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Abstract-An analysis of a two-dimensional unsteady free convective flow, in the presence of a foreign mass, 
past an infinite, vertical porous plate is carried out when the plate temperature oscillates in time about a 
constant mean. Assuming constant suction at the plate, approximate solutions to coupled non-linear 
equations are derived for the mean flow, the transient flow, the amplitude and the phase of the skin-friction 
and the rate of heat transfer. During the course of discussion, the effects of Gr (Grashof number based on 
temperature), Gc (modified Grashof number based on concentration difference), Pr (Prandtl number), EC 

(Eckert number), SC (Schmidt number) and o (frequency) have been presented. 
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NOMENCLATURE 

amplitude of the skin-friction; 
specific heat at constant pressure ; 
Eckert number ; 
acceleration due to gravity; 
Grashof number ; 
thermal conductivity; 
fluctuating parts of the velocity 
profile; 
Prandtl number ; 
pressure; 
dimensionless rate of heat transfer ; 
amplitude of the rate of heat transfer; 
dimensionless time; 
temperature of fluid ; 
temperature of the plate; 
temperature of the fluid in the free 
stream ; 
fluctuating part of the temperature 
profile; 
velocity components in x’, y’ 
direction ; 
dimensionless velocity; 
suction velocity ; 
free stream velocity; 
mean of U’(t’); 
dimensionless free stream velocity; 
mean velocity ; 
unsteady part of the velocity ; 
co-ordinate system; 
dimensionless co-ordinate normal to 
the wall ; 
frequency of oscillations; 
dimensionless frequency ; 

skin friction ; 
dimensionless skin friction ; 
non-dimensional species concentration ; 
chemical molecular diffusivity; 
Schmidt number ; 
kinematic viscosity; 
volumetric coefficients of expansion 
with concentration ; 
volumetric coefficients of thermal 
expansion ; 
fluid density in the boundary layer; 
density of fluid in the free stream; 
viscosity; 
dimensionless temperature; 
modified Grashof number ; 
phase angle of skin-friction; 
phase angle of rate of heat transfer. 

1. INTRODUCTION 

THERE are many transport processes occurring in 
nature due to temperature differences. This difference 
causes the density difference. The density difference is 
also caused by chemical composition differences and 
gradients or by material or phase constitutions. This 
can be seen in our everyday life in the atmospheric flow 
which is driven appreciably by both temperature and 
H,O concentration differences. In water also the 
density ,is considerably affected by the temperature 
differences and by the concentration of dissolved 
materials or by suspended particulate matter. The flow 
caused by density difference which in turn is caused by 
concentration difference is known as the mass transfer 
flow. 

Now, free convective flow past vertical plate has 
1363 
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been studied extensively by Ostrach [l-5] and many 
others. The usual assumption in such studies is to 
neglect the viscous dissipative effects in the flow. 
However it was shown by Gebhart [6], Gebhart and 
Mollendorf [7] that viscous dissipative effects play an 
important role in natural convection flow field of 
extreme size, or extremely low temperature or in high 
gravity. These studies are confined to steady flows 
only. In case of unsteady free convective flows Soun- 
dalgekar [8] studied the effects of viscous dissipation 
on flow past an infinite vertical porous plate. It was 
assumed that the plate temperature oscillates in such a 
way that its amplitude is small. 

The effects of mass transfer on free convective flow 
was studied by Somers [9], Mathers et nl. [lo], Wilcox 
[ 111, Gill et a/. [ 121, Lowell and Adams [13], Adams 
and Lowell [14], Cardner and Hellums [ 151, Lightfoot 
[16], Adams and Mcfadden [17], Dan Bouter et al. 
[ 181, Manganaro and Hanna [19], Saville and Chur- 
chill [20] and Gebhart and Pera [21]. In these studies 
it is assumed that the level of species concentration is 
very low. Because of this assumption the 
Soret-Dufour (thermal diffusion and diffusion- 
thermo) effects can be neglected. The free convective 
flow with Soret-Dufour effects has been studied by 
Sparrow et al. [22] and Sparrow [23]. However the 
effects of mass transfer with or without Soret-Dufour 
effects on unsteady free convective flow has not been 
studied in literature at all. Hence it is now proposed to 
study the effects of mass transfer on the unsteady free 
convective flow past an infinite porous plate with 
constant suction. In Section 2, the mathematical 
analysis has been presented and in Section 3, the 
conclusions are set out. 

2. MATHEMATICAL ANALYSIS 

An unsteady free convective flow of a viscous 
incompressible fluid past an infinite vertical porous 
plate, with constant suction is considered. The x’ axis is 
chosen along the plate in the upward direction and y’ 
axis is taken normal to the plate. The concentration 
level being very small, the Soret-Dufour effects are 
neglected in the energy equation. Under these assum- 
ptions, the physical variables are functions of y’ and t’ 
only. Then under usual Boussinesq approximation the 
governing equations are as f0llOWS: 

ad i ap' -= 
at! ,d ay 

Energy equation 

Continuity equation 

I%’ 
-_=O 
a.f 

(1) 

(2) 

(3) 

(4) 

Species 

(5) 

All the physical variables are defined in notation. Also 
in equation (5) the chemical reaction is assumed to be 
absent. The boundary conditions are 

U’ = 0, T’ = Tb(l fc e”““‘), C’ = CL, at y' = 0 

u' -+ 0, T’ + T;, c’ -+ cb, as J’ + rx? 

