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Oscillatory Non-Newtonian Viscoelastic Fluid Flow Past a Porous Bed
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An analytical study has been performed to evaluate the flow of viscoelastic fluid through
and past an infinite porous bed. A most general form of Darcy law has been taken into
account when the free stream oscillates with or without a non-zero mean. In modeling the
flow in the bed a separation of variable technique was utilized to represent the governing
equations with appropriate boundary layer assumption. The effect of flow inertia was
taken into consideration. Results obtained include velocity distributions of the fluid in
the bed. The dependence of velocity profile on elasticity parameter of the fluid and
permeability parameter of the medium with the variation of the time and position was
also obtained and discussed graphically.
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1. Introduction

The non-Newtonian fluids received a considerable importance, because of their use
in industry. Also, the study of the physics of flow through porous media has become
the base of many scientific and engineering applications. The type of flow is of
importance to the petroleum engineer concerned with the movement of oil, gas or
water through the reservoir of an oil or gas field and to the chemical engineer in
connection with filtration [1-4]. The Oldroyed model has been modified by Walters
[5]. This modified model is generally accepted as valid for viscoelastic fluids such
as oils md polymers, etc.

There are many authors who interested with this subject. The problem of pul-
satile magnetohydrodynamic viscoelastic flow through a channel bounded by two
permeable parallel plates is studied by Eldabe and Elmohandis [6]. Soundalgekar
and Puri [7] have studied the flow of non-Newtonian elastico-viscous fluid past an
infinite fiat plate with variable suction under the condition of very small elastic
parameter.

The purpose of this work is to study oscillatory viscoelastic fluid flow analyt-
ically past a porous bed. We make use of the generalized Darcy law to consider
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the fluid motion within the porous medium. Following [8] most general boundary
conditions are derived and made use of, to study the flow in which the free stream is
oscillating parallel or inclined to the plane bounding the porous bed. While the flow
remain linear, we obtain results which are similar to those encountered in non-linear
problems. Because of the interaction of oscillatory tangential component with time
dependent suction, a mean flow is induced both inside and outside the porous bed.

2. Basic equations

The constitutive equation for incompressible visco-elastic fluids suggested by Wal-
ters [5] is,
Tij = 2[,Ldl] — 2/\E1] + 4(,25diadaj , (1)

where

1
dij =5 (vij +v54)

1
Bij = 5 (aij + aji + 207" 0m5)

acceleration vector
o 61},»
ot
v; is the velocity vector. A comma followed by an index implies covariant differen-
tiation, wu, A, and ¢ are the material constants of viscosity, elastico-viscosity, and
cross-viscosity coefficients of the fluid in order.

The equations governing the motion of an incompressible fluid in the porous
medium are given by the generalized Darcy law:

m
a; +v Vi,m »

8‘/1 8Vl - 10P v 1 87'1-3»

ot + J(‘?m]— __;8351 —k i+;8mj’

(2)

alongwith the equation of continuity

ov;

=0, 3)

where P is the pressure, p is the density, 7;; is defined in equation (1), v is the

kinematic viscosity of the fluid and k is the permeability of the porous bed.
The fluid flow in the pure fluid region is governed by the Navier-Stokes equations
81)1' avi 1 6P 1 aTi]‘

E_‘_Uj@xj T pox p 0x;

7 (4)

81)2-
=0 5
G =0, 5)
where v;, and p are the velocity and pressure of the fluid in the pure fluid region.
The appropriate boundary conditions at the bounding surface of the porous bed
are:
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(i) The mass flow across the surface must be continuous, i. e.,
Vi = vn, (6)

where V,, and v,, are the normal components of the velocity at regions outside
and inside the surface respectively.

(ii) The tangential components of the velocity in the pores at the surface must be
continuous, i. e.,
‘/;ﬁ = V¢, (7)

(iii) The conservation of momentum across the surface leads to
(7ij)e = (Tij)e = pon(vr = Vi) =0, (8)

(Tij)n_ (nj)n :p(p_P) :Oa (9)

where (7;;);, and (7;;), are the tangential and normal components of the
general form of the stress tensor on the surface of the porous medium in the
ee uid region. (T};)¢, and (T;;),, are the corresponding stress components in
the porous bed.

3. Analysis

Now, we shall deal with the case of flowing viscoelastic fluid through an infinite
porous bed. The Cartesian coordinate axes are considered so that the bounding
surface is a plane surface y = 0. The free stream is oscillating parallel to the
bounding surface with velocity Uy = Uy coswt, where w is the frequency of oscilla-
tions.

