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Evolution equation for bidirectional surface waves in a convecting fluid
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Surface waves in a heated viscous fluid exhibit a long-wave oscillatory instability. The non-

linear evolution of unidirectional waves is

known

to be described by a modified

Korteweg-de Vries-Kuramoto-Sivashinsky equation. In the present work, we eliminate the restriction
of unidirectional waves and find that the evolution of the wave is governed by a modified
Boussinesq system. A perturbed Boussinesq equation of the form y,—y,.— €[y, + () o]+ €[V s
+Y oo+ (02 ] =0, which includes instability and dissipation, can be derived from this system.

© 2006 American Institute of Physics. [DOI: 10.1063/1.2362843]

I. INTRODUCTION

Long-wave oscillatory instabilities arise in different con-
texts. They have been found in the study of unstable drift
waves in plasmas,1 fluid flow along an inclined plane,z’3 con-
vection in fluids with a free surface,“_7 the Eckhaus
instability of traveling waves,8 and, more recently, in solar
dynamo waves.” The nonlinear evolution of the instability is
generically described by a Korteweg-deVries-Kuramoto-
Sivashinsky (KdV-KS) equation

U+ Uil + Oy + iy + Uy =0,

. . . .. . o 689
in some cases with different or additional nonlinearities.

The solutions to this equation have been studied extensively,
focusing mainly on the formation and interaction of solitary
pulses.lo*l2 It exhibits parameter regimes where different be-
havior is found, numerical studies have shown the appear-
ance of modulated traveling waves, period doubling, and
chaos.'*" Exact solutions have been constructed by different
methods."*™'® The limits of large and small dispersion & have
been studied rigorously.w’20

The derivation of this equation in the physical situations
mentioned above involves the assumption of unidirectional
waves. This is natural in the situations where a preferred
direction exists: the electron diamagnetic direction in the
case of plasma waves, toward the equator in the case of solar
dynamo waves, downhill for flow along the inclined plane.
However, in the case of surface waves in a convecting fluid,
this assumption is not natural. The assumption of unidirec-
tional waves for surface waves was abandoned in Refs. 21
and 22 and a modified Boussinesq system of equations was
derived. In Ref. 21, the scaling introduced led to a system
that, when reduced to unidirectional waves, led to the KdV-
Burgers equation. It did not account for the balance between
instability and dissipation present in the KdV-KS equation,
which is indispensable for the formation of solitary pulses. In
Ref. 22, surface waves sustained by Marangoni convection
were studied. The Boussinesq system derived does reduce to
the KdV-KS equation for unidirectional waves, however no
attempt was made to derive a single evolution equation for
bidirectional waves.
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The purpose of this article is to study the evolution of
surface waves sustained by Rayleigh-Benard convection to
find the equation that governs the nonlinear evolution of the
surface. This equation will be the natural extension of the
KdV-KS equation to bidirectional waves. A higher-order
Boussinesq system is derived that, following the procedure
for ideal water waves,24 can be reduced to a modified Bouss-
inesq equation including instability and dissipation. The evo-
lution equation that we derive systematically in this work has
been suggested as one of two possible heuristic extensions of
the KdV-KS equation to bidirectional waves without refer-
ence to any physical system.25 Since the equation is derived
systematically, it becomes clear, from the asymptotics and
the physical interpretation, that the equation found is the rel-
evant extension of the Boussinesq equation to dissipative
systems. In the present work, we consider surface waves sus-
tained by buoyancy-driven convection. The results found
also hold when the convection is driven by the Marangoni
effect.

It is worth mentioning that the Boussinesq equation with
added instability and dissipation,

Nrr=Nyy— €\ Nyyyy — €N(N?)yy
+ €(\3Nyyr+ MNyyyyr) + Ns€ (N?)yyr=0,

which we derive below, arises as the phase equation in the
study of the stability of one-dimensional periodic patterns in
systems with Galilean invariance.?® The same equation, but
with cubic nonlinearities, (N3)yy, (N?)yyr, describes the os-
cillatory instability of convective rolls.”*?’

In our case, we may choose either the equation above or
the improved Boussinesq form

Nyp—Nyy— €N Nyyrr— €Xy(N)yy
+ 63()\3NYYT+ NaNyyyyr) + 7\563(N2)YYT= 0,

as equally valid evolution equations for the surface displace-
ment.

