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A new state composed of quasiperiodic traveling waves has been observed in very close vicinity of the
convection onset along a stable branch. This state precedes the recently discovered confined traveling-
wave state, and consists of left- and right-going traveling waves which periodically alternate between ei-
ther side of the cell. A time-dependent wave-number spectrum is a characteristic feature of this pattern.
Effects of pattern translation and modulational instability can qualitatively explain the observed dynami-

cal behavior.

PACS numbers: 47.25.—c

The recent observation of traveling waves (TW) in
convecting binary mixtures in a finite-size container pro-
vides the opportunity to perform well-controlled experi-
ments on properties that characterize a wide class of
open systems. Well-known examples are free shear flows
(wakes, jets, mixing layers), plane Poiseuille and pipe
flows, drift waves in plasmas, etc."2 In most of these
cases the generalized Ginzburg-Landau (GGL) equation
can be derived as a simple model to describe the non-
linear evolution of propagating patterns.?

A distinct feature of these systems is that a single non-
dimensional parameter, s*, determines whether they are
convectively or absolutely unstable, thereby determining
their spatial pattern as well as their temporal behavior.
This parameter is the ratio of the group velocity of a
wave packet, s, to the local growth rate, !, on the
characteristic length scale £, so that in the framework of
the GGL equation,'™® s* =s¢/(£€¢'?), where ¢ is the
control parameter. [e=(R —R.)/R., R, is the Rayleigh
number, and R, is its value at the convection threshold.]
Cross** has recently performed numerical simulations of
the nonlinear coupled GGL equations with real
coefficients for left and right propagating waves for a
binary mixture in a finite container. Taking into account
only the effects of pattern propagation, Cross showed
that, similar to open systems, the same parameter s*
determines the relation between convected and absolute-
ly unstable conditions and thereby the selected pattern of
the system. An astonishing fact is that the rich variety
of TW patterns predicted by the simulations have been
independently observed experimentally: full-cell non-
linear TW, % spatially modulated TW (confined TW)":®
and nonlinear counterpropagating waves (CPW).’

An effect of the complex coefficients in the GGL on
convectively unstable solutions is that the selected wave
number k* behind a front may become unstable to
modulational (or Benjamin-Feir) instability, even though
a band of stable wave numbers exists.? If k* is selected
outside of this stable band, it would lead to time-
dependent behavior in the k spectrum.’

In this Letter we report our observation of a new non-
linear spatially and temporally modulated TW pattern
which was also observed independently in the numerical
simulations.® This TW pattern, coined by us as a “blink-
ing state,” was observed in very close vicinity of the con-
vection threshold, and it precedes the recently discovered
confined TW.”® The general importance of the observa-
tions reported is twofold in light of the ideas described
above. First, this TW state is closely related to the
linear oscillatory state due both to the small deviations of
the blinking-state frequency from the neutral frequency,
fo, of the linear state and to its relatively small ampli-
tude. It means that the linear concentration gradient is
perturbed slightly, and thus this state can be quantita-
tively described by the GGL equation. However, both
linear and weakly nonlinear TW states behave differently
with respect to mass transport. As our recent experi-
ment shows!® subcritical bifurcation to a weakly non-
linear state coincides with the mass-transport onset
which modifies the linear concentration profile. Second,
the observed time-dependent wave-number spectrum of
the blinking state appears to be related to the modula-
tional instability mentioned above. Thus, for the first
time the effects of this mechanism are observed in a
driven nonequilibrium system.

In a binary fluid, the parameters which determine the
convective flow are R, which is proportional to the tem-
perature difference across the fluid layer, AT, and the
separation ratio, y, which is a measure of the coupling
between the temperature and concentration gradient, in-
duced by the Soret effect.!! For y <0, the concentra-
tion gradient stabilizes the quiescent state and leads to
an oscillatory instability.!! Other relevant parameters
are the Prandtl number, P =v/k, and the Lewis number,
L =D/x, where v is the kinematic viscosity, and D and x
are the mass and thermal diffusivities, respectively.

