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Convection under rotation for Prandtl numbers near 1:
Linear stability, wave-number selection, and pattern dynamics
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Rayleigh-Beard convection with rotation about a vertical axis was studied with the shadowgraph imaging
method up to a dimensionless rotation r&eof 22. Most of the results are for a cylindrical convection cell
with a radius-to-height rati®'=40 that contained C®at 33.1 bars with a Prandtl number=0.93. Measure-
ments of the critical Rayleigh numbBy, and wave numbek, for 0< <22 agree well with predictions based
on linear stability analysis. Above onset and with rotation, the average wave number and details of the pattern
dynamics were studied. F@2 <5, the initial onset was to a pattern of straight or slightly curved rolls. For
0.1=e=AT/AT.—1=<0.5 but below the onset of spiral-defect chaos, rotation Wltt8 produced weak
perturbations of nonrotating patterns. Typically, this gave Srshaped” distortion of the zero-rotation pattern
of straight or somewhat curved rolls. Rotation had a stronger effect on the source and motions of dislocation
defects. Fo)>0 the defects were generated primarily at the wall, wherea8fe0 they were nucleated in
the bulk via the skewed-varicose instability. Rotation picked a preferred direction of motion for the defects
once they formed. Far= 0.5, recognizable spiral-defect chaos and the oscillatory instability were observed for
0=<12. ForQ=8, domain growth and front propagation suggestive of th@g€us-Lortz instability were
observed from onset up to anvalue that increased with. Increasinge at fixed() <12 enhanced dislocation-
defect dynamics over Kapers-Lortz front propagation. Quantitative measurements of average pattern wave
numbers, correlation lengths, and spatially averaged roll curvature as functierandf) are presented. At a
fixed 1=10, the average wave number had two distinct wave-number-selection regions with different slopes
as a function of, one abovee~0.45 and the other near onset. The slopesfoear onset reached a minimum
at 0=12.1 and increased linearly for £2)<20.[S1063-651X%97)03906-§

PACS numbs(s): 47.20.Bp, 47.54tr, 47.32—y

[. INTRODUCTION tive, sparse in covering parameter space, well above onset, or
without good flow visualization.

Rayleigh-B@ard convection with rotation is a simple Linear stability analysi$1] predicts that convective mo-
laboratory system incorporating essential forces that occur ition in the form of rolls appears in the fluid when the tem-
natural phenomena such as circulations in the atmosphegperature difference\T across the layer exceeds a critical
and ocean currents. It provides an ideal setting for the studyalue AT, that depends on the rotation rate. The dimension-
of the interaction between thermally induced instabilities andess distance from the onset of convection is measured by
Coriolis and centrifugal forces arising from rotation. Theo-e=AT/AT,(Q)—1. Rotation inhibits the onset of convec-
retical analysi§1—4] of the problem has concentrated on thetion and decreases the wavelengtlof the convection rolls.
limit where the centrifugal force is much less important thanThe dimensionless control parameter proportional is
gravity and can be neglected. Experimentally this limit canthe Rayleigh number
be well approximated by a combination of suitable physical
rotation frequencied, lateral system sizé., and sample gad3AT
thicknessd for which the centrifugal acceleration 4&)2L R=——, (2
is much smaller than the gravitational acceleratiornder VK

the same conditions, the relevant dimensionless frequency ] ) ) . o
where« is the isobaric thermal expansion coefficient and

Q=2xfd%v, ) is the thermal diffusivity. The inhibition of convection by
rotation is illustrated in Fig. (), which shows the neutral

which measures the strength of the Coriolis force, can covestability curveR ({2) calculated from linear stability analy-
a wide range of interest(is the kinematic viscosily The  sis [1]. The dimensionless wave number of the rolls is
simple geometry of the problem, a thin horizontal layer ofk=27d/\ and its value alAT, is k.. The increase ok
fluid, combined with the easily controlled parameters ofwith € is shown in Fig. {b). For large(}, R, andk, are
heating from below and rotation about a vertical axis, makegredicted to scale a&*® and Q'3, respectively[1]; for
this system experimentally attractive. Despite these featuresmall (2, as in the work presented heiR, andk. should be
relatively little experimental work has been done on this sysquadratic in() because of the symmetry of the convection
tem in the region close to the onset of convection. Most ofstate under reversal of the rotation direction. Previous experi-
the previous wor5-18 was qualitative or semiquantita- mental measurements of these quantities are sparse, particu-
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3000 v . . . rotation. Thus, the roll orientation changes in discrete steps

(@)

as rolls of one orientation grow to replace rolls in the un-
stable direction. The angle depends on b8thand o [3,4]
and can vary between 30° and 70°. It is, however, close to
58° foro=1 andQ)=15[4]. Because of the close proximity
of the KL angle to 60°, theoretical models have been devel-
oped that consist of equations for the amplitudes of three
coupled modes. The first such model, developed by Busse
and Heikeqd 9], explained many qualitative features of early
CONDUCTION experimental observations of the KL instabilitgg—10]. It
was later extended to include spatial gradient terms by Tu
and Cros$19]. An important result of the latter work was to
] demonstrate that a signature of the KL instability belQw
(b) was the propagation of fronts of one orientation into roll
domains of a different orientation. This helped to explain the
experimental observations of front propagatjd6—18 and
of an apparently lower value df}. than theoretically pre-
dicted [3]. Numerical solutions of generalizef20-23
Swift-Hohenberg (GSH) equations [24,25 and of the
Navier-Stokes equations in the Boussinesq approximation
[26] have also been used to study the KL instability.
Although the KL instability is important in many of our
experimental observations, its influence is often mixed with
other effects. Thus, many of the experimental results are di-
rectly comparable to theoretical models only quite close to
Q onset and fo)=Q. (Q.~13 for 0=0.93). Results in that
parameter range are reported in detail elsewhHeig2§.
FIG. 1. (@ R, and (b) k. vs Q. Solid lines are predictions of Here we present measurements over a widange of the
linear theory, and the data are fBr=40. effects of rotation on pattern textures. These effects include
wave number selection and phenomena affecting pattern dy-
larly for the pattern wave number because of the difficultynamics such as defect nucleation and propagation. The KL
of visualizing convection patterns near onset in a rotatingnstability in this context comes in through the location of its
system. Measurements &; as a function of(} for small  stability boundary, which, for a given wave number, moves
rotation rates 1 =30) that agreed semiquantitatively with to smallere with increasingQ). We will divide our discus-
theoretical predictions were reported by Rosdlef and  sjon into two parts: the first witlf2<8 is a description of
Zhonget al. [16] for water, by Binler and Oertel using ni- textures and dynamics where the KL instability is not appar-
trogen gag11], and by Lucaset al. for liquid *He [12]. I ent. The second involves states &8 where the KL in-
the experiments using water and fa=<50 by Zhonget al,  stability definitely plays a role. In the first it will be impor-
the wave number at~0.4 was found to agree with the tant to recall what is known theoretically about secondary
theoretical prediction fok. to within an experimental uncer-  stability boundaries and pattern dynamics in both the nonro-
tainty of about 10%. This was the best determinatiorkof tating and rotating system.
prior to the results reported in this paper where patterns For the nonrotating case, the theory for the stability of
could be studied quantitatively fe=0.01. Sincek. as well  straight parallel rolls of infinite lateral extent, developed for
asR. can be calculated from an exact linear stability analy-a whole range of Prandtl numbers by Busse and CIE2@«
sis, their accurate measurement is very desirable to provide31], has been very useful in describing experimental obser-
firm starting point for comparison between experiment andvations of patterns. The assumption of uniform wave number
theory. Thus, we also show in Fig. 1 the experimental datan the theory leads to the expectation that the pattern be-
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for R; andk., which will be described in detail in Sec. lll. comes unstable to a particular perturbation simultaneously
As can be seen, the agreement between experiment aegerywhere in space. On the other hand, many features of
theory at thdinear level is excellent. real patterns that include wave-number gradients, roll curva-

Above onset, the size of the stable region of infinitelyture, and defects are not considered by such theories. How-
extended straight-roll patterns in tike- e parameter space ever, it was realized that, to a good approximation, the long-
shrinks with increasind) [4]. As for zero rotation, the de- wavelength instabilities of the laterally infinite system, such
tails of the stable region depend on the Prandil numbeas the Eckhaus and skewed-varicose instabilities, will also
o=vlk of the fluid. In particular, above a critical rotation occur when thdocal wave number of a pattern crosses an
rate() (o), the region of stable straight rolls shrinks to zero, instability boundary. In that case the instability leads to the
and forQ=Q (o) the straight-roll pattern becomes unstableformation of defects that travel away and relax the extremes
to the Kippers-Lortz (KL) instability even at arbitrarily of local wave numbers back into the stable range. These
small € [2,3]. This instability causes otherwise steady con-ideas have evolved from early motivating experimgB@—
vection rolls of a given orientation to become unstable to37], and by considering the infinite-system instabilities in
rolls oriented at some angle advanced in the direction otonjunction with phase equatioh38-4¢ coupled to mean-
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drift flows that are relevant for lows fluids [39,40. In ad- 1.0
dition to phenomena that can be explained to some extent as

“finite-size” perturbations of concepts from infinite-system 0.8
instabilities, there are states to which the theory of straight

rolls is not applicable at all. The state of spiral defect chaos 0.6f
(SDO) discovered by Morriset al. [47] (see, for instance, W

Fig. 11 below is a prime example. It consists of highly 0.4}
curved rolls in the form of spirals and targets and exists in

regions ofk-e space where straight, parallel rolls are known 0.2t
theoretically to be stablg29-31,48,49 These states pose a

significant challenge to the existing theories of Rayleigh- 0.0
Benard convection. -1.5

