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We investigate nonlinear periodic and solitary two-dimensional rolling waves in a falling
two-layer liquid film in the regime of nonzero Reynolds numbers. At any flow rate, a
falling two-layer liquid film is known to be linearly unstable with respect to long-wave
deformations of the liquid-air surface and liquid-liquid interface. Two different types of
zero-amplitude neutrally stable waves propagate downstream without growing or shrink-
ing: a zigzag surface mode and a thinning varicose interface mode. Using a boundary-layer
reduction of the Navier-Stokes equation, we investigate the onset, possible bifurcations,
and interactions of nonlinear periodic traveling waves. Periodic waves are obtained by
continuation as stationary periodic solutions in the comoving reference frame starting from
small-amplitude neutrally stable waves. We find a variety of solitary waves that appear
when a periodic solution approaches a homoclinic loop. Similar to falling one-layer films,
we find two families of homoclinics, each family containing countably many solutions that
can be characterized by the number of the major humps or dips in their profiles. Solitary
waves with humps can be identified with droplets and travel faster than neutrally stable
waves, while solitary waves with dips resemble localised depression regions, or holes,
and travel slower than neutrally stable waves. Wave interactions are studied using direct
numerical simulations of the boundary-layer model. We reveal that in the early stages of
temporal evolution coarsening is dominated by an inelastic collision and merging of waves
that travel at different speeds. Eventually, coarsening becomes arrested when the waves
have reached a nearly homoclinic solution with a single major hump. In the mixed regime,
when both mode types are unstable, the temporal dynamics becomes highly irregular due
to the competition between a faster-traveling zigzag mode and a slower-traveling varicose
mode. A quintessentially two-layer dynamical regime is found, which corresponds to a
ruptured second layer. In this regime, the first layer adjacent to the solid wall acts as a
conveyor belt, transporting isolated rolling droplets made of the second fluid downstream.

DOI: 10.1103/PhysRevFluids.8.064801

I. INTRODUCTION

The pioneering experiments by Kapitza and Kapitza [1] on the onset and formation of nonlinear
surface waves in a viscous liquid layer flowing down an inclined plane have set the stage for an
avalanche of theoretical studies on hydrodynamic stability and nonlinear dynamics of the laminar
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flow in liquid layers in the presence of a deformable surface. For a single layer with a flat surface
flowing down an inclined plane with a no-slip boundary, the base flow, also known as the Nusselt
flow, has a parabolic longitudinal velocity profile with the maximum velocity attained at the free
surface. The linearization of the Navier-Stokes equation about the base flow predicts the onset of a
long-wavelength instability at a critical Reynolds number Re, = 5/4 cot 8, where 0 is the inclination
angle and Re = uyd /v is the Reynolds number associated with the Nusselt flow with a characteristic
speed up in the film of thickness d and kinematic viscosity v [2,3]. Thus, for a falling liquid layer,
i.e., when 8 = /2, the base flow is unstable at any flow rate, no matter how small. As a result of
the instability, small amplitude surface waves grow (decay) if their wavelength is larger (smaller)
than a certain critical wavelength, which decreases with increasing flow rate. For falling liquid
films, the neutrally stable waves with the critical wavelength propagate downstream with a velocity
independent of their wavelength and exactly equal to twice the maximum Nusselt flow velocity.
As the instability develops, both amplitude and wavelength of the surface waves increase leading
to the formation of a wave train of periodic nonlinear waves, chaotic waves, or a single solitary
wave whose wavelength exceeds its amplitude or the average thickness of the carrier liquid layer
by orders of magnitude [4—10]. It was also observed that the traveling speed of nonlinear waves can
be either larger or smaller than the speed of the neutrally stable small amplitude waves. Usually,
the waves that propagate faster than the neutral waves are associated with drops or bulges, while
those that propagate slower than the neutral waves can be identified with regions of large amplitude
depressions or holes.

The effort to describe the dynamics of nonlinear surface waves has primarily concentrated on
considering small to moderate Reynolds numbers while assuming long-wave deformations of the
free surface. Several competing and (or) complementary models have been derived, including the
Benney model [11] that uses a systematic expansion of the hydrodynamic equations for long-wave
disturbances of the base flow at finite Reynolds numbers, the Kuramoto-Sivashinski equation [12]
that employs a weakly nonlinear reduction of the Benney model, the zero-Reynolds number long-
wave model [13] that is derived from a Stokes equation in the limit of long-waves deformations of
the film surface, and the boundary-layer model developed by Shkadov [14,15], where a self-similar
parabolic longitudinal velocity profile was assumed and the validity of such idealisation confirmed
at finite Reynolds numbers. Extensive numerical and theoretical analysis of these and other relevant
models revealed a high complexity of the nonlinear waves dynamics and their interaction. For a
complete overview of the wave dynamics in one-layer liquid films on an inclined plane, we refer the
reader to several original works [5—7,9,16-20] as well as several comprehensive reviews [10,21,22].

Any nonlinear propagating surface wave in a one-layer film can be described in the comoving
frame of reference as a stationary periodic orbit of an effective three-dimensional dynamical system.
From the point of view of the dynamic system theory, a solitary wave is formed, when the period
of the periodic orbit diverges. This occurs as a result of the Shilnikov homoclinic bifurcation, i.e.,
when the periodic orbit collides with a hyperbolic fixed point with one real and a pair of two complex
conjugate eigenvalues [18,23]. In real physical systems with finite lateral extent, a solitary wave can
be formed due to coarsening from unstable periodic waves. Generally, two coarsening modes can
be identified: one mode (the translational mode) is related to collision between two waves traveling
at different speeds, and the other mode (mass transfer mode, or Oswald ripening mode) is related to
the convective mass transfer from one wave into another without collision [24].

Significantly less attention has thus far been given to hydrodynamic instabilities in multilay-
ered liquid films with deformable interfaces flowing down an incline. Earlier theoretical works
focused on the linear stability of the base flow in two-layer films composed of two immiscible
fluids with a free upper surface flowing down an inclined plane [25-27]. In the limit of long
wave perturbations, two different instability modes have been identified: the first mode (interfacial
mode) corresponds to a wave formed predominantly at the interface between two fluids, while the
second mode (surface mode) represents the waves formed predominantly at the upper surface.
It was also shown that the surface waves are always faster than the interfacial waves [25,26].
Nonlinear surface waves in multilayered liquid films on an incline have been studied in Ref. [28],
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where a set of coupled Kuramoto-Sivashinsky equations has been derived under the assumption
of long-wave deformations of the interfaces. Upon taking into account the inertia effects, the
long-wave instability of a vertically falling two-layer film, studied earlier in Refs. [25,26] was
recovered and the nonlinear temporal evolution of the interfaces was exemplified by means of
numerical simulations. Periodic solutions in linearly coupled Kuramoto-Sivashinsky-Korteweg-de
Vries equations were investigated in Refs. [29], where it was demonstrated that some solitary wave
solutions associated with cnoidal waves may be linearly stable, including two-dimensional spatially
localized pulses [30]. In Ref. [31] the nonlinear theory of long Marangoni waves in horizontal
two-layer liquid films has been developed based on the amplitude equation derived from the
Navier-Stokes equation in the weakly nonlinear regime. Traveling surface waves have been found
to form as a result of oscillatory Marangoni instability and spontaneous spatial symmetry breaking.
The combined effect of the horizontal temperature gradient and gravity on the onset and formation
of nonlinear wavy patterns in ultra-thin horizontal two-layer films at zero Reynolds number has been
investigated in Ref. [32]. Numerical simulations revealed a rich variety of two-dimensional traveling
waves, including propagating fronts, stripes, holes and droplets. Nonlinear dynamics of inertialess
two-layer film on an incline was studied using direct numerical simulations of the Navier-Stokes
equations at zero Reynolds numbers in Ref. [33].

