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Abstract. Upper bound results on the growth rate of unstable multi-layer
Hele-Shaw flows are obtained in this paper. The cases treated are constant
viscosity layers and variable viscosity layers. As an application of the bound,
we obtain some sufficient conditions for suppressing instability of two-layer flows
by introducing an arbitrary number of constant viscosity fluid layers in between.
This sufficient condition has very practical relevance because it narrows the choice
of internal-layer fluids on the basis of the surface tensions of all interfaces and
viscosities of fluids in various layers. The importance of this condition which
has been hitherto unknown is also discussed. Other consequences of these upper
bounds and sufficient conditions are discussed. The case of internal fluid layers
having stable and unstable viscous profiles is also treated for three-layer and
four-layer flows. The connection of these variable viscosity results to viscous
fingering in complex fluids is also established. Implications of these stability
results for these various multi-layer flows are discussed and compared from a
practical standpoint.
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1. Introduction

Interfacial flows are ubiquitous in Nature and play very important roles in many areas of
science and technology. Over the last few decades, there have been significant advances in
the theory and modeling of flows involving only one interface. However, research on flows
involving more than one interface, though ongoing, is still very primitive. Quantitatively
useful theory and efficient accurate modeling techniques for such multi-interface flows
are few in comparison, though interaction of interfaces with each other and with the
incompressible fluid around these can be explained easily in a qualitative sense using laws
of physics. We take the fluid to be incompressible for ease of explanation. Since the fluid
between any two interfaces is incompressible, the amount of fluid between two interfaces
cannot change due to conservation of mass. Therefore, in general an arbitrary motion of
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one interface, however small, must induce motion of the other interface; otherwise it will
violate the principle of conservation of mass. The only way it can do this is to cause fluid
flow in between the interfaces. This basic mechanism in multi-layer flows explains that
an infinitesimal disturbance of even one interface will cause fluid flows and motion of all
other interfaces, however small. Similarly, using conservation laws one can understand the
mechanism behind stabilization or destabilization of any specific interface. We provide a
simplistic explanation: for destabilization of an interface, energy of the fluid surrounding
this interface will feed into its motion and vice versa for stabilization.

Mathematical equations governing the evolution of interfacial disturbances are well
understood and it is accessible to mathematical analysis within linear theory in the single-
interface case for many flows. This allows reliable prediction of the effect of various
fluids and interfacial properties on the growth of interfacial disturbances. In turn, this
knowledge also guides selection of correct fluid and interfacial properties a priori to
achieve desirable enhancement or suppression of instability of interfacial flows. In contrast,
the mathematical theory of stability of multi-interface flows is much less well developed.
Understanding of similar issues even for two-interface, or equivalently three-layer, flows
is incomplete. The prediction and the selection problems, similar to the ones discussed
above for the single-interface case, are open problems for most multi-interface flows. Such
problems are commonly solved from extrapolation of single-interface results due to lack
of useful theoretical results for such multi-interface flows. This aspect of multi-interface
flow problems is further discussed below using viscosity driven instability in Newtonian
incompressible fluids.

The displacement of a more viscous fluid by a less viscous one is known to be
potentially unstable in a Hele-Shaw cell. Such flows first studied by Hele-Shaw [1] are
known as Hele-Shaw flows and have similarities with flows through porous media [2] in
the sense that in both of these flows, fluid velocity is proportional to the pressure gradient.
Because of this analogy and relative ease and accuracy with which such Hele-Shaw flows
can be experimentally studied in comparison to flows in porous media, Hele-Shaw flows
have been studied extensively over many decades. The instability theory in this context,
also known as Saffman—Taylor instability [3], is now well developed for single-interface
flows. Exact growth rates of interfacial disturbances for such flows are well known and
well documented in standard textbooks on hydrodynamic stability theory, e.g. Drazin
and Reid [4]. For our introduction below and later reference in this paper, it is worth
citing some exact results for rectilinear flows. If p, is the viscosity of the displaced fluid,
i (i < pp) is the viscosity of the displacing fluid, U is the constant velocity of the
rectilinear flow, and the surface tension at the interface is T', then the growth rate oy of
the interfacial disturbance having wavenumber k is given by

Uk(pr — ) — K°T

7ue(F) = x4 11 ’ M

from which it follows that the growth rate of any unstable wave cannot exceed o};:

2T (U(ur—m))?’ﬂ'

(:U’r + :U'l) 3T

These formulae imply that increasing the interfacial surface tension suppresses instability
whereas increasing the positive viscosity jump at the interface in the direction of flow

(2)

u __
Ost S Jst -
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further enforces instability [4]. On the basis of this understanding, it is common practice
to use a layer of third fluid in between having viscosity less than that of the displaced
fluid and more than that of the displacing fluid, in the hope that it will suppress the
growth of instability that is otherwise present in the absence of this middle layer [5]-
[7]. This expectation is justified on the basis of the application of our understanding
of single-interface flows to multi-interface case under the assumptions that (i) there is
minimal or favorable interfacial interaction and (ii) surface tensions at two interfaces are
similar to the surface tension at the original interface between the displaced and the
displacing fluid in the absence of the middle layer. This makes each of these interfaces
less unstable individually due to reduction in the viscosity jump across them. However,
when surface tensions as well as the viscosity jumps at two interfaces are significantly
modified due to the middle-layer fluid, it is not easy to correctly predict the outcome of
these collective effects on the overall instability of these flows from simple extrapolation
of our understanding of single-interface flows. This problem becomes even more daunting
in the case of flows with arbitrary number of interfaces. This paper makes a theoretical
attempt to partially address these issues by extending and building on our previous work
on the upper bound on growth rates of disturbances in three-layer flows.

For the three-layer case, an absolute upper bound of the growth rate, using
Gerschgorin’s localization theorem on a discrete version of the continuous flow problem,
has been derived earlier in [8]. A simpler derivation of the same bound using a weak
formulation has been derived recently in [9]. The absolute upper bound reported there
is in non-strict inequality form meaning, in practice, that this bound will not be reached
for a non-trivial disturbance as discussed in [10]. In [10], it was shown how this bound
reduces to a strict inequality for a non-trivial disturbance and how to improve upon it
by taking physics into consideration. Several interesting theoretical results were reported
there that are independent of the length of the middle layer as well as a numerical study
of the interfacial instability transfer mechanism being presented.

In this paper, we further build on these works in several respects. In particular, in
Part I we consider interfacial flows which have arbitrary number of individually unstable
interfaces (meaning that the viscosity jump is positive in the direction of flow at each of the
interfaces) but individually stable constant viscosity layers. In Part II, we have partially
extended the results of Part I when layers themselves are also individually unstable. This
case is significantly more difficult as we will see later. To be specific:

(1) In section 2, the problem is formulated mathematically.

(2) In section 3.1, the stability problem (see section 5 of [8]) for three-layer flows with
constant viscosity layers is revisited and the old classic result on the upper bound on
the growth rate is presented. To improve upon this bound, a new inequality involving
an integral is derived in section 3.2. Then using this new inequality, continuous
families of upper bound estimates (see inequality (45)) indexed by two parameters
are obtained in section 3.4. By sweeping over the range of values that these parameters
can take, an estimate (see (47)) of the modal upper bound 7" (the subscript ‘1’ above
refers to one internal layer or equivalently a three-layer case) is obtained. From this,
an absolute upper bound o} (see (49)) on the growth rate of a non-trivial disturbance
is obtained in a non-strict form without taking into account any ad hoc physical
considerations. This new bound is shown to be an improvement over the upper
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bounds known to date. An explicit and useful good approximation (see (53)) to this
absolute upper bound is also derived here. In section 3.6, roles of short and long
waves are first investigated. Then in section 3.6.3, as an application of this new
absolute upper bound, we obtain an exact theoretical result embodying collective
competing effects of interfacial viscosity jumps and surface tension forces. This result
provides a family of sufficient conditions for suppression of instability which is useful
in the selection of middle-layer fluid based on its interfacial surface tension properties
with the extreme-layer fluids and their viscosities. Strikingly, this family includes a
sufficient condition that does not depend on the viscosity of the middle-layer fluid.

(3) In section 4, we extend the above results first to four-layer flows which are more
amenable to and provide an inductive basis for generalization to flows involving
arbitrary number of unstable interfaces separated by constant viscosity layers.

(4) In section 5, using results of section 4 as an inductive basis we generalize results of
section 3 to flows with arbitrary number of constant viscosity layers. In addition,
in section 5.3 as another application of our results we prescribe a solution to the
following inverse problem: determine the number of layers of constant viscosity fluid
from the prescribed maximal growth rate of the instability.

