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Oscillatory doubly diffusive convection in a finite container

A.S. Landsberg* and E. Knobloch
Department of Physics, University of California, Berkeley, California 94720
(Received 13 March 1995)

Oscillatory doubly diffusive convection in a large aspect ratio Hele-Shaw cell is considered. The
partial differential equations are reduced via center-unstable manifold reduction to the normal form

equations describing the interaction of even and odd parity standing waves near onset.

These

equations take the form of the equations for a Hopf bifurcation with approximate D4 symmetry,
verifying the conclusions of the preceding paper [A.S. Landsberg and E. Knobloch, Phys. Rev. E
53, 3579 (1996)]. In particular, the amplitude equations differ in the limit of large aspect ratios from
the usual Ginzburg-Landau description in having additional nonlinear terms with O(1) coefficients.
Numerical simulations of the amplitude equations for experimental parameter values are presented
and compared with the results of recent experiments by Predtechensky et al. [Phys. Rev. Lett. 72,

218 (1994); Phys. Fluids 6, 3923 (1994)].
PACS number(s): 47.20.Bp, 47.20.Ky, 03.40.Kf

I. INTRODUCTION

In the companion paper [1] we argue that the am-
plitude equations describing the bifurcation to traveling
waves in a finite but large aspect ratio container are more
complex than suggested by the usual Ginzburg-Landau
description. In particular we argue that the correct de-
scription of the initial instability must be based on the
even and odd parity standing waves, which are the only
modes that bifurcate from the trivial state in such a con-
tainer. In large aspect ratio systems the even and odd
modes are nearly degenerate, indicating that their inter-
action cannot be neglected. By considering the interac-
tion of the first two modes to go unstable we derived
amplitude equations of the form

dz
d—;" =0mzm + K1|2m|?*2m + K2|Zm+1/22m
+K32mzfn+1, (la)
dzm,
dt+1 =bmi12m41 + Ki|zmi1*zmi1 + K3l zm|?2m 41

+K:;2m+1212n- (].b)

Here (2m, 2m+1) are the (complex) amplitudes of the first
two modes, 6y = tm + W, Omt1 = mt1 + iWpmt1 TEP-
resent their linear growth rates and frequencies, and K7,
K/, K} are complex coefficients that are close to K, K3,
K3 because of the near degeneracy of the two modes. The
relevance of Egs. (1a) and (1b) to the study of oscillatory
instabilities in finite containers was recognized already by
Bestehorn, Friedrich, and Haken [2] and Nagata [3]. The
amplitude equations are to be thought of as describing
the double Hopf bifurcation with 1:1 resonance and ap-
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proximate D4 symmetry owing to the near degeneracy
between the two modes. The equations have stationary
solutions of the form (z,,0), (0, 2m+1) corresponding to
the two types of standing waves. Generically, such waves
take the form of “chevroms,” i.e., of patterns consisting
of left-traveling waves in the left half of the container
and right-traveling waves in the right half (or vice versa),
satisfying the requirement that they are either even or
odd under reflections about the middle. As the bifurca-
tion parameter is increased these solutions typically lose
stability at secondary bifurcations to nonsymmetric sta-
tionary states (2m,Z2m+1); Zm2Zm+1 # 0, corresponding
to various types of propagating patterns, as described in
[1]. In order to compare this formulation of the problem
with the Ginzburg-Landau description it is illuminating
to write Egs. (1a) and (1b) in terms of the amplitudes
(v, w) of left- and right-traveling waves. The appropriate
transformation is linear, 2, = v + W, 2m+1 = v — W, and
yields, in the large aspect ratio limit,

Z—:: = (A 4 iw)v + AD + a|w|?v

+b(|v|? + |w|?)v + cvw?, (2a)
dw . A =012
rr = (A —iw)w + AT + a|v|*w

+b(Jv|? + |w|?)w + 52w, (2b)

where A + iw = %((Sm + O0mt1), A = %(Jm —0m+1), @ =
K]_—KQ—SK;;, b = K1+K2+K3, and ¢ = K]_—
K, + K3. In writing these equations we have ignored any
differences between K; and Kj, j = 1,2,3. Note that
we have chosen z,, to be even under reflection, (v, w) —
(w,v), while 2,41 is odd.

