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Abstract We apply nonlinear feedback control to govern the stability of long-wave
oscillatory Marangoni patterns. We focus on the patterns caused by instability in
thin liquid film heated from below with a deformable free surface. This instabil-
ity emerges in the case of substrate of low thermal conductivity, when two mono-
tonic long-wave instabilities, Pearson’s and deformational, are coupled. We provide
weakly nonlinear analysis within the amplitude equations, which govern the evolu-
tion of the layer thickness and the temperature deviation. The action of the nonlinear
feedback control on the nonlinear interaction of two standing waves is investigated.
It is shown that quadratic feedback control can produce additional stable structures
(standing rolls and standing squares), which are subject to instability leading to trav-
eling wave in the uncontrolled case.

1 Introduction

The onset and development of oscillatory Marangoni convection in a thin film
heated from below without control was recently investigated by Shklyaev et al. [S].
Among all the variety of possible patterns, only a few were stable: one-dimensional
traveling waves, traveling rectangles and alternating rolls. In this paper we aim at
revealing more complex and exotic stable patterns, such as alternating rolls and
standing squares.

We have recently considered the influence of the feedback control on the oscil-
latory Marangoni instability in a thin film heated from below. We have shown that
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a linear control gain can delay the onset of instability [3] and a quadratic control
gain can eliminate the subcritical excitation of instability [4]. The analysis of pat-
tern formation was done for an infinite region, nonlinear interaction of the traveling
waves was considered. In the case of traveling waves we showed that quadratic feed-
back control can produce additional stable structures, besides conventional traveling
rolls. However, in a realistic system the reflection of waves on the lateral boundaries
results in emergence of standing waves, which can interact to each other. Extending
our previous investigation, we examine here the effect of nonlinear feedback control
on development of Marangoni instability in a system of standing waves propagating
with a definite angle between the wave vectors.

The paper is organized as follows. We start with the mathematical formulation
of the long-wave Marangoni convection problem in Sec. 2. There we present a set
of coupled amplitude equations which governs the evolution of the layer thickness
and the temperature deviation under nonlinear feedback control [4]. In Sec. 3 we
perform the weakly nonlinear stability analysis of wave patterns within these am-
plitude equations. Nonlinear interaction of standing waves is investigated by means
of the analysis of a system of four complex Landau equations. The paper concludes
with summary in Sec. 4.

2 Amplitude Equations

We consider a horizontal liquid layer confined between a deformable free upper sur-
face and a solid bottom wall. The layer is heated from below; the thermal conduc-
tivity of the liquid A4 is assumed to be large in comparison with that of the substrate,
so that the vertical component of the heat flux AA is fixed. The unperturbed layer
thickness H is assumed sufficiently small, so that the influence of buoyancy is neg-
ligible and the free surface deformation is important. The surface tension decreases
linearly with the temperature: ¢ = 69 — o7 T, where T is the deviation of the tem-
perature from a reference one, which is the temperature of the gas above the liquid
layer. The heat flux from the free surface is governed by Newton’s law of cooling,
which describes the rate of heat transfer from the liquid to the ambient gas phase
with the heat transfer coefficient g. The Cartesian reference frame is chosen in such
a way that the x- and y-axes are in the substrate plane and the z-axis is normal to the
substrate.

The problem of convective instability in the given system is characterized by the
following dimensionless parameters,

H H H? AH?

Ca=2" pi— 9 Ga=8"" pa= T2
pvX A VX pvx

which are the capillary, Biot, Galileo and Marangoni numbers, respectively. Here g

is the gravitational acceleration, ) is the thermal diffusivity, p is the density, and v

is the kinematic viscosity.
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In the uncontrolled case, the oscillatory long-wave Marangoni instability was
revealed in [5]. To govern this instability we apply the feedback control based on
the measurement of the temperature deviation on the free surface from its value in
the conductive state. This feedback control strategy was recently demonstrated as
the most effective one to delay the onset of instability under consideration [3].The
heat flux applied on the solid substrate is changed as

aT
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where T is the temperature of no-motion state, £ is the local layer thickness, K is
the non-dimensional scalar control gain.
Within the lubrication approximation we employ a standard long-wave scaling

x=¢e'X,y=¢7Y,r=¢7"21 )
and restrict ourselves to following assumptions
Ca=¢2C,Bi=¢’B, K=¢%s, (3)

where € < 1 can be thought of as the ratio of H to a typical horizontal lengthscale.
The long-wave Marangoni convection in this layer is governed by the following
system of dimensionless amplitude equations [4]
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where O (X,Y, 7) is the temperature deviation from its conductive value
T=—-z+ 1 +0 (6)
TR