A number of recent experiments and numerical simula-
tions for Q=0 and o~1 have added considerably to our
understanding of real patterns. For radius-to-height rdfios  FIG. 2. Stability boundaries for straight parallel rolls with re-
similar to those of the present work, experiments have prospect to long-wavelength instabilities, EKEckhau$ and SV
vided quantitative information about axisymmetric wave-(skewed-varicoge and to the Kppers-Lortz instability.c=1.0.
number selection and the focus instabili§0], nucleation Values ofQ) are 0(—), 5 (- - -), 10 (= — -, and 15(- - - -).
rates of phase in the cores of sidewall f8l], the nucle- Boundaries for different instabilities are labeled on the plot with the
ation mechanisms of spiral defe¢&2] and the transition to  value ofQ in parentheses.
spiral-defect chao§53], and the dynamics of textured pat-
terns[54]. This work has provided an extensive characterizaperimental observations of pattern dynamics for that case.
tion of pattern wave numbers, correlation lengths, roll curvafor o~1, the KL and skewed-varicog&V) instabilities at
tures, and sidewall obliqueness. Computer simulations ofiigh wave number and the Eckha(EBK) instability at low
low-Prandtl-number convection using both generalizedvave number are important secondary instabilities near the
Swift-Hohenberg model§55-57 and the Navier-Stokes onset of convectioi4,26]. Figure 2 shows the calculated
equations in the Boussinesq approximatid8,58 have also stability boundaries for several values@ffor o=1.0[64].
been extremely valuable. The experiments, simulations, ands Q) is increased, the major features of these curves are the
theory reveal interesting features, many of which are nostabilization of straight rolls against the skewed-varicose in-
understood. There are, however, some general conclusiosgability and their destabilization with respect to the
for nonrotating, lowe convection in cylindrical containers. Kiippers-Lortz instability. The destabilization with respect to
First, in the absence of strong sidewall forcing, the onsethe KL instability leads to a shrinking straight-roll stability
pattern is time independent and consists of straight rollsvindow as() is increased. At a critical valu@.(o), this
throughout most of the cell with small cross-roll defects nearstability window disappears altogether and straight rolls are
the part of the periphery where the sidewall is approximatelyno longer stable at ang. In contrast to the dramatic change
parallel to the roll axis in the interidisee, for instance, Fig. in the SV boundary with increasing rotation, the low-wave-
8(a) below]. With increasinge, the tendency for the rolls to number boundary is practically unaffected.
terminate with their axes orthogonal to the circular sidewall ~Another powerful approach to the study of pattern dynam-
increasegsee Figs. @)—9(c) below]. The resulting roll cur- ics in Rayleigh-Beard convection, which augments the
vature in the cell interior leads to a wave-number distributionsecondary-stability calculations is the numerical simulation
with a maximal wave-number increase near the cell centef model equations, in particular the Swift-HohenbégiH)
Time dependence appears firsteat0.1 in the form of re- equation24,25 and its generalizatior{gl6] to include mean
peated skewed-varicose dislocation-defect nucleations nedrift [65], non-Boussinesq effec{66], and rotation about a
the cell center followed by defect motion and pattern rearvertical axis[20—22. The models that include rotation have
rangemen{see, for instance, Fig.(8 below] [37,50. Ex- been used to both confirm experimental observations and
periments[59,6( have demonstrated that mean drift driven make predictions regarding the behavior of patterns and de-
by boundary-induced roll curvature is responsible for the obfects under the influence of rotation. In relation to the experi-
served time dependence. The appearance of SDC seemsnt@ntal results presented here, a limitation of the models that
depend o” in a complicated fashiop7,53,61—63 but for  have included rotation is that they are effectively large-
20=<I'=60 ando=1 the transition occurs a¢=~0.5. The models since mean drift is ignored. Nevertheless, in systems
pattern dynamics in the intermediate region<Qek<0.5 are  with quite differento, the experimental observation$6—
dominated by the development of strong wall f¢see, for 18] of sidewall-initiated front propagations caused by the KL
instance, Figs. @) and 9c) below], increasingly(with ) instability, the motions of sidewall defects, and th&-
vigorous dislocation-defect motion, but little change in aver-shaped” distortion of the straight-roll pattern have been re-
age roll curvature or sidewall obliquendé&sl]. These are the produced qualitatively20,21]. These simulations have also
main features of pattern dynamics for nonrotating, lew- suggested the possible existence of rigid pattern rotation
convection. An important thing to keep in mind is that the caused by defect$7] and the enhancement by rotation of
most obvious consequence of wave-number-relaxing instahe nonvariational property of dislocation glifg8,67. Re-
bilities is the formation of a small number of defects. cently, a simulation of a GSH equation that included both

We now consider stability theory and numerical simula-rotation and mean driff23] showed a number of pattern
tions for rotating convection and the limited number of ex-features that we observe.
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The dependence of the average wave number of the pat 5 5oq
terns one as a function of) and close to onset has not been
investigated systematically prior to our work. There are,
however, several studies for higherthat should be men- 2015 b .
tioned. Fore=3 and depending ow and (), Heikes ob- - .
served hexagonal cellular patterns and cross-roll patterns £ °
composed of two perpendicular sets of rolls in water with §, 2010 b d
o between 3.8 and 14.5 in cells with= 60 [8]. Heikes also = ' .
measured the wave numbeof the patterns frong of 0.5 to 5 .
about 10[8]. The wave number decreased with increasing 2005 | °
€, in agreement with previous measurements by Rossby ir ' o
silicone oil atoc=100[6] up to e~4. For e>4, k in water *
continued to decrease wherda silicone oil increased. , . ) . *

In the following section, the apparatus is described. Next, 2'0000_0 0.2 0.4 0.6 0.8 1.0
in Sec. lll, we present the linear results for this system,
namely, the critical Rayleigh numbeR, and the critical r/T
wave number k as a function ofQ). In Sec. IV, we give
results that can be understood in the context of secondary FIG. 3. The thicknessi(r) as a function of the radial position
instabilities and with insight developed from previous workr (in units ofd) for the cell withI"=23.
on this system with)=0 [27,53,54. First we give a sum-
mary of the different states in the parameter space ahd  sumption that at onset the wave number of the straight-roll
Q. Of particular interest here are the motions of defects, thétructure was the critical wave number=3.117. These two
overall pattern textures, and the persistence of the spiramethods gave the sante=1.06 mm with an uncertainty of
defect-chaos state under rotation. We then discuss the infld-%, and a radius-to-height ratlo of 40. The cell was filled
ence of the skewed-varicose instability on the system anwith CO, at 33.1 bars, and the temperature of the bath that
give measurements of the characteristic angle associateé@oled the top plate was held constant withir0.0002°C
with it as a function of). A more detailed discussion of the over periods of a week or longer near 33.70 °C. Under these
motion of defects fo2>0 is then given, and their overall conditions, the fluid had a Prandtl number of 0.93. The pres-
effect on pattern rotation relative to the rotating frame of thesure was regulated by a temperature-controlled external bal-
experiment is presented. In Sec. V quantitative results for théast volume to within 0.005%. The vertical thermal diffusion
average wave number, correlation length, roll curvature, antime 7,=d? « was 4.5 sec, and the horizontal thermal diffu-
sidewall obliqueness of the patterns are given as a functiogion time 7,=I'?7r, was 7200 sec. The measured
of Q ande. In Sec. VI, pattern dynamics for each of the AT,(2=0) was 1.48%0.004°C. From Eq.(2) and
regions identified in parameter space are presented in tHe,=1708, we estimatAT.=1.47 °C, which agrees with the
form of image sequences. We conclude in Sec. VII with aexperimental value well within reasonable estimates of errors
summary. in d and in the fluid propertief68] that we used.

We also made some measurements in a cell with
d=0.201 cm and a correspondingly smaller aspect ratio
I'=23. For this case, the sidewall was made of Macor, a

The apparatus is described thoroughly elsewherenachinable ceramic. It was 0.200 cm thick and had a
[47,50,68 as are details of the cell construction and proce-‘spoiler tab” [50,71,73 that was intended to reduce thermal
dures for determiningA T, [50,54. The circular sidewall sidewall forcing. In this cell, a thinner sapphire wind¢®:2
used in the majority of studies reported in this papermm) was used for the cell top. This resulted in a slight bow-
(I'=40) had a cross section shaped like the leleand ing of the cell in the middle owing to a small pressure dif-
enclosed an active convective area measuring 86 mm in dferential between the sample and the water bath. Thus the
ameter[69]. This H-shaped design minimized the sidewall cell profile was approximately axisymmetric with maximum
thickness seen by the fluid and reduced the effect of sidewalieight at the center. This caused the convection pattern to
forcing [50]. Despite this design, two to three concentric grow in from the center where the effectieewas highest
rolls were visible next to the sidewall whexT was about and had the consequence of reducing sidewall effects near
1% below the value at which the center of the cell startedonset, albeit at the price of a small spatial rampeinBy
convecting. This, however, did not affect the determinationmeasuring the radial location where the pattern was first
of AT, (see Sec. Il significantly. The sidewall was sand- noticeable as a function afT, we estimated the local cell
wiched from the top by a 9.5-mm-thick optically flat sap- thicknessd(r). The result is shown in Fig. 3. As can be seen,
phire window and the bottom by an aluminum plate withd varied by 0.8% across the radius, leading to a total varia-
mirror finish. The spacing between the window and platetion of € of 2.4%. For this cell the bath temperature was also
determined the layer height but owing to anin situadjust-  33.70 °C, but the pressure was 16.55 bars. Using the method
ment of the uniformity ofd to within 0.002 mm, the absolute described in Sec. lll, we measuredl, to be 1.557 °C.
value ofd could not be measured directly. We inferred it Using this value as corresponding ¢&=0, convection first
indirectly through a comparison &f T, at 2 =0 with that of  started in the cell center at=—0.015, and the cell was
a calibration cell with a known cell height operated at thecompletely filled with convection foe=0.012. On the basis
same temperature and press{®], and through the as- of the data in Fig. 3 we estimate that the valuedo€orre-

Il. EXPERIMENTAL APPARATUS AND PROCEDURES
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graph visualization method with the necessary optics con-

