DOI: 10.2478 /auom-2018-0025 S sciendo

An. St. Univ. Ovidius Constanta

Vol. 26(2),2018, 193-207

Some models for immiscible displacements in
Hele-Shaw cells
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Abstract

‘We study the linear stability of the immiscible displacement of some
fluids in 2D and 3D Hele-Shaw cell. We give a method for avoiding
the singularities phenomenons which appears in previous papers. In the
case of a non - Newtonian fluid displaced by air in a 3D Hele-Shaw
cell, we give a growth constant o of perturbations, which contains two
new terms compared with the Saffman-Taylor formula. Our o has a
very high growth as a parameter appearing in the constitutive relations
approaches a critical value.

AMS (MOS) Subject Classification: Primary 35Q35, 76S05;
Secondary: 35B20, 35B35.

1 Introduction

The Hele-Shaw approximation was first introduced in [6] and is concerning
the flow of a fluid in the thin gap between two parallel plates. The main
point is the following: the averaged (across the Hele-Shaw plates) velocities
of a Stokes fluid are verifying an equation quite similar with the Darcy law
for flow through a porous medium whose permeability is given in terms of the
small distance between the plates.

The immiscible displacement in Hele-Shaw cells is important due to the
possible applications in modeling the secondary oil recovery - see [1] and [8].
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This method is used when the pressure of the oil in a porous medium reservoir
is too low and the oil must be ”pushed” by a second immiscible fluid - usually
water, salt water or a polymer-water mixture. The polymer-water mixture is
not a Newtonian fluid, thus the displacement of such fluids, with nonlinear
constitutive relations, is an important research filed.

There exists a large literature concerning the miscible and immiscible dis-
placement in Hele- Shaw cells - see [7] and the references therein.

In [9], [13] the authors studied the linear stability of immisicble dis-
placement of Oldroyd-B and Maxwell type fluids by air in a 3D Hele-cell and
obtained numerical values for the corresponding growth constant (in time) of
the perturbations. Due to the complexity of the corresponding constitutive
relations, the displacement of such fluids can not be studied in 2D Hele-Shaw
cell. Moreover, the flow equations contain the derivatives of the fluid velocity,
thing that does not happen in the 2D case studied in [3] and [10]. Conse-
quently, two types of singularities appear in [9] and [13]:

a) The derivatives of the perturbed velocities become very large (tend to
00) near the basic interface between the displacing fluids;

b) The basic solution is giving us a basic pressure P not depending on the
variable y, orthogonal on the displacing direction Oz in the plane parallel with
the cell plates. However, due to the perturbations considered in the stability
analysis process, in [5] and [13] the basic pressure P is depending on y near
the interface.

In this paper, we get a method for avoiding the previously mentioned sin-
gularities, by using some weighted amplitudes for the velocity perturbations.
The displacement by air of a non-Newtonian fluid in a 3D Hele-Shaw cell
is studied; we consider the effect of the meniscus curvature across the plates.
The constitutive relations contain a parameter a, similar with the Weissenberg
number in the case of an Oldroyd-B fluid. We give a rigorous proof for a for-
mula of the growth constant o of the linear perturbations, in the range of small
a. Our main conclusion is that o has a very high growth when the parameter
a appearing in the constitutive relations approaches a critical value.

We improve the results obtained in [10], where a similar formula of the
growth constant was obtained, but the continuous dependence of ¢ in terms
of the parameter a was not been rigorously obtained.

We get two results which are in contradiction with Saffman -Taylor crite-
rion for the stability of immiscible displacement in 2D Hele-Shaw cells:

i) the displacement is almost stable when the surface tension v on the
air-fluid interface is large enough, even if the displacing fluid is less viscous;

ii) if ¥ = 0, then o tends to zero for very large wave numbers.