Probably the most comprehensive theoretical and experimental study of a two-layer flow on an
inclined corrugated substrate at zero Reynolds number was reported recently in Ref. [34]. Assuming
the Stokes flow limit and taking into account long-wave deformations, a reduced hydrodynamic
model was derived that can be directly compared with earlier models of inertialess two-layer films
[35]. The model was used to study the dynamics of propagating flow fronts sliding down an inclined
corrugated plane in the presence of contact lines. Similarity solutions were constructed to examine
possible dynamic regimes. It was shown experimentally and theoretically that a small amount of a
heavier fluid can accelerate an enveloping upper layer of a lighter fluid propagating ahead of the
heavier layer [34].

Here we use a two-layer version of the Shkadov model [36,37] that was developed earlier to
study nonlinear periodic and solitary waves in a free falling two-layer liquid film with a free
upper surface in the regime of finite Reynolds numbers. We demonstrate that the speed of the
neutrally stable waves predicted by the integrated boundary layer model exactly coincides with
the earlier result obtained from the full Navier-Stokes equation linearized about the base flow
in the limit of long-wave perturbations [25,26]. After validating the model, we study nonlinear
periodic waves that bifurcate from the small-amplitude neutrally stable waves and can be found
using the numerical continuation method [38—40] as stationary traveling wave solutions in the
comoving frame of reference. Solitary waves are obtained as a result of a homoclinic bifurcation of
periodic solutions, i.e., when the period (wavelength) diverges. Depending on the ratio of the fluid
viscosities, densities, surface tensions and film thicknesses, we find a variety of different solitary
waves, characterized by the absolute and relative deflections of the interface and the upper surface.
We present a detailed bifurcation analysis of the periodic solutions and make a connection with
the Shilnikov theorem for saddle-focus homoclinics in higher dimensions [41]. Direct numerical
simulations of the dynamic equations reveal that in the early stages of the temporal evolution from
an initially flat film, coarsening is dominated by the translational mode, whereby the faster-traveling
larger waves collide and merge with the slower-traveling smaller waves. We observe that the process
of wave collision is halted when waves grow to become nearly homoclinic with a single major hump
in their profile. At this stage, coarsening becomes fully arrested, implying linear stability of the
homoclinic solution with a single major hump. This observation is in agreement with earlier studies
of rolling waves in the shallow-water equation [42] and in granular matter [43].

The results presented in the following may find practical applications in the areas, where
the interactions between two fluid layers play important roles, which include but not limited to
glaciology [44], volcanology [45], hydrology [46], and biology [47]. Moreover, our findings also
generalize the well-established fact, in the case of single falling liquid films [7,48], that the ability
of solitary waves in falling liquid films to merge sharply contrasts with the collision behavior of
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FIG. 1. (a) A two-layer film flowing down an inclined plane. (b) Speed ¢ of neutrally stable waves vs
film thickness ratio d,/d, for a two-layer film with total thickness 0.5 mm composed of oil as fluid (1) with
w1 = 0.026 Pa s and p; = 1850 kg/m? and isopropanol as fluid (2) with u, = 0.0018 Pa s and p, = 785
(kg/m?). The respective surface tensions are o1 = 0.0063 N/m and o, = 0.024 N/m. Faster waves are of
the zigzag type (z), and slower waves are of the varicose type (v). Solid lines correspond to the numerical
solution of the integrated-layer model Eq. (11). Dashed lines correspond to the analytical result from the full
Navier-Stokes equation in the long-wave limit Eq. (16) and Ref. [25].

solitary waves observed in other physical [49,50] and biological systems [51,52] (see Sec. III).
Apart from implications for fundamental nonlinear physics, this particular behavior of liquid-film
solitary waves may be of interest in the emergent sub-field of nonlinear dynamics concerned
with the development of physical analogues of artificial neural networks [53], where it has been
demonstrated that interactions between solitons can be used to mimic the operation of certain digital
machine learning algorithms [54].

II. LONG-WAVE INSTABILITY OF A FALLING TWO-LAYER FILM WITH INERTIA

We consider a two-dimensional multilayer liquid film composed of two immiscible and in-
compressible fluids with dynamic viscosities u;, densities p; and the unperturbed thicknesses d;,
(i =1, 2), with the fluid i = 1 resting on a solid plate inclined at angle 6 with respect to the horizon,
as shown in Fig. 1(a). The surface tensions of the hqu1d 11qu1d and the liquid-air interfaces are o
and oy, respectively. The longitudinal flow velocities u” )(x,z,t) in each layer are assumed to be
quadratic functions of the vertical distance from the solid plate z. In the long-wave approximation,
the Navier-Stokes equation in each fluid can be then integrated over z to yield the first-order
equations for the longitudinal fluxes ¢; = foh' m(z x,t)dz and ¢ = fhl'+h2 (2)(1 x,1t)dz in the
functional form [36,37]

oF
p1(3q1 + d:(q" b1 -q) = i(a-q) — (8h )
- SF
02(0:q2 + 3:(q" - by -q)) = pi(a-q) — hydx s (D

where g = (¢1;¢») is a column (2 x 1) vector of fluxes, and (... )T and (-) stand for the transposition
and the scalar product, respectively. The energy functional F is given by

h? h2
F = f [gcos@(% + pohihy + %) — gsinf@(p1h; + pahy)x

2)

3. )? 0.h 3.hy)?
+01(21) +62( 12+ 2)j|dx'
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The functional derivatives in Eq. (1) can be found explicitly as

§F .

= —(01 + 02)37 1y — 029%hy + gcos O(p1hy + paha) — prgxsin(),
|

5F , .

