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Analysis of transients for binary mixture convection in cylindrical geometry
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We present experimental results for early transients near the onset of convection of an ethanol-water mixture
in cylindrical containers heated from below. The separation ratio of the mixture/#was0.08, and the aspect
ratiosI'=r/d (r is the radius and the height of the sample cglbf two different containers were 10.91 and
11.53. For this system the onset of convection occurs via a subcritical Hopf bifurcation to traveling waves.
Beyond the bifurcation we found transient radially traveling waves whose amplitude grew in time. We decom-
posed the transient patterns into azimuthal modes of the forrm&ohe azimuthal symmetry of the pattern
depended strongly oR. ForI"'=10.91 odd azimuthal modes were preferred, whilelfer11.53 even modes
dominated. We measured the spatial and temporal growth rates at vasah$/AT —1 for different azi-
muthal modes and compared the results for the two aspect ratios. We found the temporal growth rates to be
proportional toe, but the spatial growth rates were essentially independent. dReflection coefficients
deduced from the spatial growth rates agree with theory reasonably well. As convection evolved, the patterns
collapsed onto one or more diameters, during which time higher-order azimuthal modes grew significantly in
amplitude.[S1063-651X99)06403-X

PACS numbg(s): 47.54:+r, 47.20.Ky, 47.27.Te, 47.20.Bp

I. INTRODUCTION B —
y=—"_5Sic(1-c). 2
A thin, quiescent horizontal layer of fluid heated from
below is unstable to the formation of macroscopic flow pat-
terns. The instability is a result of competition between theHere 8=p~*(dp/dc)p 1 is the solutal expansion coefficient,
buoyancy forces experienced by the warmer, less dense flul; is the Soret coefficient, and is the mean concentration.
near the bottom and the dissipative effects of thermal conin ethanol-water mixtures at reasonable operating tempera-
duction and viscosity. The control parameter that measuresires, s can take on moderately negative or positive values
the external stress due to the temperature difference, the Rayhich depend on the concentration. Whenis positive
leigh number, is defined as (negative, then the concentration gradient is destabilizing
3 (stabilizing. In addition to the Soret effect, the Dufour effect
R= agATd 1) describes the heat flux generated by a concentration gradient,
kv but it is extremely small in liquids and can be ignored.
The existence of a second control parameter leads to an
Here a=—p Y(dp/dT)p . is the thermal expansion coeffi- array of interesting states and dynamic patterns not observed
cient at constant pressuReand mass concentratidweight  in pure-fluid convection5]. In mixtures with sufficiently
fraction) c,p is the densityg is the acceleration due to grav- negativeys, the bifurcation from the conduction state is a
ity, « andv are the thermal diffusivity and kinematic viscos- subcritical Hopf bifurcation to a time-dependent state of
ity, respectively, andAT is the temperature difference be- traveling waves. A variety of nonlinear structures have been
tween the bottom and top of the fluid layer. In an infinitely observed in narrow rectangular and annular cells, including
extended horizontal layer of pure fluid of thicknedsthe localized pulses of traveling-wave convection that coexist
initial instability occurs when the Rayleigh number exceedswith quiescent fluid over a range of the Rayleigh number
its critical valueR,=1708[1]. The collective motion of the [6,7], and “dispersive chaos’[8—10] (a regime character-
warmer rising fluid and cooler falling fluid organizes into ized by persistent erratic growth and decay of convegtion
rolls [2,3]. The wavelength\ of the pattern at onset, the Previous experimental work on binary-fluid convection in
roll-pair size, is about twice the layer height. The refractive-a two-dimensional system with cylindrical geometry re-
index variation associated with the temperature variatiorvealed a complex sequence of transigfit$,12. The first
which is induced by the fluid flow can be detected by opticalconvection patterns seen above onset consist of radially
means and used to visualize the pattgth inward- and outward-traveling rolls. When the temperature
In binary-fluid mixtures, such as ethanol and water, thedifference across the fluid layer is kept fixed, the rolls local-
temperature and concentration fields are coupled through thiee azimuthally into bands of nonlinear convection along one
Soret effect, so that an externally applied temperature grader more diameters of the cell. There the amplitude becomes
ent drives a mass flux. This results in a vertical concentratiowery large, while it remains small elsewhere in the cell. The
gradient which, in the presence of gravity, can stabilize oifocused linés) of convection then collapse radially to form a
destabilize the quiescent fluid layer. Consequently, in addilocalized structure of convection near the cell center, sur-
tion to the Rayleigh number, there is a further dimensionlessounded by quiescent fluid. This structure often is a long-
control parameter, the separation rafip defined as lived pulse, similar to the stable localized pulses of TW con-
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vection observed in one-dimensional systerf&7,13. Light Source
Subsequent evolution of the nonlinear transient depend:
strongly on the composition of the mixtuf&4].