(5) In section 6, we briefly revisit the stability problem [9] for three-layer flows with
unstable viscosity profile in the middle layer. FExtending results from flows with
constant viscosity layers to flows with two or more individually unstable internal
layers is difficult, which has been discussed in section 7. In section 7 where four-layer
flows with internal layers having unstable viscosity profiles are treated, we are able to
obtain some results on the upper bound and some interesting consequences of these
results. This section makes it clear that the tools of analysis that are used in this
paper are not sufficient to provide any interesting results on an upper bound for flows
with arbitrary number of individually unstable internal fluid layers beyond 1.

(6) Finally we conclude and provide a summary of this work in section 8.

In closing this section, it is important to emphasize that though this work was
originally motivated by enhancing oil recovery from porous media, the paper mainly deals
with stability of multi-layer Hele-Shaw flows and provides many new stability results of
fundamental interest. In fact, there are no theoretical results on multi-layer Hele-Shaw
flows and this paper is the first of its kind. Moreover, the technique applied in the paper
is of general interest and may be applicable to other multi-layer flows such as multi-layer
Rayleigh—Taylor instabilities.

2. Background

We first review the physical set-up of the problem and its mathematical formulation [11].

The physical set-up consists of two-dimensional fluid flows in a three-layer Hele-Shaw
cell as shown in figure 1. The domain € of interest is then Q := (z,y) = R? (with a
periodic extension of the set-up in the y direction). The fluid upstream (i.e., as © — —o0)
has a velocity u = (U, 0). The fluid in the left layer with constant viscosity p; extends up
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Figure 1. Three-layer fluid flow in a Hele-Shaw cell.

to x = —o0, the fluid in the right layer with constant viscosity u, extends up to z = oo,
and the fluid in between middle layer of length L has a smooth viscous profile p(x) with
i < p(x) < pp. The underlying equations of this problem are

0
V-.u=0, Vp = —puu, a—'l;+u-Vu:O, (3)

where V = (8%, %). The first equation (3); is the continuity equation for incompressible
flow, the second equation (3)y is the Darcy law [2], and the third equation (3)3 is
the advection equation for viscosity [11,12]. Equation (3); has been used successfully
in modeling Hele-Shaw flows for a long time [1]. For example, Taylor showed in
physical experiments development of fingers in a Hele-Shaw cell which were also obtained
analytically by Saffman and Taylor [3] using the Darcy law (3)s for modeling velocity.
There is a rich history to this in fluid mechanics [13,14]. The advection equation (3); for
viscosity arises from the continuity equation of species such as polymer in water which is
simply being advected and viscosity of this poly-solution (polymer in water) is an invertible

function of the polymer concentration. More details of this can be found in [11].

The above system admits a simple basic solution: the whole fluid set-up moves with
speed U in the x direction and the two interfaces, namely the one separating the left layer
from the middle layer and the other separating the right layer from the middle layer, are
planar (i.e. parallel to the y—z plane). The pressure corresponding to this basic solution is
obtained by integrating (3)s. In a frame moving with velocity (U, 0), the above system is
stationary along with two planar interfaces separating these three fluid layers. Here and
below, with slight abuse of notation, the same variable x is used in the moving reference
frame.

In the moving frame, the basic solution (u = 0,v = 0, po(x), u(x)) is perturbed by
(et €v, ep, €f1), where € is a small parameter. We write equations (3);—(3)3 in the above
moving frame and then substitute the perturbed variables in these modified equations. We
equate to zero the coefficients of the small parameter € to obtain the following linearized
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equations for u = (u,v), p, and fi
V-.-ua=0, (4)
o dp

We study temporal evolution of arbitrary perturbations by the method of normal modes.
Hence, we consider typical wave components of the form

(@,9,5, 1) = (f(2), 7(x), ¥(), p(x)) e, (7)

where k is a real axial wavenumber, and o is the growth rate which could be complex.
The ansatz (7) is consistent with (4)—(6) provided

T($> = ikilfxa ¢($) = _k72:u(x>fxa ¢(*7:) = _ailf(x):u:ta (8)

where f, denotes the derivative function of f(z). In general, functions f(z),7(x),¥(x),
However, it has been shown in [9] that these are real including the growth rate o.
Therefore, these variables will be treated as real for our purposes below.
Cross differentiating the x and y components of the vector pressure equation (5) and
using the ansatz (7) and (8), we obtain
2

kU

Note that coefficients of this equation depend on k only in its even power (2 to be specific).
Therefore, without any loss of generality, below we take & > 0 which is equivalent
to writing |k| for k below, which is consistent with the above equation. Recall that
w(x) = w,r < —L and p, = py > py,x > 0. Therefore, in the two extreme layers this
equation simplifies to

foo —Kf=0, x<-L x>0 (10)

The far-field boundary conditions f — 0 as © — Foo then give the following solutions in
the exterior of middle layer:
f(z) = f(=L)exp(k(x + L)), for x < —L,

f(z) = f(0) exp(—kx), for z > 0. (11)

We know that the basic state has two planar interfaces at * = 0 and —L in the moving
frame. For general treatment of the derivation of the boundary conditions at these
interfaces, let a planar undisturbed interface be located at © = xy. If this planar surface
is disturbed slightly such that its equation becomes x = xy + 7(y, t), then the kinematic
condition that each particle remains there gives

o= i,y 1) ~ lzo,y, 1), onx =0+ iy, 1), (12)

and the last approximation in the above equation uses linear approximation assuming
that the perturbation is small. It then follows from (7); and (12) that

i(y,t) = (f(wo)/o) exp(iky + ot). (13)
doi:10.1088/1742-5468 /2008 /12 /P12005 7
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Thus kinematic boundary condition at the interface provides the equation of the
interface in terms of function f(z). This is used below to obtain relevant equations
from the dynamic boundary condition for the interface. This condition, within linear
approximation, is given by

p(x) —p~(x) = Tiyy(z),  onw=ux0+i(y1), (14)

Y

where the superscripts ‘+’ and ‘—’ are used to denote the ‘right’ and ‘left’ limit values
(direction from ‘left’ to ‘right’ is in the positive direction of the x axis), T is the surface
tension and 7),,, is the approximate curvature of the perturbed interface. Above and below,
h, denotes the derivative of an arbitrary function h(y) with respect to y.

The pressure at the perturbed interfaces will be discontinuous due to curvature effects
and associated surface tension force. We have the following expression for the pressure at
the interface © = xo + 7(y,t) as we approach it from the right:

p* (@0 +1i(y, 1) = pg (w0 + 7y, 1) + 5" (w0 +7i(y, 1))
~ po(l’o) + ﬁ(:% t) ’ (apé)_/ax”:v:mo + ﬁ+(I0), (15)
where the approximation above retains only the linear term in perturbation. The basic

pressure po(xg) is continuous across the planar interface profile of the basic state. The
right limit values (Opg /0)|s=s, from (6) and p*(zg) from (7) and (8) are given by

Ipg 0z (x0) = —Up™ (20), Pt (o) = — (" (o) f, (20)/K?) exp(iky + ot), (16)

and similar expressions can be obtained for corresponding left limit values.
Substituting (16) into (15) provides the right limit value of the pressure at the perturbed
interface © = xo +7(y, t) and similar expressions and manipulations provide the left limit
value of the pressure at the interface. These are

o+ . 0) = teo) — o) {250 4 E )} explivy + o) a7
oo+ 0. 0) = otao) — () {54 )} xplivy + o) (18)
Using (17) and (18) in the linearized dynamic condition (14) gives

e {5 4 Dt - e {25500 4 Dt} = -rH ) )

or equivalently

(1™ fo (o) = (" £ (o) = fA(wo). (20)

This equation holds at each of the two interfaces, one at xqg = 0 with surface tension 7§
and the other at + = —L with surface tension 77. In this equation for the interface at
xg = —L, we use f, (—L) =kf(—L) from (11), and similarly for the interface at xy = 0,
we use f;7(0) = —kf(0) from (11). Therefore, from equation (20) for these two interfaces
we obtain

KUt (x0) — p~(20)] — KT

g

S £ = ek £20) — 22 p20),
7 (21)
(Wt fEH(=L) = mk f*(—L) — - f(=1L),

doi:10.1088/1742-5468,/2008/12/P12005 8
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where
Ey = K*Ulpy — p=(0)] — Tok?, By = kKU (=L) — w] — Thk*.  (22)

The mathematical problem for this three-layer case is defined by the field equation (9),
far-field boundary conditions (11) and two interfacial conditions (21).

In Part I below, we first consider the above problem with constant viscosity fluid in the
middle layer and obtain results which go beyond our previously reported results in [15] on
this problem. Then we generalize these results to a multi-layer case with arbitrary number
of interfaces separating constant viscosity fluids. In Part II, we provide results on upper
bounds and their consequences for three-layer and four-layer flows with variable viscous
profiles for the internal layers. Difficulties for extending these results to a multi-layer case
are addressed in this part.