We give some details concerning the Hele-Shaw approximation. In our pa-
per, the cell plates are parallel with the fixed plane 10y and the distance
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between them is b. Two immiscible Stokes fluids with viscosities u; are dis-
placing in the gap of thickness b. The velocities and pressures are denoted
by

u = (u;,v5w;), p, j=1,2

The flow equations and the free-divergence condition are given below
Vp=plAu, wu;, +v,, =0,

where the lower indices , , , denotes the partial derivatives.

The Hele-Shaw approximation is based on the following hypothesis:

H1 : wj,, wjy, Vg vy, w; &~ 0, j = 1,2, Then the flow equations
become

Bjaf = /u’ﬂjzz7 Bjy = luyjzza B]Z = O

We average the velocities across the plates and get

I b2
<uy >:i= 7/0 u;(z)dz = 712'% ng = f(k/,uj)VBj.

The above equations are quite similar to Darcy law for flow in a porous medium
with permeability k = b%/12.

H2: There is a sharp interface between the two immiscible fluids, where
Laplace law is assumed; this means: i)the pressure jump is given by the surface
tension multiplied with the interface curvature; ii) the normal velocity across
the interface is continuous.

2 Two Stokes fluids displacing in a 2D Hele-Shaw

We first recall the result given in [10]. Consider the fluid 1 is displacing fluid
2; for both fluids we have

u = (u;,05) = —(k/u;)Vp, = Vo A¢ =0; j=12 k=0b"/12. (1)
Here u;, v; are the filtration (averaged) velocities.

The basic flow is given by the velocity (V,0) of the fluid 1 far upstream, the
basic interface is x = 0 in the moving frame x = x1 — Vt. We consider the sur-
face tension T on x = 0. We also assume Laplace’s law near the basic interface.
We emphasize that the flow equations do not contain w;,,u;,, vy, V;,-

Saffman and Taylor [12] assumed the following small perturbation of the
basic interface x = 0:

x = cexp(iny + ot), mn = wave numbers , o = growth rate.  (2)
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The perturbations are denoted by p, (u,v),¢. We have A¢p = 0. As the
normal component of the velocity is continuous and the interface is material,
the following equation ”to the first order of deviation” was considered in [12]
near x = 0:

¢1z = ¢2m =V +co exp(my + Ut)7 (3)

and the following solution was obtained

(4)

¢1 = Vz+ (co/n)exp(iny + nx + ot), x < 0;
¢2 =V — (co/n)exp(iny — nx + at),x > 0.

We have two remarks concerning the solution (4):

Remark 1. The perturbed interface is material, then it follows (we omit
the indices j = 1, 2):

xe =u, u=coexp(iny+ot)=u=u(y,t).

As uy + v, =0, we get v, = 0, then from (1) it follows p, = p,(y,t), py =
py(x,t). Moreover, we need pgy = pys, therefore we obtain (for both fluids)

Uy = Uy = A = constant, u= Ay+B, v=Az+C with B,C = constant.

We consider that this dependence of u,v in terms of x,y is not acceptable

from physical point of view.
O

Remark 2. Solution (4) verifies the equation (3) only if for small |z| (near
the basic interface) we have

x>0, exp(—nz)~1 and x <0, exp(nz)=1.
Even if x is very small, for large values of the wave number n we have
x>0, exp(—nz)=0 and x <0, exp(nz)=D0.

Then for small |z| and large n, the solution (4) is giving ¢1 = ¢o = Va and
the equation (3) is not verified.
O

According to Saffman and Taylor [12] , the pressures are obtained from
the potential expressions (1). The Laplace law on the interface is

b2 —p1 = Txyy
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then we get

% % exp(—nz) + % exp(nz)} = V{% - %} +T(=n?). (5)

We can now emphasize that Saffman- Taylor formula (6) holds only if exp (T nz) ~
1 (see Remark 2)

n\pug — 1) — 2 TLS
_ Vs — ) = (/120 ©
M2 + 1

osT

The well known Saffman-Taylor instability criterion was obtained from this
last relation:
w1 < pg = mawn[JST] > 0.