Theoretical efforts aimed at understanding binary-fluid
convection have primarily focused on use of the complex
Ginzburg-Landau equation. This approach has qualitatively
described the behavior of patterns with one spatial degree o
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freedom[5,15,14. There exists a body of experimenfalZ— Thermistor
19] and theoretica]20,21] work on the subject of small am- ToBP | ™
plitude (linean transients of convection in negative Heater )

separation-ratio mixtures in narrow rectangular cells. It was___
shown[18,27 that at onset, the convection amplitude can be _\‘ T

decomposed into right- and left-traveling wav@¥V's). The PLME{
amplitudes of both TW’s grow exponentially as the waves | | Bottom Plate

travel across the cell and the waves are reflected with loss b
the end walls. This behavior is similar to that which we .. < >
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observe for cylindrical containers, with the waves propagat- s o == Exch. [
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A linear stability analysis for convection of a binary mix- Controller Supply
ture in cylindrical geometry was carried out by Mercader I

et al. [23]. They studied the case of insulating sidewalls, o i
which is not the case for our experimental arrangement, but F_IG' 1. Schematic diagram OT the apparatus showing the con-
they used fluid parameters quite close to our experimenta\ﬂeCtlon cell, temp?rat.”re'comro"'ng bath, and shadowgraph appa-
. . . - . Tatus. The arrows indicate the flow of temperature-controlled water
ones. They found linear eigenfunctions in the form of Splralsused to maintain the sapphire top plate at constant temperature
which rotate in the direction such that the arms trail. Because '
of reflection symmetry about the midplane, they find that
clockwise rotating right-handed spirals and counterclockwisdound by Mercadeet al.[23]. We find that several low-order
rotating left-handed spirals are degenerate. Consequently sazimuthal modes are usually present simultaneously, even
perpositions of such spirals are equally valid eigenfunctionsquite near threshold. Fdr=10.91 these modes are predomi-
Such a superposition, which the authors refer to as a standingately odd, while fol’=11.53 everm modes dominate. The
wave (it is standing in the azimuthal but not in the radial simultaneous presence of several azimuthal modes is ex-
direction, varies azimuthally as cesf. The superposition plained by the fact that the critical Rayleigh numbers for
results in convection rolls which travel both radially outward small m are very similaf23]. For the one aspect ratio they
and radially inward, as demonstrated by Figb)6of Ref.  studied,['=11, Mercaderet al. found them=1 andm=3
[23]. In fact, the figure reveals the existence of a nearly purgnodes to have lower critical Rayleigh numbers than those of
standing wave(in the radial senseat the cell center. This |oy._order everm modes. This is consistent with our finding
results from the superposition of inward- and outward-y o+ even or odd modes are preferred for a given aspect ratio.
traveling waves of nearly equal amplitude. The figure alsqy e a6 never observed pure individual spirals, which may

shows thgt the incoming waves are.smaller in amplitude tha\rhdicate that some selection mechanism is operable, even in
the outgoing ones near the cell periphery, but that they gro he linear regime. On some occasions we have found spiral-

in amplitude, refative to the outgoing ones, as they propaga e patterns with strong azimuthal variation, such as would
inward radially. Their analysis also shows that for an aspec Ii)tf ? £ tw it h ded spirals of
ratio close to our experimental ones the critical Rayleighresu rom a superposition of two opposite-nanded spirals o

numbers for the onset of modes with different azimuthalN€dual amplitude. Such a pattern can be seen as the first

mode numbersn can be nearly identical. Finally, they also 'Mmage of Fig. 9. Finally, we have not observed wall states,

find solutions in the form of wall modes in which the con- &though we have not made any systematic search for them.
vection rolls propagate azimuthally, while the cell center is  The remainder of this paper consists of five sections. Sec-
free or nearly free of convection. For our fluid parameterstion Il describes the apparatus, mixture preparation and prop-
they find the critical Rayleigh number for such a wall modeerties, and various experimental details. Section Ill is de-
to lie about 0.8% above those for the cell-filling spiral modesvoted to the quantitative analysis of the convection patterns.
of low azimuthal wave number. Spatial and temporal evolution of the traveling-wave ampli-
In this paper we present the results of a study of the effectude associated with each independent azimuthal mode are
of aspect ratio on the linear transients in a 25.0 wt % ethanolstudied by fitting solutions of a simplified amplitude equa-
water mixture, in cylindrical geometry, with a separation ra-tion in cylindrical geometnf24] to the spatial and temporal
tio ¢~ —0.08. For this purpose we used two cells, one withprofiles of the waves. Decomposition of the patterns into
a radial aspect ratigradius/height I'=10.91 and the other azimuthal modes enabled us to follow the evolution of each
with I'=11.53. We find that the linear transient consists ofmode independently. Results for the two aspect-ratio cells
radially outward- and inward-traveling waves, and that theduring the linear transients are presented in Sec. IV. Section
wave amplitude varies azimuthally as e¢n& Thus we ob- V provides a brief description of the nonlinear evolution fol-
serve a pattern that corresponds to the superposition stali@wving the initial linear transient for each aspect-ratio cell.
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TABLE |. Experimental parameters describing the mixtures.

c Trean d r K v o L v T,
(°C) (cm) (cmls)  (cnfls) 9
0.2504 20.539 0.362 10.91 0.00102 0.0247 24.12 0.0065-0.0795 128.24
0.2501 20.946 0.343 11.53 0.00102 0.0243 23.74 0.0066-0.0797 114.62

Il. EXPERIMENTAL METHODS AND MATERIALS described in Ref[26], and will not be described here. We

A schematic diagram of the apparatus is shown in Fig lfound a good compromise between sensitivity and distortion
The convection cell containing the fluid is located inside aby using the charge-coupled devigCD) camera to image

stainless-steel can which is thermally insulated from the en plane corresponding to viewing the shadowgraph signal

vironment by means of a circulating tem erature—controlleaabou 3 m from the cell. The camera signal was digitized to
y 9 P - an 8-hit resolution at each pixel. The static nonuniformities

. 5 light intensity over the cell were removed from the image
top plate and a silver bottom plate separate'd by an annulebry dividing each image of convection, pixel by pixel, by a
De'F'” spacer sealed to each plate by an O ring. The appar%—ackground image taken in the conduction state. For display
s s opt_lcally accessw_)le from above to e_nable Shad(?\’\'gralopurposes but not during analysis, divided images were re-
observation of convection patterns. A typical convection ap'sFaIed so’ that the largest value wr;ls set to @ite on the

ggr:\fyhsegzglez%lpe we used has been described in detaé—bit gray-scale used in displgyand the smallest value was
o . . . set to O(black.
The top plate is an optically flat single-crystal sapphire, The éonv?ctive threshold was crossed quasistatically, by