Part I: Constant viscosity fluid layers

3. Three-layer flows

3.1. A classic result on the upper bound

Consider that the fluid in the intermediate layer has constant viscosity pq with p < py <
r. Then the problem for the middle region [—L, 0] defined by equation (9) and the two
interfacial conditions (21) reduces to

fxm - k2f = 07
—m(fz 1)(0) = (ek — 07 Ey) (0), (23)
i (fEA(=L) = (mk — o7 En) f*(~L),
where
Eo = {[p]. UK* — Tok*}, By = {[u) UK* — T k*}. (24)
Above and below, we have used the notation [u|; = (g1 — ) and

:U’]r - (Mr - Ml)'
)

[
Multiplying (23); with f(x) and then integrating on the interval (—L,0) leads to

(FFF)(=L) — (£ 1)(0) + / e / P, (25)

where we have used (f1f2)(z) = fi(z)f2(x). Using boundary conditions (23)s and (23);
in (25) and then simplifying leads to
B Eo f(0) + By f(~L)

ek F20) + gk fA=L) + oo J2 (K2 2+ f2) do

o

(26)

All the terms in the denominator above are positive.

doi:10.1088/1742-5468,/2008/12/P12005 9
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In (26), if we neglect appropriate positive terms from the denominator and negative
terms from the numerator if any; then we get the following four cases:

U Ulnl,
k2 > max Ml, 1] = Ey<0, FE<0=0<0, (27)
T Tp
U[/‘L]r 2 U[:U’]l E1
<k<——= E;<0 EFi>0=0< — 28
To Tl 0 ) 1 o ,LL]]C’ ( )
U[/‘L]l 2 U[/'L]r E()
k Ey >0 E, <0 — 29
T <K <= B>, 1<0= o< (29)

Eof2(0) + By f2(—L)
pirk f2(0) + puk f2(—L)

for a non-trivial disturbance. We first consider the upper bound on the growth rates of
waves in the range

12 ~ min { Ulpls U[uh} ’ (31)

k> <min{U[“h,U[“]r} = Ey >0, FE>0=0< (30)

T 1o

Ty ' T

where the inequality (30) for the growth rate o holds. To this inequality, we apply the
following relation from [9] which holds for arbitrary n under the condition A; > 0, B; >
0,X;>0,fore=1,...,n

S <5 ) (32

I

Then we obtain for waves in the range (31)

a(kz)<max{E0, El}:max{([u]r Uk—T0k3)’ ([uh Uk—T1k3)}7 (33)

k/'br k—,ul JRGs 20|

where we recall [u], = (ur — p1), and [u); = (g1 — ). Since the upper bound (33) is
not less than the estimates (28) and (29) for the upper bounds on growth rates for waves
outside the range (31), (33) is a modal upper bound for all waves. The absolute upper
bound (i.e., the growth rate of any unstable wave cannot exceed this bound) is then given

by
2T (U[u]r)3/2 21 (U[u]1)3/2
o < max ,— . 34
{ Hor 3Ty 2! 31y (34)

Below, in lemma 1 we obtain an estimate for the integral in the denominator of (26)
which was neglected in the above estimate. This estimate will then be used to obtain
a new upper bound for this three-layer case which, as we will see, is an improvement

over (33) and (34).
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3.2. A useful lemma

We need the following lemma to obtain the improved upper bound.

Lemma 1. Consider the function f and the integral I such that
0
Fule) = Bf@) =0, Vre (Lo, 1= [ 2P+ (9
-L
Then we have the inequality

I >k tanh(kL)(\, f2(—=L) + X2 f(0)), (36)

where tanh(x) = (exp(z) — exp(—z))/(exp(z) + exp(—x)), A\; >0, and Ay + Ay < 1.

Proof. The general solution of equation in (35) in terms of boundary data for the
eigenfunction f is given by

f(0)sinh(kx + kL) — f(—L)sinh(kx)

fz) = sinh(kL) ’ (37)
from which we have
10 = S ){f( )cosh(kL) — f(~L)},
(38)

fo(=L) = ——=—==={f(0) = f(=L) cosh(kL)}.

smh( L)
We use (35), (38) and get

_ / C(fuf)de = FO)£(0) = F~L)fu(~L)

smh(kL){f (0) cosh(kL) = 2f(0)f(=L) + f*(=L) cosh(kL)}. ~ (39)

It is easy to see that the following inequality holds for the quadratic form F' given below:

{¢*cosh b — 2¢x + x? cosh b} > tanh b\ (40)

1
F(6x) = sinh b

For this, a new form of the above inequality is considered which is useful for our purposes:

inh?® b
¢%coshb —2¢y + \* {COShb— P } > 0. (41)
cosh b
We recall the formula cosh? b — sinh? b = 1. Then the last inequality is equivalent to
1 2
coshb —2(y + xy*—— = [ (Vcoshb — ) > 0. 42
: e (C JeostE “2)

doi:10.1088/1742-5468 /2008 /12/P12005 11
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Since F'((,x) is symmetric in ¢ and y, the inequality (40) also holds if ¢ and y are
interchanged in this equality. Then we have

1
Flx¢) = sinh b

Recall that coshb > 1,sinhb > 0,V b > 0. Taking a convex combination of the
two inequalities (40) and (43) and then using the resulting inequality in (39) with
¢ = f(0),x = f(=L),b = kL, we obtain the inequality (36) with A; + Ay = 1. However, if
the inequality (36) holds for A; + Ay = 1, then it must also hold for A\; + Ay < 1 as each
of the two additive terms in this inequality is positive. O

{C2 coshb — 2y + x* coshb} > tanh b (2. (43)

Lemma 2. The integral I defined in (35) satisfies the following inequality:

I > max {k tanh(kL)f*(—L), k tanh(kL)f*(0)} > k tanh(kL)(\; f*(—L) + A2 f%(0)),
(44)
where \; > 0, and Ay + Xy < 1.

Proof. Regarding the best choice for the pair (A, A2) in lemma 1 above so that we have
the upper lower bound of integral I in (35), the following main result of linear programing
theory (also known as the simplex method) is useful: ‘The maximum value of a linear
function f on a convex set S is attained at one of the edges of S.’

Let S = {x,y|z,y, > 0,2 + y < 1} be the convex set between the lines z = 0, y = 0,
y =1 —z. Edges of S are the points A = (0,0), B = (1,0), and C' = (0,1). The linear
function is f(x,y) = ax + by, a,b > 0,2,y > 0. The maximum value of f on S is attained
either at A or at B or at C. But f(A) =0 < f(B) and f(A) = 0 < f(C). Then the
maximum value of f on S is attained in B or in ', which are the edges of the segment
x +y = 1 intersecting with S. Then the conclusion is that the maximum value of f is
attained either at (1,0) or at (0, 1), Then the best possible choices of the two parameters
are (A = 1, Ay = 0) and (A; = 0, Ay = 1). This proves (44). O

To obtain an improved absolute upper bound compared to (34), the inequality (44)
needs to be used in (26) for the integral in the denominator which was earlier neglected
to obtain (34). Because the inequality (44) depends on two parameters and the tanh(kL)
term, a straightforward use of this will give a bound that depends on these, as we will see
below. We have to seek values of the parameters and k& which give the best absolute upper
bound. To methodically do this, we introduce below different types of upper bounds and
by analyzing these bounds, we obtain best absolute upper bound but only in terms of two
constants which arise due to the tanh(kL) term. To get estimates of these constants, some
analysis involving short and long waves is necessary for reasons discussed in section 3.6.

3.3. Some notation

For the rest of Part I (constant viscosity fluid layers) of the paper, the above two lemmas
will be used to obtain several results on the upper bound on the growth rate in several
kinds of flows. Because of there being two parameters (see inequalities (36) and (44))
in the above lemma, these parameters will appear often and we need a convention for
notation for various upper bounds, some of which will depend on these parameters and
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some of which will not. For ease of reference, whenever necessary while reading the rest
of the paper, we give this notation here.

e )\, ;: this notation is a generalization of the notation A\; and A used in the lemma
above. This is required for multi-layer flows as we will see in later sections. The first
subscript ‘¢’ on \;; can be either 1 or 2 in the spirit of the lemma (see (36)). As
we will see below, an inequality of the type (36) will appear for each internal layer
for multi-layer flows. The second index ‘j’ on \; ; refers to the specific internal-layer
number ;7 in multi-layer flows. Below, we do not use this second index when there
is only one internal layer, i.e., in the three-layer case, because there is no source of
confusion in not using this second index in this case. In general, however, for flows
with more than one internal layer we will use A;; in the notation when using the
above lemma.

e 0, (k): this notation stands for the ezact value of the growth rate o, (k) of a mode with
wavenumber k in (n+2)-layer Hele-Shaw flows which has n internal layers (n = 1,2, N
are of interest below).

e 0" (k; A ;): this notation stands for the modal upper bound on o,(k) which depends
on parameters \; ;. In other words, o, (k) < o*(k; \; ;) for all allowable values of \; ;
according to lemma 1. The exact number of parameters that it will depend on will
be exactly 2n and this will be explicit in the expression for o) (k; A; ;).

e 0"(k): this stands for the modal upper bound independent of parameters \; ;.

n

Physically, this is of interest. Thus it is defined as

o k.A . < m k )
A1’7¥£i§§1 Un( ’ Z’]) —= On( )

This maximum is to be taken over all layers, i.e., A\ ; +Ag; <1, V1< j<n.

e 0, (\;;): this is the absolute upper bound over all wavenumbers for any specific choice
of parameters within the constraint of lemma 1.

e o) this is the absolute upper bound over all wavenumbers and over all allowable values
of the parameters J; ;. Growth rates cannot exceed this value regardless of the value
of k and parameters A, ;. Thus

max o, (k) < 0, =maxo,(Ai;).
¥

Below, when necessary we will use either s or 1 subscript on ¢ in addition to n to
denote short wave or long wave regimes respectively.