Equations (2a) and (2b) differ from the usual
Ginzburg-Landau equations in the presence of new non-
linear terms (9w?,92w) as well as the linear terms
(Aw, Av). The presence of the latter is a natural conse-
quence of the breaking of translation invariance [4]; these

3601 ©1996 The American Physical Society
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terms have a small coefficient and thus represent a small
perturbation of the Ginzburg-Landau equations for an
unbounded system [5]. In [1] we argue, however, that
the coefficients of the new cubic terms should be of order
unity, and hence that their appearance does not repre-
sent a perturbation of the equations for the unbounded
system.

In the present paper we focus on the problem of doubly
diffusive convection in a large aspect ratio Hele-Shaw cell.
The motivation for this study is twofold. First, we seek
to demonstrate, by explicit computation on a continuum
system in a box of aspect ratio L, that the dynamics near
onset is described by Egs. (1a) and (1b), and that, in the
limit L — oo, all the coefficients of the nonlinear terms do
remain finite. In particular we show that the coefficient ¢
in Egs. (2a) and (2b) also remains finite. The Hele-Shaw
problem is particularly well suited for this purpose, owing
to the analytical tractability of the corresponding linear
stability problem, and in particular the simple form of
the unstable modes. Second, recent and extensive exper-
imental studies of this type of system by Predtechensky
et al. [6] have provided a wealth of data on the behav-
ior of this system in the weakly nonlinear regime. Given
that the dynamics described by Egs. (1a) and (1b) show
good qualitative resemblance with the behavior found in
binary fluid convection [7, 8] and in numerical simula-
tions [9, 10], including the so-called confined and blinking
states as well as repeated transients, a calculation of the
actual coefficient values offers the scope for a comparison
between theory and experiment. Moreover, by means of
these analytic calculations we can address the question
of whether or not the “standard” model for this doubly
diffusive system, in which “secondary” effects like cross
diffussion are neglected, suffices to capture the experi-
mentally observed behavior.

The paper is organized as follows. In Sec. II we de-
scribe the problem, introduce the governing partial dif-
ferential equations, and use these to derive Egs. (1a) and
(1b), obtaining explicit expressions for the coefficients in
terms of the physical parameters. In Sec. III we present
numerical results obtained by integrating Egs. (1a) and
(1b) for parameter values corresponding to those of the
experiment. Our conclusions are summarized in Sec. IV.

II. DOUBLY DIFFUSIVE CONVECTION
IN HELE-SHAW GEOMETRY

The recent experiments by Predtechensky et al. [6]
on doubly diffusive convection employ a thin isother-
mal rectangular cell. Instead of using thermal forc-
ing to destabilize the system, a second diffusing compo-
nent with a slighly higher diffusivity and lower molecular
weight is fed in from the top. This component competes
with a stabilizing gradient of a lower diffusivity compo-
nent fed in from the bottom. Both the top and bottom
are in contact with fixed concentration reservoirs of the
respective components via gel-filled membranes that al-
low diffusion but no flow. In this way fixed concentration
boundary conditions are achieved. In the following we
use the subscripts ¢,s to refer to the destabilizing and
stabilizing components, respectively.
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A. Model equations and general considerations

The governing equations for the above experiment can
be written in the nondimensional form:

00V + T, V)] = Rubl — Rudhe — V29, (32)

80 + J(1,0) = 8yp + V20, (3b)

8¢ + I (v, ¢) = 0up + V9, (3¢)

where v is the stream function, and 6, ¢ denote the de-
partures of the two concentration fields from their re-
spective conduction profiles. The operator J satisfies
J(u,v) = Oxud,v — 8,ud,v. The Rayleigh numbers R,,
R, provide a nondimensional measure of the imposed
destabilizing and stabilizing concentration gradients, and
are positive. The parameter 7 denotes the diffusivity
ratio D,;/D; (0 < 7 < 1), while o denotes the ratio
v/D;. Here v is the coefficient of the Darcy viscosity
term (—V?2¢) used here instead of the usual viscosity
(which would appear as V% in the first equation), as is
appropriate for the Hele-Shaw (thin cell) geometry. The
endwalls lie at z = 0, L, and the bottom and top walls at
z = 0,1. We refer to L as the aspect ratio, and assume
that it is large. The boundary conditions appropriate to
the experiment are

6=¢=0 at z=0,1, (4a)
0,0 =08,6=0 at z=0,L, (4b)
Y=0 at z=0,L; 2=0,1. (4c)

These conditions correspond, respectively, to fixed con-
centrations at top and bottom, no concentration flux
through the endwalls, and no fluid flux through the top,
bottom, or sides. Note that since the use of a Darcy vis-
cosity term changes the order of the equation, there are
fewer boundary conditions imposed on % than usually.