For the case when the displacing fluid is air, we have p; ~ 0, therefore the
above growth constant (6) becomes

OST—AIR — Vn— (b2/12)(T/,u2)n3. (7)

We now recall the result of Gorell and Homsy [5]. The basic velocity and
pressure are denoted by (V,0), P and we have

ijzf(/‘j/kJ')Va Pjyzoa (8)

therefore P is depending only on x - this is an important property. Moreover,
as the basic interface is the straight line z = 0, the basic pressure P is con-
tinuous at x = 0. As before, the perturbations are denoted by w,v,p. The
following Fourier decomposition is used for the perturbed velocity wu:

u = f(z)exp(cat) cos(ny). (9)

The free divergence condition gives us the solution for v:

v = (—1/n)f, exp(ot) sin(ny). (10)

Since the perturbed Darcy law gives us pj, = —(u;/k;j)v we easily get the
expression of the perturbed pressure in both fluids:

pj = — (1 /kjn®) f» exp(ot) cos(ny), j=1,2. (11)

Cross derivation of the pressure gives us the equation for the amplitude f(x):

fmx _nzf = 0.
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As u is continuous at x = 0 and the perturbations must decay to zero far away
from xz = 0, Gorell and Homsy [5] considered the following solutions for the
amplitude:

fa) = 10)-{ o =0 ESTG 0

Here the dimension of f(0) is unit of length over unit of time.
The perturbed interface is denoted by 7; we have 1, = v and thus

n(x,y,t) = (1/0) f(x) exp(at) cos(ny).

The limit values of the pressure near the basic interface were obtained in [5]
by considering a first order Taylor expansion of the basic pressure and the
perturbed pressure (11):

p*(0) = P(0) + P (0)n(0) + p2(0) = (13)

P(0) - B2y~ f( )exp(ot) cos(ny) — 32 £ (0) exp(ot) cos(ny),
p~(0) = P(0) + P, (0)n(0) + p1(0) = (14)
H1
k1n2
From (12), (13), (14) we recover the formula (6).
Gorell and Homsy’s model [5] uses the perturbations of the velocities
and not a perturbation of the basic interfaces. Moreover, the free-divergence
condition and then the partial derivatives u;, v, were used in their paper.

k2

P(0) — &Véf(O) exp(ot) cos(ny) — 1 (0) exp(ot) cos(ny).

Remark 3. The modulus of u,, v, becomes very large for z ~ 0 and n — oo.
Indeed, u,, v, contain the factor [—n exp(—nz)]. Consider n as a real (and not
integer) number, = as a parameter, and the function

F(n) = —nexp(—nz).
We use the derivative F;, of F' in terms of n and get
EF,(n=1/x) =0, Fhpin = Fpin(z) = F(1/2) = —1/(ex), Fpin(z — 0) = —o0.
O

To overcome the phenomenon described in the above remark, we consider
the new expansion

u = exp(—nf[a + z] + ot) cos(ny), « > 0. (15)
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Therefore, in the point = 0, the derivatives of the velocity contain the factor
FA(n) = —nexp(—na).
This time we have
miny[—nexp(—na)] =0 for o — oco.
We consider two particular cases:

max,|FA(n)| ~ 370 for «=0.001; maz,|FA(n)|~0.0075 for «=50.

Remark 4. The basic pressure at the ”point” n is depending on y which
contradicts the relation (8). Indeed, if we use a first Taylor expansion of P
near x = 0, as in (13), the Fourier expansion (9) gives us

P ) = P 0)(-m) Y exp(ot) sinfny) £ 0.

We use (15) instead of (9) and get

P (n) = P (0)[(—n) exp(—na)]@ exp(ot) sin(ny).