3.4. New improved results on the upper bound

Using inequality (36) of the above lemma in (26) and then using inequality (32) gives the
following modal upper bound o7*(k; A1, A2) (subscript 1 on ¢ is now used here to indicate
the case of one internal layer or equivalently three-layer flows) for any specific choice for
the values of (A1, A\y) within the constraint of lemma 1:

o (k) < ([:u]r Uk — T0k3> f2(0> + ([:u]l Uk — T1k3> f2(_L>
ST (e 4 Aopr tanh(KL)) £2(0) + (s + Aupaa tanh (kL)) f2(—L)

< max { [/,L]l Uk — leg [/,L]r Uk’ - T0k3 }
- w1+ Appg tanh (kL) puy + Aopuq tanh(kL)

doi:10.1088/1742-5468 /2008 /12/P12005 13


http://dx.doi.org/10.1088/1742-5468/2008/12/P12005

Hydrodynamic stability of multi-layer Hele-Shaw flows

= max {Qi(k, A1), Qr(k, A2)}
— o7 (k: Mg, ha). (45)

For purposes below, we have used above the notation
Qu(k, A1) = ([uh Uk = T1k°) /(11 + Ay pua tanh(KL)),
Q:(k, X2) = ([u): Uk — Tok®)/ (ptr + Aopq tanh(kL)).

Since the modal upper boundo(k; A1, Ag)is in terms of two parameters A and Ay, we have
two families of upper bounds in (45). We derive such formulae in sections 4 and 5 for four-
layer (see (90) ) and N-layer (see (99)) flows respectively. For the choice of (A1, A2) = (0,0),

the modal upper bound o7"(k; A1, A2) given by (45) reduces to the already known upper
bound result given by (33). Since tanh(kL) is an increasing function of kL, the new upper
bound o7 (k; A1, A2) given by (45) is certainly an improvement over (33) for any choice of
(A1, A2) # (0,0). The modal upper bound of"(k; Ai, o) for A; = Ay = % is an interesting
upper bound because of the equal effects that these parameters produce on Q)(k, A;) and
Q:(k, A\2) (see (46) and (45)).

(46)

3.5. Best estimates on modal and absolute upper bounds

For the best possible estimate of the upper bound within the limitation of lemma 1, we
need to use values of (A1, A\g) for which the estimate (45) is the least over all admissible
values of \; and Ay. Therefore, using lemma 2, it is clear from the expression (45) that
the desired estimate o"(k) of the modal upper bound over all allowable values of \; and
Ay is given by

o1(k) < min (07" (k;1,0),07"(k;0,1))
= min(maX{Ql(/ﬂ, A =1),
Qulk, 2o = 0)} max {Qi(k, Ay = 0), Qs (ko = 1)})
{ WUk — Tk (i), Uk —T0k3}
w1 + puq tanh(kL)’ TR ’

)% Uk — le3 ], Uk — Tok? })

= e+ pir tanh(kL)
— ok (47)
The functions Qi(k, A\; = 0) and Q,(k, Ay = 0) take their maximum values Q) max(A1 = 0)
and Qr max(A2 = 0) at k = k.; and k = k.o respectively which are given by

[Ulph
kc,l -
3T} (48)

1
2T, i 3/2 2Ty (Ulpl:\**
maXA:O: rmax)\:O: .
QA = 0) M(%) Quansla = 0) = 22 (B

The denominator of Q(k, A;) is an increasing function of k for A\; # 0 and therefore its
effect on the parabolic profile in k of the numerator is to reduce the maximum value
Qumax(A1 = 0) given by (48) and it appears as one of the terms in old estimate (34) of
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the absolute upper bound. And similarly for @, max(A2 = 0). Therefore, it should be clear
that the estimate o} of the absolute upper bound based on the maximum values of the
terms in (47) is an improvement over the previous estimate (34).

The following improved estimate o} of the absolute upper bound follows from (47)
and (48):

3/2
o1(k) < min (max {Ql,max(/\l =1), 25:0 (%[Tujr) } ’

x {% ([g[;])/ Qum(a = 1)})

= o}, (49)

)y Uk — Thk® [h Ukt = Ti(k7)?
max A = 1 - - ’
@unax(A1 = 1) = max (m Y fiy tanh(kL) -+ tanh(i L) )0

and kj is the value of k that solves the following equation:
i Uk —Tvk®  ([uh U — 3T1k?) cosh® (kL)
= : (51)
i + pq tanh(kL) iy L
Similarly, formulae analogous to (50) and (51) can be written down for @y max(A2 = 1)
and the corresponding value of k3 respectively. One has to take recourse to numerical
computation to first find &}, k3 from (51) etc, and then find the upper bound o} using
the above formulae (49). Below, we derive an approximation of (see (53) below) of the
bound o} (see (49) above) that does not require numerical computation.
Since tanh(kL) is an increasing function of its argument, we can obtain from (46)

where

that

Ql,max()\1> - ml?X

( i Uk — T1k? )
i + Arpeg tanh(kL)
([uh Uk — T k3)
p + Aipr

oT Ul \ >

_ 1 ( [M]l) ’ (52)

p + A er \ 3T

where 0 < ¢; < tanh(kjL) ~ tanh(k.; L) (k1 has been defined in (48)). Since k} < ke
(see the explanation given earlier in the paragraph preceding (49)), it is safe to choose a
value for ¢; < tanh(k.; L). Note that formulae similar to (52) exist for Qmax(A2) with
a constant ¢y < tanh(k.o L). Using these facts in (50) and in an analogous formula for

Qrmax(A2 = 1), we obtain from (49) the following approximate upper bound o% given
explicitly in terms of the parameters of the problem, unlike the bound o} given in (49):

- 2Ty U [M]1)3/2 270 (U [M]r)3/2
01(k) < min | max y— | = ,
(k) < ( {M1+M1 c1 ( 3T e\ 370

ax {20 (U[u]l)3/2 2Ty (Uwr)”
mo\ 3T e+ e \ 310

= o ~ ol (53)

< max
k
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Note that the selection procedure for values of ¢; and ¢y in this formula has been discussed
above. It should be clear that the bound o} given in (49), though requiring numerical
computation for evaluating its value, is the best absolute upper bound obtained so far on
the growth rate. The approximate one o% given above in (53) may not be an improvement
over oy. However, both of these estimates are significant improvements over the previously
known result (34).

3.6. Stability enhancement

In two-layer flows, a reduction in the jump in viscosity pu, — t (see equation (2)) at
an unstable interface has a stabilizing effect whereas a reduction in the value of the
surface tension has a destabilizing effect. Therefore, stabilizing an unstable interface in
an otherwise two-layer flow (fluid with viscosity g pushing fluid with viscosity u,) by
introducing a third fluid having viscosity p; with g < g1 < p, (the notation has been
discussed above) requires that interfacial surface tensions must have reasonable values so
as not to offset any gain in stabilization due to reduction in viscosity jump at the leading
interface in this three-layer set-up. It is of interest to be able to mathematically quantify
this in terms of fluid viscosities and interfacial surface tensions for the three-layer flows.
We will do this below in this section after discussing the roles of short and long waves in
this stabilization process.

Since surface tension primarily affects short waves and not long waves, it is possible
that middle-layer fluid with p; < p; < p, in the three-layer flow suppresses the instability
of long waves regardless of the surface tension values at the two interfaces. We need to
mathematically investigate this issue in this three-layer case for several reasons. If this is
indeed the case (as we will see below), then it will allow us to obtain estimates for the
constants ¢; and ¢y that appear in the formula (53).