102 mm in diameter and 9.5 mm thick. The top surface of i " . d waitina fo 3 h b
the sapphire is held at a fixed temperature to an accuracy aking small steps AT and waiting fo 3 h between steps.
he experimental threshole=AT/AT.—1=0 was defined

1-2 mK by means of circulating water, The bottom plate is %o be halfway between the last point in the conduction re-

90-mm-diam silver plate 9.5 mm thick, diamond machined ime and the first point at which convection was seen. Our
to a mirror finish. It has a 100 resistive film heater attached ° o P :
&tep size inAT corresponded ta\ e=0.0015. In order to

to its lower surface, and two thermistors are embQddestud linear transients foe<0, we allowed convection to
within it. The temperature of the silver plate is regulated to y " '
grow at a supercriticak, and then suddenly reduced the

better than 0.1 mK stability. To minimize warping of the mperature difference to achieve a neqative
rather soft silver plate, the plate separation was monitoreH3 P 9

interferometrically during cell assembly.

Two annular Delrin sidewalls, both with an inner diam-
eter of 7.90 cm and an outer diameter of 9.4 cm, were used.
They had different thicknessesg=0.362 cm andd At the onset of convection the azimuthal symmetry of the
=0.343 cm, resulting in radial aspect ratids=r/d observed pattern was broken in a way that depended strongly
=10.91 and"=11.53, respectively. Each sidewall had an Oon the aspect ratio of the cell. In all cases the rolls filled the
ring groove on its top and bottom surfaces as well as twaell and traveled radially, consistent with the circular geom-
radial fill holes. The O rings were ethylene-propylene hy-etry of the container, but the amplitude of convection varied
droxide cured, with a cross-sectional diameter of 0.119 cmin a way that was consistent with a superposition of modes
We used six cylindrical Delrin posts, set into the sidewalls,having azimuthal variation of the form co®. Here m
to fix the cell height. The height uniformity of the assembled=0,1,2 ..., is asmall integer. The dominant mo@ de-
cells was within#0.04%. pended sensitively on the aspect ratio. Ho+10.91, for

We used 200 proof ethanol and de-ionized filtered wateexample, the dominant azimuthal modes were odd. Typical
for the mixture preparation. Mixtures were degassed by th@atterns seen at this aspect ratio were a superposition of
“freeze, pump, thaw” method. The relevant experimental=1 [Fig. 2@] and m=3 [Fig. 2(b)] azimuthal modes.
and fluid parameters for each sample are shown in Table Modes with everm were suppressed in this geometry. The

Ill. DATA ANALYSIS

Each fluid is identified by its alcohol concentratioand the

dashed circle drawn for reference in the image in Fig) B

aspect ratio of the cell. The mean temperature given in the concentric with the cell. The circle crosses the line of nodes,

table was calculated &&,ea= Thant AT/2. Literature data
for the thermal diffusivityx, Soret coefficient;, mass dif-
fusivity D [28], densityp, and shear viscosity; [29] were
interpolated using polynomial fits to obtain= 5/p, the
Prandtl numbetr= v/ k, the Lewis numbet =D/, and the
separation ratias. The polynomial fits tqp(c,T) were used

which is indicated by a dashed line. At the line of nodes the
dark concentric part of each convection roll, corresponding
to upflowing fluid, becomes light, indicating a region of

downflowing fluid. If the aspect ratio is changed by a small
amount~1/2, azimuthal modes of even symmetry are fa-
vored at onset. Figure§@ and Zd) illustrate patterns con-

to obtain the thermal and solutal expansion coefficients. Theisting primarily of a mixture of then=0 and other even
vertical thermal diffusion timer,=d?/ « was used to scale azimuthal modes seen in tfiie= 11.53 cell. Odd modes were
experimental times, while lengths were scaled by the layealso present for this aspect ratio, but they were generally

thicknessd.

weaker. The presence of a number of azimuthal modes at the

The shadowgraph apparatus was nearly identical to thatame time is indicative that the critical Rayleigh number is
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The amplitudesA* andA~ are assumed to satisfy linear-
ized amplitude equations, as they do for pure-fluid convec-
tion in cylindrical geometry 30,31,

o[ AT (r, 1) +590, AT(r,t)]=€eA(r,1), (4a)

ol AT (r, 1) —Sed, A™(r,t)]= €A™ (1 1), (4b)

wherer, sets the time scale for pattern growth or decay, and
S is the group velocity of traveling waves at onset. No dif-
fusion term is included in Eq44) because it was shown to
be unnecessary for capturing much of the observed behavior
of linear traveling waves in one-dimensional cdl0,21].
The various parameters entering the model equations may be
obtained to a good approximation by linear stability analysis
FIG. 2. Azimuthal modes at the onset of convection in two cellsof the laterally infinite systeni32] and are summarized in
with slightly different aspect ratiqa) and(b) are forl'=10.91, and  Table Il. In calculating these parameters we ugesdlalues
(c) and(d) are forl'=11.53. The dominant azimuthal modes@  chosen to reproduce the experimentally measured critical fre-
and (b) are the odd modem=1 andm=3. In (c) and (d) even  quencies for the two samples, rather than the literature values
modes are dominant: image) is a mixture ofm=0 andm=4,  corresponding to their concentrations and mean tempera-
while in (d) m=2 dominates. In(@) the dashed circle, concentric tyres. The dimensionless critical angular frequencies were
with the cell wall, is drawn to bring out the phase change associategh ,nd to be 5.99 and 5.87 for the aspect ratio 10.91 and
v_vith them=1 mode. The line of nodes is indicated by the dashed; 1 53 cells, respectively. The linear-frequency-bagedal-
line. ues were—0.085 for the 10.91 aspect ratio sample, and