As we pointed out in  Remark 3, max,{|nexp(—n«)| is very small for large a.
Therefore Py(n) is very close to zero for large o. Then we can consider that

the dependence of P in terms of y is arbitrary small for large enough «.
O

3 A non-Newtonian fluid displaced by air

Consider the non-Newtonian fluid governed by the following constitutive rela-
tions:
r=pD+ pa(LD +DL"), a>0, (16)

where the dimension of a is (time). Here we use the following notations:
7, D are the the extra-stress and strain-rate tensors; u is the fluid viscosity;
L is the matrix of the velocity gradients. We have the relations

Lij = 8@1'/6933', (L

=ij

=L

s

D=(L+L"). (17)

Our constitutive relations are steady; it can be proved that (16) are frame-
independent with respect to the coordinate changes x+ = Qz, where Q is
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an ortonormal matrix not depending on time. We consider an incompressible
fluid, then we have
u, +u, +w, =0 (18)

The no-slip conditions on the plates are imposed for the velocity:
(w,v,w)=0 at 2z=0, z=0b. (19)

The flow equations of our fluid are given below:

P, =TnatTioytTiszs Py = To1etTooy 7325 P, = T312F T30y 133

(20)

We consider the following basic flow (in the positive direction of x-axis)
denoted by the super-index ©:

Vp’ = (0)(2),0,0), u°®=(u’(2),0,0), (21)
LY =0 Y (i,5) #(1,3), LY=ul, (22)
D?jZO v (27.7)#(1’3) and <3a1)a D??):Dglzug7
70 = uD° + ap{L°D°® + DL T}, (23)
Then we get

0 0 ul 2u2)? 0 0
P=ul 0 0 0 |+au o 00|, (24)

uw 0 0 0 0 0
7'202 = 7203 = 7':93 = 7'102 =0, 7'?1 = 2“#(“2)27 7?3 = MUS«' (25)

We have the following basic flow equations:

0_ 0 0 0

Dy = Ti1,e T Ti2,y T 713,z (26)
0_ 0 0 0

Dy = To1,5 + Taoy + T3 25 (27)
0_ 0 0 0

P, = T31,4 T 732,y T 733 2, (28)

and thus p) = p? = 0. Moreover, since 7{; = 7{; (z), from the equation (26) it
follows
po(x) = 715 .(2) = pul, = G = constant < 0, (29)

because the pressure is decreasing in terms of . The fluid displacement is
produced by the pressure gradient G, which is giving the basic flow with the



SOME MODELS FOR IMMISCIBLE DISPLACEMENTS IN
HELE-SHAW CELLS 201

velocity (u°(z),0,0). From (29) we get the component u° of the basic velocity
in terms of G G
uo:ﬂ( 2 _bz). (30)
The characteristic velocity U of our basic flow is given by
0 1 b?
— e d = —\7— . ].
U=<u’ > b/ou(z)z (12M)G (31)
We use U and introduce the dimensionless Weissenberg number W:
W =alU/l, (32)

where [ is the characteristic length of our Hele-Shaw cell.

In the following we perform the modal linear stability of the above basic
flow (21)- (22) in the range of small W of order € = b/I.

The relation (31) is quite similar with Darcy law for the flow through a
porous media with filtration velocity < u® > and “permeability” b?/12.

In [13], it is (numerically) studied the displacement of an Oldroyd-B fluid
by air in a 3D Hele-Shaw cell. It was supposed that the pressure can depend
on time - that means in the pressure expression we can add a constant not
depending on . As in [13], we consider the following dependence of the
pressure in terms of the time ¢ (which first appears here):

P’ =Gla—<u’>t), for z><u’>t (33)
The basic moving interface between air and our fluid is
r=<u’ >t (34)

The perturbations of the basic flow are denoted by (u,v,w),p, 7.
We recall the free-divergence condition (18). We suppose u = v = w = 0
on the Hele-Shaw plates, then the velocity perturbations verify the relation

/0 (et 0y) = 0. (35)

A solution for the above equation is u, + v, = 0, then we get w, = 0 and the
boundary conditions are giving us w = 0. In the following we shall consider

Uy +v, =0, w=0. (36)