T —020; (h1 + h2) + gp2 cos O (hy + hy) — pagx sin(0). 3
2

InEq. (1) b; = m" - e; - m and matrices a, m, and e; are given by

WD —2hih3(3uhy +hy)  hihy
hh3 —2i3hy )

I (—h%(%,uhg + hy) %h%h2>

h2hy —2h3
( i, A+ Syuho) )
€ = s
WA + tuhs) (L3 + s + 307)
8 5
o = L M At @)
T3 s w2 )
a2 2

with D = 2uh?hg/9 + h‘l‘hg/6 and u = [/, Note that matrices e; and b; are symmetric.
The system Eq. (1) is complemented by two kinematic equations that represent the conservation
of the volume of each layer,

8th,' + 8xqi =0. (5)

The system Egs. (1) and (5) represents the long-wave boundary-layer model of a two-dimensional
two-layer viscous film. By setting p; = p2, 41 = 2, 01 = 0 and letting g, h; — 0, it can be shown
that system Eqs. (1) and (5) exactly reduces to Shkadov’s model of a one-layer liquid film on an
incline [14,15].

Earlier Egs. (1) and (5) have been used to study Faraday instability in horizontal two-layer films
[36,55] and the dynamics of an isolated liquid drop of a heavier fluid on top of an immiscible lighter
fluid [37]. As it was shown in Ref. [37], in the limit of zero Reynolds number, Egs. (1) and (5)
reduce to the inertialess long wave model of two-layer films [35] in the parametrization used in
Ref. [56].

The Shkadov model was shown to correctly predict the velocity of two-dimensional non-
linear surface waves in one-layer falling liquid films [5,6]. It should be noted, however, that
the two-dimensional flow regime can only be sustained for relatively small Reynolds numbers,
Re = gdj”/[3(u2/p2)2] ~ 1...10. As aresult of this limitation, the thickness of the layers must be
chosen in the submillimeter range for common fluids, such as water or oil. The Shkadov model
and its minor modifications have also been previously used to study Faraday instability in one-layer
liquid films [57,58] and in isolated liquid drops [59].

In what follows we consider a free-falling two-layer film on a vertical solid plate, i.e., 8 = 7 /2.
The base stationary flow with constant fluxes qEO) corresponds to a flat two-layer film with h; = d;
and can be found from Eq. (1),

ni(@? - q©), + pigd; =0, (6)
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where a© represents the matrix a with i; = d;. Inverting the matrix a, we obtain

2
g = 2L <—d13 + &d%cb),

21\ 3 01
O _ 801 2, 2,02<3M1 2>]

= — + —(d;— +did . 7
& 2#1[12 oL\ 23uy 2 @

Stationary fluxes Eqgs. (7) exactly coincide with the steady Nusselt flow in a free-falling two-layer
flat film [25,26].

The linear stability of the base flow is studied using a conventional plane wave ansatz, i.e., by
setting ¢; = ¢\ + Gie" ™ and h; = d; + he*' ¥, where ). and k are the perturbation growth rate
and the wave vector, respectively. Differentiating Eq. (5) with respect to time and Eq. (1) with
respect to x, and eliminating the mixed derivatives 0;,q; as well as replacing d.q; with —0,h;, the
linearized system can be reduced after some lengthy but straightforward calculations to two coupled
linear equations for the film thickness perturbations

)\.2 —|—A11)"+Bll A12A,+B12 <]711) —0 (8)
AziA + By A2+ Aph + By ) \I2 ’

where the matrices A and B are given by

© 0) (0) (0)
m<all) i >+2ik<(b1 4%), (5 ~q(°>)2>

A=_"
0) 0) 0) 0 ) 0
PL \pay/ pay, (b2 - q" ))1 (b2 .q( ))2

(€))

and

B @ - 0,87 - g, @) - 34,b - q©
- @7 - 3y, 1,<20> 4O, (@7 . dzbg)) .q©

ik (adla(O) .q(O))l, (8d2a(0) .q(o))l
P \p (04,0 .q«)))z’ p(3s,0 "1(0))2

k* (di(oy+02)  dioy 1 0
+— + ikg ; (10)
P1 pdron pdron 0 1
where p = p;/p, and superscript (0) indicates that the corresponding matrices are obtained by
replacing h; with d;.
The solvability condition for Eq. (8) is given by
(% + A+ Bi)(A* 4 Aph + By) = (Aiph + Bio)(Agih + Ba). (11)

Equation (11) determines the dispersion relation A(k) and the ratio of (complex) deformation
amplitudes

S

M +AuL+B
2 _ + A+ 11. (12)
1 Api+ By

S

Next, we simplify Eq. (11) in the leading order of the long-wave limit, i.e., when k — 0 to obtain the
analytical expression for the speed ¢ of neutrally stable waves with :(A) = 0. Thus, we anticipate
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A = —ikc and reduce Eq. (11) in the leading order k — 0,

ke o1 gp1
(—) ca + + (34,a° (O)) + 22 || peal)) + (32,0 'q(o))z + 2=
L1 M1 M1

[ca12 + (8,1 © q(o))l][pcag:) + ,o(adla(o) -q(o))z]} =0. (13)

Differentiating Eq. (6) with respect to d;, we replace the derivatives 3;,a'® in Eq. (13) to obtain
o) — 2 Jea? — a4,
el — (@ 30g®),Jlea? — @ 300", 1

Solving the quadratic equation Eq. (14) we find after some algebra the speed ¢ of neutrally stable
waves in the long-wave limit

2¢ = (80,45 + a4\ :I:\/ (00,0 + 34,4)* = 4(390,¢ 90,4 — 34,4V00,4®).  (15)

After substituting the derivatives of the fluxes qgo) from Egs. (7) into Eq. (15), we obtain the explicit
expression for the speed of neutrally stable waves,

3d? 2d? 6d,d
c=§< 1/01+ 2,02+ 14202
4\ M2 M1

d*p?  4d3d 4d?*d? 12d%d2p?  8d\d3p?  4dip?
+ 1:‘2)1 iiis! 22101102 | Aajd; p1p2 T 122102 e 2P i 2;02 _ (16)
131 31 M2 M1 M2 3

Equation (16) exactly coincides with the speed of neutrally stable waves obtained earlier from the
full Navier-Stokes equation as reported in Ref. [25] [note a few misprints in Ref. [25]: a missing
factor of 1/2 in front of the radical in Eq. (12) and a missing negative sign for b; in Eq. (1)].

As pointed out in Ref. [25], the two signs in Eq. (16) correspond to two distinct neutral modes
with one mode being always faster than the other. Eq. (12) can be used to show that the deflections
of the liquid-liquid and the upper liquid-air interfaces are in-phase for the faster mode and out
of phase for the slower mode. Therefore, according to the classification introduced in Ref. [55],
the faster (slower) mode can be associated with a zigzag (varicose) wave, respectively. Another
important property of the long neutral waves is that their speed Eq. (16) does not depend on the
surface tensions o;.

The accuracy of the long-wave expansion can be validated by comparing the speed of the
neutral waves obtained from Eq. (16) and from the nonlinear solvability condition Eq. (11).
Thus, we choose fluid parameters as used in the Faraday waves experiments in two-layer films
[60]. Fluid (1) is an oil layer with viscosity s; = 0.026 Pa s and density p; = 1850 kg/m’
and fluid (2) is a significantly less viscous isopropanol layer with pu, = 0.0018 Pa s and density
0> = 785 kg/m>. The total thickness of the two-layer film is fixed at d = d; + d> = 0.5 mm to
ensure that the characteristic Reynolds numbers are sufficiently small Re; = gd*/[3(i1/p1)*] = 2
and Re, = gd3/[3(u2/p2)*1 = 77.6 to be able to sustain a two-dimensional flow regime.