© 2006 American Institute of Physics
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Il. FORMULATION OF THE PROBLEM

We consider a layer of fluid that, at rest, lies between
z=0 and d. Upon it acts a gravitational field g=—gZ. The
fluid is described by the Boussinesq equations

V-0=0, (1)
dv - ..

poy == Vp+uVU+ép, 2

dT

— = kV°T, 3)

dt

where the density p depends linearly on the temperature

p=poll —a(T-Ty)]. (4)

d 9, =9 - . . . >
Here E=—+U'V is the convective derivative; p, T, and v

denote thgtpressure, temperature, and fluid velocity, respec-
tively. The quantities p, and 7, are reference values. The
fluid properties, namely its viscosity wu, thermal diffusivity «,
and coefficient of thermal expansion «, are constant. Further-
more, we restrict ourselves to two-dimensional motion so
that 0=(u,0,w).

The fluid is bounded above by a free surface on which
the heat flux is fixed and upon it a constant pressure p, is
exerted. As the fluid moves, the free surface is deformed. We
shall denote its position by z=d+ 7(x,t). The boundary con-
ditions on the upper surface are

MU =W, ©)
P=Pa- ?V—/;[wzwwf— 7 +w)]=0, (6)
(1= )+ w,) + 2unw, —u,) =0, (7)
A-VT=-FIk, (8)
on z=d+mn. Here, subscripts denote derivatives,

A

N=(1+ 7])2()1/2’ i=(-7,,0,1)/N is the unit normal to the free
surface, F is the prescribed normal heat flux, and k is the
thermal conductivity.

On the lower surface, the fluid is bounded by an ideal-
ized plane free surface maintained at constant temperature.
Denoting by 7T, the fixed temperature of the lower surface,
the boundary conditions on the lower surface z=0 are then

w=u,=0, T=T,. 9)

The static solution to these equations is given by
T=-F(z=d)/k+T,, ps=po[1+(aF/k)(z=d)], and ps=p,
—gpol(z—d)+(aF/2k)(z—d)*]. We have chosen the reference
temperature 7, as the value of the static temperature on the
upper surface. The temperature on the lower surface is then
T,=Ty+Fd/k. Equations (1)-(9) constitute the problem to be
solved. We shall adopt d as unit of length, d*/ k as the unit of
time, p(,d3 as the unit of mass, and Fd/k as the unit of tem-
perature. Then there are three dimensionless parameters in-
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volved in the problem: the Prandtl number o=u/p,«, the
Rayleigh number R=p,gaFd*/kku, and the Galileo number
G= gd3pé/ u>.

The linear stability theory has been studied elsewhere.*
The result of interest in the present context is the existence of
an oscillatory instability at vanishing wave number a,=0
with critical Rayleigh number R.=30. The frequency along
the marginal curve is given by w=aoVG+---, which van-
ishes at criticality. In dimensional quantities, this frequency
is that of long surface waves in an ideal fluid. In this prob-
lem, the damping due to viscosity is compensated by heating.

5

lll. SMALL-AMPLITUDE NONLINEAR EXPANSION

To study the evolution of the oscillatory instability
slightly above onset, we let

R=R.+ €R,

and, since the instability occurs at vanishing wave number
and the frequency along the marginal curve is of the order of
the wave number, we introduce scaled time and horizontal
coordinates

éE=ex, T=et.

Next we look for a perturbative solution expanding the de-
pendent variables as

p=p ) +EPpo+ep +Epy+ ),
T=T,2)+€(0y+ €, + €0, + -+,

u=62(u0+6u1+62u2+ ),

w=€(Wy+ew, + Ewy+ o),

n=€(p+en+Em+ ),

and proceed to solve at each order. Our main interest is to
obtain a modified Boussinesq system including instability
and dissipation, from which a single evolution equation for
the surface can be derived. This requires that the calculation
be carried out to order €. The details are given in the
Appendix. Here we quote the relevant results.