The problem as posed has two discrete symmetries,
labeled xi,x2. The first results from the manifest left-
right reflection invariance of the system:

Ki: z—>L—z, ¢— —. (5)
The second, a midplane reflection symmetry,
Ke: z—21—2z, Y>> =, 0> -0, ¢ > —¢, (6)

arises as a consequence of the Boussinesq approximation
used to derive (3a)—(3c), and is thus peculiar to this par-
ticular model. However, the presence of this additional
(midplane) symmetry does not alter the form of the nor-
mal form equations. It should be noted that the bound-
ary conditions (4a)—(4c) are of Neumann type and hence
introduce additional “hidden” symmetries into the prob-
lem. It can be shown, however, that these symmetries do
not introduce any additional restrictions on the normal
form for the Hopf bifurcation [11].
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B. Linear theory

The first step of the derivation involves solving the
linearized version of Egs. (3a)—(3c). With the boundary
conditions (4a)—(4c), the oscillatory instability occurs at
R, = R?c’pf with the frequency Qpops. These are given
by (cf. [6,12,13])

Hopt _ O + k7 k*(1+ 7)(0 + k%7)
R = Bt ok o (Ta)
2 _o(l—T7)k3 214
QHopf - _O'T{'-k_szs -7k ’ (7b)
where k, = T, k, = nm, k? = kX + k2, and m,n =
1,2,3,.... The corresponding eigenfunction takes the
form
(4 A\ .
8 | = | B | e*"sink,z e®Hertt 4 cc., (8)
¢ C

where A, B,C are readily determined. One can show
that Rfl‘)pf is smallest in magnitude for n = 1. The
integer mode number m = M, which minimizes R? opf
cannot be determined analytically, but will correspond
to the integer lying closest to the real number m = M*
satisfying dR; °*' /dm = 0. Note that M ~ M* ~ O(L).

The linear modes (8) have the following symmetry
properties:

Y Y
k|0 | =)™ |0 |;
] ¢
Y Y
ke |0 | == |6 ], (9)
]
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the crucial feature being that the first two modes of the
system to become unstable (m, m + 1) will have opposite
parity under reflections (either left-right or midplane).
The justification for restricting attention in what follows
to the interaction of these two modes is discussed in detail
in [1].

C. The minimal system

The goal now is to derive a set of amplitude equations
governing the behavior of these first two critical modes
near onset of the oscillatory instability. In theory, this
could be done by first writing the fields 1,6, ¢ as an ar-
bitrary (infinite) sum of spatial modes, deriving a set of
coupled modal equations, and then performing a center
(or center-unstable) manifold reduction [14]. This proves
inconvenient in practice, however. Instead, we make use
of the fact that all modes will not contribute equally to
the reduced center manifold equations. In particular, if
the center manifold equations are to be truncated at or-
der N, then only spatial modes that are of order N —1 or
less will contribute to the truncated equations. For our
purposes, since we wish to determine the center manifold
equations only through cubic order, the relevant spatial
modes can be determined as follows: first express the
fields ¢, 8, ¢ as a linear combination of the critical modes
m,m + 1 (the vertical mode number will be n = 1 for
both modes). The second order modes generated from
the nonlinear interaction terms in equations (3a)—(3c),
J(,V2),J(+,0),J (¥, p), are then determined. Only
these modes need be retained for the modal expansion;
all other modes can then be neglected. We find (cf. [15])

P = G, (t) sin (%m) sin(mz) + apmy1(t) sin (@z) sin(7z)
+a1(t) sin (%z) sin(2mz) + agm+1(t) sin (@szlﬁx) sin(27z),
0 =b,,(t) cos (%w) sin(mz) + b1 (t) cos (@w) sin(7z) + bo(¢) sin(27z) + b1 (¢) cos (%m) sin(27z)

