORGSEN PLATTE MIT 

VARIABLER ABSAUGUNG 

Zusammenfassuog-- Es wurde eine zweidimenstonale nichtstionare Stromung eines inkompressiblen. 
viskos- dissipativen Fluids langs einer unendlichen Platte mit variabler Absaugung untersucht. Die 
Nilherungs-Lbsungen der die Striimung beschreibenden gekoppelten, nichtlaminaren Gleichungen wurden 
bestimmt sowie Ausdriicke fur die fluktierenden Anteile der Geschwindigkeit, des Geschwindigkeits- 
iibergangs und der Temperatur, der Amplitude und der Phase der Oberflichenreibung und des Warme- 
iibergangs. Die mittlere Stromung wird durch die Grashof-Zahl (Gr). die Eckert-Zahl (Ec) sowie die 
Prandtl-Zahl (Pr) beeinflusst und die fluktuierende Stromung durch die Kennzahlen Gr. Ec. Pr. cowie 
den Absaugparameter A und die Frequenz cu. Wahrend des Veriaufs der Dikussion wurde die mittlere 

und die fluktuierende Stromung getrennt behandelt. 

BJIHRHHE BFI3KOm +!HICCHIIAI@0I H:\ H~;:C’TA~MOIIAPHYK) C:UOEo#YK) 
KOHBEHHHIO Y BECKOHEYHOm BEPTBHXIbHO~ KIOPMCTOB FL-1 \CTMHbI 

rIPI? ITEPEMEHHOM OTCOW 

AHHOTaqaJi-PaCCMaTplrHaeT~Jl ~B~hlepHaJl 3a;la’la Il~~Tltl~IlOHa~,I10I‘O 06T63HaHHFi i,e(,lio- 

HeYHOti IIJIaCTHHhI HW,NIMa?MOfi BR3KOii ~llCCllIIaTI1lW~Oii IfiIli[KOCTbIO IIpJt ,li~,,~:\l~HII,,.li 

OTCOCe. nOJIY’it?HbI IIpH6JIlW3HHbIe pNK!HWI ~‘IICTCMId Hf%IIlHeiiHbIX ~paB3IeHIlir 11 >, Te’lCII&lR, 

a TaIwe BbIpa~em~ xm ocqnnn14py1o~~~~s JIOMIIOIIHHTOH C”Ol’OCTM, HeCT;I i~PIOH&,~1HbIX 

CKOPOCTEZ PI Te?fnepaT-fpbI, IIOB’c?PXHOCTHO~O T~EHHJI II HHTt3HCRRHOCTU Tf3lI;rO~~~iMeH~l. Ha 
OCHOBHOti IlOTOIC OKX%IBaIOT B;IIIRHIIe 971C.70 I’~mx-Oc~~~ (G), YNC.20 %Wie~JTa (f$ &I qJ,C:lO 

npaHzTJIJ3 (P), a IIyJIbCal{HOHHOe TeqeHltF: 3UillCIlT (>)I’ G, E, f’, IIapaMeTpa OTCOCa 11 &I 

YaCTOTbI w. @eaHW 11 ny.EbCa~HOHHOc TC~I~‘lEBfl fKmMaTpmGUOTCJ3 B OT;[eJhHOCTI1. 