(6) 

In order to express p: -p’ in terms of T’ and C’, we 
expand p; -p’ in powers of T’ - Tk and C’ - CX, and 
retain the linear terms in T’ - Tj, and c’ - C’:, for we 
assume that {YAT K 1 and o*AC << 1 where /Y = 

[ - (l/p’)(ap’/;T’)l,,.,,, and fi* = [ - (l/p’)(ip’idC)],...,,. 
are respectively the volumetric coefficient of thermal 
expansion and the volumetric coefficient of expansion 
with concentration. This later condition on con- 
centration difference is met in most atmospheric and 
oceanic flows. Hence 

g&,--p’) = g,P’p’(T’-T;)+gJ*p’(C’-C:,). 

(7) 

(Foridealgas behaviourfi* = [(MWa/MWc)- 111/p’, 
where M WC is the molecular weight of diffusing species 
and M Wu refer to the other component). Hence from 
(1) and (7) we have on eliminating g,(p’, -P’), 

where v = p/c, is the kinematic viscosity. 
If the constant suction velocity is assumed, then in 

case of a binary mixture, it can be shown that 

where p, and pi are respectively the density and 
viscosity of the foreign mass assumed constant. Also 
the negative sign in (9) indicates that the suction is 
towards the plate. 

On introducing the following non-dimensional 
quantities 

Y = Y’volV, t = t’V;2/4v, (0 = 4vw’/T/d 

Gr = EC = 
V;’ 

C,(T:.- T;) 

Gc = w,P*(C - C’,) 
v;3 > SC = vlD 

(10) 

and taking into account equation (9), equations (3), (5) 
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and (8) reduce to the following non-dimensional form: 

----=Grfj+GcC+2U 1 au au 
4 at ay ay2 

or ae Tat - Plas = aze + prfic fztr 
2 

ay aY2 c 1 ay 

(11) 

(12) 

SC ac Qdt_sciic=d2c 
ay ay2. (13) 

The corresponding boundary conditions are 

u=O,B=B,=(l+c:e”‘*),C=l at y--O 

u=O,t?=O,C=O as y-*00. 

04) 

Assuming the small amplitude oscillations, we can 
represent the velocity u, the temperature tI and con- 
centration C near the plate as follows: 

u(y, t)= u&)+~e'"'u,(y) iw 

&y, tf = B,(y)+~e”“‘B~(y) (16) 

C(y, t) = C~(y)+&ei’,*C~(y~. (17) 

Substituting (15)-(17)in (11)~(14), equating the coef- 
ficients of harmonic and nonharmonic terms, neglect- 
ing the coefficients of s2, we get 

u; + ub = - Grf?, - GcCe (18) 

u;+u’, -yuI = -Grd,--GcC, (19) 

e,; + Pre’, = - PrEcuf (201 

imPr 
f?;+PrB; - 4 -Ql = -2PrEcubu; (21) 

iwSc c;+scc; --+ =o 

fig = 0, U, = 0, 8, = I, 8, II; 

C, = 1, C, =0 at y =0 

~,=o, U1 =o; eO=o, e,=o; (24) 

c,=o, c,=o as p-+00. 

In equations (18 j(24) primes denote differentiation 
with respect toy. These equations are still coupled and 
nonlinear and hence very ditKcult to solve an~ytically. 
To solve them, we again expand ue, ur, Be, @,, C,, C, in 
powers of Ec, the Eckert number, as the Eckert number 
for ail incompressible fluids is always << 1. Hence we 
now assume 

U,(Y) = u,,iY)+Ecu,ziY)fOiEcZ) (25) 

e,(Y) = e,,(Y)+Eceo2iY)~oiE;c2) (26) 

WY) = C,,(Y)+~cC,2(Y)+OiEc2) (27) 

u,(y) = ~ll(y)+Ecu,z(y)+O(Ec~) (28) 

e,(Y) = e11(Y)+Ece,2(Y)Co(Ec*) (29) 

c,W = C,,(y)+~cC,,Cv)fO(Ec2). (30) 

Substituting (25j(30) in (18)-(24), equating the coef- 
ficients of different powers of EC, we have the set of 
following equations: 

$1 +u;t = - Grf3,, - GcC,, (31) 

us2 + ub2 = - GrtI,, - GcC,, (32) 

u;, +u;, - yu,, = -GrB,,-GcC,, (33) 

io 
~l;~-i-i& - --u12 = -GrB,2-GcC12 

4 (341 

&, +Pd&, = 0 (35) 

f?& + Pr&, = - Pru$, (36) 

iwPr 
8;,+PrB;, -4e,, =0 (371 

iwPr 
8;,fPrB;, -Te,2 = -2Pr&u;, (38) 

c;,+scc;, -yscc,, =o 

c;2+scc;2 -yscc,, =o (42) 

uol = 0, eel = I, co1 = 1 
UC)2 = 0, eoz = 0, co2 = 0 
U 11=0, etr=1, c,t=o at Y=O (43) 