2m+1)w

+b2m+1(t) cos ( T x) sin(27z)

(10)

¢ =cm(t) cos (_"2_7‘-1.) sin(7z) + ¢my1(t) cos ((m_—zl)ﬂ:m) sin(7mz)

+co(t) sin(27z) + c1(t) cos (%m) sin(27z) + cam+1(t) cos (

2m+ 1)w .
Tz) sin(27z),

where am, bm, Cmy@m+1, bmt1sCmt1, a1,b1,¢1, bo,Co, Q2m+1, bamt1, C2my1 are the amplitudes for the relevant spatial
modes. Note that, in contrast to the corresponding equations for an unbounded system [16, 17], there are no terms
representing mean flows and all the amplitudes are real. Substituting into the governing equations and neglecting all
spatial harmonics not already included now yields a system of 14 coupled equations [15]:
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dan, n LmRio LmR,o
—, = —0am m Cm
dt (L2 4+ m?)w (L2 + m?)w
(1 + 2m)(—3L?% + 2m + m?)n? N (3L? + 2m + 3m?2)n?
Am a am G2m ’
4L(L? + m?) i 4L(L? + m?) HiTem
db,, mm (L% + m?)w? b
S = 5 Qm — — m
dt L L2
w2 w2 mm? (1 + 2m)w? (1 + 2m)m?
+Ea2m+1bm+1 + 4Lam+1b2m+1 + L ——ambo + Talbm+l + Tam+1b17
dcm_mﬂa (L2 + m?)w2r
dt L™ L2 m
w2 w2 mm? (14 2m)~=? (1 + 2m)m?
+4Lazm+1cm+1 + Lam+1czm+1 + I amCo + -T—a1cm+1 + Tamﬂch
damt1 L(m + 1)R;o L(m + 1)Rs0
=—0am+1 + 2 ) bmy1 — 2 5 +1
dt (L2+m?2+2m+ V) (L +m +2m+1)7r
(1 +2m)(3L% — m? + 1)n? (3L2 + 3m? + 4m + 1)n?
ma AmA2m 1
4L(L? + m? +2m + 1) YU AL(LZ + m? 4 2m + 1) am
dbpt1r  (m+ D)7 (L2 + m? + 2m + 1)n?
= Am+1 — 2 bm+1
dt L L
w2 w2 m + 1)m? 1+ 2m)~n? 14 2m)n?
_4_La2m+1bm - Eamb2m+1 + (T)am+lb0 - %albm + *( u‘)am 1y
depyr _ (m+ Dm (L? + m? + 2m 4 1)n?7
a L T 2 omit
2 2 m 4+ 1)m? 14 2m)n? 1+ 2m)n?
—4‘Lazm+1cm - ZL'amsz+1 + gT)amﬂco - %alcm + %amcl,
ddl o (1 + 2m)2 2 LRSU + LRtU
— = -0 — T 5. Ama [
dt YUan(+ 4L2) m1 = (1+4L2)7 ' (14+4L%)r '
db n 14 4L? 14 2m)n? 1+ 2m)=?
G g T b~ b, (1)
dey _m  (1+ 4L2)71'27'C 1+ 2m)7r2a . 1+ 2m)7r2a .
dt —L L2 1 4L m+1tm 4L mbim+41,
dagm+1 va N L(1 + 2m)Rso L(1 + 2m)R,o
= - ™ m - Cam
dt LT QL2 f 4m? +dm+ D YT (W02 + 4m? £ dm 4 D)
(14 2m)n?
YAL@EL? + 4m? + Am ¢ 1) SO
dbam+1 14 2m)7m 4L% + 4m? + 4m + 1)n? w2 72
2dt+ = ( L ) aA2m+1 — ( L2 ) bom+1 — Eam+1bm + Lambm+1,
deom+1 (14 2m)w (4L2 + 4m?2 + 4m + 1)7? w2 w2
a I @2m+1 — Iz sz+1 4L 4mt1m + 4L, AmCm+1s
db mmn? m+ 1)n2
d—to = —47T2b0 - Wambm - ET)afm—k—lbm+1a
dey An? m7r2a . (m + 1)w? -
dt TCo 5, dmtm 5L, m+1Cm+1-

These equations constitute the minimal system for the present problem; cf. [17].