In Fig. 1(b) the speed of the neutral waves c is shown as a function of the film thicknesses ratio
d>/d,. The long-wave approximation Eq. (16), which also coincides with the long-wave limit of
the full Navier-Stokes equation [25] (dashed lines) is in excellent agreement with the numerical
solution obtained from Eq. (11) (solid lines). In the limit of a vanishingly thin first (second) layer,
the speed of the neutral waves approaches the corresponding one-layer limiting value that is given
by either gd?p, /i1, for a vanishingly thin first layer or gd”p;/u; for a vanishingly thin second
layer. The faster wave is of the zigzag type (z), while the slower wave is of the varicose type (v), as
schematically shown in the inset of Fig. 1(b).
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III. NONLINEAR PERIODIC AND SOLITARY TRAVELING WAVES

We are looking for periodic traveling waves in a two-layer liquid film that can be seen as periodic
steady-state solutions in the comoving frame of reference. By setting /;(x — vt) in Eq. (5), where
v is the phase speed of the wave and integrating over x we obtain a linear relationship between the
fluxes ¢; and the local film thicknesses #;,

—vh; +q; = f;, o))

where f; are some constants of integration that depend on v. It is important to emphasize that f;
represent fluid fluxes in the comoving frame of reference, where the wave profile remains time-
independent.

Then, we nondimensionalize Eqs. (1) and (5) by scaling &; with the total film thickness d =
dy + d», fluxes g; with goid*/(311), time ¢ with p;d?/p; and x with go?d*/(3u?) and the flow
velocity with gp;d?/(3u1). Using Eq. (17) and replacing ¢;(x, t) with g;(x — vt), we obtain from
Egs. (1) and (5)

—02 0. +8:(q" by -q) = (@- @)1 + iy + 12)3 by + 3k + i yadho,
—02 3y + 3:(q" by - q) = pa- q)2 + 3hy + phayrd: (hy + ho), (18)
qi = fi + vh;,

where y; = 0:d /(p1(1e1/p1)?) and matrices a and b; are the same as in Egs. (4).

Small-amplitude periodic waves bifurcate from the neutrally stable waves with speed ¢ and
wavelength k. that both can be found from the dispersion relation A(k) by setting A(k.) = —ick..

Following standard methods for the traveling wave solutions [20], we write Eqs. (18) as a
boundary-value problem with periodic boundaries in the domain of length L. The initial domain
length is a multiple of the neutrally stable wavelength, i.e., L = 2wn/k., where n is a positive
integer. Solutions that correspond to a particular value of n are called period-n solutions. We use
an efficient numerical continuation method described in Refs. [38—40] with the starting point given
by the analytically known small amplitude neutrally stable wave with speed ¢ and wave number
k. that are found from Eq. (11). The boundary-value problem is supplemented with three integral
conditions

L L
/ hi(x)dx = Ld;, / i (%) kS (x) dx = 0, (19)
x=0 x=0

where h‘l’ld(x) stands for the solution at the previous continuation step. The first two conditions in
Eqgs. (19) ensure that the average film thicknesses of the layers remain constant. The last condition in
Egs. (19) is necessary to fix the phase of the solution, due to the presence of translational symmetry.
For any positive integer n, the neutral wave can be continued using v as a principal continuation
parameter. Thereby, the period of the wave L and parameters f; from Eq. (17) are included in the
list of continuation parameters and computed as a function of v [61].

As areference case, we consider a fully symmetric system withy; =0 = u = p = landd,; /d =
0.7. The faster zigzag wave is linearly unstable for k£ < k. = 1.6, while the varicose wave remains
linearly stable for all wave numbers. The bifurcation diagram in Fig. 2(a) shows the amplitude
ampl, = max(h;) — min(h,) of the first layer in a periodic traveling wave as a function of v, where
one can see that traveling waves bifurcate from the neutrally stable waves with the speed ¢ = 2.99.
The branch of the period-one solutions obtained for n = 1 is shown by the solid line. The period of
the solution L increases while moving along the branch. The branch asymptotically approaches the
homoclinic bifurcation point labeled as (1), when the period of the solution diverges. The limiting
solitary wave solution (1) corresponds to a depression region (a hole), as shown in the right panel
of Fig. 2(d). All wave profiles are shown in the frame of reference of the vertical solid plane and
propagate from left to right. The wave (1) is slower than the neutrally stable wave and is sometimes
referred to as a negative solitary wave, or negative soliton. The period-two solutions obtained for
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FIG. 2. (a) Bifurcation diagram of periodic traveling waves foroc = y; = u = p = l and d,/d = 0.7. The
waves bifurcate from the zero-amplitude neutrally stable wave with speed v = 2.99 (point c¢). Solutions are
obtained by numerical continuation in parameter v with three integral constraints given by Eqgs. (19). The
branch of period-one solutions (solid line) asymptotically approaches the homoclinic bifurcation point (1). Two
new branches of period-two solutions bifurcate from the period-one branch at period-doubling points PD; »).
The first period-two branch extends toward larger values of traveling speed and asymptotically approaches the
homoclinic point (2). The second period-two branch asymptotically approaches the homoclinic point (3). (b),
(c), (d) solitary wave solutions (1,2,3). (e) Volume V; of the upper cap of the wave vs the period L for the
period-two solutions that bifurcate from point PD; in panel (a).

n = 2 undergo a period-doubling bifurcation (labeled as PD(; 7)) [62]. At the first period-doubling
point PDy, a new branch of the periodic solution is born, which continues toward larger values of v
and asymptotically approaches the homoclinic point (2). The corresponding solitary wave is a bulge
(or a drop) that travels much faster than the neutral wave, as shown in Fig. 2(c). Such waves are
referred to as positive solitons. At the period-doubling point PD,, the second branch of periodic
waves is born, which asymptotically approaches the homoclinic point (3). The corresponding
negative solitary wave is a double-hole solution, as shown in the right panel of Fig. 2(b). For
simplicity, we show in Fig. 2 period-one and period-two solution branches only. However, in
Sec. V, it will be shown that for every combination of the film thicknesses d; there exists an infinite
countable set of positive and negative solitary waves, with each wave characterized by the number
of humps or dips (maxima or minima) in their profiles, similar to one-layer films [10,19].