The experiments were done on ethanol-water mixtures
with weight concentrations of ethanol in the range be-
tween 26% and 28.5% at 31°C mean temperature
(—0.058 <y =< —0.005, P=18, L=0.012), and a ben-
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FIG. 1. Representative shadowgraph images of the blinking
TW state for y=—0.045 in benzene methanol. (a) Right
TW; (b) convection in both sides of the cell; (c) left TW.

zene-methanol mixture with a 95% by weight concentra-
tion of benzene at 30.2°C (y=-—0.045, P=175, L
=(.025). Cells were used having nearly 1D geometries
and various aspect ratios 1:4:I', where I" ranges from 12
to 12.7, as well as 20 and 27 (with height 4 =0.305 cm).
The apparatus, described elsewhere,”® enabled us to
make both high-resolution heat-flow (Nusselt number)
as well as precision shadowgraph measurements.

Figure 1 shows computer-enhanced shadowgraph im-
ages of the blinking TW state with time at three mo-
ments during one period of the modulation. Details of
the state’s dynamics are presented by contour plots in
Fig. 2. At the beginning of the modulation period this
TW state is confined to one side of the cell, propagating
in the direction of a lateral wall [Fig. 2(a)l. Then it
starts to fade as another TW propagating in the opposite
direction appears [Fig. 2(b)], and, finally, the amplitude
of the TW propagating in the opposite direction grows
while the TW amplitude on the other side decays com-
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FIG. 2. Contour plot of shadowgraph signals for the blink-
ing TW state taken at € =0.0048 with y = —0.014 in ethanol
water as a function of position along the cell length at time in-
tervals of 0.66¢,. Time increases upwards. They are taken at
the following times: (a) 106¢,; (b) 661,; (c) 0z, (cycle time =
1982, 1, =90.6 s).

pletely [Fig. 2(c)]. This cycle then repeats itself.

Nusselt number (V) versus e measurements of three
different convective states are shown in close vicinity of
the convective threshold [Fig. 3(a)]l for the ethanol-
water mixture at y = —0.014. For a small step from the
conduction state (¢=<0.002), a hysteretic transition to
the blinking state occurs with a discontinuous change in
N on the order of 0.1%. This transition appears by way
of transient linear CPW'? with the observed frequency
wo=2nfot, =2.505 which is close to the calculated value
of wo=2.5. (t,=d?*/x=90.6 s is the vertical diffusion
time.) The blinking state persists along the nonlinear
branch (region I) for a range of about AT=10 mK
(Ae=0.006) until a continuous transition in heat trans-
port to confined TW occurs (region II). Time depen-
dence in heat transport due to the amplitude modulation
in region I was reduced by averaging over several hours,
although large scatter in the data remains. Stable non-
linear CPW were observed on cooling in a hysteretic re-
gion III. The TW frequencies corresponding to the
Nusselt number data are shown at the top of Fig. 3(a).
In region I the basic frequency w) of the blinking TW is
nearly constant over Ae==0.0035 and 1is within
10%-15% of the value of wy. In addition w; closely fol-
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FIG. 3. (a) Steady-state Nusselt number, NV, and scaled TW
frequency wi/wo as a function of €. Vertical lines define re-
gions of different nonlinear TW patterns: (I) blinking TW
pattern (circles); (II) confined TW state (triangles); (III) hys-
teretic region with stable nonlinear CPW patterns (squares).
Crosses show the conduction state. /N and wi/wo are shown by
full and empty symbols, respectively. (b) N for the blinking
state (region I) as a function of time and its spectrum at
€=0.0034 with y = —0.014 in ethanol-water mixture.
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FIG. 4. (a) Intensity of the shadowgraph signal at one point
as a function of time as € increases from conduction to a value
of €=0.0009 at y=—0.014. Several cycles of the blinking
TW state (steady state) at €=2x10"* with y=—0.020: (b)
signal taken at one point on the left side of the cell; (c) signal
taken concurrently at a point on the right side of the cell.

lows changes in N over the entire branch. The time-
dependent part of N for the blinking state is presented in
the inset of Fig. 3(b). The corresponding power spec-
trum shows a sharp peak at the slow modulation fre-
quency @2 =0.02w.

Figure 4 demonstrates the time-dependent behavior of
the blinking state by the intensity measured at one point
of the shadowgraph image. As ¢ increases above thresh-
old, the oscillation amplitude grows exponentially. This
transient linear CPW reaches saturation as the state’s
amplitude becomes temporally modulated [Fig. 4(a)l.
Figures 4(b) and 4(c) show several modulation cycles of
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FIG. 5. Power spectra of the shadowgraph signal for the
blinking TW patterns taken at points situated at each end of
the cell. Dotted line: spectra taken at a point situated on the
right side of the cell. Dashed line: spectra taken at a point sit-
uated on the left side of the cell. All spectra shown were taken
at y=—0.020. (a) e=—1.3x1073, (b) e=—8.5x107%, (c)
e=1.5%x10"% (d),(e) e=7x10"* Basic w, and modulation
> frequencies are labeled on the graph.
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the blinking state in a steady-state region (after the tran-
sient decays) for the ethanol-water mixture. The fre-
quency of the modulation is nearly constant and much
lower than that of the TW. This steady-state scenario is
reached after relaxation times on the order of several
horizontal diffusion times which for the longer cell can
reach 30-40 h.