Note first that, since m ~ O(L) and L is large, several of the terms in these equations will not contribute significantly.
Second, observe that the equations are equivariant under the reflection symmetries k1, k2, whose group actions now
take the form

K1:  [@m;bm,Cmy @mt1sOmt1; Cmt1, @1, b1, €1, @2m41, D2am ot 1, C2my 1, bo, o]

= [(~=1)"@m, (=1) b, (—1) ", (=)™ M ami1, (=)™ b1, (12a)

m—+1
( ) Cm+1,—01, —b1,—C1, —@2m+1, —b2m+1, —C2m+1, bo, Co]
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Ko @ [a'nu bm, Cms @1, Omt1y Cmy1, a1, b1, 1, G2m+14 D2m+1, C2m+1, bo, Co]

= (=)™ am, (1) b, (=)™ e, (=1) ™ amr1, (= 1) b1,

(71)mcm+17

Lastly, if Eqgs. (11) are linearized about the origin (i.e.,
about the trivial conducting solution), then the groups
of modes indexed by m,m+1,1,2m + 1,0 decouple from
one another. For example, the linearized equations for
mode m are

LmR,o LmR,o

d;,_;.. —-o (L2+m?)w T Fmw
Am

dbw | — | mx _ (LZ+m?)x? 0 b

dt L L? m

Cm

d;;" mw 0 _ T(L*+m?)x?

L L2 (13)

One may verify that the above Jacobian matrix has a
pure imaginary pair of eigenvalues +i2,, precisely for
R, = R given in (7a). Similar expressions, obtained
by replacing m by m + 1, hold for mode m + 1.

D. Center-unstable manifold reduction

We wish to perform, following [14], a center (-unstable)
manifold reduction for R, close to the critical Rayleigh
number for the second mode to go unstable. To do so,
we first put the system into Jordan canonical form. Let

Oy Oms Am denote the eigenvalues of the linear matrix in
(13), and 8,n41,0m+1, Am+1 be the corresponding eigen-
values associated with mode m+1. For both modes, since
R, is close to its critical value for an oscillatory instabil-
ity, we have 6,,,0m+1 = iQ2. These relations are only
approximate, however, since the two modes do not bifur-
cate simultaneously. Thus when the second mode loses
stability the nearly pure imaginary eigenvalue of the first
will in general have a small positive real part. This setup
forms the basis of the center-unstable manifold reduc-
tion to follow. The remaining eigenvalues, A, Ayt1, are
strictly negative, and are given by

Am = —[o +72(1 4 7)(m? 4 L?)/L?, (14)

with A,,41 obtained by replacing m by m + 1.
We next define new coordinates (zm, Zm, gm) by

A As,. As, Ax,, Zm
bm = Bém Bgm B)‘m Zm ’ (15)
Cm Cam Cgm C)‘m dm
where the transformation elements (A4s, ,...,Ch,, ) are
defined as follows:
Ay, =0m + 772(L2 + mz)/Lz, (16a)
B, =7mm/L (16b)
mRym
Com = R, L
(0 + 0m) (L% + m?)[72(L2 + m2) + L%0,,)

R,0L3m
(16¢)

(12b)

—ay, —by, —¢1, —@2m+1, —bam+1, —C2m+1, bo, co).

Similar expressions, obtained by replacing m by m + 1,
define (2+1;Zm+1,gm+1). The inverse transformation
corresponding to (15) will be denoted by

A A5 AN
By B;'B' |. (17)
Gyl O3 G5

The transformation (17) diagonalizes to lowest order the
equations for the critical linear modes, yielding

d;v;" = §m2m + (higher-order terms) , (18a)

dz;ztﬂ = 8mt12m+1 + (higher-order terms) , (18b)
along with the equations for the slaved modes

éj?m = Am@m + (higher-order terms) , (19a)

dq:;t+1 = Am+19m+1 + (higher-order terms)  (19b)