U ,2=o, e,,=o, c12=o 

u o2 = 0, e,, = 0, c,, = 0 
u,,=o, ell=o, cll=o as Y-ice W) 
t4 12=0, e,2=0, c,,=o 

Equations (31 f-(42) are coupled linear equations and 
can be solved in closed form. The solutions are derived 
and substituted in (25)-(30). They are as follows: 

C,(y) = eesCY (45) 

e,ty) = e-P’Y+Ec{X, e-P’Y-X2e-2Y 
_&e-2P~Y-X,e-2scY+Xse-(P’+“Y 

+X6e-~S”+l”_X,e-‘Pr+Sc’Y 
1 

(46) 

u,(y)= fl+B,e-Y-B3e-Pry-8,e-SCP) 

+&, e-2SC.Y_X,2e-(Pr+l)Y 

-&3e-(sc+‘)Y 

+_y14e-wr+Sc)Y} 
(47) 

e,(y) = e-"Y+Ec{Zs(e-("+'~)Y_e-"Y) 
+z4(e-(P*+hlY-e-‘1Y)+zs(e-tS’+~i)Y_e-rry) 

+ Z6(epcs c+k)v_e-au)_z,(e-fn+"~_e-'Iy) 

-z,(e-“+“Y_e-w)) 

(48) 
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U,(y) = B6(e-fiy-e-“y)+~~~Z~~(e-hy-e-‘~y) 

-e 

+)z,,(e-“-e-‘P”“‘Y)+Z,,(e-hY 

-_(Pr+hly 

_Z13(e-hY_e-(Sc+‘f))‘+Z,J(e-h’ 

_e-(.Sc+h~~) 

_z,s(e-hy_e-“i*‘)“)_z,,,(e-‘l~ 

_e-(h+W)) 

(49) 

x3 = 
2Pr2B, B, 2PrB, ScB, 

Pr+l ’ x6 = (Sc+ l)(Sc-Pr+ 1)’ 

x, = 
2Pr2B, Ba 

(Pr+Sc)(Sc-Pr+l)’ 

x, =x,+x,+x,-x,-x,+x, 

X, = 2, x, = C$ x,, = 4p;;f;Pr, 

XI, = 
GrX, GrX, 

4sc2 - 2sc ’ x12 = Pr(Pr$l)’ 

x13 = 

GrX, GrX, 

Sc(Sc+l) x14=(Pr+Sc)(Pr+Sc-1)’ 

x,, = x,-x,-x,, -x,, fX$2+X13-X14r 

?= 
Pr+JTTLFi l+JE% 

2 
,h= 2 . 

iwPr 
M,+, M2v4, 

z, = 
-Gr Gr 

rl2_4-M,’ ” = r/‘-q--M,’ 

2Pr2ScqZ, 

” = (Pr+q)‘-Pr(Pr+q)+Mz’ 

z, = 
2Pr2B, hZ, 

(Pr+h)‘-Pr(Pr+h)+M~’ 

2PrScqZ, B4 

” = (Sc+t~)2-Pr(Sc+q)+Mz’ 

z, = 
2PrhZ, Sc3, 

(~+SC)~ -Pr(h+Sc)+ M,’ 

z, = 
2PrqB,Z, 

(v+l)‘-Pr(q+l)+Mz’ 

2PhZ, B, 

” = (h+i)Z-PPr(h+l)+Mzf 

z, = -z3-z4-zs-z6+z7+zs, 

z ___Grzy 
10 - 

~. 

‘I’-q+M,’ 

GrZ, 

‘I1 = (Pr+q)*-(Prfq)+M1’ 

GrZ, 

‘I2 = (Pr+-h)2-(Prfh)+M, ’ 

GrZ, 

‘I3 = (S~+f?)2-(Sc~)~~~M, ’ 

z14 = 
GrZ, -____ 

(~~+~)‘-(Pr+~~~+M, ’ 

z,, = GrZ, 

(1+l)2-()?fl)+M1’ 

GrZ, 

Substituting (4S)-(49) in (15)-(17), we get the ex- 
pressions for the velocity, the temperature and the 
concentration profiles. These can now be expressed in 
terms of fluctuating parts of the unsteady part as 
follows : 

u(y,tl= u,(lJ)+“(M,cosor-Misinwti 

(50) 

Q(JJ, t) = (J,(J)) + E( T,cos wt - T sin or) 

where 

(51) 

M,+iM, = u, 

T,si7; = 8, i 
(52) 

where u, and Bt are given by (49) and (48) respectively, 
Hence we can now obtain the expressions for the 

transient velocity and tem~rature profiles from 
(SO)-{5 1) respectively, for cut = 7r/2 as 

and 

u(y, 11,‘2w) = uo(y)-zMi (53) 

8(J’, n/2w) = e,(V) - ET. (54) 

Here ue and 0, are respectively the mean velocity 
and mean temperature and it can be seen from (47) and 
(46) that they are considerably affected by the Grashof 
number Gr, the modified Grashof number Gc and the 
Schmidt number SC. Hence it is necessary to know 
these effects from the point of view of an experimen- 
talist. As such ex~riments have not been carried out in 
literature, our predictions may be found useful for 
carrying out the experiment. 