Here P = Gah — CV?h, f = ©® — h has a meaning of perturbation of the free
surface temperature; V = (d/9X,d/dY,0). The vector —j has a meaning of the
longitudinal flux of a liquid integrated across the layer.

Hereinafter we assume that the term corresponding to the feedback control in (5)
is a quadratic polynomial of the free surface temperature perturbation:

w(f)f = saf + 30", @)
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where s¢ and sz, are constant.

The influence of the linear part of control gain »; can be expressed as replace-
ment B — B — 5 in formulas describing the instability threshold [3]. The quadratic
part of control gain s, affects the nonlinear development of instability. In the fol-
lowing sections we investigate the influence of a nonlinear feedback control on the
pattern formation (the linear part »; will be omitted). Specifically, we are interested
in the elimination of subcritical instability.

3 Weakly Nonlinear Analysis

Below we study the nonlinear dynamics of small perturbations close to the threshold
of the oscillatory instability Mag

Ma—May = 6*Ma,,8 < 1, (®)

where May = 3 + Ga+ Ck* + 3B/ k2 is obtained from the linear analysis [3].

3.1 Basic Expansions

We present i, @, Ma and the time derivative as a series in power of the small pa-
rameter &:
d d 5 0

+6

h=14+6&+6°6+...,0=1+66,+6 92+...,a 9% EP

+..., 09
where two time variables, T and 1, are introduced according to the multiscale ap-
proach [2] as the dynamics of wave patterns is characterized by two different time
scales. The frequency of oscillations is of order of 1, while the growth rate of dis-
turbances is of the order of Ma — May, i.e. O(5?)

Substituting the ansatz (9) into equations (4)-(5), and collecting the terms of
equal powers in &, we obtain at the first order the linear stability problem. Its solu-
tion can be presented as

n
& =Y A;(n)exp (ikj~?—iwfo) fee., (10)
=1
n
0 =(a+1) Z (T exp(lk V*l(DT())JrCC (11)

where c.c. denotes complex conjugate terms, |l€,| = k is the wavenumber, o¢ =
-2 (Ga —|—Ck2) /3Mag + 2iw/Magk?. Frequency of neutral perturbations is deter-
mined by formula
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k2
0=1 T\ (724 Ga+ CR) (Mayon — Ma),

where
48 (B +k?) (Ga+Ck?)

12 (724 Ga+Ck?)

is the threshold of a monotonic instability [3].

The analysis can be done for any k, but the case of the critical wavenumber k.,
corresponding to the minimum of the neutral curve, is especially important, because
one can expect that patterns with the wavenumber k. will appear in the natural way
by the growth of Ma. Below we consider the nonlinear interaction of disturbances
and the wave patterns supported by that interaction. The computations will be done

for k = k., kc =4/3B.

M Amon =

3.2 Interaction of Waves

In order to investigate the nonlinear interaction of waves, consider the class of so-
lutions corresponding to two pairs of waves with the wave vectors +k), £k, where
ki = (k,0) and k = (kcos ¢, ksin ¢), that propagate with a phase velocity @ /k and
complex amplitudes A; > and By »

& = [A1(®)e™ + Az (12)e ™ 1 By (22)e27 4 By(m)e 7| 00 ce. (12)
Here ¢ is an arbitrary angle different from 0 and 7z. That class of solutions includes

travelling and standing waves as particular cases.
At the second order we obtain

(;éA<l Maofz) V- (&EIVP +MapéiVfi) , (13)
To 3
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where Py » = Ga&» — CA&; 5, fi» = 612 — &1 ». The solution can be chosen in the
form
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where Yy, = kX +k -7, vy = kX — ky - 7. Hereafter the asterisk denotes the
complex-conjugate term; bog, bo2, aio, bio,---, b1—1 are constants, which are very
cumbersome and therefore they are not given here.