Crucial for the long-time dynamics of a nonlinear wave train is the observation that the homo-
clinic bifurcation occurs at a single point in the diagram in Fig. 2(a), i.e., the solitary wave with
a single hump has a unique traveling speed v and a unique profile with a certain amplitude amp,
and a certain finite volume V,; associated with the upper cap of the hump. The volume V; can be
determined as V; = fOL(hI + hy)dx — Lhy, where hy, = hi(0) + h2(0) = hi (L) + hp(L) represents
the thickness of the flat background film far away from the main hump. As the period-two solution
approaches the homoclinic orbit (2), the period L of the solution diverges, but the volume V,; remains
finite, as shown in Fig. 2(e). As the result, a nearly homoclinic wave with a single hump that
travels at a speed close to v = 8.18 cannot grow further to exceed the maximal cap volume of
Vi =~ 15.

Next, we use direct numerical simulations of the integrated-layer model Eqgs. (1) and (5) to
gain an insight into the stability of nonlinear traveling waves, their interaction and coarsening
behavior. A comprehensive stability analysis based on the linearization of Eqs. (1) and (5) about
the traveling wave solutions falls beyond the scope of this study and will be discussed elsewhere.
For the parameters as in Fig. 2, we follow the temporal evolution of initially flat two-layer film
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FIG. 3. Temporal evolution of the initially flat two-layer film with o =y, = u =p =1 and d,/d = 0.7.
The left panel shows different stages of wave evolution. The right panel shows the dominating coarsening
mode, whereby a faster traveling larger wave catches up and joins with a slower traveling smaller wave (see
the movies in the Supplemental Material [63]).

in a large domain of size 100 with periodic boundaries. The size of the domain is approximately
25 times larger than the wavelength of a neutrally stable wave 2x /k, = 3.9. Different stages of
the temporal evolution are shown in the left panel in Fig. 3. In the early stages, a zigzag mode is
formed in agreement with the linear stability analysis. The waves with a larger amplitude travel
faster than smaller waves. This causes the waves to collide, leading to further amplitude growth
and coarsening, i.e., a gradual transition from small-scale to large-scale deformations. The collision
of waves eventually stops when several almost identical solitary waves are formed, each similar in
shape to the positive solitary wave (2) in Fig. 2. A time-lapse of a single collision process is shown
in the right panel in Fig. 3. This scenario is similar to the so-called inelastic wave collision observed
in one-layer liquid films [7] and in rolling waves of granular matter [43].

Upon observing that each of the smaller waves in Fig. 3 att = 40, r = 60, and ¢ = 200 contains
a single major hump, it is plausible to assume that the process of coarsening occurs continuously
along the branch of period-two solutions that bifurcates at point PD; and terminates at point (2)
in Fig. 2(a). From the discussion to Figs. 2(a) and 2(e) we see that nearly homoclinic waves
with a single hump that travel at a speed of v ~ 8.18 are characterized by a finite volume of the
upper cap V; & 15. Therefore, any further growth of such a nearly homoclinic wave by means
of adsorbing smaller waves with arbitrary volume is not possible. This argument partly explains
arrested coarsening in Fig. 3. Note that a similar argument was made in Ref. [43] to explain the
arrested coarsening in the dynamics of the granular matter waves. However, it should also be pointed
out that further growth of a nearly homoclinic wave remains theoretically possible if we assume the
existence of other linearly stable homoclinic solutions with larger upper cap volumes V; > 15 and
larger traveling speeds v > 8.18. The complete answer to the question of the existence of such stable
homoclinics requires further analysis and goes beyond the scope of this study.

To investigate the stability of the negative solitary waves (propagating holes), such as solution
(1) in Fig. 2(d), we create a single hole by applying a localized large-amplitude perturbation to the
second layer, when the first layer is kept flat. The temporal evolution of an isolated large hole is
shown in Fig. 4. It is interesting to observe that the secondary smaller waves are formed in the front
and tail of the hole, triggering its breakup and conversion into a nonlinear train of bulges or drops.
The subsequent collision between the drops leads to coarsening and eventually to a formation of a
positive solitary wave similar in shape to (2) in Fig. 2.
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FIG. 4. (a) Instability and breakup of the negative solitary wave (see the movies in the Supplemental
Material [63]).

IV. MIXED REGIME AND MODE COMPETITION

When the two-layer film is composed of nonidentical fluids, the varicose and the zigzag modes
may be simultaneously unstable, as shown in Fig. 5(a) for u = 0.1, p =2, 0 = 0.5, y», = 10,
y1 = oy, and d; /d = 0.8. In this situation, we anticipate complex wave dynamics caused by the
competition between the modes. First, we construct a bifurcation diagram of the periodic traveling
waves that bifurcate from the two neutrally stable waves, highlighted by filled circles in Fig. 5(a). As
in Fig. 2, we only consider period-one and period-two solutions. The branches of the period-one so-
lutions (solid lines) asymptotically approach the homoclinic bifurcation points marked by (1) for the

M A

@ NN

3

L
@ N
0 LN — 0 T T T T
.16 1.18 1.2 24 26
v v

FIG. 5. (a) Dispersion relations of the zigzag and the varicose modes for u = 0.1, p = 2,0 = 0.5, 9, = 10,
y1 = oy, and d,/d = 0.8. Critical k. for neutrally stable waves are marked by filled circles. (b, c) Bifurcation
diagram of the periodic traveling waves that bifurcate from the two neutrally stable waves in panel (a). Solid and
dashed lines correspond to period-one and period-two solutions, respectively. Homoclinic bifurcation points
are marked by (1, 2, 3, 4). The corresponding solitary wave solutions are shown in the right panel.
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FIG. 6. Temporal evolution of the initially flat two-layer film with parameters as in Fig. 5 (see the movies
in the Supplemental Material [63]).

varicose mode and by (3) for the zigzag mode, as shown in Figs. 5(b) and 5(c). The branches of the
period-two solutions (dashed lines) bifurcate from the period-one solutions and asymptotically ap-
proach the homoclinic points (2) and (4). The fastest traveling solitary wave (4) is of the zigzag type.

Temporal evolution of the initially flat two-layer film with parameters as in Fig. 5 is shown
in Fig. 6 in the domain of size 200 with periodic boundaries. In agreement with Fig. 5(a) the
faster-growing zigzag mode dominates the early stages of the evolution (¢ < 750). The varicose
mode is shorter and travels at a slower speed. Eventually, after both modes have fully developed,
the dynamics becomes rather chaotic (+ = 1200). Similar to Fig. 3, coarsening is arrested, when
the waves reach their maximum possible amplitude of approximately ampl; ~ 0.1. It should be
pointed out that an additional mechanism might be responsible for preventing the waves from further
merging. Thus, it is plausible to assume that coarsening is counterbalanced by the competition
between a faster traveling zigzag and a slower traveling varicose mode. In other words, the faster
mode travels through the wave train of the slower mode which leads to a convective redistribution
of the fluid. Such a “stirring” effect prevents the waves from colliding and thus, may lead to earlier
arrest of coarsening. A qualitatively similar type of irregular dynamics in the early stages of the
evolution was found in two coupled Kuramoto-Sivashinsky equations [28] that describe weakly
nonlinear long wave evolution of a two-layer falling film in the presence of inertia. However, unlike
in Fig. 6, the simulations in Ref. [28] have been carried out for parameter values when only one
mode (possibly zigzag) is unstable.

