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ABSTHACT. An approximate solution to tlll~ laminar ftmv of an elastico-visco\ls fluid pa.o;.;t.a vertical
infinite porous plate is prcscnted Hnder following conditions: 1) Constant sHctioIl ,"clocity, 2) Frec-
stre3111 oseillating aho\lt a IlOlI-zero constant lIIeall, 3) Presencc of frec-collvection currelits. The
transient velodty ami tcmperature are sho\\'1l 011 graphs. The nUlIleriral vallles of the IIIcan
skin-frict.ion, thc lIH'an Nussclt IlulIlher, the amplitudc and the pllasc of lJI!' skin-frict.ion and the
amplit.ude and lhe phase of lIle first aJl(1 secolJd harmonic of the Nusseit IlllIllber an' listed in
Tables. The elfens of w (frequene)"), G (the Grashof numl",r), E (the E•.ken tlumber). l' (the
Prandtl nllmber), fi (tlle elastic paramcter) alld S (suetioIl parameter) are discllssed.

RESUMEN. Se presenta una soluci6n aproximada al flujo de \ln fluido viscoelástico a t.ravés de
una placa porosa v{'rtical e infinit.a, eOIl las siguientes condiciones: 1) velocidad de succi6n con-
stantP, 2) corriente libre oscilante e infinita airl'dedor de IIna media constante distinta de cero,
3) pr(,sPllcia de corrientes de convección libre. Se presentan grMicas de la velocidad transitoria y
la temperatura. Se presentan PIl tablas los ,"alores nUIIH:-ricosde la fricciúu superficial IIlPdia. el
número de r\usselt medio, y las amplitudes y fases de la friccióu superficial media y del primer0.Y
segundo armónicos del mhnero de Nusselt. Se discutcnlos efl'ctos de w (frecueIlcia), G (número de
Grashof). E (número de Eckert)! P (núIIlrro de Prandtl), fi (parámetro plástico) y S (parámetro
de succión).

PAC5: .17.50.+<1; 8:\.50.5p

l. INTRODUCTION

Oscillalory f!ows p'L,l semi-inlinile bodies werc !irsl slndicd by Li~hlhill [1J, Lin [2] on
the éLo;.;sllmptioll of small and fillitc amplit.lldc, respedivcly. Stllart [:~] considered the
oscillat.ory How IHL>.;tHn illfinit.e horizontal porolls plat.e with constant sllctioll. But the
suct.ion effect WéL>';Bot considen~d explicitly. lIeBee Sotllldalgekar [4] recollsidered Stnart"s
probh~1ll by eOIlsi<ierillg the etfeds of sllct.ioll paramdvr explicitIy. Lighthill"s t,ll('oret.ical
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predidious were coufinued through experilIwlIts by I1i11aud Stenning [5]. The elfeds
of frp(~-stream oscillatiolls aJl(i frec-convcctioll currcnts 011thc now of aH illcomprcssiblc
viscous fluid past au iuliuit.e vert.ical poraus plate were studied by Souudalgekar [6,7) and
by Souudalgekar, Viglmesau aud Murt.y [8]. In Refs. [6,7] the e!feet of suet.iou parame!er
wa.."i Bol considcred! while in Hef. [8], the cffcct of tite suction paramctcr waH considcrcd
in <ln explicit manner.

IUIIlOdcfll technology tIlauy Hew fiuids, Bol obeying Newtonialllaws, are heillgstudied
by dilfereu! researchers. Oue sueh fluid whose eousti!utive equatious were fonmda!ed by
\Valt.ers' [9] are kuowu 'L' \Valt.ers' fluid JI' aud !J'. !JI eiL,e of \VaIters' fluid !J', the
oseil1at.ory flows I"L't. au iufiuite horiwntal porous-plate were st.udied by Kaloui [10]'
Souudalgekar and Puri [I 1] wit.hout t.aking t.he sudiou para meter iu au expl;eit way. So
SOl1lldalgckar and I3hat [12] rccoIlsidcrcd this prohlcm hy taking into account thc suction
paramctcr.