. . _ —0.082 for the 11.53 aspect ratio sample, as compared to the
nearly independent of the azimuthal mode nuntberhis is literature values of—0.0795, and—0.0797, respectively.

also consistent with the theoretical analysis of Mercadetl.he reader should also note the extreme sensitivity of the

et al. [23] who found critical Rayleigh numbers fan=1 . : )
- e group velocitys, to . A change of only 3.7% i results in
and m=3 differing by only 0.02%, for parameter values a 20% change s, .

similar to those of our experiment. s . . i

These observations, together with the findings of Mer-plit\llj\{j'tehsIn the context of this model, the traveling-wave am
cader et al. [23] and a simple, but physically insightful
model, suggested by Crog24|, motivated us to analyze the

+ At aomtarml @l (A —Qpt)
data in the linear regime in terms of a superposition of vari- Am=apemetmetim T, (5a
ous azimuthal modes of the form ao®. In this model the o ' .
convection amplitude away from the cell center is expressed Ap=a,e’me e G+ G (5b)

as
have exponential profiles in space, and gr@w decay ex-
Jrw(r, 6 t)=Re{ 2 [AS(r t)el(der —oc) ponentially in time. Herer,, and \,, are the temporal and
Y m oo spatial growth rates, respectively, for mode a;, anda,,
may be complex to accommodate phase shifts, gpaand
+Ar;(r't)e—i(qcr+mct)]cos(m0+ S b O, are small deviations from, and W¢, respectively. The
reader should note that we are using the term “spatial growth
3) rate” for the inverse Iength scale,,, Which characterizes
the envelope of the linear-wave amplitude in the cell. It
wheres,, is an offsetA; andA. are slowly varying ampli- should not be confused with thedependent “spatial growth
tudes which refer to waves traveling radially outward and'@€” €/So7o that characterizes the growth in amplitude of a
inward, respectively, and|, and w, are the critical wave linéar pulse of convection as it travels. _
vector and angular frequency at onset, respectively. Jthe In order that the ansatz represented by Hg$.satisfy
factor is included explicitly to eliminate the natural Egs.(4), the relationshiproo+ 7oSo\ = € must hold. Onset
asymptotic large- dependence of waves in a cylindrical ge- Will be observed experimentally when the temporal growth
ometry, leaving only a slow variation to be captured by therate o becomes positive. For finite aspect-ratio cells this oc-
amplitudesA(r,t). curs for a positive value of given by

TABLE Il. Parameters obtained from the linear stability analysis.

C F l// RC kc SO ) 5(2)

0.2504 10.91 —0.085 1879.6 3.1198 1.0544 0.10303 0.1477
0.2501 11.53 —0.082 1873.6 3.1198 0.8791 0.10305 0.1477
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~ ToS
e(l)=— 5 iny. (6)

Thus there is an onset shift which is linearlin !, as was
found previously for the one-dimensional cd88,34. For

the one-dimensional system, this onset shift has been me:
sured experimentally35] and used to determine values for
the reflection coefficieny.

The striking resemblance of Eq&5) to the right- and
left-traveling wave solutions of the linearized amplitude (c)
equation in one dimensiofl8—21] reveals the motivation
for the model. In cylindrical geometry, the inward-traveling
wave atf becomes the outward-traveling waverat 6, as
the wave moves through the cell center. This process may 200
also involve a phase shift which we denote dy, and as- >
sume to bem independent. This implies

400

ah=(—1)"a_ e'%. (7) 500

The waves are reflected by the wall m&T", and the

outward-traveling wave becomes the inward-traveling one. 490 i
We denote the complex reflection coefficient g ¢r and . ! . . . .
assume it also to bm independent. This results in the rela- 0 2 4 6 8 10
tionship radius {units of d)
a,=yexdi ¢r]a:; exd 2 I lexdi2(ge+amI']. (8) FIG. 3. Analysis of a pattern to determine the amplitude of the
m=1 mode: The pattern ifta) is multiplied by cos¢— ;) with
Equations(7) and (8) in turn imply 81=2.2. The product, shown itb), is azimuthally averaged, and
the result, after multiplication by/r, is shown in(c). Results for
Iny=—2\,I" 9 other odd modesn=3 andm=5, are also shown ifc). The solid
line in () shows the axis from which is measured, and the dashed
and line indicates the azimuthal offsét= 6, of the m=1 mode.
et b+ 2(qc+gm) = (2n—m) (100 function is the sum of the outgoing and incoming wave am-
. . plitudes corresponding to the selectadat a given instant in
wheren is an integer. time t=t, [see Eq(3)]. It is shown in Fig. &) for m=1, 3,

Equation(9) indicates that, to within the accuracy of the

: X and 5. Clearly the pattern shown in FigaBis dominated by
model, the spatial growth rate,, should bem independent.

the m=1 mode, and has only weak radial dependence re-

It is also clear that, in the linear statejs determined by the maining after allowing for o< 1/\r. The weak radial depen-
modulus of the reflection coefficient and the aspect ratio jonce is consistent with the assumptions of the model.
I', and it should be independent ef We used Fourier demodulation to separate the radial func-