3.6.1. Role of long waves. Below we use subscript 1 to refer to ‘long” wave regime. For
the modal upper bound of%(k; A1, Ag) for long waves (kL < 1), the inequality (45) is
approximated as

(54)

k — Lk -
ori(k) < ofy(k; A, A) = max{ Ulpr — ) kU (pe = 1) }

A+ Mk Ly pe + Mok Ly

This approximate upper bound afl(k; A1, A2) for long waves will be less than the Saffman—
Taylor growth rate for long waves (see formulae (1)) if both of the following inequalities
hold:

KU = m) _ kU (ps — )

25
o+ Mk Ly e+ 14 (55)
and
kU (p, — kU (p, —
fr + Aok L piy e + i
The inequality (55) leads to
p = < P e kL) < P 4 L), (57)

T H1 Hr 1
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Since py + Ly < pir + Ly = p(1 + L), the above inequality becomes
Hr —

pr <+ (14 L). 58
' JRGs 20| ( ) ( )
Similarly, inequality (56) leads to

=1 < P G Aok L) < P 4 D). (59)

T %] Hr 1
Since p, + Ly < pir + Ly = pp (1 + L), the above inequality becomes
r T 1 + L
(e = )i ><m

r 60
Hor + 2! ( )
From (58) and (60),
P — (14 L P — (14 L
Mf}u 1) )<m<uﬁﬂu i) ). (61)
e+ 10 M+ 10
This is consistent with the requirement py < gy < . From (61), we have
r — T ]_ + L T T ]- + L
M_w 1) ><m+w i) ( )’ (62)
or equivalently
pr — ) fie(1 + L
(e — ) < ol Jie ) (63)
fr + 201
which, after cancelation of (y, — p) from both sides, simplifies to
Lhe + 11 = H
L+1)> = L> : 64)
(L+1) > P - (

This relation always holds since L > 0 and py < p,. Therefore, all long wave disturbances
(kL < 1) are less unstable in this three-layer set-up than in the two-layer set-up regardless
of the values of interfacial surface tensions. Therefore, only stabilities of short waves are
affected by surface tension whereas the viscosity g of the middle-layer fluid (with p4 and
. fixed) affects the stability of all waves.

3.6.2. Role of short waves. For kL > 1 (short wave regime), inequality (45) is
umm—kquUmh—H%}
o+ Aicipn e+ Aacopn J

015(k) < 07’ (k; A1, Ag) = max { (65)

AL +Ao=1
The subscript s above refers to the short wave regime: kL > 1. Recall from the line after
equation (52) that ¢; < tanh(kjL) with &} defined as a root of equation (51) and ¢y is
defined similarly. It is clear that we can take ¢; = ¢o = tanh(1) = 0.7616 in the above
relation (65) as well as in (53). This value of ¢ will only provide a conservative estimate of
the absolute upper bound since the actual value of ¢ will usually be higher (but less than
1) as tanh(kL) is an increasing function of its argument. The terms in these modal upper
bounds are similar in form to the formula (1) for the exact growth rate in the two-layer
case, only p; in the denominator now has a multiplicative term involving u;. Below, we
write ¢ for both ¢; and ¢y and as justified above, we can safely take ¢ = tanh(1).
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3.6.3. Sufficient conditions for stability enhancement. Improvement in stability for these
three-layer flows over the two-layer case requires that o} < oy. We, instead, use

O'? < Ogt, (66)

where we recall that the approximate upper bound ¢} on the growth rate is given by (53)
and og by (2). This leads to two inequalities:

2T, (U(MI_MI))3/2< 21 (U(Mr—ul))3/2 (67)
4+ Aicp 3T (pr + 1) 3T 7

and

2T, (Uu@—un)”2< 27 (Uu@—un)WQ (68)
e + Aoty 3Ty (e + 1) 3T

These two inequalities are written in terms of A; and Ay so that they cover all four cases
arising from the above requirement of enhancement of stability. The inequalities (67)
and (68), after simple manipulation, lead to respectively

T e ( K )2/3
<m+|= r— ) 69
<t () =) (2 (09

and

TN\ /3 " 2/3
e — (%) (ur—m)( - ) < i1, (70)

/J/l+ur

where
p = (p + g c), and tr1 = (b + Aaptr ). (71)
The inequalities (69) and (70) when put together give

T\ e \? 7\ p
2 .= <<+ .= (72
1 (T) (fr — p1) . <t | (fr — ) ey (72)

Now, the above inequality (72) arising from the requirement of stability enhancement
gives a lower (upper) bound on g in terms of p, (), not inconsistent with p < py < .
The leftmost and rightmost parts of this inequality, after simple manipulation, give

TN (o TN o \
— + | = > 1, (73)
T i+ fy T p - pr

or equivalently

To e Ty e M1 2/
0 ! 4
) (T ) \r) - T ’ )

2/3 2/3
o= (“rj) , and  f= (“f) , (75)
1 1
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with pf = p, + max(Ay, Ad2)cps.  The form of the inequality (74) is amenable to
generalization for multi-layer flows as we will see later. For purposes below, it is better
to rewrite (74) equivalently as

E e I i+ Apce 2/ g e - M+ 0 28 (76)
T fr + Aopiic T e + Aopiic .

The significance of (76) should not be underestimated as it allows, for the purpose of
enhancement of stability, selection of middle-layer fluids purely based on its interfacial
tension properties for the extreme-layer fluids. It is appropriate here to recall the
importance of the constraint py < p,. Only when p; < p; < p, can criterion (76) be used
to identify a class of middle-layer fluids for the purpose of enhancement of stability of two-
layer fluid flows. Next, we consider some specific sufficient conditions arising from (76)
for specific choices of the parameters A; and A,.

For the choice (A1, Ag) = (0, 0) corresponding to the upper bound (34), inequality (76)
reduces to the sufficient condition

To)l/S (H1)2/3 (T1)1/3 ( /1/])2/3
e + (= = > |14+ — : 7
(T [hx T [ (77)

Note that this particular sufficient condition (77) does not depend on the viscosity of the
middle-layer fluid but it does depend on the interfacial tensions which certainly depend on
this middle-layer fluid since both interfaces separate this middle-layer fluid from extreme-
layer fluids. Notice that if To = T3 = T, then (77) reduces to an inequality which is always
satisfied since, in general, it can be easily shown that (1 + 2?) > (1 4+ z)?, p € (0,1),x €
[0,1]. (The proof for this is simple: consider the function F(x) = (1 + 2P) — (1 + x)P.
Then F'(z) = p[aP~' — (1 + z)P"!. Since (1+2) >1for 0 <z <1land (p—1) <0,
we have 0 < (1 +z)?~! < 1 and 2P~! > 1. Therefore F'(z) > 0 and since F(0) = 0, we
have F'(z) > 0V z € [0,1].) Therefore, if the surface tensions at interfaces separating
every pair of these three fluids are the same, then we can always expect an enhancement
of stability: a fact expected from physical insight.

For any other choice of (A1, Ay), the sufficient condition (76) depends on the viscosity
w1 of the middle-layer fluid directly. For example, the choice of (A1, A2) = (1,0) in (76)
gives the inequality

(@)1/3 N (ul +u1c)2/3 (g)l/g . (ur +u1)2/3 78
T o T Hr

On the other hand, (A1, Ay) = (0, 1) in (76) gives the inequality
T\ 3 0 2/3 i\ /3 ot \ 2
— + | — — > | ———— . (79)
T o + piac T o + pac

4. Four-layer flows

In this four-layer case, fluid flows at a constant velocity U in the direction of increasing
viscosity with four layers, each having different but constant viscosity with positive
viscosity jump in the direction of flow at each of the three planar interfaces (see figure 2).
In a reference frame moving in the same direction as the flow with speed U, a fluid of
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ul MZ Wy My —_—

Figure 2. Four-layer fluid flow in a Hele-Shaw cell. The surface tensions at three
interfaces are shown as 1q, 77, and T5. The constant viscosities are increasing in
the direction of flow: p) < pa < p1 < py.

viscosity p; occupies an infinite region x < —2L and a fluid of viscosity u, > p occupies
an infinite region z > 0. Two intermediate regions —L < z < 0 and —2L < z < —L have
fluids of constant viscosities p; and ps respectively such that pu < po < pp < pp. It is
clear that there are three interfaces located at x = 0, —L, and —2L with corresponding
interfacial surface tensions denoted by Ty, 77, and T5 respectively.