Hut. in lllaIlY industrial applicatiolls the plate is Bol always in an isothermal conditioll.
The plate is hcatcd froIll an external source of IlPat which is supplicd at con~tant or
variable rateo Such a sitllalioll is known a..,,\COllstallt Iwat flux or variable heat flux case.
\Ve now consider Itere the oscill€ltory flow of €lu dastico-viscous fluid p€l..<;t all infinite
v(~rtical porous plate witlt COllstant hcat flux. In Sed. 2 the mathcmatical allalysis is
pn~sellted, and in Scd. :.J the cOllc111SiollSare seí, out.

2. I\IATIIEMATlCAL ANALYSIS

COllsidcr the unstcady fiow of an elastico-viscOl1S fluid p.l.<;taB infillitc vertical porous
plate with :r'-axis takeu aloug t.he plate in t.he vert.ically upward direc!iou aud t.lte l/-axis
is tak(~1lIlormal to it. The cOllstit.lltivc equatiolls cilaract.crizing the e1íl.<;tico-viscOl1Sliql1id
(\Valters' liquid B') are

,
]Jik = -]J!Jik + Pikl

¡/;k{:r. t) = 2ft 1/,(t - t') iJ:r; . iJ.r'" e(l)",,(x' t') dt'.
. -00 ü.r'T11 ¿Jr,r 1

(1)

(2)

wlwre ]Ji~.: is the stress-t.ensorl ]J aB arbitrar)' isotropic pre~sllre, gik the mctric teIlsor of
a fixpd coordinate systclII :ri, ;I:'i thc positioIl al time t' of the elemelll which is installta-
lH'ollsly at the point ;[' al time t, e~¡!the [at.e of straill tcnsor and

1,00 N(T)
t/J(I - t') = -- exp [-(1 - t')/T) dT;

" T

N(T) i>l'ing t.he dist.rill\ltioIl flllICtioll of rplaxat.ioll t.ilIw T. \Valt.crs [9] has sllowlI tha\.
in tlH~(':tS(' of liqllids witlJ shol't. IIlcmorics (i.c ... siJo!"!.rdaxat.ioll timcs) t.1J(' ('qllatioll of
stalp can be writtell in a silllplifi('d fonn

(3)
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is the limiting viscosity at smal! rates of shear

and 6/ 6t denotes the convected differentiation of a tensor quantity, which for any con-
travariallt tensor bik is given by

"b;k 8b;k ab;k 8Vk av;_"_= __ + vm bim bmk __
6t 8t 8xm axm 8xm '

where v; is the velocity vector.
Because of the flow is past an infinite vertical plate in the upward direction, the

physical variables of the ful!y devcloped flow are functions of y' and t' only ami are
independent of x' and hence the two-dimensional unsteady flow of an clastico-viscous
fluid with constant physical properties can be shown to be governed by the fol!owing
equations:

(5)

(6)

(7)

Here u', \1' are thc velocity components in thc x' alld y' dircctions, respectively, t' is the
time, TIa is the lirniting viscosity at sInall rates of shcar, and IiO is the e1astic constallt
of the \Valters' liquid 13' assumed to be very smal! (<< 1). AIso p' is the density and 9x
is the acceleratiou due to gravity. As the suction-velocity at the plate is assumed to be
constant, Eqs. (6) and (7) reduce to fol!owing:

Then the energy cquatioll in view of constallt suction is given by

(8)

(9)

(
üT' aTI)

p' el' 8t' + V' ay'
a27" (a ')2 (a

2
, 8

2
')u u, u

= K ay/2 + ')0 8y' - "o 8y' at + V 8y'2
a'u
ay" (10)
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!lere c" is the specifie heat at eonstant pressure, J( the thermal eondnetivity of the flnid,
a.'iSllIllCd l:<mst.ant, T' the tcmperatllre of tlle fluid IlC(lr the plate, alld the last two terms
011 the right-hand side reprcscnt heat <lue lo viscolls dissipation.

Ir U'(t') is the free-stream veloeity and p' is the density of the flnid far away from the
plate, tllen fmm Eq. (8), we have in the free-strcam,

,8U' 8p' ,
p 81' = - 8x' - PooYx. (11)

Eliminating; -8p'/8x' between (8) and (11), we have

(8,,' 8,,') 8U' 82,,' ( 83,,' 83",)
P 81' + V' 8y' = p' 81' + YI (p;'" - p') + '/0 8y,2 - "o 8y'281' + V' 8y,3 .