Because onset will actually occur first for the méle tion into outgoing and incoming waves. A time series of 256
nearest the critical wave vector, i.e., with, as small as successive determinations Af,(r,t) separated in time by a
allowed by Eq(10), it is clear that, as’ is varied, even- and  fraction of the vertical thermal diffusion time, was mea-
oddm modes will be favored alternately at onset. Thesuyred. Such a series is best displayed as a gray-scaled space-
change inl’ necessary to go from favoring even to favoring time plot such as is shown in Fig(a} for data taken in the
odd m, or vice versa, is jusAI'=7/2(q.+0m)=1/2, be- T'=10.91 cell. Each horizontal line is a gray-scaled version
causeq.=, andq,<d.. Such behavior has been observedof the measured,(r,t) at a particular time, with successive
previously[36] in rectangular cells, and is well described by measurements displaced upward along the time axis. In this
pairs of amplitude equatiorf83]. case, the total time interval involved was 1881 This rep-

It is necessary to decompose the convection patterns int@sentation reveals the presence of both outgoing and incom-
their azimuthal modes, in order to determine the temporaing waves. The waves are quite similar in amp"tude nmear
and spatial growth rates;,, and\, for each mode. Figure 3 =0, giving rise to a deeply modulated standing wave. Near
illustrates this process. The original image shown as R&). 3 the outer boundary at=T", the incoming wave is clearly
was sine and cosine transformed azimuthally with1, 3 much weaker than the outgoing one, as would be expected
and 5 in this case. This served to determine the offégts  for a weakly reflecting boundary. The reader should note that
The data were then multiplied pixel by pixel by c8s(5,)  the left half of Fig. 4a) is the reflection of the right half
and averaged azimuthally. For example, Fi(h)3hows the  aboutr=0, and contains no additional information. We re-
data of Fig. 8a) multiplied by cos¢—2.20). The azimuthal tain both halves to emphasize the similarity to convection in
averaging eliminated all but a singlemode and, after mul- 5 one-dimensional container extending frenf" to +T'. It
tiplication by \/F produced a radial functiomA(r,t) does mean, however, that the “right’-traveling waves are
= RA/ (1 to)e' @ ~edod+ A-(r to)e (@ ectd]  This  outgoing in the right half of the space-time plot and incom-
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FIG. 4. Time-series analysis of tie=1 mode.(a) Gray-scaled ~ FIG. 5. Time-series analysis of time=3 mode.(a) Gray-scaled
image of a time series of 256 radial functiofs(r,t;), for them  image of a time series of 256 radial functioAg(r,t;), for them
=1 mode in thd" = 10.91 cell for the same conditions as Fig(13. =3 mode in thd"=10.91 cell for the same conditions as Fig(I3.

Central region of the Fourier-transform plane, enlarged by a factof-€ntral region of the Fourier-transform plane, enlarged by a factor
of 2, showing the modulus of the transform. Performing the inverse?f two, showing the modulus of the transform. Performing the in-
Fourier transform after multiplication by a filter function centered V€rse Fourier transform after multiplication by a filter function cen-
on the circled peak, which corresponds to right TW’s, leads to thd€red on the circled peak, which corresponds to right TW's, leads to

time series for the right TW's shown ift) and to their envelope the time series for the right TW's shown (o) and to their envelope
shown in(d). shown in(d). Note the relatively larger region of low amplitude
nearr=0 as compared to Fig. 4.

ing in the left half. The waves were separated into “right”

and “left” TW's by Fourier transforming a space-time plot Thys a vertical cut on the left half shows the growth or decay

such as that of Fig.(d), using a filter which preserved only f jncoming waves with time and on the right half that of
a single peak, and then inverting the transform. In order tQ)utgoing waves.

implement the filter, the signal at each point4) of Fourier

e ; Figure 5 shows examples of the same type of analysis for
space was multiplied by a function of the form

the m=3 mode as that presented in Fig. 4 for the=1

14 _ n _ mode. The_most obvious difference is the larger region of
[1+tant(r=ry)/w J[1+tank(r, = r)/w] small amplitude near=0. The width of this region in-
X[ 1+tank 68— 6,)/w,][ 1+ tank 8,— 8)/w,]. creased withm, as might be expected for waves having a

nonzero correlation length in the direction parallel to the

The parameters; andr, set the radial, and); and 6, the  rolls. Again a significant phase shift is visible in Figcbas
azimuthal, bounds of the filter. The parametefsandw, fix ~ the waves cross the center.
the sharpness of the cutoff in the radial and azimuthal direc- For each run, several series of 256 images, each series
tions, respectively. The results of this procedure are illuscovering a period of about 20, were collected. Such mea-
trated in Figs. 4) and 4c). Figure 4b) is a gray-scaled surements were begun aboutr2@fter the last change ia.
representation of the modulus of the Fourier transform offime scans at two fixed locations and spatial scans at two
Fig. 4a). Image 4c) shows, also in gray scale, the real part fixed times were extracted from the time series data for each
of the inverse transform, with the filter centered on the pealcell. For thel’=10.91 cell, the time scans were extracted at
circled in Fig. 4b). The resulting time series of the “right” ro=*6.5d. The spatial scans for this cell were extracted
TW’s show the steady growth in amplitude beginning afterstarting at timed; =27, andt,=147,, as measured from
reflection at the left side of image@, and continuing as the the beginning of each time series. The spatial scans were
waves pass through the cell center. Figui® 4lso reveals a averaged over a perialt=37, . For thel'=11.53 cell, the
significant phase shift as the waves cross0. time scans were extracted j=*+6.8d. The spatial scans