Consider the velocity components in two regions as follows (u(y,t),0,0) and
(U(y,t),0,0) so that equation (9) immediately yields p = P at y = 0.

Since u — Uy = Uy coswt as y — oo, this gives

18]9 - 8U1

=, 1
p Ox ot (10)

From previous assumptions, the governing equations for the fluid motion in the two

regions become

ou 0U; 0?u A Ou
gu_o41_ 0Uu_AO0U <
ot~ o o pagye 0SYTOO (11)

oU AU, w, 9 A &PU

— = — = , —co<y<0, 12
ot otk v oy?  p Otoy>? oSy (12)

with the boundary conditions:
u— Uy = Uycoswt as y — 00, (13)

ou 0%u oU 0*U
—uU, g2 \Zv_
YEE By T Yatay Moy T M atay

at y=0. (14)
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We now define the non-dimensionless variables as

* U *x Y * t
u = Uy ? Yy =, "= = )
pU2 pU2
0 0 (15)
W= A\ = A L = k
pUg ) p2 12
e pUZ p2U?

After dropping the star mark equations (11) and (12) with the boundary conditions
(13) and (14) become:
ou oU, 0%*u Bu

LT —— < 1
ot = ot Tap Cmmyp VSV (16)

oU _oU, U PU | U

o " ot kT op Cowoe

with the boundary conditions:

u — coswt as y — 00, (18)
ou Pu U 3 0*U
y otdy Oy otoy

Now, to solve the system of equation (16) and (17) subjected to the boundary
conditions (18) and (19), we shall assume that

u(y,t) = ui(y) +e“ua(y) (20)

Uly,t) = Ur(y) + ' Va(y). (21)
Substituting (20) and (21) into (16)—(19), we have

u="U, at y =0. (19)

d2u1

— 22

o =0 (22

d?us n w w — w (23)
dy2 T wA+i © wA+i]

d?U, Uy

_ 2t 24

e U (24)

d2U2 w —% w (25)

dy? A+ 2T oy’
where
up =0, u2=0 asy— oo, (26)
d’LL1 dU1 d’LL2 dU2
= U R = U —_ = —, —_ =,
Uy 1 U2 2 dy dy dy dy
Solving Egs. (22)—(25) with the aid of Egs. (26) and (27), the form of the velocity
distributions of the viscoelastic fluid which is flowing through and past an infinite
porous bed can be written as:

at y=0. (27)

u = (ha(y) coswt + h3(y) sinwt) + i (ha(y) sinwt — hs(y)coswt) , 0<y < o0,
(28)
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and

U = (he(y) coswt — h7(y) sinwt) + i (he(y) sinwt + h7(y) coswt) , —oco <y <0,
(29)
where ho(y) — hr(y) are defined in the Appendix A.

4. Numerical discussion

In this section we studied the oscillatory non-Newtonian viscoelastic fluid flow past
a porous medium. The expressions in Eqgs. (28) and (29) are evaluated numerically
and some of qualitatively interesting results are presented in illustrations. Since the
velocity components are periodic functions of ¢, the effect of the elasticity parameter
A of the fluid is to increase or decrease these velocities as seen in Figures 1 and 2.
Also the velocity component U decreases or increases as the permeability parameter
K of the medium increases. This illustrated in Figure 3.

Figure 1 The velocity component u plotted versus time with the effect of elasticity parameter A

5. Fluctuating viscoelastic flow through a porous bed

In this section we shall deal with the case of an infinite viscoelastic porous bed with
a plane bounding surface y = 0, where the free stream is oscillating about a non
zero mean and makes an angle 8 with the line of greatest slope of the bounding
surface.

Consider the velocity components in two regions which are (u,v,0) and (U, V,0).
Since the plane surface is an infinite in extent, hence the solution of the velocities
will be a function of y (distance normal to the plane) and ¢ only, where ¢ is a time. It
is clear that the continuity equation in both regions reduces to % =0 and %—V =0,
this means v and V' at the most is functions of time and should therefore be equal
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Figure 3 The velocity component U plotted versus position with the effect of permeability para-
meter K

in both the regions. Now, the equations governing the viscoelastic fluid flow in the
two regions can be written as:

Ou ou __
m""vaﬁy——
v _ _19p
ot~ poy
ou ou 19P
W"‘Vaiy p Ox
ov._ _19P vV
ot~ p Oy k

v ’U _ A (2°U 2°U
——“*—EU+V@?—EQM¢+V&F

19p Pu _ A ( 0w u
sk v = (v vit) | ooy oo (30)

—00<y<0. (31)

From the conservation of momentum across the surface and the dependence of the
velocities on the y and ¢ only, we can obtain p = P at the plane surface y = 0.