(l2)
I3ut frolIl t}¡e cql1atioll of slat.e, wc have

( , ') (3 '('1" 1")gx Poo - fJ = 9x P - 00 1 (13)

(14)

y' = O;at
q'
J(

Uf = O,

whcre j3 is the coefficicnt 01' volume expansioIl.
Then fmm (12) and (13), we get

(8 ' 8 ') 8U' 82 ,, ~ ;' ~ - '__ I ,,1 _ I ~
P [)t, + \ 8y' - P 81' + 9x(3P (l Too) + '/08y'2

(
8:l,,' ,83u')

- "o 8y'281' + V 8y'3 .

The b01mdary eonditions of the pmblem are
dT'
dy'

U'=U'(I)=UO(I+fCiW'I'), T'-t1~ "-' 1/-t00. (15)

The eondition on temperatnre at y' = O indieates the constant supp!y of heat at the plate
where q' is the quantity of heat supp!ied per nnit arca. Also, the velocity in the free-
streaUl is <L..'islIlIlcd to be periodic in naturc, oscil1atillg about a COIlstant mean velocity
Uo with fre'lueney w' and f is a eonstant smal! quantity (Fig. 1).

Prom Eq. (5), rOl' cOllst.ant suctiOll,

(16)

( 17)

indieates that it

7t'
H=-

Uo'

l' = '/oc"
l( ,

KU'
E=--", .q VCp

where Va is the eonstant suetion vc!oeity and the negat;"e sign in (16)
is direeted towards tlle plateo

Oll illtrodllcing followillg HGIl-dimensional qualltiti(~s:

y'Uo I'UJ .11/W'
y = --, 1 = -j-' W = U2 '

1/ L 1/ o

T'-T (3'11= 00 G _ 1/9 '1
"'1' / J(Uo ' - J(U¿'

2"oUo" = --, S = V~/Uo,{Ju2 .
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S K W
0.2 0.0 5.0 -1
0.2 0.05 5.0 -11

f 0.2 0.05 75.0 -11I
0.2 0.10 5.0 -IV

f 0.4 0.05 5.0 -V
O

'.0 Y 3.0

FIGUHE l. Transient velocity profiles rOl' wt = 1r /2.

in E<¡s. (14), (lO) and (15), we have

~ O" _ SO" = ~OU + CO _ ,,(~ 0
3
" _ SD

3
,,) (18)

4 Dt Dy 4 Dt 4 Dy2Dt Dy3'

PDO _ SpDO = 020 + PE (D,,)2 _ "PE (~ D
211 _ sD

211) D" (19)
4 Dt Dy Oy2 Oy 4 DtDy D!J2 D!J'

\....ith the following hOlllldary conditioIlS:

" = O,
dO
- = -1 at 11= O;dy ,

" = I+ Eeiwl = U(t), 0=0. as y -t ce. (20)

Here 1', C. E are the ['randtl, Gr;~,hof ami Eekert Il\nnhers, respeetiveIy, whose physical
tlleanin¡;s are well-disellssed in standard text-hooks Iike Sehlischtin¡; [i:l] and Gehhart [141;
ti, is aH da..")tie-paralllctcr alld S is tlle suctioll paralIlctcr.

E<¡lIations (18) and (19) are collpled non-linear e<¡lIations and henee their exact so-
lutiolls are Bol possiblc. SO \V(~derive approximate solutions. \Ve 1I0W asSlltllC in lhe
Ilüighbollr1tood (lf t.Iw plate

E ( iwl -iwi _ )
u = Uu + '2 e UI + e 11\ .. (21 )

(22)
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We substitutc (21) aud (22) in Eqs. (18) 1.0 (20), equat.e barmonic and non-harmonic
terms to zero. neglect the eoefficient. of £2 in (18) and t.hose of £3 in (19) ami we have the
foliowing:

"S,,~'+ ,,~+ S,,~= -GOo• (23)

11I ( iWK) 1/ I iw,,5"1 + 1- 4 "1 + 5"1 - 4"1 !w
= -- -GOl4 • (24)

O~+ PS()~ = -PE [(,,~)2 + £2
2,,;;¡;]

[
2 ]) I 1/ é ~,,, I _11- ,,1 ES "0"0 + 4 ("¡"¡ + ,,¡,,¡) .

11 , iwP ") [iw I i ( , ti I 1/)]°1+ P SO¡ - -4-0¡ = -21' E"O"¡ + ,,1 E 4"0"¡ - S "0"1 + "¡"O .