A signal proportional to the envelope of the right TW’s is were extracted starting at timés=37, andt,=177,, and
obtained as the modulus of the inverse transform which ishey were averaged over a timg¢=237,. The temporal av-
shown in Fig. 4d). The signal amplitude has been artificially eraging of the data for the spatial scans was done to reduce
forced to zero at =0, by the \r factor, resulting in the the effects of small scratches in the bottom plate.

vertical black stripe in the center of Fig(d and the low- Figure 6 shows examples of such scans both in time, Fig.
amplitude regions visible in the centers of Figga)4dand 6(a), and in space Fig.(6), for the m=1 mode in thel’
4(c). A horizontal cut through image(d) gives the spatial =10.91 cell. These scans were extracted from the time series

dependence of the TW envelope at a fixed time. The leftshown in Fig. 4d). In this run convection was allowed to
hand half corresponds to radially incoming waves and thgrow for ~84r, at e=2.3x 10 3, after which time the con-
right-hand half to outgoing waves. A vertical cut at a fixed trol parameter was reduced és= — 1.53x 10 3. Even at this
position reveals the temporal behavior of the right TW’'s.negativee, the strong convection pattern evident in Fig. 3
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time (in units of v,) FIG. 7. Spatial §) and temporal §) growth rates as a function
T of € for the m=1 and m=3 modes in thel'=10.91 cell. The
straight lines are fits to the data. The dashed line is a single fit to the
6l i combined spatial growth-rate data for and\ 3, and the solid and
= dotted lines are the fits to the temporal growth rates.and o,
o respectively.
84l l
(O]
El 3 lation of a finite image. Temporal growth rates of both the
g2} : outgoing and the incoming waves were measured and were
© E identical to within our accuracy, as would be expected. The
. solid lines in Fig. 6 are the exponential fits to the data.
- 1 L Il Il Il -

Spatial scans were also fit by an exponential
+F.expir) with the same constant background offset,
and\ ., were adjusted to give the spatial growth rakgsof
the modes. The spatial profiles are fit reasonably well by
single exponentials, provided data near the walls and in the
ing the temporal evolution of the incoming and outgoing TW’s in \_/icin_ity ‘?f the C?” center are eXC".Jded from the ﬁ.t' T_he solid
the T=10.91 cell. (b) Line scan(averaged over a periods2) line in Fig. 6b) is the result of a smg_le-exponentlal f_|t to the
showing the spatial profile of the right TW's from Fig(d} at a  POrtion of the data shown as open circles. The spatial growth
fixed time. The solid lines represent single-exponential fits to thd@teSkm, especially those for weaker modes, were harder to
data. In(b) only the points away from the cell center and side walls Measure and showed more variability than did the temporal

(represented by circlgsire fitted. growth rateso,,.
The spatial profiles of the TW envelopes of all azimuthal

continued to grow, and the pattern eventually became norfnodes display the same characteristics independer. of
linear before dying out some time later. Data from this runTn€Y all have a roughly exponential shape over most of the
were not used for the purposes of measuring linear growtﬁe”v excluding regions close to the center of the cell and a

rates, but the strong convection patterns are useful to illusMall distance from the side walls. In these healing regions,
trate the method of analysis. the amplitude of the rolls decreases rapidly. The healing

The lines marked irfout) in Fig. 6@ refer to ingoing '€Ngth is approximately one roll pajone wavelengthin
(outgoing waves. For the spatial scan shown in Figh)6t is extent. This is consistent with studies of traveling waves in
obvious that there are regions both near the cell center and B"TOW rectangular cell22]. These features — exponential
the wall where the amplitude decays rather abruptly. Th@rowth, the shape and length of healing regions — are gen-
decay near =0 is the result of multiplication by/r together eraII_y insensitive to the details of Fourier dem_odulatlon, in
with the effects of filtering described above; the actual wave?articular to the size and sharpness of the region of Fourier
amplitude is large near the cell center. Data from these reSPace that is retained by the filter for demodulation.
gions are indicated by dots and were excluded from the fits
discussed below.

To obtain the temporal growth rate,, of modem, we fit
the time scan by a single exponential of the forn We used the procedure described above to measure the
+ D,explont), with D, and o, adjustable. The small con- temporal and spatial growth rates of different azimuthal
stant offset ternc was fixed at 0.010, the value obtained modes as a function of in the two different aspect ratio
from a time series of images without convection. This back-cells. Temporal and spatial growth rates of the strongest
ground comes from various sources: camera noise, light scatrodes in thel'=10.91 cell are plotted versusin Fig. 7.
tered from scratches in the bottom plate, and nonuniformitieIhe amplitude of the linear TW grows in time at a rate pro-
in the cooling bath flow. In fitting the data, the timevas  portional to the distance from threshold= e/ . The spa-
taken as the time from the last changeenand thusD,, tial growth rates, on the other hand, show little dependence
represents the amplitude at the time of that change. We fitin e. This is consistent with the model. The various straight
only the central 192 of the 256 points to reduce the edgéines represent fits of the form=a+be to the data. For
artifacts associated with the Fourier transform and demoduexample, the temporal growth rate of the=1 mode gives

radius (in units of d)

FIG. 6. Analysis of the temporal and spatial growth of the
=1 mode.(a) Two scans at fixed radial positions- +6.5d, show-

IV. RESULTS AND DISCUSSION
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TABLE Ill. Results of linear fits of the forny=a+Dbe, to the spatial and temporal growth rates of
different azimuthal modes in two different aspect ratio cells, together with the reflection coeffigients
obtained from the spatial growth rates.