Equation (26) may have other solutions, but in this paper we only consider
the solution (37).
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As w = 0, the perturbations L, D of L% D° are given by

Uy Uy Uy ATIN Uy + vy U
L= v, vy, v, |, D= uy+uv, 2uy v, |. (37)
0o 0 O Uy Vs, 0

Inserting them in (16) and using (24), in the frame of the linear stability
analysis, we get

7= u{D +a[L°D + (L°D)" 4+ LD° 4 (LD")T]}. (38)

The components of the extra-stress tensor in terms of the velocity pertur-
bations are given by the relations

11 = 2uug, + 4auu2uz, T2 = p(uy + vz) + 2a,uu(z)vz7 (39)

T3 = pitly + apudt,, Tog = 2uvy, Teg = pu, + apulvg, 733 =0. (40)

Tt is interesting to see that the relations (39) - (40) can be also obtained directly
from the relations (25). The corresponding pressure perturbations are

Px = Ti1,e +T12,y T T13,2, Py = Te1,x + 7224 T723,2, Pz = T31,2 +7T32,y +733,2-
(41)
We use (30) and consider the following Fourier decomposition for (u, v):

f(z) exp(—n[a + z] + ot) cos(ny),

f(z) exp(—n[a + z] + ot) sin(ny), (42)
1 W G 1w,
- — — = — ¢ — > > 1.
FE) =501 220 =g w20 n2l

where o is the growth constant and « is a large positive number. The above
expansion (42) verifies the relations v, +v, =0andu =v =0for z =0,z = b.
Moreover, it follows

Uy = —NU, Uy = —NV, Uy = —NV, Uy = (n2)v, Vpy = (—nz)u, (43)

Upw + Uyy = 0, Usp + 05y =0, Uy + Uy = 0. (44)

Equations (39) - (44) give us the pressure perturbations in terms of the velocity
perturbations:

P = ap- (Budtzg +ul ug) + ptiez,  py = ap- (3udvay +ul v,) + po... (45)
and we obtain p;, = py.. We get also

Pz = p(u; + augu ) + p(vz + avgu )y =0= (46)
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(Pz). = ap - (4nguz + 3“2“%):1: + ptzze = 0. (47)

The following dimensionless quantities will be used in this section:

b
G e=7<<l (#)

/ 1 / U / l ! A 1 !
= —_— = 11— = —_— = M = —_— = . 4
P=pg, U=ty od=op [ =f/U » Ui nl. (49)
Recall (30) and (31). We have

12uU
u=— Zbl;u V(2 —1)=—6UZ (2 - 1) =

W =622 1), [ =6/ ) (W0 (2~ 1) (50)

We use the above last expression to obtain the dimensionless form of the
relation (47). As f.,.,,, = 0, we have

Iyl
1

LHS = 2 a4 12U - 6U/(2' — 1) + 3 - 6U(22' — 1)120] z

i 0.  (51)

In this section we consider W = O(e), €= O0(1073).
Recall W = aU/l. As LHS = (W/504)W - 504(22' — 1) < W2, we can see
that (51) is not verified exactly, but with the precision order O(e?). Then the

amplitude f given by (42) verifies the equation (51) with the precision order
O(e?).

We follow Wilson [13] and consider the kinetic and dynamic boundary
conditions on the steady air-liquid interface * =< u® > t. The perturbed
interface is given by

Yp=x—<u’ >t (52)

As the interface is material, we also have
vy =u=1=u/o. (53)

The stress jump on the interface is given by the surface tension multiplied
with the interface curvature (Laplace’s law). We consider

<GY+p—m >=7< {wyy + wzz} >, (54)

where « is the surface tension and {t,, + ..} is denoting the total curvature
of the interface. A quite similar formula is used in [13], but without the term
containing v, ..
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In many papers, the term 71; did not appears in Laplace’s law (54). On
the contrary, the importance of this term is rigorously proved in [2] and [11]
- see also the references therein.