Considering the free
limit when y — oo, that

stream velocity to be U; = Uy (1 + eei“’t), we have in the

_ _ : _19p _
u=Ujcosa, v=—U;sina and 5 ox = COSQTE
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Therefore our system of equations yield

0 gy O oU 0?
%—Uosina(l—i—eem)a—z = cosaa—tl—i—vﬁ—yg—
A O3u . iony O
p[W—Uosma(l—i—ee )893}7 0<y<oo, (32)
ou wpy OU U 0?
E—Uosina(l—i-eezm)afy = Cosaaitl—%U-i-vaT;;—
A o3U ) iory PPU
p[W—Uosma(l—i—ee )W}, —o00 <y <0, (33)
with the boundary conditions
u=Upcosa (1+ ec™?) as y — 00
_ ou 8%u : iwt) 8%u | _
u="U, ua—y—)\[m—Uosma(l—i—ee t)a—yz}— (34)
2 . 2
u%—A[%—UOSina(l+ee1Wt) %Tg} aty =0
Introducing the following dimensionless quantities
* u * U
U ~ Ugcosa’ Ur = Upcosa ?
Y= ——, A= —5—,
U sin o pUg 7o (35)
t* =wt, A*nggi‘*r’l2a k* = z”k2 ,
U2 sin? o

and substituting (35) into (32)—(34) we obtain after drop star mark the following
system of equations with the boundary conditions:

A?;—(l—&—ee”)g;j:Aeie”—i-g?;— [Aaf;zg_(l"‘geit)gz;ﬂ’ (36)
for 0 <y < oo,
A({;{—(l—kee”)g{;:Aeie”—g—&-a;yg—)\[ ;ZZQ_(l+€eit)85-:;[:s]]’(37)
for 0 <y < oo,
u=(1+ee'), asy — o
u="U, %_)\ A%—(l—ee”)%}z (38)
%J_A[Agfgy — (1 +ec') %Zy’i} aty =0

The system of equations (36)—(38) is reduced to governing the flow of a Newtonian
fluid through a porous bed if A = 0. In order to solve these equations, we assume
the expression for the velocity fields as:

u(y,t) = ui(y) + eeus(y)
and ex1 (39)
Uy, t) = Ui(y) + ee” Us(y)
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Equations (36)—(38) reduce to the following system of equations after equating terms

of eet!
d3U1 d2’LL1 dU1

— =0, 40
dy? dy? dy (40)
dSUQ d2U2 d’lLQ d3U1 dU1
—_— 1= XA+ — — Alug = - \— — — — Ai 41
0 + e ( i)+ i U e i i, (41)
U, d*U, AU, U
— - = =0, 42
W T ar Ty Tk (42)
d3Uy  d?U, dU,y 1 d3U;  dUy
1—XA)+ —= — (Ai+ —)Us = =) - — — A 43
With the boundary conditions
up — 1, wug—1, as y — 00
ur=Ur, wug =U27%+/\d;;1 = %—i—)\dj?jﬁl )
fu ) (Aid — L Lu) o\ (4l S B gy =g
(44)

Now, to solve the system of equations (40)-(43) subjected to the boundary
conditions (44), the following perturbation technique is made

UL = U0 + Au11, U2 = Ugp + Augr,

Ui =Uio+ AU, Uz =Uy + AUai, /\<<1} (45)

Substituting from (45) into (40)—(44) and equating terms of A, we obtain:

ujy +uy =0, (46)
uiy +uhy = —ujp, (47)
Uy + uhy — Aiugy = —uyy — Ai, (48)
Uy + Uy — Atugy = —ujy — uyy — uny + Aiuly, (49)
U
Uly +Ulp = =~ =0, (50)
U
Uy + ULy — =+ = =Ufg, (51)
1
Ul Ul — <Ai + k) Uno = —Ul, — Ai, (52)
1
Usi +Usy — (Ai + k) Uy = —U{l — Uyy — Ul + AiUY, (53)
With boundary conditions:
ugpo — 1, w1 =0, wup—1, w2y —0, as y — 00

uo = Uig, w11 =Ui1, wug =Uz, wug =Us,

i _ A / " __ ! 1" i _ /
uyg =Uqg, up +ufy =Uiy + Uiy, uy =Uy,

i .o 1 " ! - A 1 " _
uyy — Aiuhy + uhy +ulfy = Uy — AUy + Uy + Uiy, aty=0

(54)
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The expressions for the flow velocity u(y,t) and U(y,t) can be written as:

u(y,t) = foly) +e[(fi1(y) cost — fia(y)sint) + i (f11(y)sint + fia(y) cost)] ,

for 0 <y < 00, and

U(y,t) = fi3(y) + € [(f25(y) cost — fas(y) sint) + i (fas(y) sint + fas(y) cost)] ,

for —oo < y <0, where fo(y) — fos(y) are defined in the Appendix B.
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Figure 4 The velocity component u plotted versus time with the effect of elasticity parameter A