(in addition to the 8 other slaved modes '—i;T‘, deo )

o, B,
Using symmetry considerations [see (12a)—(12b)] the
center-unstable manifold can now be written (through
quadratic order) as

Gm =0,

dm+1 = 07

] = X1 2ZmZm+1 + ¥22mZm41 + C.C,

b1 = B1zmzZm+1 + B22mZmi1 + €.C.,y

€1 = Y1ZmZm+1 T Y2ZmZm+1 + C.C.,
A2m+41 — A3ZmZm+1 + X4ZmZm41 + C.Co,
bam+1 = B32ZmZm+1 + BazZmZmy1 + c.C.y
Com+1 = Y3ZmZm+1 + Y4ZmZm+1 + C.C.,

bo = Bs|zm|® + Belzm+1|® + {BrzZ, + Bsz2 11 +c.c.},

co = Vs|zm|® + Yelzms1|® + {¥722, + v822, 11 + c.c.}.
(20)

Substituting these equations into the equations of motion
allows one to find explicitly the center-unstable equa-
tions for the critical modes (zm,2m+1). The resulting
equations are necessarily equivariant under both reflec-
tion symmetries of the original system. These symme-
tries now take the form z,, & —2,, and z,, 41 = —zZmo1-
(Note that these are both exact symmetries of the system,
but even if the midplane reflection symmetry is absent,
it will “reappear” as a normal form symmetry.) The
center-unstable equations can now be put into normal
form. These calculations are quite lengthy and we do
not reproduce them here. The final result is equations of
the form (la) and (1b) where
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Kl %K12H1+2H2, (21&)
K2 =7 Ké ~ H1 + 3H2, (21b)
K3 :‘:,K:’,‘le +H2 (21C)
The quantities Hy, Hy are given by
r*m?|As |*°Bs,, 4
H1 = 5 - i Az
4 L2 i) 4 2x2 Om
_?_4’”_2 |45, E,C_‘s'l -1 (22a)
4 L% iQ + 2x27 )
w2 m? 1
Hy, = —E—_z(AémBSm + AgmB(sm)AgmAgr;l
n? m? _
Eﬁ(!‘lém Cs,, + A45,.Cs,.) As, A5 L. (22D)

In Egs. (21a)-(21c) and (22a) and (22b) only the leading
order terms have been included; by explicit computation
these are all of O(1) in the limit L — oco. The O(1/L)
corrections to these coefficients have been calculated, but
are not presented here (though they are included in the
numerical simulations that follow).

We mention one remarkable feature of the normal form
coefficients. The quantity Hs turns out to be purely
imaginary, and hence the real parts of all the nonlin-
ear coeflicients are equal [to within O(1/L)]! As a re-
sult the coefficients violate the nondegeneracy condition
ReK; #ReK, required of the Dy-symmetric problem (as-
suming |Hy|? + 2H;;Hz; < 0). When this condition fails
the even parity standing wave in the D4-symmetric prob-
lem has a pair of purely imaginary eigenvalues and con-
sequently the system is highly sensitive to perturbations,
be they higher order terms or ones that break the Dy
symmetry. We speculate that this degeneracy might be
related to the fact that for doubly diffusive convection in
an unbounded system, the amplitude of the pure travel-
ing wave solutions grows as (R; — R?Opf)i’ instead of the
usual (R; — RI°P1)3 | owing to a degeneracy in a cubic
normal form coefficient [6,13,17]. A second possibility is
that it is associated with the particularly simple nature
of the linear spatial eigenfunctions for this problem (due
to the form of the boundary conditions).

III. NUMERICAL RESULTS

We briefly mention some results from numerical inves-
tigation of these normal form equations. Our choice of
system parameter values is based on the experiments of
Predtechensky et al. [6,18]. We therefore looked at two

$(z, z,t) = 2Re {A,;mzm(t) sin [%] + As ) Zman

In interpreting the figures one must bear in mind that v
is a pseudoscalar under reflection. Consequently an odd
parity 1 describes an even mode and vice versa, as seen,
for example, from the physical fields 6, ¢. Thus Fig. 1(a),

A. S. LANDSBERG AND E. KNOBLOCH
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cases: Case I: 7 = 0.31,0 = 1.3 x 10>, R, = 139, L = 20;
case 2: 7 = 0.63,0 = 1.3 x 105, R, = 139, L = 20. For
each case we varied R; over a range of values. In the
simulations reported below all O(1/L) corrections to the
normal form coefficients (21a)—(21c) were retained. Only
bifurcations leading to stable solutions are discussed.

