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Reflection of nonlinear waves from a domain boundary
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Boundaries between domains of traveling waves are studied in convection in an 8% mixture of ethanol and
water. A configuration is described in which rolls move in opposite directions on either side of a domain wall.
Demodulation techniques are used to measure the interaction of waves across the boundary. It is found that
rolls approaching the boundary with an oblique angle of incidence are reflected from the boundary. The
reflection coefficient and the attenuation of the reflected wave are meaBi€$3-651X97)50106-1]

PACS numbds): 47.54:+r, 47.27.Te, 47.20.Ky

When a spatially extended system is driven far from equiperature difference is applied across the fluid layer, an etha-
librium, a homogeneous initial state may become unstable tool concentration gradient develops, which also contributes
a spatial modulation. The subsequent formation of a patterto the fluid density profile. The ratio of concentration buoy-
can fundamentally change the physical properties of the syssncy to thermal buoyancy is given by the separation ratio
tem, such as mass or energy transport. Examples are as di-[1]. The system is also characterized by the Prandtl num-
verse as the excitation of transverse spatial modes in a lardeer, Pr, which is the ratio of thermal diffusivity to viscosity,
aperture laser, the formation of chemical waves in a reactionand the Lewis numberZ, which is the ratio of thermal dif-
diffusion system, and the formation of convection rolls in afusivity to solute diffusivity[1].
fluid layer heated from below. Such nonequilibrium systems The fluid used in the experiment is a mixture of 8% eth-
are not constrained by a free-energy minimization principleanol (by weighy in water at a mean temperature of 26 °C,
and very complicated pattern dynamics can oddur for which ¢=-0.24, P=10.5, and£~10"2 [6]. For this

The great richness of the dynamics of nonequilibrium patdarge negative value of and strong separation of the time
terns is particularly evident in systems that have an oscillascales of thermal and mass diffusion, the onset of convection
tory instability. Patterns in such systems generally consist ofs a strongly subcritical Hopf bifurcation to a state of oscil-
traveling waves or superpositions of traveling waves. In twdating convection, which subsequently increases in amplitude
dimensions, oscillatory patterns can take many forms, inuntil continuously overturning traveling-wave convection is
cluding spiral waves, target waves, disordered superpositioriiggered. Superpositions of waves are typically observed in
of waves, and multiple domains of traveling waves. In thisthe small-amplitude oscillatory state and the flow in this re-
last case, the properties of the boundaries between travelingime takes the form of weakly nonlinear waJ&$. After the
wave domains are central to the dynamics of the patterns arférmation of the large-amplitude traveling-wave state, the
have been studied extensively in analytical mod@ais4]. wave components interact strongly and the dominant wave

In this Rapid Communication, we describe an investiga-<component in a region of the pattern quickly suppresses the
tion of two-dimensiona(2D) traveling-wave convection pat- other wave components. This causes the initially disordered
terns in a mixture of ethanol and water. The patterns argattern to partition itself into domains of traveling waves,
found to consist of domains of nonlinear traveling wavesseparated by well-defined domain wdlg. In this case, the
separated by stable domain boundafies We employ 3D interaction of wave components occurs mainly at these do-
complex demodulation techniques to characterize the intemain walls, where a narrow region remains in which the
action of waves at the boundary for a specific configurationwaves overlap.
known as a “zipper.” We report a strong exclusion of waves The experiments were performed in a cylindrical convec-
from neighboring domains and present evidence that waveton cell having an aspect ratia /h) of 26. The pattern is
incident on a domain boundary are reflected as if the boundvisualized by a white-light shadowgraph and video se-
ary were a rigid obstacle. This suggests that in this stronglgjuences are recorded using a charge-coupled-device camera
nonlinear wave system, a domain of counterpropagatingnd a frame grabber. Below, distances are expressed in terms
waves is equivalent to an impenetrable medium. of the cell height,h=0.4 cm, and times are expressed in

Rayleigh-B@ard convection in a binary mixture of etha- terms of the vertical thermal diffusion time;=124 s. A
nol and water is a widely studied example of a nonequilib-detailed description of the apparatus and of the physical pa-
rium system whose primary instability is oscillatory. In this rameters of the experiment have been published elsewhere
system, a thin fluid layer is heated from below and the ther{5].
mal expansion of the fluid tends to create an unstable density Figure 1 shows a snapshot of an area of a traveling-wave
profile which can drive a convective flow. The forcing pa- convection pattern observedrat 1.35, containing a domain
rameter is the Rayleigh number, Ra, which is a dimensionboundary. This boundary is known as a zipper and is one of
less measure of the temperature difference imposed acroseveral types of domain boundaries observed in traveling-
the fluid layer. In ethanol-water mixtures, there is a largewave (TW) convection patterng8,5]. In a zipper, rolls on
Soret effect, so that the transport of ethanol in the mixture i®ither side of the boundary move in roughly opposite direc-
driven by a temperature gradient. As a result, when a tentions, in a configuration reminiscent of a shear flow. As the
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FIG. 3. (a) A schematic representation of the 3D spatiotemporal
Fourier transform of the domain boundary in Fig.(th) The pro-