Shadowgraph tained inside a cylindrical tube mounted on top of the pres-
Tube sure vessel. The tube rotated with the cell, so observation of
[ Window | patterns was in the rotating frame of reference. The shadow-
Water e - graph images were captured and digitized as 8-bit grey-scale-
=i . coded images. In this paper, the contrast-enhanced images
il show black regions corresponding to hot fligoflow) and
Pressure canister i white regions corresponding to cold fluidownflow). For
Pressure A the work discussed in the present paper, approximately
Vessel Heting |'| --------- - 200 000 images were analyzed.
Coil s The complex spatial and temporal dynamics of the pat-
Fill valve br—1 Pump |1 terns made quantitative analysis challenging. Here we used
————— Thermistor the same algorithms presented in Rg4] to characterize
these dynamical patterns. To describe the spatial scales of the
R patterns, the first two moment&) and £~ 2 were obtained
Slip-ring from _the structure factoiS(k), Which was calculated by
I Assemb.y squaring the modulus of the Fourier transforitk)H47,54.
iU P R TR In the computation of the Fourier transform, the Hanning

window described elsewhelb4] was used. Averages of
S(k) were computed over image sequences taken at fixed
Q) and e, with each sequence containing between 128 and
256 images equally spaced in time. The time interval at each
e was adjusted so that the images were uncorrelated except
for €<0.1 where the time scale of the dynamics was very
long. The physical interpretation ¢k) is that of the average
sponding to the radial onset location f&kT=AT, is pattern wave number but that éfis much less obvious. The
d=0.201 cm. With Eq.(2) and the known fluid properties width of the distribution depends on the roll curvature, the
[68] this yieldsAT.=1.54 °C, in very good agreement with number of defects, wave-number gradients, and the size of
the experiment. For this celt, was 6.7 sec and was 0.83. domains(a spatial region with roughly uniform pattern tex-
It follows that a particular value of) is reached at a dimen- ture) in a complicated mannej75,76. It is, however, a
sioned rotation raté, which is smaller than in the largét- Simple and well-defined measure of spatial order disorder
cell by a factor of about 1.68the ratio of the values of and as such we use it here.
/o). Since the centrifugal acceleration is proportional to Measures of the pattern texture are the roll curvature and
f2, it was smaller by a factor of about 2.81 at a giv@nin sidewall obliqueness. These were extracted from each image
the thicker cell. This cell gave essentially equivalent resultdy locally fitting the roll to a parabola in the interior and a
wherever a comparison with the larger cell could be madétraight line near the wall, respectivelg4]. Unfortunately,
except very close to onset as described below. these real-space techniques were not suitable for cellular re-
Convection in both of the cells was well approximated bygions with coexisting rolls and defects or for regions near
the Boussinesq approximation_ The param@eﬂefined by KL fronts. ThUS, they were primarily used to characterize
Busse[73] that describes the size of departures from thePatterns at small rotation rate®,<8, where cellular regions
Boussinesq approximation is 0.17 and 0.10 for fhe40  appeared infrequently, and KL fronts did not occupy a sig-
and 23 cells, respectively. Non-Boussinesq effects in a simibificant fraction of the total area. The roll curvatuyemea-
lar system but with smaller layer depth have been studiegures locally the amount of angular change per unit length
carefully [74]. along the rolls, and the spatially and temporally averaged
The cell was placed inside a pressure vessel that waglrvatureys, is the average over all the images in the same
mounted on a turntable with the electrical connections routegequence. The similarly averaged sidewall obliqueng&ss
through a slip-ring assembly concentric with the rotationis based on roll orientations in the area adjacent to the side-
axis. A schematic illustration of the arrangement of the mawall. It provides a measure of the average deviation from
jor components of the apparatus is shown in Fig. 4. A mi-perpendicular termination of the roll axes at the sidewall.
crostepping controller drove a stepping motor that rotated the
turntab.le through a belt-and—'pulley arrar)gement with one lll. LINEAR RESULTS FOR AT.(Q) AND K, (Q)
revolution of 360° completed in 50 000 microsteps. The top
rotation rate achievable with this setup was limited by air Heat-transport measurements and simultaneous shadow-
friction and stepping-motor power. For thie=40 cell, 1 Hz  graph visualization allow for the experimental determination
was equivalent td) = 30. The effect of the centrifugal force of R, andk.. The critical temperature difference is obtained
at the highest rotation rate in the experiments of 0.7 Hz wafrom Nusselt-number data. The Nusselt numhéis defined
small, with (27f)2I'd/g=0.09. The rotation direction is as the ratio of total heat conducted by the fluid in the con-
specified as seen when viewed from above and is countexecting state to that conducted only by thermal diffusion. An
clockwise (positive Q) for all the results reported in this example forl'=40 at ) =15.4 of typical results for\ is
paper. shown in Fig. 5. There is a small region of rounding for
The convection patterns were observed by the shadow=0.01<e<0.01 (1.865°GAT=1.895°Q. In principle,

FIG. 4. Schematic diagram of the apparatus.
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FIG. 5. Nusselt number vAT for the determination oAT,. =y o
() =15.4 andl’=40. The solid lines are least-squares fits to the data ;6 e
below and above T, outside the rounded region. =110} %
. © P +
rounding at some level would be expected from large-scale < s P
flows induced by the centrifugal acceleration. In our experi- L S,
ments, however, the rounding was of the same size at all .
Q including Q2 =0. Thus, we attribute it to experimental im-
perfections in the convection cell and conclude that centrifu- 100 ¢ 100 200 300 200 500
gal effects on\ were much less than revealed by the data in Q°
Fig. 5.

Away from the rounded region we fit the function FIG. 6. (a) Ry()/R.(0) and (b) k.(Q)/k.(0) vs Q2. Solid

N—1=S/e+ 3262 (3) lines are predictions of linear theory and the dashed lines are the
initial slopes of the theoretical curves. The data are For40

to the data for\/ in the convecting region. In the fiT,,  (®) andl'=23(+).
S,, andS, were adjusted. From the results fdif . we com-
putedR, using the fluid properties evaluated at the mean celllynamics of patterns fofl=0 is governed by a complex
temperature. Figure (8 shows the results fdR.((2) as well  interaction of long-wavelength instabilities(Eckhaus,
as the prediction based on linear stability analydis The  skewed-varicose, efc.large-scale vertical-vorticity modes
agreement between the data and the prediction is excellerftnean drify, and interactions with the convection-cell lateral
A different way to illustrate this agreement and to show theboundaries. A complete picture has not been established,
quadratic dependence & on () is to plot R,(Q)/R.(0)  partly because of the difficulty in directly measuring the
againstQ)? as in Fig. a), where results for both cells are mean-drift field. To this we add rotation. Clearly, we cannot
given. The dashed line is drawn with the initial slope of theachieve a full characterization of pattern dynamics in rotat-
theoretical results, and illustrates that noticeable deviation#ig convection. What we will describe are phenomena for
from the quadratic relationship occur fé¥=10. which a reasonable picture could be developed based on con-

We determinedk, for rotating patterns from Fourier trans- cepts from the nonrotating problem or that were seen many
forms of shadowgraph images. As discussed in Sec. Il, thmes and were somehow generic to the convecting state at
wave number at onset fold=0 is assumed to be particular parameter values. In reporting quantitative mea-
k.=3.117. For nonzerd) we determineck. from an ex- sures of patterns, we nondimensionalize length scales with
trapolation of the average wave numigkp as a function of ~d and time scales withr, .
e for e<0.1 (see Fig. 30 beloy In Fig. 1(b) the experimen- One general feature of the rotating system is that the lat-
tal results for thd” =40 cell are seen to agree well with the eral boundaries become more important than for the nonro-
predictions from linear stability analysis. Again one cantating case. Previous experimental wotl6] and subsequent
demonstrate the quadratic scaling for smllby plotting ~ numerical model$20] showed that even for small rotation,

k.(Q)/k.(0) versus2? as is done in Fig. ®) for both cells. ~ defects could be nucleated at and travel along the sidewalls
(at higher rotation, the wall has such a dominant effect that a

new wall state becomes unstable at a smaleéhanR. for

the bulk statg[77]). In the present work we also observe
The behavior of patterns as a function of rotation dependsany sidewall defect nucleations and defect motions, which

on many influences and is extremely complicated in detailwe describe in detail. These wall-generated defects make

From previous experiments without rotation on lafgeells  comparisons with theories problematic since most treatments

and foro=1 [27,37,51,53,5% and from a large amount of consider either a laterally infinite system, or a large-aspect-

theoretical and numerical modeliig6], we know that the ratio limit where sidewalls should have only a small influ-

IV. NONLINEAR STABILITY
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ence. Theoretical analysis will have to include realistic side- 07
wall interactions because experimentally sidewall effects

cannot be avoided merely by increasing lateral system size 06|
However, we will make some comparisons between data for
theI'=40 cell and thd"=23 cell that had a slight axisym-
metric ramp ofe as described in Sec. Il. The ramp caused 04}

05|

convection rolls to form in the interior of the cell before they w

formed near the walls. This isolated the bulk state from side- |

wall influences for a small range @fand had a simplifying o2}

effect on the pattern dynamics over that range. Vi 3 VvV
Another difficulty in analyzing our experimental results is EAR S w Qc

that the theoretical and numerical modeling of pattern dy- 0.0 | T S * \

namics in rotating convection is not nearly as extensive as 0 5 10 15 20

for nonrotating convection although there has been a flurry Q

of recent activity[20,21,58,67. For example, whereas the
stability boundaries for nonrotating convection are known in FIG. 7. Phase diagram in theQ parameter space fdf =40

detail for arbitraryo owing to the large body of work by 5n45=0.93. The division into regions was done by visual obser-
Busse and co-workel§'3], the only published work on the yation of the patterns, in some cases supplemented by quantitative
effects of rotatior{4] has almost no data far=1. Although  mneasurements. Symbols representing these determinations are SV
some recent work26] is beginning to fill that gap, a com- (¢ ) and SDC ¢). Solid lines denote known boundaries whereas
plete characterization of secondary stability boundaries as @shed lines are interpolations or suggestions of boundaries. Addi-
function of rotation is not available. Nevertheless, as the contional data for the boundaries ande, for the linear dependence of
cept of secondary stability has proven so valuable for nonrothe average wave number en(see Fig. 30 beloyare shown as
tating convection, we apply it here as best we can. crosses and plusses, with dashed lines to guide the eye.

