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Concentration field in traveling-wave and stationary convection in fluid mixtures
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By comparison of measurements of shadowgraph images of convection in ethanol-water mix-
tures with the results of recent numerical calculations, we study the role of the concentration field
in traveling-wave and stationary convection. The results confirm the existence of a large concen-
tration contrast between adjacent traveling-wave convection rolls. This concentration modulation,
which decreases as the Rayleigh number is increased and the transition to stationary convection is
approached, is fundamental to the translation of the pattern.

In the past several years, there has been considerable
interest in the patterns and dynamics associated with con-
vection in fluid mixtures.! > Interest is sparked by the
fact that, in mixtures such as ethanol and water, the first
bifurcation can be to a stable state of traveling waves
(TW). The coexisting, unstable state of stationary con-
vection becomes stable only at larger thermal stress, when
the TW frequency has decreased to zero. At this point,
the stationary state is stabilized by a transition which re-
stores the mirror symmetry of the concentration field
about the upflow and downflow roll boundaries which is
absent in the TW state. Since the fluid equations are well
known and the boundary conditions of the system can be
precisely controlled, one has a nearly ideal nonequilibrium
system in which to study different patterns, their dynam-
ics, and transitions between them.

Experimental study of these patterns has almost ex-
clusively relied on shadowgraph techniques, where varia-
tions in the index of refraction are imaged.' In this paper
we present precise measurements of the shadowgraph in-
tensity, and we compare them with numerical calcula-
tions. We show that one can distinguish contributions to
the optical signal due to concentration from those due to
temperature. Thus we are able to study the concentration
field as a function of Rayleigh number and to study the
dependence of the form, symmetry, and phasing of the
concentration field relative to the temperature field as the
transition from TW to stationary convection is ap-
proached. Much of the significance of this study is due to
the prediction, which we confirm in this paper, that the
phasing of the concentration field relative to the tempera-
ture and velocity fields determines whether or not the pat-
tern propagates.

In a binary fluid mixture, the separation ratio y, which
is proportional to the Soret coefficient, parametrizes
temperature-driven concentration variations.! For y <0,
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the lighter component diffuses toward the colder region,
thereby stabilizing the fluid layer against convection, and
the Rayleigh number at onset is larger than that for a
pure fluid. In this Rapid Communication, all Rayleigh
numbers » will be normalized by the onset Rayleigh num-
ber, R2, of convection in a pure fluid with the same
thermal properties as those of the mixture.

The experiments are conducted in a long, narrow annu-
lar cell with a rectangular cross section. In this geometry,
the roll axes are oriented radially, and the boundary con-
ditions are periodic in the (azimuthal) direction of TW
propagation. The apparatus is described in Ref. 5. The
convection cell has a copper bottom plate and a sapphire
top plate. The vertical walls are machined plastic with a
height of d =0.309 = 0.002 cm. The cell dimensions are,
in units of d, 1.288 in width by 67.09 in mean circumfer-
ence. The working fluid is a mixture of 8.00% by weight
ethanol in water. The top-plate temperature is fixed at
25.00°C and regulated to 0.7 mK, and the bottom-
plate temperature varies from 29.6 to 32.0 °C with similar
regulation. At the onset of convection, where the average
temperature is 27.53°C, the fluid parameters are y
=—0.26, P=9.16, and L =0.008,°> where P and L are
the Prandtl and Lewis numbers, respectively.

The flow is visualized from above with the shadowgraph
method.® The shadowgraph image is recorded with a
720-element circular photodiode array, which corresponds
to a spatial resolution of approximately 0.1d. The radial
extent of the photodiode elements is larger than that of
the image. Care is taken to ensure that the intensity pat-
tern is recorded at a position where the spatial modulation
in the optical intensity 7(x) is in the linear regime.® In
this case,
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where A is a constant, and #(x) and 6(x) are vertical
averages of the convection-induced modulations in the
concentration and temperature fields, C(x,z) and T(x,z),
with x the azimuthal and z the vertical direction.® In Eq.
(1), b= —0.919 for the fluid described above, using the
units of C and T given in Refs. 3 and 4.

Convection is observed to begin at a Rayleigh number
reo=1.80 with a subcritical Hopf bifurcation. This
evolves to a stable nonlinear TW state with a frequency o,
which is approximately 45 times smaller than the Hopf
frequency at the same Rayleigh number.’ If r is de-
creased, TW convection persists with ® increasing by
about a factor of 10 until a saddle-node bifurcation is
reached at a Rayleigh number r; =1.62. At r,, a transi-
tion to the (quiescent) conductive state occurs. For r > rg
in the convecting state, as r is raised, @ decreases to w =0
at a Rayleigh number r* =1.83. At this point, the system
undergoes a transition to stable, stationary overturning
convection (SOC).