At the third order in §, we obtain

3%3 1 Magy F()
EES A(3 3+7f3 ) (17)
006 M
- (63 + 2Pt “°f3> +Bf=F?, (18)
a7 8
where P; = Ga&; — CA&s, f3 = 65 — & ; inhomogeneities F(1:2) are defined as
(1 _ 9%
F\V' = 7T+2Ma2Af1 +V'(Ma()§1Vf2+€1VP2>
\& [‘512 (VP1 + 2Vf1> +& (VP +Maon1)} ; (19)
00 00 1
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The solvability condition at the third order can be formulated as

i Magk? Magk?
<Iw+ 3 +k2+ﬁ) = ZEE p) 1)

2

where Fs(glc’z) are secular parts of inhomogeneities. It yields a set of four complex
differential equations that govern the evolution of wave amplitudes A; > and By »

dA .

To = (Kol K14~ K (0) IB1 — Ko (.~ 9) [Bal? ) A1 — K3 (9) 42" B1Ba

dA; 2 2 *
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T = (T KolBal ~KilBi — Ko (0) Wl — Ko (= 0) A1) B2 — K () Bi Ao
(22)

Here

_ k*May . i3k2 (Ga+Ck*+172)
2 200 ’

expressions for Landau coefficients Ko, K1, K»(¢) and K3(¢) are very cumbersome
and therefore they are not given here.

Equations (22) were studied in detail by [6] in the case of square symmetry, i.e.
for ¢ = m/2. They found six types of solutions.

(i)  Traveling rolls (TR)  |A|* = ¥/Koy, A2 = By = B, =0.
(i)  Standingrolls (SR)  A; =As, |A;* =%/ (Ko, + K1), Bi = B> = 0.
(ili) Traveling squares (TS) A; = By, |A; |2 =7/ (Kor+Kar), Ay =B, =0.
(iv) Standing squares (SSq) A} =A; =B) =By,
IA1)? = 7,/ (Kor + K1, +2Ko, + K3,
(v) Alternating rolls (AR) A} =A, =1B; =By,
A1* = %/ (Ko + K1y + 2K, — Kay)
(vi) Standing cross-rolls (SCR) A; = A, B = By, |Ai| # |Bi].

For any parameters, we use notation K, = ReK, K; = ImK.

A stability analysis for the patterns on the square lattice shows that they are
selected if they emerge through the direct Hopf bifurcation (- > 0). The remaining
stability conditions also obtained by [6], are as follows
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(TR): Kor < Kir, Kor < Ky
(SR): Koy > Ky, Kor+ K1y — 2Kz, < 0, | Ko+ Ky —2Ks|* > |K3|*.
(TS): Kor > Ko, Kor — K1 — K3, <0, Ko — K1+ K3, <O0.
(SSq): Kor + K1y — 2Kz — 3K3, > 0, Ko, — K1, — K3, > 0,

(K3 (Ko + K1 —2K>)], < |K3|*.
(AR): Ko, + Ky, —2K>,+3K3, >0, Ko — K1+ K3, > 0,

— K3 (Ko+ K —2K2)], < |K3|*.
(SCR) is always unstable.

These conditions provide boundaries of selection between two stable patterns.
Obviously, equation Ky = K5, defines boundary between stable TR and TS; equation
Kor = Kj, — between stable TR and SR. Equations Koy, — K1, = K3, and Ko, — K1, =
—K3, define selection between stable TS and SSq or AR, respectively.

Below we apply the general results described above to the particular problem,
which is the subject of the present paper. Our goal is the computation of coefficients
Kor, K1y, Ko (7/2) and K3,(/2) as functions of the problem parameters, which are
B, Ga and , .