There are two influences of rotation on secondary insta-
bility: the shift of stability boundaries present without rota- pattern textures that one sees in different regions of param-
tion and the introduction of new rotation-induced instabili- eter space.
ties. In Fig. 2, the long-wavelength instability boundaries
that are present also without rotation are shown for several A. The big picture
rotation rates. There is not much effect of rotation on the
low-wave-number boundaries fa=<15; for =20 the
Eckhaus boundary at smadk<0.3 is replaced by the cross-
roll instability. On the high-wave-number side the effects of
rotation are more dramatic since the SV boundary is shifte
to higher wave number &3 increases. This suggests that the
SV instability should be less relevant to the dynamics a
higherQ). Another result of this analysis is that the angle for
the SV instability decreases with rotatip26].

The rotation-induced Kappers-Lortz instability emerges
as() is increased and is usually associated with the critica
rotation rate().. But just as the skewed-varicose instability

has a big influence on pattern dynamics before the S ounded on roughly opposite sides by a short region of a

boundary is actually crossed t_)y the mean wave number b%’ross-roll grain boundargnot to be confused with the cross-
cause of pattern textures with roll curvature and wave-

) . ) ..~ roll instability). At slightly higher}, the issue of time de-
number gradients, one might expect that the KL instability - ;
would have a similar effect fa< ). . In Fig. 2, the shrink- pendence near onset was complicated by the nucleation of
ing domain of stability in wave-number space is shown for
different Q). For <4, the long-wavelength instabilities are
important, and the KL instability should play little part in the
pattern dynamics. FdR >4 the KL-limited region is smaller
than the long-wavelength-limited one and KL dynamics
should dominate. We will revisit this issue later and plan to
discuss it as well in another paper focusing on the KL dy-
namics[28]. One would expect from this theoretical analysis
that, even for modesf), KL dynamics would be preferen-
tially observed relative to other dynamics related to long-
wavelength straight-roll instabilities. It may be difficult,
however, to distinguish the signature of the KL instability, FIG. 8. Representative patterns f@ Q =0, e=0.04 and(b)
when it occurs locally, from that of other instabilities. Before 0 =4.4, e=0.04 illustrating straight or slightly curved convection
delving into specific signatures of secondary instabilities, itrolls in region I. For(b), the overall pattern rotation is counterclock-
is useful to give an overall representation of the differentwise, and the short cross rolls travel in the clockwise direction.

The parameter space shown in Fig. 7 can be roughly di-
vided into six regions based on the types of patterns that are
observed. The determinations of the boundaries of those re-
ions are approximate because the coexistence of behaviors
ttributable to different instabilities was observed over large
arts. Some of the data indicate boundaries between regions
f linear variation withe of the average pattern wave number
[see Sec. V and Fig. 80 below] that is roughly correlated
with some of the overall pattern dynamics we observe. In
egion |, for =<3 and ¢<0.1, the pattern consisted of
traight or gently curved rolls that were time independent at
he onset of convectiofFig. 8). These straight rolls were
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FIG. 9. Representative patterns from region Il fay Q=0, FIG. 10. Representative patterns from region Il fea)
€=0.12, (b) =0, €=0.25, (c) Q=0, €=0.44, (d Q=3.9, 0=6.2, e=0.15, (bh) 1=6.2, e=0.25, (c) 21=6.2, €=0.35, (d)
€=0.13,(e) 2=3.9, e=0.29, and(f) 0=3.9, ¢=0.44. The en- (=88, €=0.16,(¢) 1=8.8, €=0.25, and(f) (1=8.8, €=0.35.
closed region in(a) identifies a SV defect pair. Patterns in(c) and (f) have small spiral defects that indicate that

these parameter values are quite close to the SDC onset.

defects at the sidewalls and the interaction of sidewall forc-
ing with such nucleations. Images for tie=23 cell in  Whether the concept of laterally infinite long-wavelength in-
which much more data were taken for smalhelps to elu-  stability applies in the presence of other defects or near the
cidate this behavior, but we postpone this discussion untivalls. Thus, we will sometimes refer to specific nucleation
later. In region 11, the patterns were similar to the nonrotatingmechanisms and at other times to a general defect nucleation
patterns and had an Stshaped” (SS distortion of the Of unknown origin. The other type of defect that appeared
straight rolls. Representative samples of images in region linfrequently fore values that bounded region I from above
are shown in Figs. 9 and 10. The SS distortion appears to b&ere small spiral defec{$igs. 1dc) and 1@f)]. The appear-
a generic response of straight rolls to rotation, as observe@nce of these spirals indicates the border with region III.
also in experiments at larger Prandtl numbgtg,18 and Spiral-defect chaos, which was observed &r0.55 at
noted in GSH simulation$20] for which o is effectively =0 [53,54, was the distinguishing feature of region IlI.
infinite. The degree of distortion increases withas illus-  The SDC onset fol' =40 decreased with increasitiy, con-
trated in Figs. &) and 1@a) and 1@d). An observation re- sistent with results for a slightly larger cell with =52
lated to the SS distortion is that the large sidewall foci on[63,78. Patterns illustrative of the SDC state with and with-
opposing sides of the cell were not as symmetrical as theut rotation are shown in Fig. 11. The trends with increasing
ones a2 =0 [Fig. Ab)]. At Q=8.8[Fig. 10e)], the asym- rotation are that the spirals become smaller, that they become
metry of the sidewall foci became very pronounced. On thegoredominantly counterclockwise in their winding sense
side clockwise from the foci, rolls ended nearly perpendicu{78,63 in alignment with the external rotation direction, and
lar to the sidewall whereas on the other side rolls were althat the spirals become more multiarmed. Spirals for
most parallel to the sidewall. Since the direction of rotation{2>8.8 were more angular in appearariéégs. 11e) and
was counterclockwise, it was the side opposite to the rotatiod1(f)]. At Q=12.1, the pattern contained mostly small target
sense that contained rolls ending perpendicular to the wall.defects(a locally axisymmetric pattern of concentric rolls
The other general aspect seen in region Il was the nuclerather than spirals, and spirals were seldom larger ttthim 4
ation and motions of dislocation defects. The defects wer@iameter. Similar patterns full of target defects were ob-
nucleated both in the bulk and near the sidewall and werserved at highef). As there were no longer recognizable
sometimes identifiable as arising from either the Eckhaus ospirals, the “existence of spirals” criterion indicates that
skewed-varicose instabilities. An example of a SV nucleatedDC did not exist fof)=13 and this criterion rather arbi-
pair of defects is illustrated in Fig.(8. There are many trarily marks the boundary between regions Ill and VI. On
instances, however, especially at highlerwhen the mecha- the other hand certain average properties such as the linear
nism for defect nucleation was not clear, and the only thingscaling of (k) with e described below seemed to continue
that could be determined was whether it was a wave numbemoothly across both regions, indicating that the state with
increasing or decreasing nucleation. Further, it is not cleamany spiral defects a2 =0 was transformed continuously
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FIG. 11. Representative patterns from region Ill fay Q=0, FIG. 12. Representative patterns from region VI fe&)
€=0.69, (bh) 1=3.9, e=0.60, (c) 1=3.9, ¢=0.81, (d) (1=8.8, 0=12.1,6=0.37,(b) 0=12.1,e=0.54,(c) Q=15.4,e=0.30,(d)
€=0.40,(e) 0=8.8, e=0.59, and(f) 0 =8.8, e=0.82. The arrow  (1=15.4, €=0.62, (¢) 1=19.8, =043, and (f) 2=198,
in (b) points to a target defect. €=0.60.

. . . . . and dislocation defects grew &sincreased. Fof)>15, the
Into a d'?Ofd?red state W'thf)m. spirals for large :!'he .d'f' number of patches became quite large, and parts of the pat-
ficulty arises in the label of “spiral-defect chaos,” which by torng \yhere two sets of differently oriented rolls coexisted

definition must include spirals. In any event, the overall pat'appeared cellular, as seen in Figs(d414f). The cellular

terns in region VI had features reminiscent of the SDC Stat?egions were not fixed in space as both their size and shape

as shown in Fig. 12. Whether one labels this SDC or not i, g\yed via KL fronts, causing different regions to appear

someyvhatamatter .Of preferenceh . cellular at different times. The basic characteristics of
At mterm_edlzte(% inregion 'V'ft e t|fme deper(;ds_ntlze N€Ar hatches and cellular regions remained the same up to the
onset consisted of a mixture of KL fronts and dis Ocat'onhighest measured value 6f (= 20).

defects(Fig. 13. At higher ¢, the KL instability was sup- At very high e~3, the oscillatory instability was ob-
pressed, and dislocation defects became dominant in regiQQyeq forao<12.1 (data at largef) were not gathered at
. Fo_r 8.59510‘5. and near onset, the_ dynamics were %uch highe values. The instability caused the appearance of
combination of dislocation-defect motion and KL-front traveling waves that propagated along the rf#ig 54, and
propagation with the fronts being nucleated near the Sidet’neir dynamics were similar to observationgdkt 0 with the

wall. The KL frgnts were initiated by cross r_oIIs at the side- waves on rolls that ended at the sidewall traveling toward the
wall and grew into the unstable central region of the cell, Qyall [54]

process similar to observations by Zhoeg al. [16] in a

I'=10 ando=6.4 system. Three such fronts are visible inr
the images in Fig. 13 with the distinguishing features being
that the fronts are curved outward in their propagation direc-

tion and that only a small number of fronts are present at the : AR \\““ Do,
same time. The coexistence of isolated defects and KL fronts [ £
can be seen in Fig. 18). Another feature not shown here is \X‘\ LL
that KL fronts could disintegrate into isolated defects for ) I t
different parameter values. Fronts appearing spontaneously \

The details of the time independence near onset in our
=40 cell for small rotation rates is complicated by sidewall

!
7

away from the wall were the distinguishing new feature of

region V in Fig. 14 forQ)=10.5. This value is somewhat less @
than the theoretically predicted KL instability threshold at
0.=13 for 0=0.93[3,79. The result of front nucleation (a) (b) ‘

away from the wall was that the average size of a “patch”