Now during the course of numerical calculations in 
this paper, the values of Gr and Gc are chosen 
arbitrarily whereas in order to be realistic, the value of 
Prandtl number is chosen in such a way that it 
represents air (I-9 = 0.71) and water (Pr = 7). The 
value of Schmidt number is chosen in such a way that 
they represent the diffusing chemical species of most 
common interest in air and water. 
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Table 1. Thermodynamic and transport properties at 25°C 
and 1 atm 

Species 
H* 
He 
Hz0 
NH, 

SC Species 
0.24 air CO, 
0.30 air Arbitrary 
0.60 air Cl, 
0.78 air 

SC 
1.002 air 
100 water 
617 water 

MEAN FLOW 

In Fig. 1 the mean velocity profiles are shown for 
different values of Gr, Gc and SC. It is interesting to see 
that, due to the presence of H,, the mean velocity 
increases. But in the presence of He, H,O, NH3, CO,, 

“0 

6.0 - 

4.0 

2.0 

0 1.0 2.0 3.0 4.0 
Y 

FIG. 1. Mean velocity profiles, Pr = 0.71, EC = 0.01. 

though there is a rise in the mean velocity it is not so 
high as in case of H,. If we define all other gases as 
heavier one as compared to H, which can then be 
called a lighter one, then we observe that when Gr and 
Gc are constant, the rise in the velocity is very high in 
the presence of a lighter gas. In order that our results 
may be found useful to an experimentalist, we give 
below the percentage changes. Thus for Gr = 5, Gc 
= 2, there is 162.5% rise in the maximum value of 
mean vefocity when H, is present, 47.5% rise when 
H,O is present and 20% rise when CO, is present. 
Again an increase in Gr or Gc leads to an increase in the 
mean velocity. However in order to get more insight 
into the physical nature of this problem due to a rise in 
Gr and Gc in case of light 7r heavy gases, we observe 
that for Gr = 5, when He (SC = 0.30) is present and Gc 
is increased from 2 to 4 there is 13.3% fall in the value of 
maximum mean velocity whereas when H,O (SC 
= 0.60) is present, under similar circumstances the 
maximum mean velocity increases by 37.3%. Hence 
this study leads us to conclude that the effect of 

increasing Gc in case of a light gas is to reduce the mean 
velocity and in case of heavy gas the mean velocity 
increases. To find out a similar effect of increasing Grin 

case of light and heavy gas, we see from Fig. 1 that for 
Gc = 2 there is an increase of 77.7% in the value of the 
maximum mean velocity in the presence of He and Gr 

is increased from 5 to 10 whereas in the presence of 
H,O, under similar circumstances there has been 
observed to be 3.4% reduction in the value of maxi- 
mum mean velocity. Hence the effects of Gr and Gc 
are opposite to each other in the presence of a light or 
heavy gas. 

On Fig. 2, the mean velocity and mean temperature 
for water are shown. The value of Sc in case of water is 

1.0 

a7 

“0 

0.5 

0.2 

O- 

‘5 

O- 

S- 

1. 
0 

II- 
I- 

2 617 II 

Mcon temperature 

- I.( 

0. 

-0 

.I 0. 

/ 

J 
0 

JO 

.75 

80 

so 

25 

FIG. 2. Mean profiles. Pr = 7, EC = 0.01. 

always very high for all types of concentration. Thus 
SC = 617 represents Cl, whereas SC = 100 is an arbit- 
rary chosen value. We observed from this figure that 
an increase in SC leads to an increase in the mean 
velocity and a fall in mean temperature. 

On Fig. 3, mean temperature profiles are shown. It is 
observed that there is always a rise in mean tempera- 
ture due to the presence of a foreign mass. However the 
mean temperature decreases due to an increase in Se 
and for air at high values of SC the mean temperature 
may become less than the one observed in absence of 
foreign mass. In order to study the effects of Gr and Gc 
for light or heavy gases we observe that when SC 
= 0.30, Gr = 5 and Gc is increased from 2 to 4, there is 
9.6% increase in the mean temperature at y = 0.2 and 
when SC = 0.30, Gc = 2 there is 8.6% rise in the mean 
temperature due to a change in Gr from 5 to 10. Under 
similar circumstances when SC = 0.60 there is 3.3% rise 
in mean temperature when Gc is increased from 2 to 4 
and 6.6% rise in the mean temperature when Gr is 
increased from 5 to 10. This leads us to conclude that 
the rise in mean temperature is more due to an increase 
in Gr or Gc when a light foreign gas is present. 
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0.6 

0.4 

0.2 

0 

Gr Gc Gc 

5 0 0 5 2024 i 
5 2 0.30 m 
5 20.60 Ez 
5 2 0.78 P 
5 2 1.002 m 
5 4 0.60 PII 

Y - 

3.6 

3.4 

3.2 

FIG. 3. Mean temperature profiles. Pr = 0.71, EC = 0.01 

Knowing the mean velocity field, from the practical 

point of view it is important to know the effects of mass 
transfer on mean skin friction. It is given by 

4” = p(du’/dy) at y’ = 0 (55 1 

and in view of (10) and (15), (55) reduces to the 
following 

i = (ub+eei’Vr)Y=o. (56) 

Denoting the mean skin friction by [, we get 

due I 
~“=dyl,=, 

substituting (47) in (57) we have 

[,,, = -B,+B,Pr+ScB, 

+ x5 X6 X7 -++_-_ 
Pr+l Sc+l PrfSc 

(58) 

The numerical values of &,, are entered in Table 2. 
We observe from this table that the mean skin 

friction increases due to presence of either H,, He, 
H,O, or NH, whereas in the presence of high Schmidt 
number gases the mean skin friction decreases. An 
increase in Gr or Gc leads to an increase in the value of 
mean skin friction. But in the presence of lighter gas the 
increase is more as compared to one in the presence of 
heavier gas. The effect of Gr is the same. 