1/ I iwP. 1 (')2 [iW ( ')2 S ( I 1/)]°2 + PS02 - -2-(h = -'2I'E "1 + "PE "1 "¡ - '2' "I"¡ •

wherc primes denote derivatives with respcct lo y.
The corresponding boundary conditions are

" = O. "¡ = 0, ()~= -1, O; = O~ = O, at y = O;

(25)

(26)

(27)

"0=1, "1=1, 00=0, (JI = (h = 0, 'L' Y ~ oo. (28)

Herc and hcnceforth, primes denote the derivativc with respect to y.
Equations (2:l) and (24) are of third ordcr wit.b t.wo boundary condit.ions whirh is

lIlathematically ill-posed problcm. To overcollle this difficulty, we IIOW expand, uo, 1L¡,

.... cte. in powcrs of " 'L' " for sueh fluids is always very smali (<< 1). Henec we now
a.'~S11me,

110 = UOI + Ji1l02, 111 = Hit + f'i.1l12,

(29)

Substit.uting (29) in Eqs. (23 to (28), equating t.he coeflieient.s of di/rerent. powers of ",
ncgicctiIlg those of ,..,2, we hav(~thc following sd of eqllatioIlS:

1l~;1+ Sll~)) = -GOOl,

1/ S I (;') S 11I1102 + '/luz = - ,r'02 - '/JO! 1

/1 ,1W 1,W
1111 + SU11 - -1l.11 = -- - COll.4 4

If , iw ~II iWII
1l1'2 + SUI'2 - -U1'2 = -CfJ12 - SU11+ -uII,4 4

(30)

(:ll )

( :12)

(:¡:l)
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'1'
O" ['SI.J' ¡W 1.1 - 2[' [' I ,11 + 11 - -- 11 - - !J1l0¡Ull1,1

O" ['SO' iwl'O J ,[iW " ('" '" )]12+ 12 = - -4- 12 - 1 F, 4"11"01 - S "01 "11 + "11 "01

- 2PE (U~I"'12+ "~2"'11)'

11 ) f iwP _ 1PI? ( , )2021 + [ S02l - -2-021 - -:1 ~ "11 ,

. l' [. S],,),/1,W -"'.> IW,2 f"
0n + [5°22 - -2-022 = -1'[;,'11"12 + 1 E 4" ("11) - "2"11"11 .

amI the boundary conditiolls are

{ UOI = O, "02 = O, 1111 = 0, "12 = O, 1L 11 = 01 "12 = O.
al y = O O~1 = -1, 0b2 = O, O;1 = O, 0',2 = O, 0;2 = O, O\z = O,

O~1 = O, O~2 = O, iJ~1 = O, 0~2 = O,

{ UOI = 1. \l02 = O. lItl = 1, 'Ul:¿ = O, Ull = 1. "12 = O.
al !I -t 00 001 = O, 002 = O, 011 = O, 012 = O. 011 = O. 012 = n.

021 = O, 022 = n, 011 = n, 022 = n.

(:14 )

(:35 )

(:16)

(37)

(38)

(39)

(40)

(41 )

Equaliolls (30) lo (:19) are still coupled alld Iloll-lillear dill'erelltial ('qual iOlls WIIOS(, exac!
soll1tiolls are Bol possible. lIeBce \•...c agaill eXllalld 1101, UU:'!..... in powers of E. tlw Erkcrt
1l11lllber, as t}¡c Eckert Illllllher for iIlcOIllpn~ssible f1uids is always stllall. lIenre \\'(~as:-;umc

"01 = "011 + E"012'

001 = 0011 + [,°012,
011 = 1!1I1 + 8°112•

021 = °2,1 + EI!"2'

U02 = 1l0'l1 + EuO'l'l..

1112 = 11121 + EOI22•

012 = 012, + EI!222.

(12)
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"nd snbstitnte (42) in Eqs. (:lO) 1.0 (41), cqll"tc thc codlicients of dilfcrent powers of E,
neglcct those of ¡;;2 "nd we gel.