Several comments are in order. First note that, since
the Prandtl number is quite large, the mode number m
that first goes unstable through an oscillatory bifurca-
tion is m = L. The corresponding critical value of the
Rayleigh number is R; ~ R, + 47%(1 + 7). Since the
critical Rayleigh number for a steady state bifurcation
is 472 + R, /T, the oscillatory instability will set in first
provided

4372

1—7°

R, >

In case 1 the first mode to bifurcate from the origin
has a critical Rayleigh number of 190.705 and wave num-
ber m = 20; the second mode (m = 21) bifurcates at
R; = 190.827. At R; = 190.84, a stable standing wave
solution (z20,0) is present; an unstable standing wave
(0, z21) exists as well. At R; = 193.2, two pairs of (sta-
ble/unstable) nonsymmetric stationary solutions of the
form (220, 221), 220221 # 0, appear through a saddle-node
bifurcation. As discussed in [1], solutions of this type
have a variety of appearances, depending on the precise
values of the real and imaginary parts of zs9, 221, but
they all exhibit some propagative dynamics. Although
in the following we refer to these collectively as traveling
waves it is possible to distinguish two types of such waves,
those that approach a pure traveling wave at large am-
plitude (z;, — £2zm+1) and those that approach a mixed
parity standing wave (2, — F¢z;,41). The stable trav-
eling waves created at the saddle-node bifurcation are of
the latter type. Our theory also contains traveling waves
of the former type but these are unstable, in contrast
to the Ginzburg-Landau prediction of stable (pure) trav-
eling waves at large amplitude [6]. As R, is increased
beyond R; =~ 193.2, the unstable traveling waves created
in the saddle-node bifurcation migrate towards the still-
stable standing wave, eventually colliding with it in a
subcritical pitchfork bifurcation at R; =~ 193.3. There-
after only the stable traveling waves remain. Thus in the
narrow interval [193.2,193.3] both standing and traveling
waves are stable, while for larger values of R; only the
traveling waves are stable. In Figs. 1 and 2 we show the
oscillations of the stream function ¥(z, z,t) for each of
these states based on the representation (10)

I
obtained for case 1, shows an example of an even parity
standing wave (m = 20), while Fig. 1(b) shows an odd

parity standing wave (m = 21). These modes are the
two primary modes of the system. Figure 2 shows the

(m+ 1)z

T :| } sinwz + (higher-order terms).

(23)
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FIG. 1. Stable pure parity
standing waves for case 1, with
R; = 193.264, in the stream
function representation. Each

S AVAVAVAVAVAVAVAVAVAY

wave is depicted for one oscil-
lation period. (a) The m = 20
mode with amplitude 2.155; (b)
the m = 21 mode with ampli-

0

tude 2.139. The velocity field
(u,w) = (—%z, =) correspond-
ing to (a) is even under reflec-
tion, but odd in (b).

mixed parity stream function characteristic of the trav-
eling wave created at R; =~ 193.2.

In case 2, the first mode (m = 20) goes unstable at
R; =~ 203.348, the second {m = 21) at 203.501. At
R, = 203.363, a stable standing wave solution is found.
This solution persists for a range of Rayleigh numbers,
but becomes unstable at R; = 205.70 in a supercrit-
ical pitchfork bifurcation that produces a pair of sta-
ble traveling wave solutions. These solutions also ap-
proach a mixed parity standing wave at large amplitude
(cf. Fig. 2). In neither of the cases examined have we
found stable two-frequency “blinking” states of the type
observed in the experiments. We also did not find any

of the more exotic behavior, including period doublings,
repeated transients, and chaotic behavior seen in exper-
iments on binary fluid convection [7, 8] and in numerical
simulation of related partial differential equation [9, 10],
even though Egs. (1a) and (1b) do allow for such phe-
nomena [1].