Finite-difference numerical calculations have been car-
ried out for fluid parameters similar to those of the experi-
mental mixture (y=—0.25, P=10, L =0.01). The cal-
culations are performed on a uniform grid of spacing
0.05d. They assume the Oberbeck-Boussinesq approxi-
mation of the fluid equations, two-dimensional flow per-
pendicular to the roll axes, rigid impermeable boundary
conditions at the upper and lower plates of the container,
and periodic boundary conditions with wavelength A =24
in the other dimension. These calculations reproduce the
features of the TW and SOC states observed in the experi-
ments.> The major quantitative discrepancies are that,
experimentally, convection requires larger thermal driv-
ing, and the range of Rayleigh numbers over which TWs
are observed is smaller than in the numerical calculations
lie., reo=1.33 (1.80), r;,=1.21 (1.62), and r*=1.65
(1.83) for the calculations (experiment)].”

The calculated, vertically integrated fields were con-
volved with a square window of width 0.1d, which is two
times the numerical grid spacing and approximately equal
to the resolution of the photodiode array. The results for ¢
and 0 are shown in Fig. 1 for a TW just above r; and an
SOC state above r*. As shown in Fig. 1(c), the calcula-
tions indicate that, in a TW, there is a difference in the
concentration between adjacent left- and right-turning
rolls, while the concentration within a roll is approximate-
ly constant. Thus the concentration is uniform, except in
the upflow and downflow roll boundaries and in the
boundary layers near the upper and lower plates. The
concentration contrast between the rolls is largest near 7,
and decreases continuously to zero, as does w, as r is in-
creased to #*.** The widths of the boundary layers near
the plates and between the rolls shrink, albeit not to zero.
In the TW to SOC transition at 7*, the mirror symmetry
between left- and right-turning rolls is restored. Thereaf-
ter, the concentration field is almost perfectly homogene-
ous laterally, except for a mirror-symmetric variation in
the upflow and downflow boundaries between the rolls.

The quantities 8260 and 82¢ are shown in Figs. 1(b) and
1(d), where x has been scaled by the cell height d. The
optical signal, I(x), is shown in Fig. 1(e). In this paper,
the numerical optical signals are plotted using Eq. (1)
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FIG. 1. The numerically calculated, vertically averaged tem-
perature and concentration modulations, 8 and ¢, are plotted in
(a) and (c) as a function of horizontal position across a roll pair.
Shown is a right-moving traveling wave just above r; at » =1.25
(solid lines) and an SOC state at r =1.82 (dashed lines). The
second spatial derivatives, 920 and 82, are plotted in (b) and
(d), and the predicted optical signals are shown in (¢). Shown
in (f) are the experimental optical signals just above r, at
r=1.64 (solid line), and just above r* at r =1.87 (dashed line).

with 4 =1. As shown in Fig. 1, in a TW there is a phase
shift between the main peak in 82¢ [and 7(x)] and the ex-
trema of 820. This shift, and the one between the temper-
ature and vertical velocity,>* vanishes at the TW-SOC
transition. The calculated temperature and concentration
fields of SOC and TW states are both symmetric under la-
teral translation by half a wavelength and subsequent
reflection at the horizontal midplane of the fluid layer,3*
but the mirror symmetry of left- and right-turning rolls is
broken in a TW. Thus the optical signal of a TW shows
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the symmetry 7(x+A/2) =—1I(x), but not mirror sym-
metry around upflow and downflow boundaries that
characterizes a SOC state [i.e., I(xo+x)=I(xo—x),
where x is the position of a roll boundaryl. This is illus-
trated in Figs. 1(e) and 1(f), where the positive (negative)
peaks of I(x) mark the upflows (downflows).