V. HOMOCLINIC BIFURCATION OF PERIODIC TRAVELING WAVES

In this section, we study the homoclinic bifurcation of periodic traveling waves in more detail.
Thus, Eqgs. (18) are written as a six-dimensional autonomous dynamical system

r] }"2

dchy = p1, Op1 = p2, pp = — — —,
Yo P

3xh2 =91, aXS] = 59, axSZ = _l’_] + rZ(Vl + VZ)’ (20)
4! oV1Y2

with
r==3+h"[-(@ g —v’pi+v@q" b -q)
+u(g" b1 -3)+ piq" - b1 @) +51(g" - dbi - @,
r=-=3+hy'[—pla-q) —vis +v(dq" -b,-q)
+o(g" by 3g) + pi(@" I ba @)+ si1(g" b ),
gi = fi +vhi, 9q = (p1,s1). 2D
Next, we relax the first two integral conditions in Eqs. (19) and choose the fluxes f; in such a

way that Egs. (20) has a fixed point h; = d;, p; =s; =0, (i = 1, 2), with d; now replacing f; as

064801-12



NONLINEAR PERIODIC AND SOLITARY ROLLING WAVES ...

FIG. 7. (a) Bifurcation diagram of the fixed points (dashed lines) and periodic solutions (solid lines)
of Egs. (20) for parameters as in Fig. 2. The inset shows the zoom of the region highlighted by the box.
(b) Period of the periodic orbits bifurcating from HB,; (solid line), and the guideline y = —In(v — v,) to
confirm logarithmic growth of the period as v — v, = 2.26442 (dashed line). (c)—(e) Homoclinic orbits found
at points (1)—(3) in panel (a), respectively.

parameters. Using the definition of fluxes in a flat two-layer film qgo) = f; + vd; we write

fi=q" — vd; (22)
where qgo) in dimensionless units are obtained from Eq. (7) by replacing the factor gp;/(2ut;) with
3/2. Note that the above choice of f; is equivalent to the constant flux parametrization used to study
traveling waves in vertically falling one-layer liquid films [9,10,18,19].

We exemplify the bifurcation scenario of periodic solutions of system Egs. (20) using the
parameters as in Fig. 2, namely, 0 =y, = u = p =1 and d; = 0.7, d, = 0.3. In the first run, we
follow the branch of fixed points of Egs. (20) using v as a continuation parameter. Note that the
bifurcation diagram of fixed points of Eqgs. (20) is rather complicated containing several connected
branches, but for simplicity, we only show two branches which are relevant to the homoclinic
orbits found earlier in Fig. 2. In accordance with Fig. 2, the fixed point d; = 0.7,d, = 0.3 has a
Hopf bifurcation at v = 2.986, as labeled by HB; in the inset in Fig. 7(a). The branch of periodic
solutions born at HB; extends to v < 2.986 and asymptotically approaches a homoclinic orbit (1),
shown in Fig. 7(c). The second branch of periodic solutions born at the second Hopf bifurcation
point HB, extends to v > 3 and contains a torus (TR) and a period-doubling (PD) bifurcation
points. Additional branches of periodic solutions, bifurcating from the period-doubling points are
not shown for simplicity. As a measure of periodic solutions, we use the average thickness of the
first layer (hy) = T~! foT hi(x)dx, where T represents the period of the solution.

The homoclinic bifurcation corresponds to a collision between a periodic solution and a fixed
point with the period of the solution diverging. Following the branch that bifurcates from HB, we
find the logarithmic divergence of the period, as shown in Fig. 7(b). The dashed line in Fig. 7(b)
is a guideline y = —In(v — v.), where v, = 2.26442 is the value of v where the homoclinic
orbit is found. Note that solution (1) exactly coincides (up to a phase shift) with solution (1) in
Fig. 2(d). Remarkably, we find that the branch of periodic solutions approaches the homoclinic orbit
nonmonotonically, with every turning point of the branch representing a saddle-node bifurcation of
the periodic solutions. This scenario is typical for Shilnikov bifurcation [23,41], which predicts
countably many saddle periodic orbits in the neighborhood of a saddle-focus homoclinic loop if
certain conditions on the eigenvalues of the corresponding fixed point are satisfied.
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Next, we start continuation from the homoclinic orbit found in Fig. 2(c) and find the branch of
periodic solutions that extends between two homoclinic bifurcation points (2) and (3) in Fig. 7(a).
Similar to point (1), the new branch is seen to approach the homoclinic solutions (2, 3) nonmono-
tonically. Interestingly, the new branch (2)—(3) is not born as a result of a Hopf bifurcation from a
fixed point.

Homoclinic orbits (1,2,3) are shown in more detail in Figs. 8(a)-8(c), where we project them
onto a three-dimensional phase space (hi, pi, hp) to highlight their saddle-focus character. Orbit
(3) is also of the saddle-focus type, as it can be seen from its projection onto the (4, p») plane in
Fig. 8(d), where arrows indicate the direction of approach (departure) from the fixed point (h; =
0.94, p, = 0). To make further connection with the Shilnikov theory of saddle-focus homoclinics
[41], we compute the eigenvalues of the respective fixed points for orbits (1,2,3). Thus, the fixed
point Ay = 0.7, hy = 0.3, p; = s; = 0 [orbit (1)] has the eigenvalues A = 4.615624, 0.5018957 £+
1.259518i, —1.002640, —2.308388 £ 4.706799i. The leading eigenvalues are defined as the sta-
ble eigenvalue with the largest real part and the unstable eigenvalue with the smallest real part.
Note that using the time-reversal transformation [x plays the role of “time” in Egs. (20)] one can
always reverse the flow of the dynamical system to change the sign of the eigenvalues, i.e., A — —A.
We observe that the leading eigenvalues of orbit (1) are A; = 0.5018957 £ 1.259518 i (unstable)
and A, = —1.002640 so that the so-called saddle quantity ¥ = Re(A;) + Re(X,) = 0.5018957 —
1.002640 < 0 is negative. These conditions exactly correspond to those of the Shilnikov theorem in
higher dimensions [41]. According to the theorem, there exist countably many periodic orbits in a
neighborhood of the saddle-focus homoclinic.

Remarkably, however, the eigenvalues of the respective fixed points for orbits (2,3) do not satisfy
Shilnikov conditions. Indeed, for orbit (2) the fixed point iy = 0.7, h, =03, p;=s; =0 atv =
8.1889 has the eigenvalues A = 3.414334, 0.2928146, —0.4068085 £ 5.919676i, —1.446766 £
18.79867i. The leading eigenvalues are A; = 0.2928146 (unstable) and X, = —0.4068085 £
5.919676i (stable). Applying the time-reversal transformation, the stability of the eigenvalues is
exchanged, i.e., A} = —0.2928146 (stable) and A, = 0.4068085 & 5.919676i (unstable) so that
the saddle quantity ¥ = 0.4068085 — 0.2928146 > 0 is positive. This last condition violates
Shilnikov’s theorem condition [41], and as the result, the statement of the theorem no longer
applies. The sign of the saddle quantity X is known to control the complexity of the dynamics
in the neighborhood of the homoclinic loop [23]. Thus, if ¥ is positive, then the dynamics is
known to be “simple,” implying that there exists a stable periodic orbit, unlike for ¥ < 0, when
the dynamics is chaotic. Of course, the stability of the periodic orbits of the dynamical system
Egs. (20) has nothing to do with the spatiotemporal stability of the periodic traveling waves found
for Egs. (1). The discussion of the phase flow properties of system Egs. (20) in the neighborhood of
the homoclinic orbits goes beyond the scope of this study.