m &, b, a,, by, Y
I'=10.91
1 0.0095+0.0009 10.26:0.46 0.08120.0004 0.320.15 0.17:0.002
3 0.0052:0.0023 10.650.70 0.0786:0.0006 —1.83+:0.24 0.18(0.002
I'=11.53
0 0.0025-0.0010 9.890.37 0.082-0.002 0.46-0.58 0.15%*0.007
2 0.0036+0.0016 10.240.40 0.0780.002 —0.14+-0.41 0.164-0.006
4 —0.0033:0.0029 10.0£0.81 0.086-0.003 —3.98+-0.84 0.13%0.010
a,,=0.0095-0.0009, andbglz 10.3+0.45. These coeffi- Because the gain in amplitude corresponding to passage

cients, and similar results fan=3, are collected in Table across the cell is balanced by reflection loss, the modulus of
lll. The fits pass through zero at=—a/b=—(9+1) the reflection coefficienty,,, is related to the spatial growth
X104 for the m=1 mode and- (5+2)x 10 for them  rate\y and aspect ratioy,=exd —2\,I']. Thus, we may
=3 mode. Thus, to within the uncertainty 8f0.0008 asso- US€ our results for the spatial growth rates of various modes
ciated with the experimental threshold determination, thdn the two different geometries to obtain values fqf. The
temporal growth rates vanish at the point where0. The results are also collected in Table IIl. The average values for
time scale for this mixture isy,=0.103; therefore, the slope I'=10.91 '=11.53) arey=0.175 (y=0.151), with no
of the temporal growth rates, the inversegf is expected clear.d.ependence an. Physmal!y, the value of the re_flect|on
to be 9.71. This agrees reasonably well with the experimenté]oeff'c'e”t depends on the ratio of thermal properties of the
results of 10.3:0.5 and 10.6:0.7. Fits to the spatial growth fluid and the walls, as well as on the lateral distance by
rates of them=1 and 3 modes are also given in Table 111, Which the walls extend beyond the flLi@3]. Analytic [33]
They provide no evidence of andependence. and numerica[37] investigations of thes dependence of the
Growth rates of different azimuthal modes in the reflection coefficient predicted that for small enough separa-

=11.53 aspect-ratio cell, at different valuesegfare shown tion ratios,yy|y|. However, experiments that used the on-
in Fig. 8. Again the temporal growth rates are linearly de-Set shift to determine the reflection coefficient in narrow rect-

pendent ore, and the spatial growth rates are independent oft"gular sampleg35] found that over a wide range of
e. The coefficients derived from linear fits for=0, 2, and Negative,y was constant and approximately 0.33. This

4 are also given in Table Ill. Temporal growth rates vanish at/@lué is about 50% higher than the theoretif38,37,33
e=—a/b=—(3+1)x10"* and —(4+2)x 104 for the value of 0.23 appropriate to the conditions of those experi-

strongest modes. Again this is within the0.0008 experi- ments. For our experiments the ratio of the sidewall thermal

mental resolution of the convection threshold. The coeffi-conductivity to that of the fluid was 0.5. The ratio of the
cients derived from fits to the spatial growth rates can beidewall thermal diffusivity to that of the fluid was 1.1, and
found in Table Il as well. These results are also consistenPUr Sidewalls extended 3.9 thermal penetration lengths be-
with A, being independent oé. Moreover, all the fits col- yond the fluid. Consequently our experimental cond|t|_ons are
lectively suggest that the temporal growth rates of all azi-Very close to those of curve) Fig. 2@) of Ref.[37], which

muthal modes in the two geometries evolve in the same marfives a theoretical reflectivity of 0.17 fop=—0.08. Our
ner with respect te. results fory are in the range 0.14—-0.18, and thus agree rather

well with the theoretical prediction. The most obvious differ-
ence between our experiment and previous reflectivity mea-
surement$35,39 is the presence of sidewalls in the rectan-
gular geometry, which are absent in the circular geometry.

?\' T T
01l 3 i@_-_-g,:,g,,

o

V. NONLINEAR TRANSIENTS

growth rates

As the amplitude of convection grew, the linear state al-
ways gave way to a nonlinear one. During this evolution,
Oz higherm azimuthal modes became detectable, and their am-
‘ ‘ ‘ ‘ ‘ , ‘ N plitudes increased faster than did the amplitudes of the lower
84 6 -4 2 0 2 4 6 8 m modes. Simultaneously, convection became localized

10% along one or more diameters of the cell. This focusing pro-

FIG. 8. Spatial §) and temporal ¢) growth rates as a function CeSS is illustrated by the sequence of images in Fig. 9 taken

of e for various modes in thE = 11.53 cell. The dashed and dotted at€=—1.0x10"*in theI'=10.91 cell. The images in Fig. 9
straight lines are fits to the spatial growth-rate dataXfgmnd\,,  are indexed by time from the onset of convection, in units of

respectively. The solid and short dashed lines are fits to the tempos, . The linear transient was allowed to grow at2.8
ral growth-rate data fory and o, respectively. X103, The first image in the figure, at=70.6r,, was

XmeO00
2
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FIG. 10. Amplitudes of the outgoing traveling waves of the

three strongest azimuthal modes in the 10.91 cell as a function
of time elapsed since the onset of convection. The data shown for
times between 5£ and 7G-, were taken in the linear regime at
=2.8x 1072, with all modes having comparable temporal growth
rates, although differing considerably in amplitude. The control pa-
rameter was reduced te=—1.0x10"% around 75,. Note the
remarkable increase in the amplitudes of thme=3 and m=5

odes, following the reduction ie. This growth corresponds to the
azimuthal focusing process shown in Fig. 9.