We now study the effects of the foreign mass on the 
mean rate of heat transfer. The rate of heat transfer is 
given by 

q’ = -k!E 
af (59) 

y’= 0 

Table 2. Values of mean skin-friction 

EC = 0.01 
Pi- Gr Sc/Gc 0 3 4 

0.71 5 0 8.496 
0.24 23.14 33.4 
0.30 1 19.09 26.0 1 
0.60 11.92 12.39 
0.78 9.43 5.18 
1.002 - I .6002 - 6.4016 

10 0 18.57 
0.30 45.018 64.19 
0.60 25.592 26.70 

Values of mean rate of heat transfer 

Ec = 0.01 
0.71 5 0 0.57425 

0.24 0.06072 - 0.85042 
0.30 0.20328 -0.41042 
0.60 0.43427 0.24499 
0.78 0.47748 0.35449 
1.002 0.50673 0.11524 

10 0 0.23614 
0.30 -0.34802 - 1.1749 
0.60 - 0.00437 -2.9419 

which in view of (10) reduces to 

dv dt’ 

4=kt,o(T;-T;)= -dj,=, 

Then the mean rate of heat transfer is given by 

q,= _!y!! 

(60) 

UY ly=o 

Substituting for B. from (46) in (61) we have 

q,,, = -Pr+Ec(X,(2Sc-Pr)+X,(2-Pr) 

+X,Pr+X,Sc-X,--X,(.%+1 -Pr)}. 

The numerical values of q,,, are entered in Table 3. 
We observe from this table that due to the presence of a 
foreign mass the mean rate of heat transfer always 
decreases and it decreases more when Gr or Gc 

increases. 

UNSTEADY FLOW 

The velocity and temperature fields as given by 
(15)-( 17) respectively can be expressed in terms of the 
fluctuating parts as follows: 

u = u,(y)+~e”“(M,+M~) (62) 

0 = B,(y)+ee”“‘(T,+i~) (63) 

where M,+iM, = ul(y) and T,+iT = O,(y). We can 
now write expressions for transient velocity and 
transient temperature from (62) and (63) for wt = n/2 
as follows: 

u(y, n/3w) = uo(y)-cMi (64) 

e(y, TI/Zw) = Oo(y)-eT. (65) 
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Table 3. Values of )Bl the ampIitu~e of the skin-fiction 
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EC = 0.01 
Pr Gr Gc SC/W -+ 5 10 \ 15 

0.7 1 5 

10 

7 5 

10 

0 7.0524 4.428 1 3.0588 
0.24 9.2953 6.2120 4.1446 
0.30 9.0015 6.0547 4.0327 
0.60 8.7120 6.1374 4.1775 
0.78 9.3275 6.2285 4.3571 
1.002 195.64 120.57 88.22 

0.24 11.510 7.7015 5.1337 
0.30 10.918 7.3286 4.8768 
0.60 10.383 7.4583 5.0722 
0.78 1 f .653 7.8126 5.47 14 
1.002 397.9799 245.36 179.39 

0.24 53.303 36.645 24.457 
0.30 52.079 36.058 24.027 
0.60 50.652 35.542 24.235 
0.78 53.100 35.174 24.768 
1.002 766.04 472.36 345.36 

100 0.62745 0.56304 0.50678 
617 0.62746 0.56305 0.50679 

100 0.62746 0.56304 0.50678 
617 0.62746 0.56305 0.50679 

100 1.2386 1.1269 1.0169 
617 1.2386 1.1270 1.0169 

33.1 

27. 

” 

i5.1 

9. 

3. 

The transient velocity and transient temperature as 
calculated from (64) and (65) are shown on Figs. 4-6. 
We observe from Fig. 4 that the effects of Gr, Gc and SC 
are the same as that in case of mean flow. 

We only consider here the effect of frequency o on 
the transient velocity in the presence of a foreign mass 
especially in the presence of H, (SC = 0.24) and H,O 
(SC = 0.60). 

Gc SC 

: ki%2 
2 0:60 
4 0.60 

xi% 
2 Ok0 

w 
IFi 
2 
5” 
IO 

FIG. 4. Transient velocity protiles. Pr = 0.71, EC = 0.01, cot Fm. 5. Transient profiles. Pr = 7. EC = 0.01, mt = n/2, E 
= R/2,,z = 0.2. = 0.2. 
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Thus when Gr = 5, Gc = 2, SC = 0.24, an increase in 
w from 5 to 10 leads to an increase of 181.8% in the 
value of maximum transient velocity of air, but under 
similar conditions when SC = 0.60 there is 73.3% risein 
the maximum transient velocity. Hence the effect of 
frequency on the transient velocity is more significant 
when a light foreign mass is present. From Fig. 5 we 
observe that in water, an increase in w also leads to an 
increase in transient velocity. From Fig. 6 the trend of 
the effect of Gr, Gc and SC is same as in the case of mean 

Transient veloctty Transient tunpemtu 
profiles 

SC w 
2 100 5 I 
2 617 5 II 
2 100 IO m 
2 617 IO E! 