The eigenvalues of the fixed point #; = 0.94, h, = 1.50648, p; = s; = 0 at v = 0.9432 [orbit
(3)] are A =0.9533101, 0.9328495 + 1.008448i, —0.7198592 £ 5.300151i, —1.379291. Here,
the leading eigenvalues are A; = 0.9328495 4 1.008448 i (unstable) and A, = —0.7198592 £
5.300151 (stable). The saddle quantity is positive, i.e., £ = 0.9328495 — 0.7198592 > 0. Here
again, the statement of the Shilnikov theorem doesn’t apply.

Having confirmed that orbit (1) is born as a result of the Shilnikov saddle-focus homoclinic
bifurcation, we move on to find other negative homoclinic orbits that correspond to multiple dips
in the wave profile. To this end, we use the idea of unfolding [10] and extend the third and sixth
equations in Egs. (20) by adding two dispersive terms

Oxpr = — — — +0po,
Vi
(23)

o n (Y1 +y2)
Y1 PY1Y2

0,52 + 852,
where § represents the unfolding parameter.
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FIG. 8. (a)—(c) Projection of the homoclinic orbits (1), (2), and (3) from Fig. 7(a), respectively, onto three-
dimensional phase space (4, p1, h2). (d) Projection of orbit (3) onto (h;, p;) close to the fixed point (h; =
0.94, p, = 0), highlighted by filled circle. Arrows indicate the directions of approach (departure) from the
fixed point.
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FIG. 9. (a) Unfolding of the negative solitary wave solutions connected to the fixed point h; = 0.7, h, =
0.3. Each intersection point of the solution branch with § = 0 corresponds to a new multidip solitary wave.
(b) Branches of periodic solutions connected to the first four solitary waves (1—4) obtained from Eqs. (20) with
fixed fluxes Eq. (22). The thick solid line corresponds to the primary periodic branch that bifurcates from the
Hopf point HB, as in Fig. 7(a). Dotted-dashed lines indicate fixed points of Egs. (20) with parameters as in
Fig. 7(a). Label PD indicates the period-doubling bifurcation point. Branches (3-5) and (4-6) are not connected
to the primary periodic branch (thick solid line). The corresponding solitary wave profiles are shown in panels
(1-6).

Starting with the solitary wave solution (1) in Fig. 7(c), we fix the (large) period of the solution
and continue it using parameter § to obtain the branch of solitary waves in Fig. 9(a). Each time the
branch intersects the vertical dashed line § = 0, a new multidip solitary wave solution is found.
These new solutions can now be continued at fixed § = 0 using v as a principal continuation
parameter to obtain the branches of periodic solutions, as shown in Fig. 9(b) for the first four
multidip solutions. For comparison, we also plot the primary period branch (thick solid line) that
bifurcates from the Hopf point HB; in Fig. 7(a). We find that the branch that bifurcates from solution
(2) terminates at the period-doubling point PD on the primary periodic branch. The remaining
multidip solutions give rise to periodic branches that are not connected with the primary branch.
Thus, we find that the solitary wave (3) is connected via periodic solutions with a solitary wave (5)
and solitary wave (4) is connected with a solitary wave (6). Both (5) and (6) belong to the branch of
fixed points (dotted-dashed lines) that are different from #; = 0.7, hy = 0.3.

Similarly, the method of unfolding can be applied to find positive multihump solitons starting
from the homoclinic (2) in Fig. 2(a). We find a discrete spectrum of positive solitary waves each
traveling slower than the solitary wave with a single hump (2). The double-hump and the triple-
hump waves are shown in Fig. 10 with the corresponding values of the speed v given in the legend.
Note that all these solutions fall onto the line (k;) = 0.7 in Fig. 7(a) to the left from point (2).

VI. FLUID TRANSPORT MODES AND RUPTURE OF THE SECOND LAYER

Next, we find a range of parameters that favours an intriguing novel dynamical regime, which
only exists in two-layer films. Thus, when the density ratio p is increased beyond p = 4 with all
other parameters fixed as in Fig. 5, the developing varicose mode leads to the formation of a thin
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FIG. 10. (a), (b) Double-hump and (c), (d) triple-hump positive solitary waves witho =y, =pu=p =1
and d,/d = 0.7. The speed of the wave v is given in the legend.

neck region in the second layer. With time, the thickness of the neck becomes vanishingly small and
the second layer eventually ruptures. As the result, several isolated drops made of fluid 2 may form
on top of the first layer that transports these drops downstream as a conveyor belt. The corresponding
temporal evolution of the initially flat film resembles that in Fig. 6 up until the moment of time when
the neck of the varicose mode ruptures. At this stage, a true triple-phase contact line develops and
the numerical simulations cannot be continued.

To gain more insight into the varicose mode thinning and rupture, we compute the streamlines
for period-one solutions in the coming frame of reference. Thus, we follow Ref. [37] and construct
two stream functions W »(x, z) for each layer

W = (m-q) (325 — ) — m - q)2h2?,
Wy = Lum @[z —m) — @ — )] —z[(n-@)hi + (n - q)rhihy] + 2m - )1k}

+5(m - q)hiha, (24)
with the fluxes ¢; in the laboratory frame of reference given by Eq. (17). The velocity fields (;, w;),
(i =1,2) in the laboratory frame of reference are given by u; = 9, ¥; and w; = —d,\V;. In the

frame of reference comoving with the wave that travels at speed v, the stream functions must be
transformed according to ¥; — W¥; — vz.

To obtain the branch of period-one solution with fixed average film thicknesses of the two layers,
we proceed as in Figs. 2 and 5 and continue the small-amplitude neutrally stable varicose mode
using v as a principal continuation parameter with three integral conditions Eqgs. (19). The fluid
fluxes of period-one solutions in the comoving frame of reference f; are shown in Figs. 11(a) and
11(b). Continuation starts at v = 1.035 (point ¢) and asymptotically approaches the homoclinic
bifurcation point (point h). Two selected points on the period-one branch correspond to v = 1.05
and v = 1.07 and are marked by labels (1, 2), respectively. The corresponding solutions together
with the streamlines, obtained from Eqgs. (24), are shown in the Figs. 11(1) and 11(2).