FIG. 1. A shadowgraph image of a region of a convection patjection of the Fourier transform on thie-k, plane. The spots
tern containing a zipper boundary. The arrows indicate the directiomarkedL andR are due to rolls passing on the left and right of the
of propagation within each domain. domain boundary, respectively, and the spot marRédndicates

rolls reflected from the right of the boundary. The shaded rectangles
rolls move past each other, there is a repeated disconnecti@id dotted circles ifb) represent filters applied to the spectrum and
and reconnection of the convection rolls across the boundargre discussed in the text.
The kinematics of the boundary can be appreciated by exam- o
ining space-time plots of the pattern, which are shown in FigZero frequency. Then, all other components can be elimi-
2. Figure 2a) shows ay-t plot taken at the position marked Nated by applying a low-pass spatiotemporal filter. The re-
a in Fig. 1. The diagonal stripes indicate propagation in theSulting amplitude is the envelope functiol,(x,t). _
positivey direction and the phase velocity is given by the A Schematic representation of the spatiotemporal Fourier
inverse slope of the stripes. Similarly, Figc2shows ay-t transf_orm. of the pattern in Fig. 1 is shown in Fig. 3. The two
plot at a position on the other side of the boundary, markedlomains in the pattern produce distinct spectral components,
¢ in Fig. 1, and indicates propagation in the negatvei-  'abeledL, which lies near the, axis atk_ =(—0.18,3.20),
rection. The pattern in Fig.(B) was recorded at position, ~ @ndR, which lies atkg=(2.19,—2.47), where the subscripts
at the center of the domain boundary, where disconnectioh @ndR refer to rolls to the left and right of the boundary.
and reconnection of rolls occur. This is a standing-wave pat! 1€S€ wave vectors, along with the temporal frequency of
tern, indicating that the domain boundary consists of a regioi?=0-147*, are taken as the spatiotemporal carrier waves.
of overlap of the two wave components. Our main purpose is to evaluate the dependencenoi,t)

One method of characterizing superpositions of wave®n the coordlnate_ transverse to the domain boundary. The
components is to perform a spatiotemporal demodulation oPW-pass spatial filter is therefore chosen to depend only on
the pattern[9]. We assume that the pattern consists of ay- The shaded rectangles in Fig. 3 indicate the band of
superposition of several wave components that are mod@pa_na_\l frequencies passed by the. spatial filter. This filter is
lated by slowly varying envelopes. Then, the patternsufficient to separate the two main frequency components,

A(x,t) can be expressed in the form, and gives maximum resolution &f(x,t) in the x direction.
The demodulated amplitudes for the two wave vectors,
A(x,t)=Rd A;(x,t)exp k- X— ot) k. and kr are shown in Fig. 4. The amplitude fields,
AL (x,tg) andAg(x,tg), are represented as elevation surfaces
+Az(x,t)expky X—ot)+ -+ -], (1) over the shadowgraph image. The abrupt crossover from one

component to the other is evident, as well as some interesting
where thek, are the dominant wave vector components instructure in the amplitude fields in the vicinity of the domain
the data and thé\,(x,t) are the unknown complex ampli- boundary. Figure @) shows the amplitudes as a function of
tudes of the spatiotemporal waves. These amplitudes can befor y fixed at the midpoint of the domain boundary. From
calculated as follows. The data are multiplied by a spathe line plots, it can be determined that the amplitude goes
tiotemporal carrier chosen to match one of the wave compofrom its nominal value of unity to zero in a distance of ap-
nents, exgX,- x— wt). This produces components at sum andproximately 0.88, whered is the cell height(i.e., 0.41%.,
difference frequencies between the carrier wave and the datehereX is the roll wavelength This abrupt cutoff indicates
so that the selected wave component in the data is mapped fiee strong suppression of counterpropagating waves within a

FIG. 2. Space-time plots taken along several
lines parallel to the domain boundary. These plots
are taken from 128 video frames, spanning.31
The positions of the lines relative to the boundary
are indicated by the labels at the top of Fig. 1.
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FIG. 5. The amplitude®A (x,ty) (fine line), Ar(x,tg) (bold
FIG. 4. Elevation plot of the amplitudes calculated for wave line), and Ag:(X,ty) (dotted ling as a function ofx at a constant
vectorsk, andkg. The interpenetrating dark gray and light gray y,, at the midpoint of the domain boundary. The amplitudes are
surfaces represemd (x,t) and Ag(x,to), respectively, and the shown(a) with k, filtering and(b) with ||k| filtering, as described in
plane at the bottom shows the corresponding area of the convectighe text.
pattern.