(region occupied by neighboring rolls of similar orientaion  FIG. 13. Representative patterns from region IV showing wall-
was smaller compared to those in region IV where the wholeéwcleated KL fronts. (@) Q=6.2, €=0.07 and (b) =8.8,
cell often appeared as a single patch. The number of patches-0.06. Notice the localized cross rolls (@ and (b).
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FIG. 14. Representative patterns from region V faa)
0=12.1,e=0.06,(b) 2=12.1,e=0.20,(c) 2 =15.4,¢=0.05,(d)
0=15.4, ¢=0.20, (¢ (1=19.8, ¢=0.05, and (f) 1=19.8,
€=0.18.

effects fore<0.03. Sidewall forcing in this cell induced sev- FIG. 15. Representative patterns E=23 for (a) Q=4
eral concentric rolls that interacted with the mostly straightezo_oi (bj 0=4, €=010, (0 Q=8, ¢=0.10, (d) 0:8:
roll pattern in the cell interior. In the presence of rotation,ezo_la () Q=11.5, e=0.01, (f) Q=12, e=0.001, (g) Q=12
this interaction would often nucleate dislocation defects that—¢ 04, andh) Q =14, e=0.03.

produced some time dependence. Similarly, in region IV

close to onset, KL fronts would begin from sidewall-defect g ai1er aspect rati¢Fig. 15 are quite similar to those for
structures. One is tempted to speculate that in the absence pt. 40
walls, the interior structure would be time independent.
Some support for this conjecture is obtained from experi-

ments using the cell witH"=23. In that cell there was a ) - ) .
slight radial variation ofe (see Sec. Jithat caused the con- __ 1he SV instability dominates low- convection and leads

vection pattern to form first at the center where the effectivd® Wave-number selection through the nucleation of disloca-
€ was 2.4% higher than near the wall. This had the conse-

B. Skewed-varicose instability

guence of reducing sidewall effects near onset, albeit at the 0.15

price of a ramp ine. Some representative images for I

I'=23 are shown in Fig. 15. In Fig. 18, a time- o124

independent pattern very close to onset(.01) and at the Tl

fairly large ) =11.5 is shown with SS rolls in the interior 0.09 |

and no visible convection near the sidewalls. With this re- @ I Q
duced sidewall influence the phase diagram at éasmodi- 0.06 | ' C
fied as shown in Fig. 16. In Fig. 1, another pattern very \Y :
close to onset witle=0.001 and} =12.0 shows interior KL 0.03 } : Vv
fronts, again with no rolls near the sidewall. Note that, in \"-‘-—0.\
contrast to the continuous transition from sidewall KL fronts 0.00 . . . :

to interior generation of KL boundaries seen o 40, the 0 8 6 ° 12 15
onset of the KL instability as a function & for I'=23 is Q

much sharper and in quite good agreement with the theoret-

ical prEdiCtion OfQC:lz for c=0.83. From these results it FIG. 16. Phase diagram in the-Q plane for I'=23 and

is apparent that defects nucleated near the sidewall have @=0.83. The symbols indicate actual points at which the instabili-
big impact on the overall pattern dynamics near onset. Someies appeared wher was increased: KL @) and SV (¢). The
what above onset, however, the patterns observed in th#ashed line indicates an approximate boundary for the instabilities.



6938 YUCHOU HU, ROBERT E. ECKE, AND GUENTER AHLERS 55

| ‘ %"“’% 1
(a) ii‘-“\-g‘u\\ c) lu S aof i t -

!
20 0 2 4 6 8 10
Q
| FIG. 18. The skewed-varicose instability anglevs () for €
.nll[éj

near 0.15 (=0, €=0.11; Q=0, €=0.19; Q=0, €=0.13;
I 0=0, €=0.16). The data®) were measured as shown in Fig. 17,
lll‘lll (d) and the solid line is the theoretical prediction o+ 0.1.

FIG. 17. Representative patterns of the skewed-varicose install(—wver by about 70'. This .COUId anse frpm comparing the
bility for (a) Q=0, €=0.12, (b) 0=3.9, e=0.19, () N=6.2, results of a calculation valid for infinitesimal amplitude and
¢=0.14, and(d) same agc) but 6.7, later. large spat!al extent to an experlmental_ observat|0n_W|th

large-amplitude variations on a small spatial scale. An inter-

esting aspect of the SV instability is that, without rotation,
tion pairs. Mean drift plays a crucial role in the pattern dy-the dislocation pairs had either a positive or negative angle
namics that result. For our system, the SV instability is ob-of equal magnitude with respect to the rolls with apparently
served frequently fof) =0 but becomes less obvious@sis  equal probability. Rotation removed this degeneracy and se-
increased. Nevertheless, rotation has a definite effect on déected a particular sign of the angle that depended on the sign
tails of the SV instability, and one observes SV defect-pailof (). This phenomenon is related to the influence of rotation
nucleations throughout region Il. Here we consider characen the motion of isolated defects, which is discussed in the
terizations of the SV instability with and without rotation, next section. Finally we note that the images of Croquette
which includes the rate of dislocation-defect separation, therig. 22 of Ref,[37]) for =0, 0=0.69, ande=0.085 sug-
distortion area, and the SV angle. gest an angle of about 90°, where the defects move apart by

In the theory of this instability40,73, there is an angle a nearly pure climbing motion. This behavior would be ex-
associated with the small-amplitude, long-wavelength perturpected for the Eckhaus instability.
bation that has componerds andg, where the wave vector — In the absence of rotation, SV-nucleated defects occur
of the straight rolls is in the direction. For()=0 the angle almost exclusively near the center of the convection cell. We
arctang,/q,) is about 45° ate~0.1 and decreases slowly characterized such events away from sidewalls in two ways.
with increasinge. In the presence of rotation, the angle is First we took the difference between two images, one show-
expected to decrease 8sis increased at constaat{64]. I ing an SV event like Figs. 18) and 19d), and another with-
experiments, the manifestation of the SV instability is a pairout the SV distortion taken earlier. The difference im-
of dislocation defects nucleated along a line that is orienteéiges corresponding to Figs. (89 and 19d) are shown in
at an angle with respect to the local straight-roll wave-vectoiFigs. 19b) and 19e). The area that is influenced by distor-
direction. A comparison can be made between the theoreticalbns from the SV event is readily determined. It is shown as
prediction and experimental results at different rotation rateg function of time as solid circles in Fig. 20, where it can be
by defining an angle associated with SV defect-pair nucleseen to grow essentially linearly with time. The second char-
ations as illustrated in Fig. 17 is the angle between the acterization was a measurement of the distance between the
local wave vector and the line along which the roll pinchingtwo defects generated by the SV event as a function of time.
manifests itself. In the early stages of the defect pair nucleThis was done by demodulating the Fourier transform so as
ation the roll-pinching line is one of small amplitudeotice  to remove the mode with the dominant wave vector from
the fuzzy region in Fig. I)/whereas later the line connects both the image with the defect pair and the reference image
the two dislocations. Taking an average over a small numbetaken earlier when there was no distortion from the SV
of events fore~0.15 yields the SV angle as a function of event. The demodulated transforms still showed considerable
Q (Fig. 18. Also included in the plot as a solid curve is the structure due to the overall roll curvature. Nevertheless, the
calculated angle foe=0.1. Because also depends o, ratio of the moduli of these two demodulated transforms
the variation ofe between the differenf) values might be gave a sharp determination of the defect-core location, as
important. Quantitatively, however, the variation of #  shown by Figs. 1&) and 19f). The distance between the
yields a shift that is well within the plotted error bars and ascores is easily measured, and is also plotted in Fig. 20.
such we ignore it. The rate of decrease of the SV angle with With rotation, dislocation nucleations were concentrated
increasing() seen in the data agrees quantitatively with theat the sidewall and became much less frequent in the interior.
calculation. The magnitude of the angle is systematicallyin Fig. 21, we show a time sequence of images that illus-




FIG. 19. Imageqa) and (d) are forQ1=0, €=0.11. They are
separated in time by 1.8,. The differences between a reference
image taken 9, before(a) and imagega) and(d) are shown inb)
and(e), respectively. Complex demodulation of imadasand (d)
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FIG. 21. Formation of defects at the side wall fo+0.13 and
0 =3.9. The images are 4f) apart. Two defects traveling in oppo-
site directions merged betweég) and (h).

\J

along the wave-vector directig@6]. In nonvariational sys-
tems such as lows convection and/or rotating convection,
gliding motion can occur. A recent observatif,67] in
largeo GSH and Boussinesg-convection simulations of ro-
tating convection was that dislocation motion in rotating
convection for larger occurred mostly by glide motion, that
rotation picked a preferential direction for that motion, and
that the defects provided a mechanism for overall pattern
rotation. In our system, dislocation defects were observed in
many of the regions ifi)-e parameter space. They are, how-

normalized by the complex-demodulated reference image ar€Ver, clearly delineated from other dynamics only in region

shown in(c) and(f), respectively.

Il. Much of our work on dislocation-defect motion in this
region will be presented elsewhdi@0] but here we include

trates the nucleation of a dislocation defect near the wall by summary of the observed behavior. We address two topics
a complicated process that increases the local wave numbggjsed in simulations, namely, the net rotation of the mean

Also shown starting on the far right-hand edge is the appear;aye-vector direction and the selection of a unique propaga-
ance of an extra roll via an Eckhaus-like instability that in-ijon direction for isolated defects.

creases the local wave number. One very noticeable feature of the SS patterns in region I

is that their mean wave-vector direction rotates. Simulations
yielded a rotation rate of the overall pattern that was propor-
In variational systems, dislocation defects move primarilytional to ) and suggested that gliding defects were respon-

by climbing along the roll direction as opposed to gliding Sible for this rigid rotation[67]. We measured the pattern
rotation rate for several values @&. Our results for the

C. Pattern rotation and dislocation-defect motion

7 T — 25 pattern rotation rates in units of milliradians perr, are
plotted versuse in Fig. 22. (We chose to use the vertical
4 20 diffusion time 7, for the time scale although it is not obvious
that it is relevan). By interpolating these data, the variation
115 of w as a function of) is obtained as shown in Fig. 23. A
O corresponding calculation based on numerical simulations
110 - would be interesting for comparison.
The other very visible effect of rotation on the motions of
1s dislocations throughout the cell but especially noticeable in
the interior was that their direction of propagation was deter-
o mined by the direction of rotation. In Fig. 24, a pattern is
20 shown with several dislocations and the paths of those dis-

locations. For this case, the rotation vectr is out of

(clockwise the plane of the image. We define a vechyr
FIG. 20. Roll-distortion area and dislocation-defect separation\’lvhICh |§.parallel locally to the conve(.:tlon r(?lls. The direc-

as a function of time fof2=0, e=0.11. The left axis corresponds tion of b is along the extra roll of the dislocation towards the

to data for the distortion are#®) and the right axis to the distance Singularity as illustrated in Fig 24. Another way to describe
between dislocation defectg\(. the dislocation is by its topological charge
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FIG. 22. Pattern rotation frequenayvs e for 1 =3.9 (circles,
0 =6.6(triangles, and) = 8.8 (squares The solid lines are guides
to the eye.