Two distinct fluid transport modes can be identified by studying the streamlines in the frame of
reference comoving with the wave as shown in Figs. 11(1) and 11(2). In the first mode (1), the fluid
in the second layer overtakes the wave along the streamlines that have the same spatial period L
as the wave itself. The second mode (2) is found in a varicose-type solution that has a thin neck
and is characterized by the presence of a recirculation cell. The portion of the fluid trapped in the
recirculation cells travels on average with the speed of the wave. Remarkably, as the period L of the
period-one solution increases, the neck becomes increasingly thinner, leading to an almost complete
arrest of the flow in the second layer, while the flow in the first layer remains nonzero, as shown
in Figs. 11(a) and 11(b). In this regime, an isolated rolling drop made of fluid 2 is formed. The
drop is transported downstream by the first layer which acts as a conveyor belt. Note that numerical
simulation of Egs. (1) cannot be continued beyond the point of rupture of either of the two layers.
Therefore, a stabilizing disjoining pressure must be added similar to Ref. [35] to be able to reach
the solution with a thin neck (2) in Fig. 11.

064801-17



ANDREY POTOTSKY AND IVAN S. MAKSYMOV

-0.26 1
=028 1
03

0.5

0 — T — T 0 L— T T
0.2 0.4 0.6 0.8 1
x/L x/L

o
o
[}
=3
i
S
=N
o
)
<o

FIG. 11. (a), (b) Fluxes f{; 2 in the comoving reference frame for period-one solutions as a function of
the traveling speed v for u = 0.1, p = 4,0 = 0.5, y, = 10 and d»/d = 0.8. Continuation starts at v, = 1.035
(point c), two selected points on the branch (1,2) correspond to v = 1.05 and v = 1.07, respectively. Panels (1,
2): selected periodic solutions together with the streamlines in the comoving frame of reference (waves travel
from left to right).

VII. CONCLUSION

In conclusion, we have used a long-wave boundary-layer model of a two-layer liquid film with
inertia to study nonlinear periodic and solitary two-dimensional rolling waves in a falling two-layer
film. The linear stability of a flat film correctly predicts the existence of two types of surface and
interface waves: the faster-traveling zigzag mode and the slower-traveling varicose thinning mode.
The traveling speed of zero-amplitude neutrally stable waves that propagate downstream without
growing or shrinking is shown to exactly coincide with the corresponding analytical expression,
derived earlier from the full Navier-Stokes equation in the long-wave limit [25,26].

We formulate a boundary value problem to find periodic traveling waves with fixed average
film thickness that bifurcate from a flat two-layer film. The efficient numerical continuation
method [38—40] is employed to follow the branch of periodic traveling waves starting from a
small-amplitude neutrally stable wave, whose wavelength is determined from the linear stability
analysis. Solitary waves are found as a result of the homoclinic bifurcation of periodic solutions,
i.e., when the wavelength of the periodic wave diverges. As in falling one-layer films, we find two
families of solitary waves: one family travels slower than the neutrally stable wave and is identified
with depression regions or holes in otherwise flat layers. The second family travels faster than the
neutrally stable wave with the wave profile resembling an elevation region, or a droplet preceded
by a wavy front. We use the method of unfolding [10] to find countably many solitary waves that
travel at different speeds and are characterized by the number of humps or dips, i.e., maxima or
minima in their profiles. Thus, a single-hump (single-dip) wave corresponds to a single rolling
two-dimensional drop (hole) propagating downstream, while a multihump (multidip) wave may
describe a cascade of multiple rolling drops (holes). Countably many solitary waves have also been
found in falling one-layer films [19].

By identifying the periodic traveling waves in two-layer films with the limit cycles of a six-
dimensional dynamical system, we demonstrate that there exist two distinct bifurcation mechanisms
that lead to the birth of periodic solutions. On the one hand, a limit cycle can be born from a
fixed point as a result of a Hopf bifurcation. On the other hand, a limit cycle may undergo a
homoclinic bifurcation with a diverging period, when it collides with a fixed point. Some of the
found here homoclinics at a saddle-focus equilibrium have a negative saddle quantity, thus satisfying
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the Shilnikov condition [23,41] for countably many saddle periodic orbits in a neighborhood of
the homoclinic loop. However, not all homoclinics have a negative saddle quantity, implying that
the dynamics in the six-dimensional phase space in the neighborhood of the homoclinic orbit
with a positive saddle quantity may be simple with trajectories converging to a stable limit cycle.
Bifurcation analysis of periodic waves shows the existence of the solitary wave with the largest
possible amplitude in the system with fixed average film thicknesses. As the result, a wave cannot
grow above a certain limit, which prevents large waves from merging, leading to the eventual arrest
of coarsening in the system with fixed fluid volumes.

Direct numerical simulations of the model equations also shed light on the interaction of waves
in the early stages of temporal evolution and the stability of the solitary waves. Similar to one-
layer falling films [7], we find that in the early stage coarsening is dominated by inelastic wave
collisions and merging. In agreement with previous studies, Refs. [42,43], coarsening is observed to
be arrested in numerical simulations when the waves with a single hump become nearly homoclinic,
reaching their largest possible amplitude and the largest possible volume of the wave upper cap. In
the mixed dynamical regime, when both mode types are unstable, we find a highly irregular complex
state with a faster zigzag wave propagating through a train of slower varicose waves.

A distinct feature of the surface waves dynamics in two-layer falling films is the possibility of a
new conveyor beltlike transport mode, when the second layer breaks down into isolated rolls sup-
ported by the layer adjacent to the solid plate, which transports these rolls downstream thus acting
as a conveyor belt. We identified the pivotal role of the developing varicose mode in the scenario
that leads to the formation of a think neck region in the second layer and its eventual rupture. It is
plausible that this transport mode may also exist in two dimensions, allowing for an isolated drop
made of the second fluid to be transported downstream by the first lubricant liquid layer.

Finally, we note that the behavior of the solitary rolling waves investigated in this work is, in
general, different from that of paradigmatic material solitary waves on shallow water surfaces that
are described by the Korteweg-De Vries (KdV) equation [64] and from a large class of optical
solitary waves observed in nonlinear optical waveguides [50], where the properties of light can
be described using the nonlinear Schrodinger equation [50] or Maxwell’s equations [65]. Indeed,
for example, while both solitary rolling waves and KdV solitary waves of higher amplitude travel
faster than those of lower amplitude, the effect of merging exhibited by the rolling solitary waves is
different from the interactions between two KdV pulses that are known to pass one through without
losing their identity [66]. A similar observation was made previously for single falling liquid films
in the work [7], and it was also theoretically shown in Ref. [48] that in a physically relevant scenario
of liquid films flowing along a vertical circular fibre there exists a critical film thickness above which
solitary wave pulses can merge via inelasticlike interactions. While the behavior of solitary waves
in the two-layer film systems is even more complex than in single films, it is plausible that such
systems could be used to predict and understand the physics of the breakup of films into a periodic
array of droplets, which is a phenomenon that is important in many technological processes [67].
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