"~II + S"~II = -GOOII, (43)

"~12 + S"~12 = -GOOI2, (44)

" S' GI! S 11I ( )"021 + "021 = - 021- "011' 45

" S' GI! S' 11I ( 6)"022 + "022 = - 22 - "012' 4

fI 1 iw iw
"111 + 5"111 - -"111 = -- - GOIII,4 4
" , 'lW

"112 + 5"112 - 4"112 = -GOI12,

If S' 'lW GO SfI iw"
"121 + "121 - 4"121 = - 121- "111 + 4"111'

" S,!W GO ", iw"11122 + 11122 - -1l122 = - 122 - S1l112 + -1l122,4 4

[
2 ]11 )' ),:2 é , _1

0012 + 1 50012 = -1 ("011) + :;-"111"111 .

0~21 + I'SO~21 = O,

[2]" ) 1 _ ) . 1 , é , _1 -fl,
°022 + 150022 - -1 2"011"021 +:;- ("111"121 + "lll"12¡)

[
2 ])' , " é _,,, 1_"

-1 S "011"011+"1 ("111"111+"111"111) ,

11 ) I iwP
11111+ 1511111- -4-11111 = O,

" l' iú.JP , ) 1 1
11112+ 1'5(112 - 40112 = -21 "011"111'

11" 1'50' iwl' ° [iW" ( , " , ]122+ 122- -4- 122= l' 4"111"011 - S "011 -"111 + "111"~11)

- 2/) (U~1l1l'121 + 1l.;ld.

If ) • 1 iwJ> 1

11211+ 1 511211- -2-11211 = O.

(47)

(48)

(49)

(50)

(51 )

(52)

(5:3)

(54)

(55)

(56)

(57)

(;'8 )

(60)
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O" PSO' iw!' O [iW (' )2 S, " , ,] (61)222+ 222--- 222=P - "111 --"111"111 - ltlll Ul21 .
242

with following houndary conditions:

"011= O, "012= O, 0ÓII = 1, 0;12 = O, 0021 = O, 0022 = O,
"021= O, Uon = 0, 0111 = O, 0;12 = O, 0121 = O, 0122 = O,
"111= O, 11112 = 01 0211 = O,' 0212 = O, Onl = O, 0222 = O,

at 11= O
"121= O, 11122 = O, 0111 = O, 0112 = O, 0121 = O, 0122 ~ O,

Ülll = O, 'll112 = O, 0211 = O, 0212 = O, 0221 = O, On2 = O,
Ü121 = O, 11.122 = O;

°ÓII 0;12 = O,
(62)

UOIl = 1, "012= O, = O, 0021 = O, 0022 = O,
U02l = O, "022= O, 0111 = O, 0;12=0, 0121 = O, 0122 = O,
11111 = 1, 1£112=0, 0211 = O, 0212 = O, 0221 = O, 0222 = O, at 11--¡ 00
11,121 = O, 11122 = O, 0111 = O, 0112 = O, 0121 = O, 0122 = O,
11111 = 1, 1t112 = O, O:!ll = O, 0212 = 0, Ih21= O, 0222 = 0,
Ü121 = O, 1l¡:n = O;

These are coupled !illear equations ami their dosed form solntions are derived. These
are straightforward and lIeBre lo savc spacc, thcsc cxpressiolls are Bot mcntioIlcd.

Substituting for "011, "012, ... , etc. in Eq. (29), we get the express ion for "o and
00 which represellt the mean ve10city alld the meall temperatnre. The effed of different
paramcters OH the mean veloeity alld tcmperatul'c beillg salIlc as that 011 tlle transicnt
velocity alld tempcraturc, we llave discus¡.;cd the SaIlle in ca..~c of the transicnt velocity
alld tcmpcratl1rc.

The skill-friction is given by

(63)

whieh ill virtue of (17). reduce to

(64)

Sllbstitutillg rOl'1L in tcrms uf HOl. 1102, we can sho\v that the meaIl skin-frictioll is givcn
by

(65)

wherc prillws !lOW denote derivative with resped 1,0 y. We have ealculated the IItllllcrical
values of P;rym alHi thesc are list.ed in Tahle 1.