In this four-layer case, the relation (10) still holds away from all three interfaces and
hence the relation (11) still holds in the exterior of the two internal layers of fluids with
the obvious modification:

f(z) = f(=2L) exp(k(x 4+ 2L)), for v < —2L, <0
f(z) = f(0) exp(—kx), for x > 0. (80)
Then we have f (—2L) = kf(—2L) and f(0) = —kf(0) in the exterior of the

intermediate regions. The limit values of f, on the boundaries of the two internal layers
are given by formulae similar to (38). Using these limit values at the interfaces in the
linearized dynamic and kinematic interfacial conditions, like in the three-layer case, after
some algebraic manipulation, leads to the following three conditions at three interfaces,
similar to (23):
—pi(f5 F)(0) = (e k — 07" Eo) f2(0),
p(fS (L) = po(fy f)(=L) = =0~ Ex f*(~L), (81)
pa(f ) (=2L) = (mk — 07 B) f*(=2L),
where
Ey =k Ulpe — 1) — kKT,
By = E Uy — po) — kT, (82)
E2 == ]{32 U(/,LQ - ,LL]) - k4T2.
As before, we integrate equation (10) (which (9) reduces to in each layer) after multiplying
with f(z) on the interval x € (—2L,0). In this interval, there is an interior interface at

x = —L across which there is a jump in the values of u and f,(x). Therefore, we split the
integral into two parts, namely on the intervals (—2L,—L) and (—L,0). Thereby we get

0

—L 0
—m/_ (fxf)xdx—m/_ (fxf)xdx+/ ufgdx+k2/ pftdr = 0. (83)

0
2L L —2L —2L
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Upon integration and simplifying, we get

o ) (L) + pal £ P)(=2L) — m(f £)(0)
S fENED+ [ R d =0, (34)

—2L

Using (81) in (84) and then simplifying, the growth rate can be expressed as

oa(k) Ey f2(0) + Ey f2(—L) + By f2(—2L)

pek £20) + [°5, n(f2 + K2f2) dz + k f2(—2L)
_ Eof*(0)+ Ey f*(—L) + E>f*(—2L)
ek f2(0) + pa Ly 4 pa Ly + b f2(—2L)

(85)
where

0 ~L
L :/ (f2 + K*f?) du, and _72:/ (f2 +k*f?)da.
-L —2L

The subscript 2 on o above refers to the four-layer case. We use lemma 1 for these two
integrals [; and I5 in the above inequality. For each of these two integrals in lemma 1, we
use different pairs of constants (see lemma 1). Our convention below will be to use a pair
of constants Ay j and Ay ; for internal layer j defined as the layer in —jL < 2 < —(j —1)L.
Thus for integral /; which is over layer 1 (the rightmost internal layer), we use A;; and
A2 in place of A\; and Ay respectively in lemma 1 (also see section 3.3). And similarly for
other layers. Applying the lemma in this way, we obtain

/1/1[1 + /,62[2 2 /,Ll{)\l’lfq(—[/) —+ )\271](.2(0)}]{ tanh(kL)
+ 2 {)\172.]02(—2[/) -+ )\272f2(—L)} k tanh(kL) (86)

The above two inequalities give us

oa(k) < Eof*(0) + By f*(=L) + Ey f*(—2L)
2= E 2(0) + FufA(—=L) + Faf2(=2L)

(87)

where the E; are defined in (82) and the F; are defined as follows:

Fo =k {/1/1)\2’1 tanh(kL) -+ ,U/r} s
F1 = k (Ml)\l,l + ,LLQ/\ZQ) tanh(k‘L), (88)
Fy = k{m+ paXi 2 tanh(kL)} .

We are interested in the modal upper bounds on the growth rates of all waves. For reasons
mentioned earlier in section 3.1, it is sufficient to analyze (87) for the upper bound when
all E; >0,i=0,1,2, in (87), i.e., when wavenumber k is in the range

U2 — ) U — p2)  Ulpr — )
K < .
< min { T , T , T (89)
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Therefore we apply inequality (32) (for & in the range given by (89)) to (87) and obtain
the following estimate of the upper bound on the growth rates of all waves:

oa(k) < max{iz % i}

~ nex {(MQ—M)U/f—Tzlf?’ (1 — po) Uk — T K
Mjtdeg=1 | 4 Arape tanh(kL)" (uA11 + podeo) tanh(kL)’
(b — 1) Uk — Tok? }
fr + Ao 1 pun tanh(kL)

= 05" (k; M1, Ao, 12, Aao) = 05t (ks A ). (90)

The procedure that we outlined in section 3 after (46) can be used to derive estimates
analogous to (47) and (49). Since this is straightforward, we omit this here.

4.1. Upper bounds based on asymptotics

It is difficult to obtain an absolute upper bound from (90) over the entire spectrum of
wavenumbers for arbitrary values of the A parameters within the constraint of lemma 1.
However, for short waves and long waves, the asymptotic approximations to modal upper
bound (90) are useful for the purposes of stability enhancement as before.

For kL < 1, the upper bound (90) can be approximated as

JQJ(k) < max{ kU (p2 — ) ’ Ulpr — p2) | KU (e — 1) }
p+ Ak Lity " L(Xooptn + Aiapin) phe + Aotk L
= oy1(k; Aig)- .

The second term in the above expression does not depend on k. Therefore, the modal
upper bound (91) is not arbitrarily small for long waves, i.e., when k tends to zero.
Compare this with modal upper bounds o (k) (see (1)) for the two-layer case and o7(k)
(see (54)) for the three-layer case. This shows that the stability of long waves may
not always be enhanced in going from two- or three-layer flows to the four-layer flows
considered here.

For short waves kL > 1, we have from (90)

0a.s(k) < max{(MQ —m) Uk — Tok? (1 — po) Uk = T4 k3 (ptr — 1) Uk — T0k3}
T Mol 7 fh12 ’ L1

= 045 (k; Nij), (92)
where ¢ < tanh(k*L) and

prr = (e + A21f11 €), piz = (A1 1pn + Agafia)c, for = (4 Aigpiz €). (93)

The subscript s in (92) refers to the ‘short” wave regime as before. The terms in these
modal upper bounds are similar in form to the formula (1) for the exact growth rate in
the two-layer case. An absolute upper bound (i.e., independent of k but dependent on
the parameters J; ), denoted by o3 (A ;) and defined by o3 (A ;) = mgx{agrjs(k‘; Aij)} for
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waves in this short wave regime, is then given by
025(k) < maX{QTo (Uwo)?’/{ 20 (U{uh)g/i 2T (U[u]2)3/2}
7 e\ 370 iz \ 371 por \ 3T
= 034(Xij), (94)

where ); ; can take values within the constraint of lemma 1.

4.2. Sufficient conditions for stability enhancement

Improvement in stability for such four-layer flows over the two-layer case requires that
the upper bound on the growth rate given by (94) be less than oy (see (2)). Using a
procedure described in section 3.6.3, we obtain the following formula analogous to (73) of

section 3.6.3:
i=2 1/3 2/3
T, -
E:ai( ) (“’“) s14 U2z (95)
T T+ (pr — 1)

1=0

where po1 = pi1 and pio 3 = pig; as defined above in (93). Above, ap = 1,04 = 2,0 = 1.

5. Multi-layer flows

Consider N intermediate regions of equal length L in the interval (—NL,0) in the
rectilinear Hele-Shaw cell of infinite length. Fach of these regions contains constant
viscosity fluids with fluid of viscosity p; occupying the leftmost infinite region z < —NL
and fluid of viscosity p, occupying the rightmost infinite region z > 0. In the region
(—pL,—pL + L), with p = 1,2,...,N, the viscosity of the fluid is p, such that

o= Nt < pn < py-r < e <y < pppr < v < g < g = pp. We have
(N + 1) number of interfaces located at x; = —iL, i = 0,1,2..., N, and labeled as the
ith interface. For ¢ = 0,1,..., N, we denote the surface tension coefficient on the ith

interface at * = z; as T;. Similarly, we use [u]; = p; — pi1 for the viscosity jump at
the 7th interface, « = 0,1,..., N. The flow, as before, in the cell is in the direction of
increasing viscosity. Recall the previous section. A quite similar procedure and lemma 1
give the following estimate:

oy < Do L) (96)
>ico Fi 2 (@)
where E; = k*U[u]; — k*T;,i = 0,1,..., N, and the F; are defined as follows:
Fy = k (uAeq tanh(kL) + py),
F; =k (il + piv1A2,41) tanh(kL), i=1,...,(N—1), (97)
Fy =k (m + pnA ytanh(kL)),
with A;; > 0,A2; > 0 such that A\j; + Xy, < 1, V¢ = 1,...,N. For reasons

mentioned earlier in section 3.1, it is sufficient to analyze (96) for the upper bound for all
E;>0,i=0,...,N,in (96), i.e., when wavenumber £ is in the range given by

{—U(’“ ;’““)}, i=0,1,...,N. (98)
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Applying the inequality (32) to the above formula (96) for waves in the range given by (98),
we obtain the following estimate of the modal upper bounds on the growth rates of all
waves:

(k) < Eo Ey E; En-1 En
ON > Al,i“‘i),(i:l F07 Fla ’F’i’ ’FN—l’ FN

S max {QOa Qla"'aQia"'aQNflaQN}

Ali+A2 ;=1
=on(k; Nij)s (99)
where
Q o % o kU[:u]O - kg TO
" Fo " (e + Ay tanh(EL))’
E; kU[,U/]i —k? T; .
= — = , i=1,...,(N—1), 100
© F; (At + A ftigr) tanh(kL) ( ), (100)
EN kU[M]N—k?’TN
Qu="7"=

FN (,u1 + )\l,N,UN tanh(kL))

Following the procedure outlined in section 3 after (46), one can judiciously choose
the parameters );; for the best modal upper bound o} (k), analogous to (47), and for
the best absolute upper bound o}, analogous to (49). The absolute upper bound arising
from (99) will depend on parameters A;; and Ay, j = 1,...,N. In this parameter
space, this estimate is better with (A ;, A2;) # (0,0) even for some j € [1, N] than with
Aj = Ay; =0, Vj=1,...,N. The best estimate of this absolute upper bound o}
can be derived from (99) by the procedure outlined for the four-layer case in the previous
section. In fact, it is easy to see that a similar procedure will give an expression for o}y,
similar in form to (94) except that there will be N + 1 terms in its expression instead of
three (see (94)). Since all this is straightforward along the lines of three-layer case treated
earlier, we omit any further details here.

5.1. Sufficient conditions for stability enhancement

Using a procedure similar to those used for other cases (see section 3.6.3), we obtain the
following generalization of the sufficient condition (95) from the four-layer case to this
(N + 2)-layer case:

i=N 1/3 2/3
r-ri 1,1 -
s T HL T+ fhy (fr — )

where g = l,ay =1, a; =2, fori =2,..., (N — 1), and

Ho1 = fr1 = e + Ao 1ft1 €,
Piit1 = (A1ifts + Agjiv1flizr)c, i=1,2,...,(N—-1), (102)
Kynir = MRy = M + )\I,NIU/N c.
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5.2. Upper bounds based on asymptotics

For long waves (i.e. kL < 1), using (96), (97), (99), and tanh(kL) ~ kL, we obtain the
modal upper bound aﬁl(k; A j) for the individual wave with wavenumber k:

ona(k) < ot (ki Niy) = max {Qf, ..., Qb ....Q }, (103)
where
. kU (py — ) Q= UL~ p)
m+ pnAnkL’ O e+ g kL (104)
o = Ulpp — pip+1) p=1,... (N-1).

(ftpA1p + Hps1Aopi1) L

For short waves with kL > 1, using (96), (97), and (99), we obtain an upper bound
o.s(Aij) on the growth rate of waves in this short wave range:

ons(k) <oy (Aig) =max {Qf. ..., Q5 ...,Q%}, (105)
where
05 = 210 (U(Mr — Ml))3/2 05 — 2Ty (U(MN — Ml))3/2
O e+ Ao 3Ty ’ N 4 A ey 3Ty 7 (106)
21, Uy — tpe1)
Q, = L ( p_"P ) , p=12... (N—-1).
(Apttp + Az prifiprr)c 3T,

5.3. Determination of the number of layers from the prescribed arbitrary growth rate of
instability

In this section, we want to show that one can estimate the number of internal layers
(N) that will ensure that the growth rate does not exceed a prescribed value, however
small, when the viscosity jumps across all layers are equal. In this case, p; — pp1 =
(i — m)/(N + 1). Therefore all viscosity jumps are equal. Moreover, we choose
Nip = 1/2,V i, p, for our estimations below. We estimate the above for short and long
waves separately.

First, we estimate for long waves. It then follows from (104), after using the fact that
ka/(b+ kc) < a/c for positive k, a, b, ¢, that

2U(Mr _Ml)
l * l * l * /9 h * 1
QO<Q7 QN<Q7 Qp<Q/7 WereQ (N+1)L,u1’ (07)
and hence from (103),
QU(:U’r _:U’l)
E)<Q@Qf= ———72.

From this, we see that the number of layers can be determined a prior: from the desired
growth rate for long waves which can be as small as we please. For the growth rate not
to exceed ¢, this gives

2U(,Ur - :ul)

N+1)>
(N +1) L

(108)
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Now for short waves, we use the estimate (106). Using the conditions p; > fu, (Ar; +
A)e < 1,Vi=1,...,N,in (106), we obtain from (105)

w (U —m) \*?
< . 109
ONs =7 (3(N+1)Tmm (109)

Therefore, to obtain a growth rate less than €, however small, we get the following estimate
for the number of layers of fluid:

where Tryin = min{7y,7 — 1,...,Tx}. Finally, using the above results (108) and (110),
we get

(N+1)>max{2U(ur—m) 43U (pr — ) }

111
cLm 3(em )2 (T3 (111)

which gives the number of layers required for 0 < e. Therefore, we can obtain a maximal
growth rate as small as we please by increasing the number /N of internal layers. Therefore,
the two-layer Saffman-Taylor interfacial instability os can be reduced by any factor
desired simply by increasing the number of layers according to the relation (111). The
number of layers according to (111) is likely to be so high (due to the small value of ¢)
that sufficient condition (101) will be automatically satisfied.

Part II: Variable viscosity fluid layers

We consider three- and four-layer flows below each layer having a smooth viscous profile
with p, > 0 in each layer. Below, we first review three-layer flows from [9] very briefly
to recall the procedure in this variable viscosity case and to highlight the significance of
the result. The procedure outlined will then be helpful in explaining the mathematical
difficulty in obtaining similar results for the case of more than three layers in general.
Moreover, the procedure provides a way for us to obtain some interesting results for the
four-layer case as we will shortly see.

6. Three-layer flows

The three-layer case (see figure 3) is briefly reviewed here from [9] for reasons cited above.
Multiplying (9) by f(x) and then integrating on the interval (—L,0), we obtain

(u"f (L) = (u™ £z 1)(0) + /_L p(fy + & f2)de = 01k2U/ pr f* d. (112)

—L

We recall the notation (fi f2)(z) = fi(x)f2(x) used before. Using boundary condition (21)
in (112) and then simplifying leads to

By f2(—L) + By f2(0) + KU [°, pp f?da
g = .
ki f2(=L) + ek f20) + 2, (F2 + K2 £2) da

Note that all terms in the denominator of (113) are positive. As in earlier sections,
it is sufficient to analyze (113) for the upper bound when E; > 0,7 = 0,1, i.e., when

(113)
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u, 1 (x)

X

Figure 3. Three-layer fluid flow in a Hele-Shaw cell. The surface tensions at two
interfaces are shown as Ty and T7. The middle layer has variable viscosity. The
flow is potentially unstable.

wavenumber k is in the range

. [ﬂ]r [,U]l
2 Ulple Ulph
k* < mln{ T [ (114)
where [u|, = (e — 1 (0)), and [u)y = (" (—=L) — ). As before, applying the

inequalities (32)—(113) for k in the range given by (114) (so that F; and E, are positive),
we obtain after neglecting the positive term fBL,ufg in the denominator of (113) the
following estimate of the upper bound on the growth rates of all non-trivial waves:

E, E, U }
o < max<{ —, , — sup{ g
{kul k' xp{“ J
: Uk — Tok? k—1T Kk
= max{[u] v L iU LA gsup{,ux}}. (115)
Hr 20| [

The absolute upper bound (i.e., the growth rate of any unstable wave cannot exceed this
bound) is then given by

< max{2T0 (U[u]r)m, 20 (U[Mh)m,%sgp{ux}} . (116)

Hor 3Ty 2! 31y

For the ‘optimal’ viscosity profile given by

/2 3/2
Hi 2Ty (Ul \*? 2Ty (Uul;

< el , 117
sgp(u )< U max{ fhr ( 3T o\ 374 (117)
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the estimate (115) becomes
2Ty (Ulul \*? 21y (Ul \*?
o < max{ —° (M) e (M) . (118)
fr 3Ty %1 3T

Note the significance of this result: if the limit viscosities p*(—L) and p~(0) at
the two interfaces are close enough to p; and p, respectively and if we use the optimal
profile (117) for the middle layer, then the upper bound on the growth rate becomes
arbitrarily small and the flow is almost stable. However, to generate the optimal profile
on the basis of this upper bound, length L of the middle layer can, in principle, be very
large since the gradient of the viscosity at any point in the interior layer cannot exceed
a predetermined small value which is dependent on the growth rate itself and (u;/U)
according to relation (117).