FIG. 9. Evolution of nonlinear transients in the=10.91 cell
showing aximuthal focusing. The images are labeled by the elaps
time since the onset of convection, in unitsmf. Linear transients
were initially allowed to evolve aé=2.8x 10 3. Shortly after the
first image in the figure was taken, the control parameter was re-
duced toe=—1.0x10"%. Subsequent images were taken at thisnonlinear transient in thE=10.91 cell. This run, conducted
value ofe. at e=3.8x10 3, illustrates the infrequent case in which the

m=3 mode was dominant in the linear regime. Convection
taken during the linear transient, whem=1 was the domi- localized azimuthally along the three diameters of the cell
nant mode of the pattern. Shortly after this image was takersorresponding to the angular locations wherertie3 mode
the control parameter was reduced to a value below threshwas strongest. After some time, convection along all three
old, e=—1.0x 10 3. At this negative value o€ the evolu-
tion of nonlinear transients proceeded in a manner very simi-
lar to their behavior at positive. Azimuthal focusing had
became quite pronounced by aroutyd120r,, by which /
time the convection amplitude was localized in a broad §§ £ 5
double stripe along the diameter of the cell. With time, this

of convection slightly beforé=150r,. This band of con-
vection began to shrink away from the wall, thereby forming
a long pulse. Depending o#) this second stage of collapse
resulted in a radially localized pulse of convection, very £&
similar to the ones studied in one-dimensional cgfl$], or ‘_ﬁ
a localized but disordered region of convection, which, in &3 Qi..
25% mixtures, grew to fill the cell with a steady state of 5%
stationary overturning convectidri2,14]. During the pro-
cess of forming a localized pulse the TW frequency, mea-
sured near the cell center, gradually decreased to about 2/3 ¢
the linear(Hopf) frequency. :
The time evolution of the outgoing wave amplitude of the (&
three strongest azimuthal modes is shown in Fig. 10. Thes«{#
amplitudes were computed from time series of images usinc
the techniques described previously. The scans fot, 50
<707, show the evolution of the linear transientseat 2.8
X 10", During this time the pattern is dominated by tine FIG. 11. Nonlinear-transient evolution in tHe=10.91 cell at

=1 mode, although all three modes have nearly equal _teme‘=3.8>< 1073, Images are indexed by time since the onset of con-
poral growth rates. Aftere was decreased to a negative vection, in units ofr,. Them=3 mode evolves into a nonlinear

value, at time 75, , all of the modes continued to grow, with convection state involving three bands of convection localized
the m=5 mode doing so quite dramatically. along cell diameters, and this pattern subsequently collapses radi-
Figure 11 shows another example of the evolution of theally to form a disorganized “blob” of convection.
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g oy ' ' ' period 9G,—110r, the growth rates arer;=0.0400, o4
3 m=3 =0.0527, 05=0.0715, ando,=0.0917. The tendency of
€ 10'} nme2 the higher azimuthal modes to grow at much faster rates than
g the lower ones seems to be a generic feature of the nonlinear
O regime.
£ 100
$ | == VI. CONCLUSION
E)
“GO: jot | e A decomposition method for describing TW transients in
3 binary fluid convection in cylindrical geometry has been pre-
E sented and used to study transients in two different aspect-
& 102 s s ratio cells. The symmetries of the patterns are found to de-

70 8 9 100 110 120 pend sensitively on aspect ratio. F&r=10.91, oddm
time (units of z,) azimuthal modes of the form ca® were selected at the
FIG. 12. Amplitudes of the outgoing traveling waves associate®NS€t of convection while the even modes were very weak.
with four different azimuthal modes in thE=10.91 cell ate  FOrI'=11.53, on the other hand, evemmodes, including
=3.8x 1073 as a function of time since the onset of convection. M=0, were dominant, and the odd-modes were sup-
pressed. The analysis gives results for the spatial and tempo-

diameters collapsed away from the wall, leading to a localf@l Pehavior of the slowly varying envelopes of the ingoing
ized but disorganized “blob” of convection near the center@nd 0utgoing waves associated with each azimuthal mode.

of the cell. During this process the traveling-wave frequency’/€ found that the temporal growth rates of the strongest
fell to about 1/3 of the Hopf frequency. The traveling-wave modes in both aspect ratio cells vanished at the experimental

frequency dropped to zero a few hours later, when the cefpnset of convection, and varied linearly wigh The spatial
filled with stationary convection rolls. Similar experiments 9"0Wth rates of all modes, on the other hand, were found to
using a mixture with nearly the same separation ratio, buP® independent oé. The time evolution of individual azi-
different alcohol concentrations revealed similar behavior ifuthal modes was followed well into the nonlinear regime.
the linear regime, but rather different nonlinear evolution”\ll modes exhibited comparable temporal growth rates, al-
[14]. thpugh dlfferlng in amphtude, QUrlng the Ilqear transient re-
Figure 12 shows the amplitude of the outgoing travelingdime- During the no_nllnear period hlghmaZIr_nuthaI modes
waves for the four strongest azimuthal modes. For times bed"€W faster, becoming comparable in amplitude to lower
fore 80r,, that is, during the linear regime, the pattern is modes. This corre.spon(.jed to azimuthal focusing .of rolls onto
dominated by then=3 mode, although the three strongest bands of convection Iylng along one or more d|am¢ters of
modes have comparable growth rates. Focusing starts aroufff Cell: @ characteristic feature of the nonlinear regime.
90r, . After this time, the amplitudes and the growth rates of
all modes increase, but those of the two highest mones, ACKNOWLEDGMENTS
=5 and m=7, increase more rapidly. For the period This work was supported by the National Science Foun-
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