IV. DISCUSSION

In this paper we have presented a detailed derivation
of the amplitude equations describing the onset of an os-
cillatory instability in a large aspect ratio continuum sys-
tem. In contrast to earlier attempts to derive such equa-
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FIG. 2. Stable traveling
wave for case 1 with Ry =
193.264, shown for one oscilla-
tion period.

tions as perturbations of the coupled Ginzburg-Landau
equations describing the nonlinear interaction of left- and
right-traveling waves in an unbounded system, we have
considered the corresponding instability in a finite do-
main, and then specialized to the large aspect ratio limit.
The resulting Eqs. (2a) and (2b), appropriate to this
limit, contain additional nonlinear terms with O(1) coef-
ficients and hence do not constitute a small perturbation
of the Ginzburg-Landau equations. The calculations of
this paper thus provide an explicit verification of the con-
clusions of Ref. [1]. Although both approaches are able
to describe qualitatively the type of dynamics that have
been observed in experiments and in numerical simula-
tions, we believe that only the approach adopted in this
paper can ultimately be used to produce quantitative pre-
dictions for the experiments.

In this respect the direct comparison between the the-
oretical predictions made here on the basis of the normal
form equations (la) and (1b) and the actual experimen-
tal observations is disappointing. For example, in the
experiments the observed traveling waves always eventu-
ally evolve into a large-amplitude “blinking state.” We
do not find such stable, two-frequency (modulated) waves
in the relevant parameter ranges in our numerical integra-
tion of the normal form equations (although we have ob-
served modulated wavelike behavior in the form of long-
lasting transients). Such differences are not unexpected
at this stage, however, since our simplified starting model
(3a)-(3c) does not incorporate several physical features
that are present (to varying degrees) in the actual ex-
periments. First, the model assumes an ideal Hele-Shaw
geometry. However, in the experiments the actual ratio
of the thickness (w) of the layer to its height (d) was not
zero, but instead ranged from 0.254 to 0.069. The effect
of finite w/d could be investigated by introducing a mod-
ified viscosity term in Egs. (3a)—(3c), but we have not

done so. In addition to changing the computed values of
the normal form coeflicients such a term would also affect
the appearance of the spatial wave forms. Second, cross-
diffusion terms have not been included in the model. It is
suspected [18] that in the experiments of Predtechensky
et al. [6] the off-diagonal elements in the diffusion ma-
trix can be as large as 10% of the diagonal one, and hence
should not be neglected. Third, the degree to which the
aspect ratio of the experimental system (L = 20) can
be considered large (in an asymptotic sense) is unclear.
Finally, as already mentioned, the potential degeneracy
in the coefficients (22a) and (22b) suggests that in this
problem the bifurcation behavior may not be completely
determined by the third-order truncation of the normal
form equations. We surmise that with the inclusion of
the above effects, the normal form equations (la) and
(1b) could describe “blinking states” for the exact exper-
imental parameters; such states are known to be present
in Egs. (la) and (1b) in the absence of degeneracies [1].
In fact, based on our analytical results in the weakly non-
linear regime, we are in a position to postulate that the
aforementioned effects, which are typically considered to
be of only secondary importance, do indeed play an im-
portant role in the experiments of Predtechensky et al.
[6].

In this connection we mention that the modal trunca-
tion (11) could provide a good model of the dynamics
arising from the interaction between the even and odd
modes even for parameters substantially far from those
considered here. In particular this should be so for finite
(or even moderate) aspect ratios, such as those employed
in the experiments, for which the first two modes set
in at substantially different Rayleigh numbers and con-
sequently their interaction occurs at larger amplitudes.
Moreover, the usefulness of Egs. (11) should extend well
into the Rayleigh number regime in which additional
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modes are unstable, provided only that there are no sec-
ondary instabilities involving these modes. That this can
be the case is demonstrated in Ref. [19] for a steady state
instability in a finite domain. Although not exact, models
of this type have proved in the past to be a valuable guide
to both the experiments and to the interpretation of sim-
ulations of the full partial differential equations [20]. In
particular the simulations by Jacqmin and Heminger [10]
of closely related partial differential equations suggest
that much of the behavior of interest involves a small
number of spatial modes even relatively far above on-
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set. These considerations indicate that Egs. (11) merit
further study.
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