The partial derivative with respect to x is equivalent with the multiplica-
tion with (—n). The relations (45) and (39) - (40) are used to obtain (p—71):

P — Ti1e = p(=2n2u) + apn(vdu, —ul,u) + pu,, =

p—m = (=1/n){u(=2n*u) + apn(uu, —ul,u) + pu..}. (55)

From the equations (53) and (42) it follows the expressions of 1y, Py, Yyy-
We insert them and the expression (55) in the relation (54) to get

G(=n)f

< ?_an,uf—l—a,un-(ugfz—ugz )+ ufen >= 1

— < f ot for > ().
(56)

We perform the average across the plates and it follows the dispersion

relation 9 3
5 = Un—(/m®/12)n° — (v/n)n
1—2aUn + b2>n?/6 '

Recall the growth rate obtained in [12] for a Newtonian liquid with vis-
cosity u displaced by air in a 2D Hele-Shaw cell:

ost = Un — (v/p)(b?/12)n°. (58)

(57)

Remark 5. The same method as in section 3 was used in the talks [3]
and [4], obtained in collaboration with professor Prabir Daripa from Texas
A-M University, College Station, USA. In these talks was studied the linear
instability of the displacement by air of an Oldroyd-B fluid (with more complex
constitutive relations) in a Hele-Shaw cell, for small Weissenberg numbers. A
different Fourier expansions and amplitudes of the velocity perturbations were
used, giving unbounded partial derivatives of (u,v) with respect to x,y near
the basic interface x = 0 - as we pointed out in Remark 3. Despite this fact, a
quite similar formula for the growth constant and a strong destabilizing effect
(compared with the case studied in [10]) were obtained. Unfortunately, both
these talks have not been published.

4 Conclusions

1) For the case a = 0, the formula (57) of o is quite similar with the Saffman-
Taylor growth constant (58), but two new terms appear:
a) (—y/p)n in the numerator, given by the meniscus curvature;
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b) b*n2/6 in the denominator, given by the partial derivative with respect
to x of the velocity.

We use the dimensionless quantities (48) - (49), then from (57) we get the
following dimensionless approzimate formula of the growth constant for small
W, denoted by o'y :

o _ n' — ’)/I’I’L/ _ 7/(62/12)71/3
sw 1—2Wn' +e2n'?2/6

(59)

The dimensionless quantities and the formula (58) give us the dimension-
less Saffman-Taylor growth constant

ol =n' —+'(2/12)n"%. (60)

2) Consider W = ce with ¢ > 0.40824. Then the denominator of (59) has

two real roots. Indeed, we have
A= —e2/6>04 ¢ >1/6, c>0.40824. (61)
3) In the range W = ce with ¢* < 1/6, the flow is almost stable when

+' > 1, even if the displacing fluid is less viscous (air). Indeed, in this case the
denominator of (59) is positive V n’ and we have

n'(1-9")

sw < . 62
TSW S T9Wnl + e2n2 /6 (62)

Moreover, we can see that in the case v’ = 0, we have
limy,—oo0gy = 0. (63)

The last two relations are in contradiction with the Saffman-Taylor stability
critertion.

In Figure 1 we plot the positive growth constant (60) (on the vertical axis)

in terms of the wave number n’ (on the horizontal axis), when € = 0.006, ~' =

0.1, W = ce and
¢ = 0.1 (lower curve), 0.2, 0.3, 0.35. 0,38, 0.39, 0.395, 0.4, 0.405 (upper curve).

We can see that oy, is increasing from 8000 to over 18000 when c is increasing
from 0.4 to 0.405. We must avoid the value ¢ = 0.40824 where a blow-up of
the growth constant oy, appears. On the other hand, we use (60) and get

maz, {osr} =~ 1.000.
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Figure 1: The growth constant (59) for ¢ = 0.006,+" = 0.1, W = ce and

c=0.1, 0.2, 0.3, 0.35. 0,38, 0.39, 0.395, 0.4, 0.405.
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