6. Numerical Discussion

As mentioned before, since the velocity components of the viscoelastic fluid flowing
through porous bed are periodic functions of the time, therefore the effect of the
parameters of the problem cause decrease or increase of these velocities. In Figures 4
and 5, the velocity components u and U increase (or decrease) with the increasing
of the elasticity parameter )\ of the fluid. While, Figure 6 illustrate the effect of
the permeability of the medium on the velocity U. It is clear that these velocity
decreases with increasing the permeability parameter K.

References

[1] Oldroyd, JG: Proc. R. Soc. London A, (1950), 200, 923.
Colman, BD and Noll, W: Arch. Rat. Mech. Anal., (1960), 6, 355.

]

[3] Walters, K: J. Mec., (1962), 1, 479.
]
]

Pergamon Press Ltd, Oxford, 507.

Walters, K: Non-Newtonian Fluid Mech., (1979), 5, 113.
Walters, K: Second-order effect in elasticity, plasticity and fluid dynamics, (1964),



140 Oscillatory Non-Newtonian Viscoelastic Fluid Flow ...

u
2 N /, -
\ 1
1 ; - N / -
/ A // .
Tt p e
o e v e
—1-0 Q;‘ . . /!
. “A=02 W /'/
= 1=04 :
\ s
. -——2=05 L
: \ /
o w
'E)“" T MZ 4 6 8 10

u
2.5 ’
2 [ k=05 /
K =067 / -
U [ E—— K =0.76 ST
Y
// //
. o
0.5
0 B B
-5 -4 -3 -2 -1 0

Figure 6 The velocity component U plotted versus position with the effect of permeability para-
meter K

[6] Eldabe, NT and Elmohandis, SMG: J. Phys. Soc. Jap., (1995), 64, 11, 4165.
[7] Soundalgekar, NM and Puri, P: Fluid Mech., (1969), 35, 561.
[8] Chawla, SS and Singh, SK: Acta Mechanica, (1979), 24, 205-218.



El-Dabe, NTM, Sallam, NS and Ghaly, AY 141

Appendix A

S,=0 A, s,:(sgﬂ)'/z g s,=w (s, +5,),
5, = (sz/?.s,z)"2 X s,=w (s, —s,),

S :(sJ/Zsf)”2 . sg=w s, —1/k,

s, =Ak+1, Sy = (sg + o’ sf)l/2 ;

Sy = {(SR + S(\)/2S2| }‘/2 » S = {(ss S /2s€ }‘/2 ’
Sy =85+5,, Sy =85 +8), ,

Sy =8, —w ks, , S, =8, +wks,

S5 = S10813 + SoS14 5 S5 = SoS13 = 510514 >

Sip =S5 S S5 =515 /517

S10= 516 /517 5 5y = @ +]/k2 5

Sy =88, + 5,8, , Sy = =858, + 8,5, ,
Sp=0" sy . Su=o ks, ,

S35 =5y [Su S =5un /57

hy () = (5,5 Cos (5,¥) + 5,4 Sin(s,y)) ,
hy(y) = (5,5 Cos (53) = 5,5 Sin(s,)),
h)=1-¢ *"h(y), hy)=¢ " h(),
Iy (y) = (55 Cos (5,0) = 53 Sin(s,9))

ho () = (535 Sin (54) + 55, Cos (5, y)) "

"5 ) =s5,+ exmyha 0, hv (M) =5y + el‘myhs O,
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Appendix B

2

= - ). ,,=[,+ iE w’HJ/Z

Vi+164° -1

2

2

]/2 im JJ(HA/")Z“(’AZ+('+4/k)-1 A

o \/Jﬁué@iﬂ941—1!,&/9
2

Is =1 +1,. lo=1,+1,.