0.25 

0.05 u 
1.0 2.0 3.0 3.0 2.0 

Y 

20 

75 

B 

50 

.25 



1370 V. M. SOUNDALGEKAR and P. D. WAVRE 
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, I.0 2.0 3.0 4.0 
Y 

FIG. 6. Transient temperature profiles. Pr = 0.71, EC = 
cot = n/2, E = 0.2. 

01, 

temperature profiles except when Gr = 5, Gc = 2, SC 
= 1.002 (CO,), w = 5 and Gr = 5, Gc = 2, SC = 0.24 
and w = 10. 

Thus we observe that in the presence of CO, the 
effect of the frequency o is very significant on the 
transient temperature profiles. There is significant rise 
in transient temperature due to the oscillatory flow in 
the presence of CO,. The curve (VII) is also significant 
in character. In the presence of H, an increase in w 
completely changes the nature of the transient tem- 
perature profile. From the nature of this profile, we 
conclude that the flow may become thermally unstable 
when the plate temperature is oscillating in the 
presence of H,. 

It is now proposed to study the behaviour of the 
amplitude and the phase of the skin friction. From (56) 
and (49). we have 

[ = im+Cei”“(Z2(9-h)+Er[(rl-h)Z,, 

+(Pr+~-h)Z,,+PrZ,,-Z,3(Sc+?-h) 

iZ,,Sc-Z,,(Sc+B-h)-Z16]). (66) 

We can express (66) in terms of the amplitude and 
phase of the skin friction as 

[ = i,,, + cJ BJ cos (OX + a) (67) 

where B = B, + iB, = coefficient of E e”“’ in (66) and 

tanu = B,JB,. (68) 

The numerical values of /Bl are entered in Table 3. It is 
observed from this table that due to the presence of a 
foreign mass in air, the amplitude of the skin friction 
increases but an increase in w leads to a decrease in the 
amplitude IBJ. Whkn SC 5 1 the increase in the value of 
1 BI is very sharp. An increase in Gr or Gc also leads to 
an increase in amplitude of skin friction. To get more 

insight into the effects of increasing Gr or Gc in the 

presence of light or heavy gas, we now present these 
results quantitatively. Thus for Gr = 5, w = 5. and SC 
= 0.30 the value of the amplitude of skin friction 
increases by 21.1% when Gc is increased from 2 to 4 
and for SC = 0.60 under similar circumstances it 

increases by 18.4%. This leads us to conclude that the 
effect of Gc is more prominent in the presence of a light 
gas. In order to find the effects of Gr we see that for Gc 
= 2, w = 5 and SC = 0.30 there is an increase of 
477.7% in the value of JBI when Gr is increased from 5 
to 10, and under similar circumstances for SC = 0.60 

there is 481.6% increase in the value of IBI. Hence we 

conclude that an increase in Gr is more effective in the 

presence of a heavy gas. In case of water the amplitude 
of skin friction is affected by Gr, Gc or SC in significant 
manner. However, the effect of w remains the same. 

In Table 4 the values of tana, the phase of skin 
friction, are entered. We observe from this table that 
when the value of w or SC is large, the values of tan x are 
positive and hence there is a phase lead. Again when Gr 
is large the values of tan CI are again positive and hence 
there is a phase lead. Otherwise there is always a phase 
lag. But in case of water there is always a phase lag. 

We now study the amplitude and phase of rate of 
heat transfer. From (60) and (48) we have 

4 = q,+ee”“(~+Ec(PrZ,-Z,(y-h-h) 

+Sc.Z,-Z&J-SC-h)-Zi+Z,(q-h-l)]. (69) 

This can be expressed in terms of the amplitude and 
phase of the rate of heat transfer as follows. 

4 = %+ElQlcos(Wf+8) (70) 

where 

Q=Q,+iQi 
= coefficient of 6 e”” in (69) 

and 

(71) 

tanB = QJQR. (72) 

The numerical values of IQ1 and tanp are entered in 
Table 5 and 6 respectively. We observe from Table 5 
that due to the presence of a foreign mass. the 
amplitude of the rate of heat transfer increases. When 
SC _ 1, it increases sharply. An increase in Gr and Gr 
leads to an increase in the value of IQ/. To get more 
insight into the effects of Gr or Gc in the presence of 
light or heavy gas, we present some results quanti- 
tatively. Thus for Gr = 5, w = 5 and SC = 0.30 when 
Gc is increased from 2 to 4 there is a 20% rise in the 
value of IQ1 and under similar conditions for SC = 0.60 
there is a 17.5% rise in the value of IQI. Hence the effect 
of Gc is more when the light gas is present. Again for 
Cc = 2, w = 5 and SC = 0.30 there is 176% rise in the 
value of IQ1 when Gr is increased from 5 to 10 and 
under similar conditions for SC = 0.60 there is 178.4?,, 
rise in the value of IQI. This leads us to conclude that 
the increase in IQ1 due to increasing Gr is more in the 
presence of a heavy gas. It is interesting to note that in 
the case of air and in the presence of a foreign mass, an 
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Table 4. Values of tan a, the phase of skin-friction 