We see from (113) that p, > 0 for the middle layer has a destabilizing effect and p, < 0
has a stabilizing effect. This also holds in the two-layer case with the middle-layer profile
extending all the way up to —oo because in this case the first terms from the numerator
and the denominator of (113) drop out. Such viscous profiles are automatically created
when a shear thinning or shear thickening fluid is used as a displacing fluid. Therefore,
if we just use this non-Newtonian property of these complex fluids within the Newtonian
framework of this paper, then we expect similar kinds of stabilizations and destabilizations
of instabilities when such fluids are used as displacing fluids. In fact, recent works on
viscous fingering in complex fluids [16]-[21] show this to be the case even in the highly
non-linear regime of viscous fingering. Therefore, in the absence of understanding based on
exact non-linear theory of non-Newtonian complex fluids, we believe that our results and
approach presented in this paper may be useful in interpreting some of the experimental
results on viscous fingering in complex fluids.

7. Four-layer flows

The physical set-up here is same as in the constant viscosity case addressed in section 4
except that each of the two internal fluid layers has a smooth viscous profile p(z) with
1 > 0. This flow has three interfaces, one at x = 0 with surface tension Ty, and another

two at x = —L, —2L with surface tensions 17,7, respectively. We assume that each of
the two extreme interfaces at ©+ = —2L and 0 has positive viscosity jump in the direction
of flow. The middle interface at x = —L can have a similar positive viscosity jump in the

direction of flow but, as we will see below, some interesting results can be obtained when
the viscosity jump at this middle interface in the direction of flow is negative.

The mathematical problem is still defined by equation (9) in each layer, though this
equation simplifies to (10) in the exterior layers: = < —2L,z > 0, Because of this, far-
field behavior defined by (80) still holds, because of which f,(—2L) = kf(—2L) and
1:5(0) = —k£(0) on the exterior side of the outer two interfaces. The limit values of f, on
the boundaries of the two internal layers are given by formulae similar to (38). Using these
limit values at the interfaces in the linearized dynamic and kinematic interfacial conditions,
like in the four-layer constant viscosity case of section 4, after some algebraic manipulation,
leads to the following three interfacial boundary conditions at © = —2L,x = —L, x = 0,

doi:10.1088/1742-5468 /2008 /12/P12005 28


http://dx.doi.org/10.1088/1742-5468/2008/12/P12005

Hydrodynamic stability of multi-layer Hele-Shaw flows
similar to (81):
_(/'L_f:v_f)(o) = kf2(0) - U_IEO f2(0)7

(W (L) = (W f7 )(=L) = =o' By fA(=L), (119)
(W fEF)(=2L) = mkf*(=2L) — 07 B, f*(—2L),

where
Ey = Eo(k) = k*Ulpe — p~(0)] — k',
By = BEi(k) = KU (=L) = p~ (=L)] = K'T1, (120)
By = Ey(k) = KU [p* (=2L) — ) — k*7Ts.

In contrast with the constant viscosity case in section 4 where equation (10) was
integrated, now equation (9) is integrated on the interval x € (—2L,0) after multiplying
with f as in the previous section. In this interval, u(x) f,(x) is discontinuous at the interior
interface location x = —L. Therefore the integral is split into two parts, namely on the
intervals (—2L, —L) and (—L,0). Thus we get

0

(0 fr L)+ (T £ )(=2L) = (- £ )(0) + (" £ )(=L) +/ pfz do

—2L

0 0
+ kQ/ pfrde = 0_1k2U/ o f? da. (121)

—2L —2L

Using relations (119) in (121) and then simplifying we obtain
_BP(2L) 4+ B (L) + Bof(0) + K [y e f?
b fA(=2L) + e KF20) + [y p(f2 4+ K2f2) do

We see that the numerator of (122) contains f?(—L) which does not appear in the
denominator. Because of this, for positive viscosity jump in the direction of basic flow
at each of the three interfaces (when Ey, Ey, Es > 0 for waves in the range given earlier
in (89)) (122) cannot be reduced to a form to which the inequality (32) can be applied
as we have done in previous cases to obtain an estimate of the upper bound in terms
of the parameters of the problem. We can do so only if we allow the viscosity jump
(ut(—=L)—p~(—L)) at the interior interface at z = —L to be negative, instead of positive,
in the direction of basic flow. Then E; < 0 for waves in the range (89) and the term
involving f?(—L) in the numerator of (122) is negative. Therefore, separating E; from
the numerator recasts (122) as the difference between the ‘first part’ and the ‘second part’
where the ‘first part’ is a ratio similar in form to (113) and the ‘second part’ is a positive
quantity proportional to (¢~ (—L) — ut(—L)). A consequence of this observation is that
an absolute upper bound similar to (116) is obtained by neglecting the ‘second part’,
namely

2T, U[M]r)?’/2 2T, (U[M]l)‘”’/2 U
o<max{ — | —— y— | = , —sup{ iz |x # —L,—2L,0} » . 123

(122)

We see that this absolute upper bound for the optimal profile (117) will be arbitrarily
small if positive viscosity jumps at the x = —2L and 0 interfaces in the direction of
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Figure 4. Four-layer fluid flow in a Hele-Shaw cell. The two internal layers have
variable viscosity and thus each of these layers is potentially unstable individually.
The two extreme interfaces are also unstable individually except for the internal
interface. This multi-layer flow could be overall potentially stable if the internal
interface is strongly stable on its own.

flow are small enough for reasons given after (117). Therefore, the maximum growth
rate will be less than this absolute upper bound by a positive amount proportional to
pw (=L)—p*t(=L) > 0. If (u (—L)—u"(—L)) > 0 is large enough, the maximum growth
rate could be negative and the flow could be stable. Thus, in spite of the fact that internal
layers and outer interfaces are individually unstable, this four-layer flow overall is stable
only due to the middle interface being strongly stable on its own. Such a potentially
stable configuration is shown in figure 4; keep in mind that the jumps in viscosities are
not shown on a true scale.

Part III: Discussion and concluding remarks
8. Conclusions

In this paper, we have obtained the following results.

(1) For three-layer Hele-Shaw flows with constant viscosity layers, a new absolute upper
bound (53) on the growth rate of instabilities is obtained as a non-strict inequality.
Thus, this bound can in principle be reached for a non-trivial disturbance. This is
a considerable improvement over the absolute upper bound (34) which could not be
reached for a non-trivial disturbance. A potential application of this is to control
the instability of an interface separating low viscosity fluid from a high viscosity fluid
that it is displacing. The way to do this is to introduce an intermediate layer of fluid
with properties that will satisfy the two-parameter family of sufficient conditions (76)
for enhancement of stability. The condition (77) is interesting because it does not
depend on the viscosity p € (pu, i) of the fluid in the middle layer. These results are
of significance for the design of effective enhanced oil recovery methods.

(2) We extended the above results to four-layer flows (see section 4), all layers having
constant but different viscosity fluids. This four-layer case is important in setting the
stage for a generalization to arbitrary number of layers of constant viscosity fluids and
in exemplifying the difficulties associated with deriving similar results when internal
layers have potentially unstable viscous profiles.

(3) In section 5, the above mentioned results were generalized to arbitrary number of
layers. As an application of these results, we have shown that the instability of
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potentially unstable two-layer or three-layer flows with constant viscosity fluid layers
can be significantly reduced to any desired level, however small, by increasing the
number of layers (see section 5.3).

(4) An absolute upper bound result for the three-layer case with potentially unstable
middle layer is revisited. It is shown that extension of this to the four-layer case
when both the internal layers and the three interfaces are individually unstable runs
into difficulty with our approach. Thus this is an open problem. However, in this
four-layer set-up, an absolute upper bound is obtained using our approach provided
the middle interface is individually stable (meaning that the viscosity jump is negative
in the direction of flow at this interface). In fact, we have shown that if this viscosity
jump at the middle interface is large enough, the upper bound on the growth rate
could in fact be negative and the flow overall could be stable.

Within the framework of the results itemized above, if one is to devise ways to
significantly stabilize a viscosity jump driven unstable two-layer flow, there are three
alternatives:

(i) use of successive constant viscosity fluid layers with appropriate interfacial surface
tensions so that sufficient conditions for stability enhancements are satisfied;

(ii) use of a fluid layer in between whose viscous profile is optimal, given by (117), and
where the limit viscosities u*(—L) and = (0) at the two interfaces are close enough
to py and p, respectively;

(iii) use of two internal fluid layers with viscous profiles of the internal layers such that
the middle interface is strongly stable.

Towards this end, we must stress that many of the results obtained in this paper
are general in character and that the techniques used hold promise for applications to
other unstable multi-layer flows such as Rayleigh-Taylor unstable flows, coating flows, jet
flows, and Kelvin—Helmholtz flow, to mention but a few. These results are obviously of
fundamental and practical importance to many applications where stability of flows plays
a decisive role. One instance of such an application is that of enhanced oil recovery by
polymer flooding [5]-[7].
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