In leading order, the horizontal velocity is given by

Up= ¢O(§7 T) }

where ¢y(&,7) is an arbitrary function to be determined. At
each higher order a new arbitrary function appears in the
solution for the horizontal speed. We will find a coupled
system of equations for the surface height and horizontal
velocity that are a modified Boussinesq system. The first
equation of this system is obtained from the kinematic
boundary condition for the free surface, the second equation
from the solvability condition of Egs. (1)—(9).
The kinematical boundary condition is, at each order,

Nor+ ¢oe=0, (10)
-t P1e=0, (11)

Mrt+ Pog+ Adogee+ (o) =0, (12)
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M3r+ Pag+ Ay gee— BPogeer+ (om + Pimp)e=0. (13)

The functions ¢, ¢,, and ¢; are arbitrary functions of &
and 7. The coefficients @ and S are given in the Appendix.
The second equation needed to close the system comes, as
mentioned above, from a solvability condition. At each order
we find

0'2G7]0§+ ¢0T=0’ (14)
0—2G7’1§+¢17=07 (15)
PG+ o= Yogert+ bodos+ 300770 =0, (16)

02G7/3§+ Par— VD1ger+ T Poge+ U Pogsse + Vebogerr
+160(7ypoe) ¢+ 300 (7)) e+ (Pob1)e=0.  (17)

In these equations r=20R,/15 is the measure of instability.
The rest of the coefficients are given in the Appendix.

Finally we construct a single system, correct to order €
for the surface elevation 7=17,+ €7+ € m,+€ 7; and arbi-
trary function ¢=y+ e, + €, + € 5 by simply adding the
equations above. In doing so, some ambiguity arises in the
choice of terms of order € and €, where it is possible to
replace ¢T=—02G77§ or to replace ¢;=—7, committing an
error of O(€*). In the theory of ideal water waves, this leads
to the existence of different families of Boussinesq
systems.23 At this stage we use this freedom to minimize the
type of terms. With this criterion, the kinematic condition,
correct to order €, becomes

Net s+ A€ Pee— BE beger+ €(7) = 0. (18)

The solvability condition correct to order € is

TGt = € Ve + €1 — € (L + V) gge, + € Py
+300€ nn:+ 160€ (ndy)  =0. (19)

This is a modified Boussinesq system including instabil-
ity and dissipation in the linear terms of order €. It describes
the propagation of bidirectional waves. In the following sec-
tion, we reduce this system to a single equation for the sur-
face elevation, obtaining a modified Boussinesq equation.

IV. EVOLUTION EQUATION FOR THE FREE
SURFACE

If we search for unidirectional waves, the system
(10)—(17) leads to the modified KS-KdV equation (20),°

7+ 5] NN+ 52 /e e[r"]xx + 53 Mexxx T 54(7777x)x] =0.
(20)

Our purpose here is to obtain the evolution equation for the
surface without this restriction. In this process, some ambi-
guity arises as explained in the previous section. In reducing
to a single equation, we adopt the criterion of choosing the
form that gives the simplest physically meaningful linear
theory.
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A. Linear theory

Keeping linear terms in Egs. (18) and (19), we find that
the surface displacement satisfies the equation

Ner— G g — EANgprr+ € (Fger+ Bhgeger) =0,
where
_ 1 34o
A=a+y==+—,
321
B=ji+ 7+ 0GB
_27980’
~ 2079

+(Gol-1)< 1265 3973 )

12096 604800

Searching for plane-wave solutions e‘’e’*¢, we obtain the
characteristic polynomial

52 (1 + E€Ak?) — €(rk* - Bk*)s + k> = 0.
The growth rate is given by

1 €(rk?> — Bk*)
N=RO) = e

and the frequency is given by

1
k- n O(rk* — Bk*)?

2~ 2
=J =
w =3(s) 1+ AR

On the marginal curve A=0, r=Bk%. Small wave numbers are
unstable; large wave numbers are stable as it occurs in the
KdV-KS equation.

B. Nonlinear equation

Taking time and space derivatives of Egs. (18) and (19),
respectively, and subtracting, we obtain

M= G 1ge = EAYgprr+ € (Xgr+ Brjyggy,) + €
21

We recognize the order € containing ¢ as already appearing
in the derivation of the standard Boussinesq equation, there-
fore we only outline the procedure24 to obtain the modified
Boussinesq equation. We write

G

[(¢m),— ¢¢.§]§= - T(ﬂz)g.g*‘ (¢2)§§+ 0(€)

and

(¢2)§§= 2(773_ ¢777-§) +0(€).

Assuming that ¢ vanishes at —%, we may write
&
¢=—f ndE +0(€).