Shown in Fig. 1(f) is the measured shadowgraph inten-
sity at Rayleigh numbers just above r; and just above r*.
The finite size of the detector elements limits our spatial
resolution. In order to improve the signal, the data were
taken as the patterns propagate past the stationary detec-
tor elements. The optical signals at ten different times
were phased and averaged. The averaged data were typi-
cally separated into six single-wavelength segments,
scaled to correct for a small but non-negligible wavelength
variation across the cell, and then averaged. The experi-
mental optical signals plotted are in units such that 0.1
corresponds to 10% greater light intensity than when no
convection is present. The average value of the rms error
is 0.004, corresponding to a typical rms error of 10%. As
described above, the 826 contribution to the optical signal
is smooth, nearly sinusoidal, and almost symmetric about
upflow and downflow boundaries; whereas the 92¢ contri-
bution has sharp features, and, in a TW state, it is asym-
metric about these boundaries. These features allow us to
distinguish the component of the optical signal due to con-
centration from that due to temperature in the experimen-
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FIG. 2. Optical signals for right-moving TW states for
rs <r <r*. In (a), numerical results are presented for r =1.62
(solid line), r =1.52 (short-dashed line), r =1.42 (long-dashed
line), r =1.32 (dot-short-dashed line), and r =1.25 (dot-long-
dashed line). In (b), experimental signals are shown for r =1.78
(solid line), r =1.74 (short-dashed line), r =1.71 (long-dashed
line), r =1.67 (dot-short-dashed line), and r =1.64 (dot-long-
dashed line).

tal optical signals.®

Given that, to within our experimental accuracy, the
measured signals show the symmetry 7(x +1/2) = —I(x),
in Fig. 2 we compare the calculations and experiment for
different Rayleigh numbers between r; and r* by averag-
ing the data from two half periods with the negative half
period inverted. The mirror asymmetry of the TW about
the roll boundary is clearly visible as is the decrease in this
asymmetry as the Rayleigh number is increased. The in-
tensity of the primary peak increases with r and moves to
the right, reflecting the decreasing phase difference’* be-
tween ¢ and b6. The side peaks move inward, and their
height increases as the upflow and downflow concentration
boundary layers shrink. One difference between the cal-
culations and experiment is that the calculations show a
small peak to the left of the main peak, while the experi-
mental signals indicate only a shoulder.

Shown in Fig. 3(a) is the numerically calculated optical
signal and its two components, 5826 and 82¢, for an SOC
state above r*. The temperature component, bd320, is
nearly identical to that for a pure fluid with the same fluid
parameters. The sharp features in 92¢ produce corre-
spondingly sharp features in I(x), which are now sym-
metric about the roll boundary. Shown in Fig. 3(b) is the
experimental optical signal for a state with » > r*. States
with a small but finite speed (~100 times smaller than
speeds for r < r*) are sometimes observed® above r*, and
they were used to create the temporally and spatially aver-
aged optical signal shown in Fig. 3(b). The characteristic
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FIG. 3. (a) Numerical calculations for the optical signal,
I(x) (solid line), 82¢ (short-dashed line), and 5326 (long-
dashed line) for an SOC state at r =2.03. (b) The experimen-
tally observed optical signals for the fluid mixture at r=1.87
(solid line), which corresponds to » > r*, and for pure fluid con-
vection at » =1.74 (dashed line).
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asymmetry observed below r* is absent. Also shown in
Fig. 3(b) is the shadowgraph image of water (i.e., a pure
fluid) at » =1.74. In this case, the data are noisier, but the
concentration feature is clearly absent. As shown in Figs.
1(b) and 3(a), near r*, the calculations for 826 have
significant contributions from the third harmonic which
appears to be absent in the experimental data. This may
be due to the fact that the calculations assume a two-
dimensional flow, while the experiment measures the spa-
tial integral over a sidewall-influenced three-dimensional
flow.

In this paper, we have shown that the concentration
field in convection in fluid mixtures can be studied using a
combination of shadowgraph measurements and numeri-
cal calculations. We confirm the predicted form, symme-
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try, and phasing of the TW concentration field and the ex-
istence of a concentration contrast between adjacent rolls,
which decreases with increasing Rayleigh number and
vanishes at the TW-SOC transition. This study and relat-
ed work® 7 place our understanding of the simplest states
of TW convection in mixtures on a firm and quantitative
basis.
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"The measured values of r, and r¢, are both larger than those
predicted by the (two-dimensional) numerical calculations.
They do, however, appear to obey the same empirical scaling
with finite channel width that is observed for the onset of con-
vection in pure fluids. In contrast, r* is very similar in experi-
ment and the numerical calculations. We know of no physical
model for the dependence of »* on channel width.

8In principle, the concentration field can be obtained from I(x)
by subtracting the temperature component and integrating
twice. (For rXr*, the temperature component is approxi-
mately that of a pure fluid at the same r.) We attempted this,
but were unable to recover the ¢ field due to the sensitivity to
the amplitude and phasing of the signals.