Power spectra of the shadowgraph signal intensity tak-
en at points situated at opposite sides of the cell during
the blinking state are shown in Fig. 5. The spectra low
on the branch are quasiperiodic indicating a two-fre-
quency state. The peak separation is discrete and corre-
sponds to the blinking frequency w,. All peaks in the
spectrum can be given as an integer combination of two
neighboring peaks. Very low on the branch [Figs. 5(a)
and 5(b)], the main peak at w; is identical on both sides
of the cell. Higher up on the branch [Fig. 5(c)l, the
main peaks at the cell’s ends separate. Each spectrum
in turn remains quasiperiodic. The lower and higher
parts of the spectra are not shown since their amplitudes
are several orders of magnitude smaller than the spectra
shown. Still higher on the branch [Figs. 5(d) and 5(c)],
the spectra become more complicated but are still
discrete as the simple two-frequency quasiperiodic state
evolves into one more complex. The process ends at a
continuous transition to the confined-state branch. At
this point the power spectrum narrows to a single sharp
peak.

Dimensional analysis of these spectra shows that the
correlation dimension D jumps from D =2 for the sim-
ple two-frequency state to D < 3 for the more complicat-
ed state. The latter suggests that this more complex but
still discrete spectrum corresponds to a three-frequency
quasiperiodic state observed in recent simulations. '3

One of the most striking features of the blinking state
is the variation of the wave number in time during the
modulation period. Time-dependent wave-number spec-
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FIG. 6. (a),(b) Wave-number spectra of blinking TW pat-
tern at consecutive time intervals 0.32¢, at (a) e=1.5%x10"3
and (b) e=3x10"3 for y=—0.058. (c),(d) Power spectra
corresponding to (a) and (b), respectively.
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tra are shown in Fig. 6. Each line on the plot represents
the power spectrum in k space of the optical signal at
one moment. The time interval between lines is 0.32z,.
It is clearly seen that the wave number of the blinking
state never settles down to a steady-state value. In the
simple two-frequency quasiperiodic case shown in [Figs.
6(a) and 6(b)], the state oscillates between two wave
numbers whose difference, Ak, can be estimated as
Aw(dw/dk) ~'=0.055. This can be compared to the
modulationally stable wave-number band'* which for
€=0.0015 is Aky=0.05, i.e., the wave number selected
by the blinking state appears outside of the modulation-
ally stable wave-number band. A possible explanation
for the time-dependent wave-number spectra of the state
may lie in the interplay between two mechanisms: One
is the selection mechanism of the convectively unstable
blinking state and the other is the modulational instabili-
ty of TW as discussed previously. More complicated
time dependence of the wave-number spectrum for
€=0.003 is shown in Fig. 6(b). This state corresponds
to a three-frequency quasiperiodic state [Fig. 6(d)].

Thus, we have presented experimental results on a
weakly nonlinear TW state whose amplitude is spatially
and temporally modulated.!® Numerical simulations
carried out by Cross® show that at s* > 2 the confined
TW solution becomes unstable to periodic modulation.
The corresponding modulated TW pattern shown in the
simulations qualitatively reproduces the main features of
the blinking state.> Our estimates verify that all blink-
ing states were observed at s* > 2. However, the time-
dependent k spectrum cannot be explained merely by the
combination of propagation and finite geometry, and the
full complex GGL equation is needed to describe it.
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FIG. 1. Representative shadowgraph images of the blinking
TW state for w=—0.045 in benzene methanol. (a) Right
TW:; (b) convection in both sides of the cell; (c) left TW.
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FIG. 4. (a) Intensity of the shadowgraph signal at one point
as a function of time as ¢ increases from conduction to a value
of €=0.0009 at w=—0.014. Several cycles of the blinking
TW state (steady state) at e=2x10"* with y=—0.020: (b)
signal taken at one point on the left side of the cell; (c) signal
taken concurrently at a point on the right side of the cell.