\\\\{h
N=1/27$ jetect(cwd®, Where® is the phase of the complex 3 1&\\\\\;?3»‘:
: : . A
convection roll amplitude with wave numbkr We use the \f‘\ @s@
vectorb instead of deriving a direction from because the \ "\\\ \'&,\} '\\:"ﬂ»"
. ) . 2AUS! W %.,
former is clearer and yields an unambiguous direction. The \\@&
direction of the glide-velocity vectothe component of ve- AN

locity along the IocaIIZ) is then given by the direction of _

O xb. We did not see any dislocations that violated this_ FIG. ﬁ4' Trajectory of SO?eddeLeCtSQF 652 a”gfz,ﬁ"ls]; T:e ,
propagation direction for the rotation rates we investigated”X " the image is expanded above to show details of the unit
Q>3.9. Overall the motion of defects was complicated withVvectors describing the directions of the dislocationof rotation

a variety of speeds and relative ratios of climb and glide thagbout a vertical axi$}, and of the glide direction of the dislocation
depended on the local pattern texture and the distance of thex b. Also shown is the decomposition of the dislocation velocity
dislocations frqm the s'idewa'lls. A systematic _study of thevectory into glide and climb components. Note that by definition
effects of rotation on dislocation motion in straight-roll pat- the glide direction is along the local wave-vector direction.

terns similar to those done without rotatipd1] would be

extremely valuable. curvaturey, and the sidewall obliquenegs The roll curva-

ture and sidewall obliqueness are useful for skt 8 (re-
gions I, Il, and Il but yield little information about cellular
atterns at highef) (regions IV, V, and V]. The correlation
ngth provides some insight into the intermediate regions
hd the transition to the KL state. Finally, the average wave
mber is useful for higlf) where several regimes of linear

V. CHARACTERIZATIONS OF AVERAGE QUANTITIES

The pattern textures and their spatiotemporal dynamic
can be characterized to some extent by averages over ma
images of suitably defined parameters. The properties thfill
we extracted from the images by either Fourier techniques Oe

specialized algorithms as discussed in RB#l] are the av-
erage wave numbefk), the correlation lengttg, the roll

pendence oe were observed. We consider these quanti-
ties in order of their utility for increasin.

3.0 : . . . l A. Roll curvature and sidewall obliqueness
. The average curvatures are plotted in Fig(a25For
e 25 0.5 Q =0, the main features of the data are an increasg, pht
B ool o aboute=0.1, which reflects the appearance of sidewall foci,
g ’ 0.20 the relatively flat region 04 €<0.5, and the large increase
S 15- | beyond e~0.55, which is related to the onset of SDC
@ 0.15 [53,54. The data with rotation do not show an increase for
S 10~ / 0.10] small e but do have the flat dependence at intermediaad
= 0.08 the rise that indicates the SDC state. Another way to consider
3 05 _/ T these data is to construct contours f; as a function of
peemreesntT ; . . . Q) at fixed €, determined from the data in Fig. @ and
0'00 4 6 8 10 shown in Fig. 26. The accumulation of defects near the side-

wall contributed significantly toys, at =0 and resulted in
values comparable to those@t=8.8 for e<0.4. These side-

FIG. 23. » vs Q interpolated from data in Fig. 22. Values of wall defect clusters were much smaller and appeared less
e are given in the figure. The solid and dashed lines are guides toften for 1>0. On the other hand, the increaseyy; for
the eye. The dashed line indicates less certainty in the interpolatiodt<<{2<<9 and 0.k e<0.4 was caused by the SS distortion
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X x N x+*+x o ¥ a, " more densely than large ones. These factors were offset,
04F = o o " ] however, by the straighter rolls between the spirals and the
oo more angular appearance of the spirals at larger rotation rate,
9g o o b .
0.3 ® wag,gua” (b) so the average curvature at the same distance from the SDC
' ] onset remained approximately independenflof
0.0 0.2 04 0.6 0.5 10 The sidewall obliqueness data are presented in Fig) 25
Unlike the curvature, the obliqueness@t=0 was always
€ smaller than that at the sameunder rotation. Below the

onset of SDC, this is so because the rolls of the SS pattern

FIG. 25. (a) Average curvaturey,, and (b) average sidewall €nd less perpendicular to the wall fr>0. Above the on-
obliquenesg; vs € for @ = 0 (), 3.9 (X), 6.2 (@), and 8.8  Set, the smalleiB,; was due to a decrease of the size of
(+). sidewall foci with increasing(). For (1=8.8 ande=<0.2,

Bst was smaller than af)=6.2. The appearance of KL
of the rolls taking on the S” shape as seen in Figs. 9 and fronts at the sidewall caused rolls to be more perpendicular
10. The depressed onset for SDC as a functiofloivas  to the sidewall, sg3s, was smaller. At largee where KL
responsible for the largeys, at higherQ for 0.4<e<1. fronts were rarely observeis; became larger again be-
Whereas the SDC onset was=0.55 for zero rotation, it cause of the increased curvature of tH&"“shaped patterns.
decreased to almost 0.5 fo¥r=3.9 and 0.4 fo)=6.2. The
slopes ofyg, as a function ofe after the onset of SDC were B. Correlation length
approximately independent d2 as seen in Fig. 25, even g ayerage correlation length calculated from the
though the size of the spirals decreased for laf@elThis IS q,ctyre factor of pattern sequences has been shown to pro-
surprising at first glance because, averaged over a single SRjiye 4 simple, well-defined measure of the spatial order of
ral, the curvature wou_l_d be larger for a small spiral than fory,aqe sequencef27,47,54,61 Previously, we used the
a large one and, additionally, small spirals could be packedg|ation-length analysis to determine spatial scaling in the

Klippers-Lortz regiméregion V) at smalle<0.2[27]. Here
. . ' ' T . we apply it also to aid in the characterization of pattern order

0.12 1 in regions Il and Il where weak rotation effects are seen. In
Fig. 27,¢ is shown as a function of. Generallyé decreases
0.10 . with e with the exception of the bumps in the range
- 0.2<e<0.5 for ()= 8.8 and 10.5. For higher and lowg,
% 0.08 i ¢ decreases monotonically with The bumps are well cor-
related with the development of the SS distortion seen in
0.06 ] region Il of Fig. 7. More insight is obtained by plotting con-
tours of¢ as a function of}, as shown in Fig. 28 where the
0.04 ) data were interpolated from data in Figs. 27 and 29. At fixed
, , , , , . 0.2<e=0.5 and for{) <10, ¢ initially increases with) con-
4 6 8 10 sistent with an increased ordering resulting from the devel-
Q opment of theS shape. Abovel~12 for that same range,
¢ falls quickly, indicating the transition to the cellular regime
FIG. 26. Average curvaturg,, vs Q) for the values ofe indi-  generated by the Kapers-Lortz instability.
cated in the figure interpolated from data in Fig(&)5Solid lines For =0, the dependence dfon e was first studied by

are guides to the eye. Morris et al. [47] who showed that a power-law scaling of
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C. Average wave number

12 T T T T T
0.05 The average wave numbék) is a reflection of the dif-
100 7 ferent wave-number-selection processes that compete in a
sl 0.1 | complicated textured pattern. Only in very ordered patterns
such as an axisymmetric one of concentric rolls is the wave-
w6 N number-selection process unique. In previous studies without
02 0.4 rotation, we considered the wave-number selection for axi-

- symmetric patterng50] and the more complex situation for

41
0.6
) % textured patterng54]. In textured patterns there is a distri-

0.8 ] bution of wave numbers that can be partially characterized
ol , , , , by (k), with (k) still uniquely selected by the prevailing
0 5 10 15 20 textures. One interesting feature of the selection at senall
Q for I'=40 was that the wave number initially increased be-

fore turning back towards low wave number fo=0.1. We
FIG. 28. Correlation lengtlf vs Q for values ofe as indicated. now consider the effects of rotation on the behavior of the
Data were interpolated from data at fixed Solid lines are guides average wave number. The wave numblef) at onset
to the eye. determined by linear extrapolation gk) for small € to
€=0 were presented in Sec. Ill.

the formé&x e * with x= — 1/2 was consistent with their data ~ The variation of(k) with € is shown in Fig. 3(a) for ()

over roughly a decade iabetween 0.1 and 1. Our measure- =0, 3.9, 6.2, and 8.8. The feature of increasing wave number
ments [27] for >0 showed an exponent value betweenat smalle is maintained in the presence of rotation except for
0.20 and 0.25 in region V. In Fig. 29, we show data on{}=8.8 where there is an initial decrease followed at
log-log scales for three values 6 and for values ok that ~ €~0.1 by an increase ifk) and finally a decreasing wave
span regions V and VI. The data for the different rotationnumber fore=0.2. For(2=0, 3.9, and 6.2, the variation of
rates fall roughly on parallel curves in each of two distinct(k) is about the same far=<0.30, at which point the data for
regimes. Fore<0.1 they show again the small exponent re-{=6.2 break off and move more quickly to lowkr Simi-
ported earlier. However, for 08e<1 the slopes given by larly, at e~0.45 the data for 3.9 move sharply to lower

the data are consistent with an effective exponent of abouthis trend towards lower wave number is consistent with the
3/4. This latter result is larger than tife=0 exponen{47] appearance of the SDC state and is also reflected in the roll
but smaller than the exponents of between 1 and 3/2 sugurvature[Fig. 25a)]. At higher e and after the jump to
gested recently by GSH simulations for2 andQ)=22 and  lowerk, the slope of k) becomes steeper, indicative of well-
28 [23]. The two separate effective scaling ranges are indeveloped SDG54]. The behavior fo)=8.8 is probably
triguing, but their origin is completely unclear. On the basiscaused by KL dynamics in region IV beginning to influence
of the general structure of Ginzburg-Landau equations amwave-number selection for smad| followed by dislocation
exponent value of 1/2 might have been expected close tprocesses winning out for a small interval @fand finally
onset. Fore of order 1, we do not know of any prediction. the SDC state coming in a little higher. Multiple influences
are clearly at work here near the borders of several of the
regions of parameter space shown in Fig. 7.