For uncontrolled convection, pattern selection was investigated previously in the
case ¢ = m/2 [5]. It was shown that a small area of stable alternating rolls was
discovered (see Fig.1 (a)). However, this area intersects with the domain of sub-
critical traveling rolls, so here depending on the initial condition the system ei-
ther approaches AR or demonstrates the infinite growth of one of the amplitudes.
Note, that the boundary of stability for alternating rolls here is defined by condition
Ko, — K1+ K3, < 0 corresponding to the boundary between AR and TS. Thus, al-
ternating rolls first become unstable against traveling squares, that in turn become
unstable against traveling rolls.

3.3 Nonlinear Feedback Control

Quadratic control gain varies Landau coefficients, resulting in a change of stability
boundaries for the patterns.

Influence of the quadratic feedback control on pattern selection for ¢ = /2 is
presented in Fig.1 (b). Recall that the oscillatory instability is critical only inside the
domain bounded by the dashed line in Fig.1.

Positive control gain reduces the domain of stability for traveling wave, whereas
the domain of subcriticality for traveling wave is enlarged. Additional domain of
subcriticality arises due to the standing squares. Stable standing squares emerge
for s¢; = 0.1 instead of alternating rolls in the uncontrolled case. However, the do-
main of stable standing squares intersects with the domain of subcritical traveling
rolls, so here depending on the initial condition the system either approaches SSq or
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Fig. 1 Pattern selection for ¢ = /2 in the case of uncontrolled convection (a),for ¢, = 0.1 (b) and
for », = —0.1. Domains of stability for traveling rolls, standing squares and alternating rolls are
marked by “TR”, “SSq” and “AR”, respectively. The domains of subcriticality for traveling rolls
and standing squares are marked by “subTR” and “subSSq”, respectively. Domains of bistability
of traveling rolls and standing squares is shaded and marked by ”SSq/TR”.
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Fig. 2 Pattern selection for ¢ = m/2, s, = —0.2. Domains of stability for traveling rolls, stand-

ing rolls and standing squares are marked “TR”, “SR” and “SSq”, respectively. Panel (c¢) shows
zoomed-in domains of bistability (marked "SR/SSq” and SSq/TR). “subSSq” marks domain of
subcriticality for standing squares.

demonstrates the infinite growth of one of the amplitudes. Note, that the boundary of
stability for standing squares here is defined by condition Ko, — K, — K3, < O corre-
sponding to the boundary between SSq and TS. Thus, standing squares first become
unstable against traveling squares, that in turn become unstable against traveling
rolls.

For negative control gain traveling rolls are stable within the whole domain,
where the oscillatory mode is critical, see Fig.1 (c). However, there is a domain
of subcriticality for standing squares. Moreover, there are two small areas of stable
standing squares, which intersect the domain of stable traveling rolls, resulting in
the bistability.

Pattern selection for ¢ = 7/2 under the control gain s, = —0.2 is presented in
Fig. 2. Small areas of subcritical traveling rolls, standing rolls and standing squares
exist for a small values of 3.
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Traveling rolls are stable in most of the domain, where the oscillatory mode
is critical. But there are also domains of stability for standing rolls and standing
squares, see Figs.2(a) and (b), respectively. Note that domains of stability for TR
and SSq, SR and SSq intersect partially, resulting in bistability.

4 Conclusions and Discussion

We have studied pattern formation of oscillatory Marangoni instability in a thin film
under nonlinear feedback control.

We have performed a weakly nonlinear analysis within the amplitude equations,
which describe coupled evolution of the thickness and temperature of thin film in
the presence of the nonlinear control. Our analysis is based on the consideration
of the nonlinear interaction of a pair of standing waves propagating at the angle ¢
between the wave vectors. That consideration leads to a set of four complex Landau
equations that govern the evolution of wave amplitudes. The coefficients of Landau
equations, which define pattern formation, have been calculated in the case ¢ =
7 /2 for different values of the control gain, Galileo and Biot numbers. We have
demonstrated, that besides conventional traveling rolls an additional stable patterns
(such as standing rolls and standing squares) emerges under nonlinear feedback
control. In the case of negative control gain, we have shown that a quadratic control
can eliminate the subcritical excitation of instability within entire domain, where
oscillatory mode is critical.
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