Replacing these expressions in (21), we obtain the evolution
equation for bidirectional surface waves,
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M= G Tgg = EANgerr+ € (X + Bggye,) — 26
£
X(ﬂi*‘ ﬂrgf %df’) —Aéz(ﬂz)gg"' 8063(7]2)g§¢=0,

where A=150+0°G/2. Terms of order €' have been
neglected.

The standard form of the Boussinesq equation is
achieved by changing to the Lagrangian description. Defin-
ing new variables

1 ¢
Y=7(§+62 ndg’), T=r1

[oaY

and
N=n- 62772,

we obtain our main result, a single evolution equation for
bidirectional waves including instability and dissipation,

Nrr=Nyy = €N Nyyrr— €M(N?)yy
+ €(N3Nyyr+ NaNyyyyr) + Ns€(N)yyr=0,  (22)

where
A _i A _1+A A _L
'"T¢T PTG T 66
8
)\4 = 4G2, and )\5 = E .

Up to order €, we recognize the improved Boussinesq
equation. Instability and dissipation are included in the linear
terms of order €. The nonlinearity of order € is an addi-
tional nonlinearity that is characteristic of this problem [see
Eq. (20)].

Finally, we point out that to the same order of approxi-
mation we may replace Ny7=Nyy+O(€) in the linear term of
order € and obtain the equally valid form

Nrr=Nyy— €N Nyyyy — €M(N?)yy
+ €(N3Nyyr+ NaNyyyyr) + Ns€ (N yyr=0,  (23)

which has been found in the study of instabilities of periodic
patterns.

V. SUMMARY

We have studied the nonlinear development of a long-
wave oscillatory instability of surface waves. When the as-
sumption of unidirectional waves is made, the surface evo-
lution is determined by a modified KdV-KS equation. In the
present study, we allow bidirectional propagation of waves
and are led to a modified Boussinesq system, where instabil-
ity and dissipation are present at high order. A single equa-
tion is obtained for the evolution of the surface following the
method used in ideal surface waves. In the case of ideal
surface waves, one is led to a Boussinesq equation. Here we
obtain a modified Boussinesq equation including instability
and dissipation.

In this work, we considered surface waves driven by
Rayleigh-Benard convection. Surface waves can also be

Phys. Fluids 18, 107102 (2006)

driven by Marangoni convection. For Marangoni driven
waves, the Boussinesq type system, that is, the analog of
Egs. (18) and (19), and hence the equation for the surface
derived from it, contains additional nonlinearities. It is
straightforward to show that by the same change of variables
used here, it reduces to Eq. (22).

Previous studies have dealt with the damped Boussinesq
equation (r<<0, B=0) where stable structures, solitons, and
periodic solutions must be sustained by external forcing.z&29
In the present case, >0 and it represents the destabilizing
term. The equation we find has been proposed as one of two
possible heuristic generalizations of the KdV-KS equation to
bidirectional waves. Here we show that it is indeed the ad-
equate bidirectional generalization of the KdV-KS equation
by deriving it systematically, just as the Boussinesq equation
is derived for surface waves in an ideal fluid.

Numerical integrations in extended domains show
that this equation has solutions with soliton-like characteris-
tics qualitatively similar to those observed in experiments.31
Unidirectional traveling-wave solutions N(x—ct) satisfy the
same third-order differential equation as traveling-wave so-
lutions of the generalized KdV-KS equation (15) for which
exact periodic and solitary wave solutions have been
found."*'*'® Numerical and analytical results for the evolu-
tion of solutions in small domains will be the subject of
future work.

25,30
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APPENDIX: PERTURBATION EXPANSION

In this appendix, the equations to be solved at each order
and their solution are given. Terms that vanish have been
omitted.

In leading order, the equations to be solved are

Uy, = O’
Woz =~ Upgs
Po:=0,

bo.; =—wo,
subject to

wo(0) = u,(0) = 6,(0) =0,
u()z(l) = 00z(1) = O’
po(1) = 0*Gn,

Nor= WO(I) .
The solution is given by

up= (&7, wo=- ¢0§Z’