amplitudes are shown for the primary wave vectéisand

domain of traveling waves and is in qualitative agreemenky, as well as for the reflected wave vectég, . In these
with the analytic model of Aranson and Tsimrifg]. curves, the abrupt cutoff at the boundary is softened by the

Another interesting feature of the amplitudes is thattransverse filtering and the standing-wave pattern previously
AL (X,to), which represents rolls moving along the boundary,seen in Ag(x,t) is gone. However, the reflected wave,
is quite flat, except for a sharp lip near the boundarywhose amplitude is indicated by the dotted curve, is clearly
whereasAg(X,to), exhibits a prominent modulation in the  resolved. The amplitude of the reflected wave at the interface
direction that decays as a function of the distance from thés about 0.25 of the amplitude of the incident wave and ap-
boundary. This modulation is evidence of a standing wavepears to decay exponentially with at a ratea=0.37d 1.
arising from the interference between the wavekgtand  This decay of the minority wave component is presumably
another wave with a different value kf (but with the same related to the instability of superpositions of wave compo-
value ofky, since there is no modulation of the amplitude in nents in this system.
they direction). The wave number of the standing wave in  The reflected wave can also be isolated by applying a
Ar(X,tp), which indicates the difference ik, between the spatiotemporal filter to the video record of the pattern. The
two wave components, iks=4.4+0.1. Noting that within  three panels in Fig. 6 show the pattern data after the appli-
experimental erroks=2(kg)y, this standing-wave pattern is cation of spatiotemporal band-pass filters centereckon
consistent with the geometrical reflection of the wakas kg, andkg:.
from the domain boundary, for whictk,——k, and In Table I, we summarize measurements on four zipper
ky—k,. No evidence of a reflected wave is observed inboundaries. In all cases, when the rolls approach the bound-
AL (x,tg) and none is expected, sin& has no significant ary at an obliqgue angle of incidence, a reflected wave is
component normal to the boundary. detected. There is no dependence of the reflected wave vec-

The functionAg(x,t) exhibits a standing wave because tor on the wave vector of the rolls on the opposite side of the
the spatial filter used in the demodulation admits both thédoundary. The amplitude of the reflected wave seems to be
incident and reflected wave vectors. In order to separate thgreatest for an angle of incidence closentd, for which the
incident and reflected waves, the demodulation was repeatéadcident and reflected rolls are perpendicular. This may be
with isotropic filtering about the carrier wave vectors, as in-related to the tendency of cross-roll patterns to form in TW
dicated by the dotted circles in Fig(l8. In Fig. 5b), the  convection[5].

FIG. 6. Separated wave components from the
data in Fig. 1. Panel&), (b), and(c) show the
wave components after application of spatiotem-
poral band-pass filters corresponding to the dot-

% ted circles surrounding, R, andR’ in Fig. 3.
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TABLE |. Values of the transverse wave number, standing-product wave can be generated by nonlinear wave mixing in
wave wave number, and reflected component amplitude for all Zipregions where several waves overlap. The reflected wave

pers studied. In all casgk, ||~ and||kg|~ . vector is not consistent with such a process, which normally
produces a phase conjugate wave. In TW convection, by
(ki) (k) Kis Krs A AR contrast, the strong nonlinearity destabilizes superpositions
0.18 ~2.19 45 0.00 0.25 of waves, causing traveling waves to be excluded from
2.10 1.46 4.05 0.20 0.00 neighboring domains of counterpropagating waves. There-
2.15 0.99 4.30 0.18 0.00 fore, the neighboring domain appears to be equivalent to an
1.61 0.09 3.40 0.08 0.00 impenetrable medium. It is known that small-amplitude TW

convection rolls can be reflected when incident on the system
boundary[7,10,1] or on a domain of large-amplitude sta-
tionary rolls[12], and our data indicates that a similar reflec-

T mmarize, we hav ied zipper domain ndari . : S
0 summarize, we have studied zipper domain bounda €flon can occur when large-amplitude traveling rolls are inci-

in 2D traveling-wave convection patterns, and we have . .
found them to be stable. In cases where rolls approach th%ent on a counterpropagating domain of rolls.

boundary with an oblique incidence, we have found that a We would like to acknowledge useful discussions with
reflected wave is present. This result is unexpected. IfPaul Kolodner and Lev Tsimring. This work was supported
weakly nonlinear systems, in which the nonlinear wave couby the U.S. Department of Energy under Grant No. DE-
pling is a perturbation on the linear wave propagation, aFG03-90ER14148.
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