Pr Gr Gc 
EC = 0.01 

SC/W-+ 5 10 15 

0.71 5 0 0 -0.01379 0.011371 
2 0.24 -0.076476 0.068020 

0.30 -0.085887 0.044373 
0.60 -0.098809 -0.089914 
0.78 - 0.079035 - 0.090947 
1.002 0.14884 0.14408 

0.061993 
0.16725 
0.14926 
0.03583 

0.33142 

4 0.24 - 0.034556 0.12664 0.24658 
0.30 - 0.046264 0.10062 0.22590 
0.60 -0.062816 -0.69511 0.066551 
0.78 - 0.036587 - 0.054387 0.095147 
1.002 0.14363 0.13866 0.32409 

10 2 0.24 0.062737 0.23853 0.40772 
0.30 0.058289 0.21598 0.39332 
0.60 0.05 1076 0.080795 0.27483 
0.78 0.059274 0.066533 0.26041 
1.002 0.143678 0.13701 0.32188 

7 5 2 100 -0.30363 - 0.43074 - 0.50672 
617 -0.30363 - 0.43074 - 0.50672 

4 100 -0.30362 -0.43073 -0.50671 
617 - 0.30364 - 0.043075 -0.50672 

10 2 100 -0.34419 - 0.46382 -0.53337 
617 - 0.34420 - 0.46383 -0.53337 

Table 5. The values of IQI, the rate of heat transfer 

Pr Gr Gc 
EC = 0.01 

Sclo-, 5 10 15 

0.71 5 0 0 3.0180 2.977s 3.0216 
2 0.24 3.8694 3.6888 3.6297 

0.30 3.7564 3.5899 3.5446 
0.60 3.6627 3.4997 3.4671 
0.78 3.9220 3.7099 3.6476 
1.002 77.403 66.698 60.012 

4 0.24 4.7324 4.4253 4.2687 
0.30 4.5045 4.2244 4.0938 
0.60 4.3158 4.0454 3.9380 
0.78 4.8393 4.4775 4.3135 
1.002 157.68 136.02 122.50 

10 2 0.24 10.622 9.413 8.6929 
0.30 10.39 9.2020 8.5046 
0.60 10.198 9.0047 8.3292 
0.78 10.729 9.4492 8.7269 
1.002 151.74 130.95 f 17.92 

7 5 2 100 7.1976 7.8160 8.4795 
617 7.1970 7.8155 8.4792 

4 100 7.1976 7.8159 8.4795 
617 7.1970 7.8155 8.4792 

10 2 100 7.1082 7.7472 8.4258 
617 7.1057 7.7455 8.4246 
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Table 6. The value of tan /?, the phase of rate of heat transfer 

EC = 0.01 
Pr Gr Gc SC/W--t 5 10 15 

0.71 5 0 0.02193 0.09630 0.16324 
2 i.24 -0.05597 0.00084 0.05869 

0.30 - 0.04876 0.01092 0.07046 
0.60 - 0.04249 0.01968 0.0808 1 
0.78 -0.05931 -0.00401 0.05351 
1.002 -0.31257 -0.41326 -0.04777 

4 0.24 -0.09965 - 0.06097 -0.01464 
0.30 -0.89773 - 0.04678 0.00249 
0.60 - 0.08087 - 0.03440 0.17652 
0.78 -0.10416 -0.06875 - 0.023 1 I 
I.002 -0.30607 -o&x4 - 0.46056 

10 2 0.24 -0.20915 -0.23125 - 0.22762 
0.30 -0.20719 - 0.22832 -0.22363 
0.60 -0.20553 -0.22629 - 0.22060 
0.78 -0.21014 -0.23413 -0.23075 
1.002 - 0.30632 -0AOlS3 -0.46118 

7 5 2 100 0.16846 0.28660 0.36593 
617 0.16845 0.28659 0.36592 

4 100 0.16846 0.28660 0.36593 
617 0.16845 0.28659 0.36592 

10 2 100 0.17192 0.29141 0.37103 
617 0.29140 0.37099 0.42753 

increase in w leads to a decrease in the value of IQ1 7. The effects of increasing Gr or Gc on the mean 
whereas in the.case of water under similar circum- temperature is more when a light gas is present. 
stances, IQ1 increases with increasing w. 8. Due to the presence of the foreign mass of low 

Table 6 shows that in air for all o and in absence of Schmidt number, the mean skin friction, for air, 
foreign mass there is always a phase-lead but when w is increases. But at high values of SC, for air, the mean 
small and SC is also small there is a phase-lag. However skin friction decreases. 
for large SC and large w there is again observed to be a 9. The mean skin friction also increases with an 
phase lag. At large values of;Gs and Gc there is always increase in Gr or Gc. 
observed to be a phase-lag for all w. But in the case of 10. The mean rate of heat transfer for air, decreases 
water there is always a phase-lead. due to the presence of a foreign mass. It decreases more 

due to increasing Gr or Gc. 
3. CONCLUSIONS 11. Both in air and water in the presence of a foreign 