; _[ \/l+|GA3+l). - J\/(l+4/k)z+16,47+(l+4/k)

2 2
ny =1/(l, +1). n, =—1,/(l, +1),
n, :/‘,/(‘/m). ny==2ln +n’(n, -1)
ny=(1+k24). ng =1y +kAl,
ng=-1, + kAl,. n,=l,/A+ng/n,
ne=n/n, . ny =13 +13
N =ln, —lng. ny, =ln, +1lng
n,=n,/n, . ny =ny, [n,
my=ly =221, +1)+2, ne=nn,[A
ne =12n, —12 =21, n, =l =10, [A+2n, [A4®
Mo =l +10 JA=nin [A+3n A, ny =17 =313 -21,1,A
N =13 + 301,07 + 4Q2 - 12). Ny =12 + 412

Ny =12 (ny (2, + 1)+ 1,)/A°. ny, =132(2n, -1)/4
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ny, =1, + Akl
Ny =~ +31,17 —21,1,A.

Ny =1§ +417.

ny, :]J(ZIJ . A)~

ny, =1,(21, + A).

ny, =ln, Ing +1,.n,/n,n, .

Ny =(,7":n - 21:"10)/":1 Ny
ny =ln,, [ng +ln,, [nn, .
n-!l\ = (13"26 + 2/-|n27 /nlﬂ + n”’
Ryy =My = NGy, = Nyl

Ny =Ny, +"43.

Ryg = NyyNyg + Nyghyy + oMy,
N =(’5"44 +igng )/”9 >

ng ==l +10,/A+2n [47,
"5: =Ng, — n‘,n_,: =Ny N

Ry = Ngy + NNy + N3Ny,

ng =(lng _Is’7s<)/"9 :

ng =412 +1,(2 - 12).

Ngo =(’1"5R - 2(’2 + A)n,w)/"zl >
Mgy =MpNgy — MyNg,

ne, =kAfn, .

N =412 + 1,07 -12).

e = (g +2(4 _Ia)"m)/”zx .

N30 =NygMeg + NygMeo

Ny =1, — Ak,
ny =13 31,12 + A2 -12)

Ny :132 —-/} +1,A

ny, =IZz --I,2 +Al,

Ny =I6"7/n9 —Isns/n4"9

nys =(l7"|9 +2lz":a)/n:| +ny
ny, =- [u/A + ”25/"4

Ny =lsny, /"9 = leny /"4”9
n, = ([ﬁ"27 - 214"26 )/”:x +ny,
Ry = N3ylyg = Naghlyy + Nyphy
Nys = Mg = Molyy = Ny3Msg

Ny =Nys —Nyg

Ny = (15"47 —lghy )/ne

ng =bng +10,/A+nin /A-3n |4

Ny =N, +ng,

g =Ny + g,

ng, =(Igng, +1lsng)/n,

ng =41, ~ 1,02 - 12)

ng =(2hng + (1, + Ang)n,
Ny = NyyMgy + NN,

ne, = kAng,

Ngy =l by ~1,(12 - 12)

Ny = (=210, + (A=1,)15 )Ng

Ry = Nyghgy —NagMeg
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n, =lnn, [A.

ny =n,fly —ling[A* —nyl, [A.
fin=l+g” {n, + A0y + )},
Jo()=n, Cos 1L,y +n,, Sinl,y.
Ty =ny, Cos I,y +ng,Sinl,y.
JsW=n,Cos l.y—n, Sinl,y.

(W) =ng,Cos L,y —ng, Sinl,y.

Lo =e {0+ 25,0 - W)}

S =100+ £, ().
S =ny,Cos 1,y —ny Sinl,y,

S =ny Cos 1,y +n,Sinl,y.
JieW)=n,,Cos l,y+n, Sinl,y.

SfoW)=n, Cos 1,y —n, Sinl,y.

Ny :(ZI(V + ])”72/’4

Mg =Naq —Ng3

: ,, 2N,
/.(J’)=‘—e’ﬂ4—2'

Sy =n,Cos I,y +n,,Sinl,y

.,n, ’134)1I ny
=p —H+ A —+—
fn=e A ( A A)

J,()=ny, Cos L,y =n, Sinl,y

LW =e "0+ AL - 20
Sa =/ + £,00)

So)=¢" b+ aln, = n5n.p)}

hy

nyl
Sis()=ng, “‘L_oe
17 ()=ng Cos l,y+ngSinly
Sro(W)=-ng, Cos 1,y +ng Sinl,y

(:1 (Y) =hg + e’:)’ fM (J‘)

)= A(nu,v e’ e (- ,\zf;x(,v))). T =10+ ¥ fio)
£ =201 07 4 &% o+ D). o= [0 0D+ [ ()

SO =)+ [, ()