\Ve observe from this table that due to the prescuce of d'l.,tic-propcrty iu the fluid.
there is a rise in. the mean skin-friction <llld it illcrcases w¡th increa.sing the value of the
cla.stic-paramcter K. Great(~r ViSCOllS dissipat.ive hcat 01" an incrca..o;;cin G. t}¡c Grashof
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TAIlLE 1. Values of P"" (Nu)"" £ = 0.02.

l' E S G " w Pxylm (Nu)",
5.0 0.01 0.20 0.40 0.00 5.0 0.60389 0.98846
5.0 0.01 0.20 0.40 0.05 5.0 0.60393 0.98834
5.0 0.01 0.20 0.40 0.05 75.0 0.60393 0.98832
5.0 0.01 0.20 0.40 0.10 5.0 0.60397 0.98822
5.0 0.01 0.20 0.60 tU)5 5.0 0.89631 0.98264
5.0 0.01 0.40 0.40 0.05 5.0 0.60220 1.9758
5.0 0.02 0.20 0.40 0.05 5.0 0.60786 0.97695
10.0 0.01 0.20 0.40 0.05 5.0 0.40432 1.9744

number. leads to an inerease in the value of the mean skin-frietion. Bllt the mean skin-
frietion deneases with inereasing the Prandt! nnmber P or the snction parameter S.

'rhe mte of heat tmnsfer eXI,rcssed in tenns of the NlIss"'t number is given by

1 dlll
Nll = - 0(0) dy y~o

1 dlll
= 0(0) 'e' dy y~o = - J.

SlIbstitnting for O in termo of 00 we can show that the mean Nusoclt nllmher is given by

1
Nllm = 0

0
(0)' (67)

'rhe numerica! values of NUm calc:lllated from (67) are listed in Table 1. \Ve conclnde from
this table that due to the presence of clastie property in tI", Huid, there is a deerea", in the
mean Nusselt llUIllhcr. NUm is also found to dccrease dile to iIlcreasing thc frcqucncy nI'

thc GraslJof numher Gl nI' due to greater ViSCOllS dissipativc Itcat. Out dne lo an increa.sc
in Sor P. thcre is an increase in the mean NlIsselt IlUlnocr.

2.1. U7I8tmdy jtOlU

On sllhstitllt.ing for 1l111, 0U1 ctc. ill t,hc expression for 11,1and 01, wc can get thc exprcssion
for the lIJ1stcady cOlllponcnts. TlJcn the cxprcssiOJls for t,}w vclocity and tcmpcrature are
given by Eq'. (21) alld (22) whieh can be written in tenns of the oscillating parts 'e,

u = Uo + ~ [(Al, + iAI;) c
iwl + (Al,. - iM;) c-iwt] , ((;8)

11= 110 + ~ [(01, + iOli) ciWI + (01, _ iOI,) e-'WI]

+ ~ [(II~, + ;02» e~,wl + (O~, - iO~,) e-LiW'] . (G9)
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FIGURE 2. Transient tcmeperat IIre profiles fol' wt = 7r/2.

TAIlLE 11. Valaes of ['"o. (Nu)"" f: = 0.02.

[' E S G " w IBI tan ():

5.0 0.01 0.20 0.40 0.00 5 1.1908 0.8780

5.0 0.01 0.20 0.40 0.05 5 1.1900 0.8779

5.0 0.01 0.20 0.40 0.05 75 1.3982 0.9G78

5.0 0.01 0.20 0.40 0.10 5 1.1891 0.8777

5.0 0.01 0.20 O.GO 0.05 5 1.1900 0.87GI

5.0 0.01 0..l0 0..10 0.05 5 1.2G77 0.7G87

5.0 0.02 0.20 0..l0 005 5 1.1889 0.87H

10.0 0.01 0.20 O.'lO 0.05 5 1.1888 0.8778

By putting wt = 1r/2. wc catl derive the expressions fol' transicnt velocity ami tempcr-
ature profiles. The numcrical valucs of u alld O are ealculated alld thesc are ShOWIl in
Figs. 1 alld 2, respeetively. \Ve observe from Fig. 1 tbat due to tbe presellee of elastie-
property ill tbe !luid. tbe trallsiellt vclocity is fouud to iucrease and it also inereases
with illcrea,sill~ tIte frcqllcllcy w. AH illerCaSt~ in 1-"1 lhe ela.."itic parametcr, l('acis to !llore

illcreasc in lhe transicnt. velocity. Thc effect. nf slldion-paramctcr S is obscrvcd IH'ar the
platc only and the transicnt velodt.y is fOIll\(1 lo dccreasc \I,."ith incrca .."ling suct.ioll velocity
which is physically possible hecause more alld more Huid [1'011I tite fluid-rcgiol1 upar tite
platc is slIrked towanh; tlle plate ami heBce the said cffect. lIowever. liule away frolll the
plate. suctioll velocity paratllct.cr helps f.o illcre,L'\e tite traIlsiclIt. vclocity. The dfects of
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TARLE [11. Valuesof IDd, tauo" ID11,tano1.
p E S G "- w IDd tan al ¡D11 tan 02