Air mass, the transient velocity increases with increasing 
1. There is a rise in the mean velocity in the presence w. 

of a light gas. 12. JB1 increases due to the presence of a foreign 
2. In the presence of light gas and increasing Gc mass in air and decreases with increasing w. IBJ also 

leads to a decrease in the mean velocity whereas it increases with increasing Gr or Gc. 
leads to an increase in the mean velocity in the 13. At large values of W, SC or Gr, for air, there is a 
presence of a heavy gas. phase lead, otherwise there is always a phase lag. 

3. An increase in Gr leads to an increase in the mean 14. In water there is always a phase-lag. 
velocity when a light gas is present and the mean 15. IQ1 increases due to the presence of a foreign 
velocity is reduced due to an increase in Gr when a mass and the increase is sharp when St _ 1. IQ/ 
heavy gar is present. increases with increasing Gr or Gc for air. 

t6. At small values of o and SC, there is a phase-lag 
Water in case of the rate of heat transfer. 

4. An increase in SC leads to an increase in mean 
velocity and a fall in mean temperature. 

5. Due to the presence of a foreign mass, there is 
always a rise in the mean temperature of air. 

6. At high values of Sc, in air, the mean temperature 
may become less than the one observed in the absence 
of a foreign mass. 

1. 
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CONVECTION NATURELLE INSTATIONNAIRE AUTOUR D’UNE PLAQUE VERTICALE 
AVEC TRANSFERT MASSIQUE CONSTANT PAR ASPIRATION 

R&urn&-On analyse la convection naturelle, bidimensionnelle et instationnaire autour d’une plaque 
poreuse, verticale, infinie, et avec une temp&rature qui osciile dans le temps autour d’une moyenne 
constante. En admettant une aspiration constante, on obtient des solutions approchees des tquations 
coupl&es et non lineaires, pour I’koulement moyen, 1’6coulement variable, I’amplitude et la phase du 
frottement par&al et le flux thermique. On prbente, dans la discussion, les effets de Gr (nombre de 
Grashof bask sur la tempbrature), Gc (nombre modifik de Grashof bask sur la diffkrence de concentration), 

Pr (nombre de Prandtl), E (nombre d’Eckert), SC (nombre de Schmidt) et o (frkquence). 

INSTATIONARE FREIE KONVEKTION AN EINER UNENDLICH 
AUSGEDEHNTEN. VERTIKALEN PLATTE MIT KONSTANTER 

ABSAtiGUNG UND STOFFUBERGANG 

Zusammeofassung-Es wird die zweidimensionale, instationire freie KonvektionsstrGmung in Anwesenheit 
von Fremdstoffen an einer unendlich ausgedehnten, poriisen, vertikalen Platte mit periodisch veranderlicher 
Plattentemperatur untersucht. Unter Annahme einer konstanten Absaugung an der Platte werden 
NHherungslGsungen der gekoppelten, nichtlinearen Gleichungen fiir die Str%ung, den Verlauf der 
Wandreibung und den Wirmeiibergang abgeleitet. Der EinfluB von Gr (Temperatur:Grashof-Zahl), Gc 
(modifizierte Konzentrations-Grashof-Zahl), Pr (Prandtl-Zahl), Ec (Eckert-Zahl), SC (Schmidt-Zahl) und 

w (Frequenz) wird diskutiert. 

HECTALH40HAPHOE 06TEKAHME 6ECKOHEqHOR BEPTMKAJIbHOR IlJIACTMHbI 
B YCJ-IOBMIIX CBOBOAHOffi KOHBEKUMM C IlOCTO~HHbIM OTCOCOM 

I4 MACCOl-IEPEHOCOM 

Aimo~au~n - ti3yraeTCtl Ht?CTaUHOHapHOfZ 06TeKaHHe 6eCKOHC’iHOfi IIOpkiCTOfi llflaCTWIib1 B yC,IOBHHX 

CBO6OnHOti KOHBCKURW llpli HWIW’JWH kiHOpOAHOfi MLiCCbI B CnyYae OCUAJIJIRUWW TCMIICpaTypbI OKO,IO 

IIOCTORHHOI’O 3HaWHUR. B npennonox(emi&i IlOCTORHHOrO OTCOCa Ha IlOBCpXHOCTki llOJIy’ieHb1 npe6nu- 
H(eHHbIe ~IIIWHSI CHCTeMbI HeJlHH&HbIX ypaBHCkf%ik .ilJlR OCpCntrWHOrO IlOTOKSL, HCYCTaHOBWBlLIeI-OCR 

noToxa ah,4nnHTynbr w +a361 noaepxHocTHor0 TpeHmr, a TaKxe ana Tennot3oro noToKa. 
06cyxnaeTcn mmwie wcen rpacro+a (Gr), Mone&iueposaHttoro rpacro$a (Cc), IIpaenma 

(pr), 3KKepTa (&), NMvlsLlTa (SC) W WCTOTbI Kone6aniiB W. 