The behavior ofk) at higherQ is quite different from
that for (A=<9. Figure 30b) shows(k) as a function of for
0=10.5,15.4, and 19.8. Common to all three data sets are
the two linear sections, one near the onset and the other for
€=0.5. The straight lines in Fig. 80) are fits to the two
linear sections, and they highlight the differences among the
plots, namely, the rounding at the transitional region from
low to high €. The origin of the linear sections and the
rounding is unclear, but their properties show a systematic
dependence ofd. At 1=10.5,(k) deviated from its linear
behavior near onset far~0.15; it resumed its linear depen-
dence one at e~0.45 with a different slope. Over a large
range ofe, the values ofk) were larger than extrapolations

10

0.01 0.10 1.00 based on either of the two linear regions. This rounding of
the transition between the two sections decrease) &s-
£ creased. AQ)=19.8, there was essentially no rounding, and

(k) varied linearly withe but with two different slopes, one
FlG 29 Log_log p|0t of Corre|ation |engﬂ'§ VS € for f0r 65036 and another fO&'E 036 In F|g 3(Db), the quan'
0=143 (0), Q=165 (A) andQ=19.8 (+). For comparison, lities €; ande, are the points at whictk) deviated from the

the solid lines indicate power-law behavior with exponents of 1/4linear fits for small and large, respectively. The changes of
and 3/4. €; and e, with () are summarized in Fig. 38). Whereas
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FIG. 31. (a) Plots ofe; (O), €, (®) and(b) k; (O), k, (®).

grew into the axisymmetric rolls in a manner similar to
sidewall-initiated KL fronts. The destruction of the concen-
FIG. 30. Plots ofK) vs € for (3 Q=0 (@),3.9 (0), 6.2(+),  ric pattern left a textured pattern similar to the ones in re-
and 8.8 (), and(b) 0=10.5 (@),15.4 (J), and 19.8(+). The  gion IV as in Fig. 13. The experiments were conducted by
solid and dashed straight lines are fits to data at low and kigh ramping{} at constant=0.025 from 0 to 9.5 and then back
respectively. The definitions df,, k,, €;, ande, are illustrated ~down to O in steps of 0.25. The measured wave number is
for Q=10.5. presented in Fig. 34 together with the theoretical curve for
k. for comparison. The length of the cross rolls changed to
€, did not vary in a simple wayeg, increased linearly with accommodate smooth INcréases or decreases of th? wave-
Q length of the axisymmetric rolls. The large changegkh
came from a reversal in the fluid flow direction at the umbi-
licus that accompanied a creation or destruction of one roll.
Hysteresis in the selected wave number as a functiof) of

The values ofk) at the end points of the linear regions,
€, ande,, are denoted ak; andk,, respectively, and illus-
trated in Fig. 3(b). As can be seen in Fig. &), the values
of k, were all smaller thark;, and the difference between
ki, and k, decreased with increasing). The slopes T
d(k)/de from the fits, plotted in Fig. 32, are negative, re- 0.0 I [y k3 T3
flecting the wave-number decrease withT'he slope at large I I
e did not vary much with(), but near onset it varied consid- 05}
erably.

The problem of wave-number selection for concentric
patterns and) >0 was also studied, but inla=41 cell with
a “spoiler tab.” Details of the construction and the
concentric-pattern dynamics &=0 are contained in Ref.
[50]. As shown in Fig. 38), the pattern consisted of axi-
symmetric rolls coexisting with an annular cross-roll state 2.0
confined near the sidewall. A2 =0, this state was the pre- , , ,
ferred pattern above onset and remained stable$00.08. 10 14 18 22
Under rotation, the wave number changed, as seen in a com- Q
parison between Figs. &) and 33b), but the pattern still
remained stable foe<0.08 and()<9.5. For()>9.5, the FIG. 32. Plots ofd(k)/de vs Q, near onset®) and for high
pattern could not be maintained at aayas the cross rolls € (@®).

10 p I

a<k>/ae
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FIG. 33. Concentric patterns in B=41 cell ate~0.03: (a) :
Q=0 and(b) 12=6.25. % :
occurred atl~4 andQ~7. This is similar to the behavior
; . : . (b) (e)
of concentric patterns in water without rotatip®2] where -
hysteresis was observed aghanged. The hysteresis here is
unusual agk) remained close to 3.2 over a wider range in
Q) during ramping up than ramping down as seen in Fig. 34.
The cause of this behavior is unclear. D %
VI. PATTERN DYNAMICS
(c) ()

The textures and averaged properties of patterns presented

in previous sections are the result of complicated pattern dy- g, 35. Time sequence showing defect motion and the skewed-
namics. In this section, we present pattern sequences th@kricose instability at=0.13 and= 3.9 in region II. The circle in
illustrate the dynamics in the regions labeled in thee) encloses a pair of skewed-varicose-generated defects. The im-
parameter-space diagram of Fig. 7. The richness of the dyages are 46, apart.

namics needs to be condensed for presentation here and we

have no doubt omitted or missed altogether interesting protaken 4@, apart ate=0.13 for ) =3.9 shown in Fig. 35. A
cesses that might be important. Nevertheless, the sequendgaasir of defects was generated when roll pinching occurred
presented do reflect the most obvious characteristics of theear a wall defect at the lower left side of Fig.(86 One of
separate regions. the defects glided across the rolls while climbing along the
rolls toward the central region of the cell. It eventually
merged with the cross-roll patch at the right side of the cell.
The other traveled in the opposite direction along the side-

The dynamics of patterns in region Il involved primarily wall and merged with the left cross-roll patch. The motion of
dislocation-defect motion within the generallyshaped pat- the defects was mainly across the raltgiding) with less
tern. The defect nucleation could be divided into bulk nucle-movement along the roll axéslimbing). This is seen in the
ation, identifiable with the SV instability, and sidewall nucle- path of the right-traveling defects, which moved across al-
ations of dislocations. Af)=0, the roll pinching typical of most the entire width of the cell while climbing less than half
SV usually took place near the central region of the cell, buthe cell width. This is similar to results from a numerical
under rotation, more of the roll pinchings occurred near sidesimulation foro=« where the defect motion was found to
wall foci. This is illustrated by the time series of images be mostly gliding rather than climbiri@3]. In Fig. 35a), the

lower-left sidewall-defect structure near which the roll-

3.30 . . . . pinching occurred was pinned and remained immobile
throughout this sample image sequence, but at other times
such structures could move and merge with the cross-roll
patch. Figure 3&) contains an infrequent SV defect-pair
creation away from the sidewall, an event resembling occur-
rences af)=0. While the defects were formed and subse-
quently propagated toward the cross rolls, the underlying
straight-roll pattern gradually rotated in the direction of ro-
tation. This change in roll orientation was smooth and did
not involve discrete large jumps as would be expected from
the KL instability.

At higher () in region Il, the rolls were much more curved
and theS shape was accentuated. Many defects were present
simultaneously but, unlike & =3.9, defects did not accu-

FIG. 34. The mean wave numbgk) of concentric patterns at mulate near the sidewall as in Fig. 9. This time dependence
€=0.025 for increasing@) and decreasin) (®). The solid line was captured in the image sequence, Fig. 36, taken at
showsk, from linear stability analysis for comparison. €=0.23 and() =8.8, spaced 2f) apart. Whereas the nucle-

A. Region II: S-shaped patterns and dislocation motion

325
A
x 320
A

3.15 |
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Q:Fé% iiBr'e;:g]neHse?ﬁg?;ilgsggvgrzga%eafggrtmonomﬁo'23 and FIG. 37. Time sequence of spiral-defect chaos=#0.81 and
' ' ' 0 =3.9in region Ill. The images are 4Qapart. Arrows in(a and
(b) point to target defects that evolve into spiral defects.
ation of defects took only about 3«5, the defect move-

ment was slow enough that individual defects can be fol- _ . .
lowed in this sequence. The defects traveled according tgnd ate~0.4, these target defects sometimes evolved into

their topological charge as discussed earlier. The orientatioRMall spirals. The patterns then resembled those~e.5
of the underlying roll pattern still advanced slowly in the and€2=0; an image sequence takeneat 0.40 illustrating

direction of rotation, as expected from similar observationghe creation and annihilation of small spirals is shown in Fig.
at smaller(). Infrequent KL fronts were also initiated by 38. At even highere, recognizable spirals appeared more
defects at the sidewall. They rarely propagated across theften, and the average number of spirals increased. Large

whole cell and only affected a portion of the pattern. spirals appeared infrequently, as seen in Fig. 39, which is an
image sequence at=0.59 spaced 647, apart. Most spirals
B. Regions Ill and VI: Spiral-defect chaos measured 6 8d in diameter and were smaller than typical