107102-5 Evolution equation for bidirectional surface waves

00 = bocTo(2),  po=0Gp,

where we have defined 7(z)=(z>-3z)/6. The kinematical
boundary condition is

07+ ¢oe=0. (A1)
At order e the equations to be solved are
1 1

Uz = _p0§+ Uy
g g

Wiz =—Ug
Pi1z= 300—00’
0. = 0pr— wi,
subject to
wy(0) = Mlz(o) =6,(0)=0,
ulz(l) = 011(1) = 0’
pi(1) = 0*Gmy + 20wy, (1),
M= Wl(l)
The solvability condition [ (])ulzde=M1z(1)—M1z(0)=0 implies
oG moe+ o= 0. (A2)
The solution at this order is
up= ¢1(§’ T),
wp=- ¢1§Z,
01 = ¢1T0(2) + e, T1(2),

p1=0Gny +300¢yP,(2) — 20y,

where we have defined T,(z)=(25z-10z°+2°)/120 and
P(2)=T.(z)=(5-6z>+2*)/24. The kinematical boundary
condition at this order becomes

e+ ¢ie=0. (A3)
At order € the equations to be solved are
1 1

Uy, = ;Plg*‘ ;”17— Upggs

Wor == Upg,
P2, =3000, + ow,, — wo,

02zz = 017’ —Wy— 00§§7
subject to

w1(0) = up,(0) = 6,(0) =0,

Uy, (1) ==wod1), 0y, (1) == 106,,,(1),

pa(1) = ?Gny + 20w, (1) + 150773,
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7= wo(1) - (Mo”’lo)g-
The solvability condition [u,..dz=u,.(1) implies
G+ b1,=0, (A4)
and the solution to this order is

Uy =y (§,7) + d’oggUz(Z),
Wy == ez + hoeeeWo(2),

0,= d’ngo(Z) + ¢1§TT1 (z) + d’ogrrTz(Z) + ¢0§§§T3(Z)
—Z 7]0¢0§’

P2= 02G772 + 150'773 + 300’¢1§Q1(Z) + ¢o§rP2(Z)
- 20'(1)15,
where we have defined

Us(z) = 22(39 — 1522 + 24124,

W(z) = (- 9123 +212° - 77)/168,

P5(2) = o(= 61 + 7522 = 15z + 29)/24 + (> - 1)/2,
Ty(z) = (- 427z + 1752° = 212° + 77)/5040,

T5(z) = (527 — 18027 + 11342 + 5040z° — 195752)/60480.
The kinematical boundary condition becomes

Mrt+ Pog+ Adogee+ (homy) =0, (A5)

where a=71/368.

At order € we only need to calculate the solvability
condition for u3 and the kinematical boundary condition. The
equation for the horizontal velocity is

1 1 1
Uz, = ;Pzg + ;bizr— Upget ;Mouog
subject to
M3Z(O)=0, M3Z(1)=—W1§(1).

The solvability condition [us,.dz=us.(1) yields
PG+ o= Yozer+ Podos +300mm:=0,  (A6)

where y=340/21-5/56. The solution for the horizontal ve-
locity is

us= $3(&7) + ¢15Ux(2) + g, Us(2).
In the expression above, U3(z)=l73(z)+U;(z)/ o, where

Us(z) = (- 62027 + 3507* — 282° + 2%)/1344,

Us(z) = (= 39627 + 238z — 282 + 2%)/1344.
The kinematical boundary condition at this order,
73.=w3(1) = (ugm) ¢ = (0 790) ¢
yields
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M3r+ Pag+ Ay gee— BPogeer+ (om + i11mp)e=0, (A7)

where 8=1265/12096+3973/(604800).
The pressure at this order satisfies the equation

p3z = 300'02 + UWZZZ - W17.+ (TW()‘,;:§+ (TR260
with
p3(1) = Gz + 300777, + 20wy, (1) = popy(1).

Its explicit solution is not indispensable to continue the cal-
culation. Finally, the last equation needed is obtained from
the solvability condition of the horizontal velocity at order
€*. We have

Uy, = %‘P3§+ é_uaf— Upeet %‘(uolh)g,
with
ug(0)=0, 1y (1) == nouur.,(1) = wy(1) = ewoe(1)
= 2770 wo (1) = upe(1)].

The solvability condition [ju,..dz=u,.(1) is the last equation
needed to complete the system. We obtain

02G773§+ b= VDiger+ rPoge + BPogeze + Vebogerr
+ 160(10Pog) ¢ + 300(771) £+ (1) =0,

where r=20R,/15 is proportional to the excess of the
Rayleigh number over its critical value, ©=4780/693, and
p=1240/189-3973/(604800)—1265/12096.
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