5.0 0.01 0.20 0..10 0.00 5.0 6.1101 xIO-:l -0.70982 1.5940 x 10-3 -0.056898
5.0 (1.0I 0.20 0..10 0.05 5.0 6.0670 x 10-3 -0.82173 1.5834 x 10-3 -0.12843
5.0 0.01 0.20 0..10 0.05 75.0 2.4513 xlO-3 -0.22793 2.00220 x 10-3 -1.0321
5.0 0.01 020 0.40 0.10 5.0 6.0544 x 10-3 -0.94861 1.5808 x 10-3 -0.20185
5.0 0.0 I 0.20 0.60 0.05 5.0 7.86.19 x 10-3 -0.79400 1.5652 x 10-3 -0.12843
5.0 0.01 0.40 0.40 0.05 5.0 2.2085 x 10-2 -0.75660 6.6695 x 10-3 -0.18200
5.0 0.02 020 0.40 0.05 5.0 1.1856 x 10-2 -0.82173 3.0942 x 10-3 -0.12843
10.0 0.01 0.20 0 ..10 0.05 5.0 1.7518 x 10-2 -0.01364 7.1275 x10-3 -0.12577

Ii alld W 011 the trallsicnt tempcraturc are tite sarne <l.."i in ca...,c of traIlsicnt velocity. hut
the transient temperature is found to fall, causing eooling of elastieo-viseous fluid.

\Ve now study the effeets of these parameters on the amplitude and phase of the
skin-fric:tiou and the mte of heat tmusfer. It. is given hy

duo IPxy = - + IEI cos(wt + a),
dy y=o

whefe

1
Nu = --) + IEd cos(wt + aJl + IE21cos(2wt + (2),00(0 (71)

. dUI[J = Er + ,Bi = -1 '
(y y=o

. 1°'(0) IEl = Elr + ,Eli = O¡¡(O) ,

lJitana =-
E'r

. I °AO) 1B2 = E2r + IE2i = 02(0) ,

tan 02 = B2;/ E2r.

(72)

(73)

The expnlSsions for IlJl. IB,I. and IE21 are very lengthy and hence to save space these
are not mentioned here. The numerical values uf IEI, tau " are listed in Tahle 11. \Ve
observe froll1 this Table II that au incrcasc w o)' S lcads f.o an inCrC¿L"iC in thc valucs of
the amplitude IEI. Amplitude IlJl is found to decrease owiug to au illl:re;~,e in G. E. 1'.
AIso wc observe that therc is ah,,'ays a pha..sclcad.

In Tahle 1JI. the nunIerica! values of [IJII.IIJ,I, tan al tan "2 are eutered. \Ve ohserve
from this '1)",le that the amplitude of the tirst and secoud harmonie d(":r",~",, due to the
prcscIl(,(~of da.stic propcrty ill tlH~ fluid. AII illcrcasc in W (JI' ti Icads Loa decrea..-;c ill hoth
thc amplitudes. Hllt an illcreas(~ in S,GOl' E leads to au incrcase in the valucs uf hoth
the amplit.udes. \Ve 'lIso observe that tite vallles of tan 0') élllCl tan O:¿ being Ilcgativ('. we
condudp tltat then' is always a "hase-lag.
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3. CONCLUSIONS

1. The mean skin-friction incn~éL<.;es with incrcasing G or E but dccreases dile lo in-
ereasing P or S.

2. HUm decrcm.¡es dile to incrcasillg W or G or E aud inCreéL"'lC.sowillg lo incrcasing S
or P.

3. Amplitude IBI, tends to inerease with an ill(:rea.,e in w or S but it is found to
dccrcasc owillg to aB incrcase in G, E. P. Also \ve observe that thcn~ is ahvays a
phase-lead.

4. Amplitudes IB,I, IB21 inerea.se owing to increasing S, G or E a.nd decrca.s(' dne to
the presenr:e of the ela$tic-pl'Operty in the !luid .

.J. There i.s alway.s a phase-Iag in CéL"iC of both the first and secolld harmollic in thc
rale of heat. t.rallsfcr.
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