rﬁ,_pirals at smallef). The spirals were more angular as illus-
istic of region Ill. At low (Q=3.9, target defects first ap- trate_d bY the large double—armgd _spiral indicgted by thg ar-
peared neae=0.45. They sometimes evolved into spirals, "OW N Fig. 39d). The average lifetime of a spiral was quite
and the number and sizes of the spirals fluctuated in timeShOrt about 28, . The short duration is typified by the small
similar to the case fof)=0. At e~0.7 spirals were always SPiral, indicated in Fig. 3&), which was nucleated and de-
present, but most spirals with diameter larger thangd ~ Stroyed in less than 2Q. Away from the spirals, the rolls
were two-armed. Smaller spirals generally evolved from tar{oined in a more angular fashion. This rather angular feature
get defects or dislocations and were usually one-armed. THef the rolls was reminiscent of the discrete orientation
dynamics were quite fast with continuous creations and dechange caused by the KL instability despite the almost com-
structions of spirals, but the images in Fig. 37 takem,40 plete absence of KL fronts foe=0.2. A final interesting
apart ate=0.81 captured the evolution of several structuresphenomenon seen in some images in this region, several
in detail. The arrow in Fig. 3[b) points to a three-ring target white cells in a row, is shown by the arrows in Figs.(f39
that grew from a small spiral and then became a spiral agaiand 4@a). This pattern may be an indication of local cross-
in Fig. 37c). The spiral then merged with surrounding spi- roll instability.
rals to form a large two-armed spiral, aboutli# diameter, For progressively highef) in region lll, spirals become
in Fig. 37d). This large spiral was subsequently destroyedsmaller and less frequent. The last remnants of discernible
when it moved left toward the wall several time steps laterspiral activity was fo}=12.1. In Fig. 40, fore=0.37 and
The change of a target defect into a small spiral is also vis€2=12.1, a time sequence of images shows several small
ible in these images as seen in a comparison between Figpirals and some clustered curved defects. Also noticeable
37(a) and Fig. 37b) of the defect indicated by the arrow in are lines of cells that are similar to the cross-roll nucleations
Fig. 37a). seen at highetr and) =0 [84]. These cross rolls sometimes
At e~0.3 sidewall-defect clusters nucleated small targetlisappeared without affecting the texture, much as typified
defects, which stayed within ti0and 121 of the sidewall, by the ones indicated by the left arrow in Fig.(d0 Some-

The existence of spiral and target defects was characte
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times spirals would arise from these cross rolls as shown by

the right arrow in Fig. 40. apart, taken at=0.55, is shown in Fig. 41. The dynamics
At €~0.5, where SDC was observed at lovier the pat-  was faster than captured by this sequence, but typical fea-

terns consisted of many target defects and some small spirajgres can be seen in the figure. The target defects were quite

measuring 4-5d in diameter. No spiral larger thand6in  mobile and occasionally annihilated each other by collision.

diameter was seen. A time series of images spaced, 6.7  For higherQ)>12.1, the dynamics were complicated, con-

FIG. 39. Time sequence of spiral-defect chaos=a10.59 and

sisting of many defects and cellular patches, and are impos-
sible to represent clearly with still images. Clearly identifi-

4 o

IS

(=8.8 in region Ill. The images are &7 apart. Arrows point to
(a) single-arm spiral(d) double-arm spiral, an¢f) localized cross FIG. 41. Time sequence at=0.55 and()=12.1 in region VI.

rolls.

The images are 67{ apart.
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front to the other, as seen in Fig.@2 In Fig. 44c), the left

side of frontA had disappeared, and the two sets of rolls had
merged into curved rolls as sharp angles between the two
sets of rolls disappeared. The remaining defects at the inter-
face propagated toward the right, leaving behind slightly
curved rolls, as seen in Fig. @) and Fig. 42e). Even with

this smoothing process, the overall roll orientation still
changed by discrete steps, but the changes varied between
30° and 70°. This is fundamentally different from the
smooth angular changes observed at largewhich were
caused by repeated dislocation-defect nucleations. Before
front A had traversed the whole cell, another front was nucle-
ated near the wall at the upper right side, and its progress is
shown in Fig. 42e) and Fig. 42f).

D. Region V: Kuppers-Lortz dynamics

For a spatially uniform straight-roll pattern at the onset of
convection, theoretical calculations predicted the appearance
of the KL instability at the critical rotation rat@ .~ 13 for
our systen]79]. The inclusion of the spatial dependence of
the roll amplitude showed that KL fronts could propagate for
0 <Q. provided such fronts existl9]. The existence of

FIG. 42. Time sequence of ipers-Lortz fronts mixed with grain boundaries near the sidewall resulted in the appearance
dislocation defects at~0.06 and()=8.8 in region IV. The images Of KL front propagation for) =6, substantially below).
are 40, apart. Arrows in(a) point to different KL fronts. The At 2=12.1 ande=0.11 the KL fronts initiated by the grain
arrow in (c) shows the dissipated remains of KL frdBtindicated  boundaries remained quite dominant in the dynamics, but the
in (a). pattern was always composed of several domains of simi-

larly oriented rolls with different roll orientations from patch
able spirals were only observed rarely, but small highlyto patch as in Fig. 43. In addition to fronts nucleated at the

curved defects were present at all times. sidewall, occasionally new fronts appeared spontaneously in
the interior of the cell. One such front is indicated by the
C. Region IV: Kuppers-Lortz fronts arrow in Fig. 43. This spontaneous formation of new fronts

was not observed fofl<11. More details on region V are

The Kippers-Lortz instability was not observed for presented elsewhefe7,2g.

0O =5 up toe~1 where spiral-defect chaos dominated. The
first appearance of the KL instability was &=6.2 and
e=0.07 where the main time dependence was associated
with dislocation motion. B¥) =8.8, KL fronts occurred near The experimental results presented in this paper fall into
the onset of convection and were responsible for much of thgeveral categorieg1) the linear results for the onset Ray-
dynamics, as seen in Fig. 42, which was takerai.06. leigh number and the pattern wave number that agree quan-
Three KL fronts, labeledd, B, and C, are visible in Fig. titatively with theoretical predictions;2) qualitative behav-
42(a), and dislocation defects are seen in the region withor of pattern dynamics that was consistent with theoretical
nearly horizontal rolls. The horizontal rolls were unstableexpectations and numerical simulatiof®); new phenomena,
with respect to front®\ andB while the rolls marking front  both qualitative and quantitative, for which no theory has
C were unstable to the horizontal rolls. As a result, frontsbeen developed so far. The qualitative behavior of patterns
A and B propagated away from the wall and grew into theincluded observations about the form and frequency of the
horizontal rolls, but froniC moved toward the wall. In Fig. known long-wavelength instabilities. The skewed-varicose
42(b) front C had reached the wall, and froBthad merged instability was chief among these and was responsible for
smoothly into the horizontal rolls. This smooth merging oc-much of the dynamics for smadland(}. The form of the SV
curred frequently in KL front propagation fal<12; its  instability under rotation was studied, and the SV angle as a
main feature involved the growing rolls linking up with the function of () was determined. Dislocation defects and the
decaying rolls, eventually forming smoothly curved continu-S-shaped pattern dominated this region in which slow over-
ous rolls. A line of defects separated the growing from theall pattern rotations were observed. The precession frequen-
unstable rolls, as indicated by the arrow in Fig(@}2and the  cies for this slow rotation were determined. Key to under-
defects traveled left toward the wall leaving behind smoothlystanding the results near onset was the important
curved rolls as in Fig. 42)). The same merging phenomenon contribution of the sidewall, which served to nucleate both
also occurred at the end of large orientational changes adislocation defects or Kppers-Lortz fronts, depending on
illustrated by frontA, which was more well defined than €. This was explicitly illustrated by the different pattern
front B. The angles between the growing rolls behind frontdynamics near onset in cells with differdntthat had differ-

A and the unstable rolls varied little from one end of theences in spatial homogeneity. The other striking feature for

VIl. CONCLUSIONS
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Kuppers-Lortz dynamics. It is certainly a complicated ex-
ample of spatiotemporal chaos in two-dimensional patterns.

Several quantitative characterizations of wave-number se-
lection and spatial correlations are not addressed by theory
but may be amenable to theoretical analysis. The first is the
scaling of the correlation length as a function @fwhich
divides itself naturally into two regions, one near onset with
a scaling exponent of about 1/4 and another at intermediate
€ where the exponent is close to 3/4. The other very inter-
esting quantitative feature of the data is the linear depen-
dence of the average wave number near onset near and above
the predicted critical). for the KL instability. Whereas the
average wave number for small@r fluctuates on long time
scales, the faster dynamics and more cellular structure in-
duced by the KL instability produces an average wave num-
ber that is very steady in time and has a very linear depen-
dence ore.

In summary, we have illustrated some of the richness that
exists for rotating layers of fluid heated from below. We
have observed local signatures of skewed-varicose, Eckhaus,
and cross roll instabilities as well as the globalpgers-
Lortz instability and the state of spiral-defect chaos. A thor-
ough theoretical study of the stability boundaries as a func-
tion of Prandtl number and rotation rate would be very
valuable. Numerical simulations of these states is another
area that is just beginning and for which a wealth of com-
parisons could be made. We hope that our work will stimu-
late such investigations.

FIG. 43. Time sequence of pers-Lortz-unstable domains
mixed with dislocation defects at~0.11 and(=12.1 in region V.
The images are 879 apart. Arrow in(c) points to a region where a
new domain nucleated away from the boundary can be se).in

small() ande was the strong polarizing effect of rotation on
the direction of dislocation motion and the significant en-
hancement of glide motions for these defects.

A well-studied state fo)=0 is the spiral-defect-chaos = We gratefully acknowledge support from a UC/LANL
state. Under rotation, this state dominates for highdiut  INCOR grant and from the U.S. Department of Energy. We
undergoes a continual metamorphosigais increased until  thank Ning Li, Mike Cross, and Werner Pesch for useful
there are no spirals at all but a state of highly curved rolldiscussions, Eberhard Bodenschatz, John de Bruyn, David S.
reminiscent of the SDC state. The first appearance of spiralSannell, Stephen Morris, and Steve Trainoff for their contri-
as a function ofe is also affected by rotation with smaller butions to the design of the apparatus, and Tom Clune and
onset values of for larger (). This combination of SDC Edgar Knobloch for providing us with data on the linear
dynamics and rotation is complex and may be hard to unstability boundary and on the iopers-Lortz critical rotation
tangle as it includes mean-drift, local defect structures, andate.
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