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Time-dependent patterns in the two-layer Rayleigh-Beard system
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We report experiments on the two-layer Rayleigm&e system with two different pairs of fluids and with
both rectangular and annular geometries. Theoretical studies have shown that in addition to two distinct
stationary states, it is possible to have time-dependent patterns at or near convective onset. We have found a
traveling wave pattern at the onset to convection using silicone oil over water. Standing and traveling wave
states have been found slightly above the onset to convection in a system of silicone oil over Fluorinert™. The
basic form of these time-dependent states is consistent with the predictions, while some of the quantitative
properties of the states depend on the system geoni&tt$63-651X98)06306-3

PACS numbes): 47.20.Bp, 47.27.Te, 47.54r, 47.55.Hd

[. INTRODUCTION expansiond the height of the layern, the dynamic viscosity,
and « the thermal diffusivity. A second parameter, the
The patterns formed in nonequilibrium fluid dynamical Prandtl number (Rt v/k), plays a role in determining the
systems have long been of intere@tor a recent review of states above onset. In a typical experimenith rigid upper
pattern formation, see Cross and Hohenbgt) Often,  and lower surfacdsthe onset pattern takes the form of sta-
these systemsgthe Taylor-Couette system with corotating tionary convection rollgexceptions occur with low Pr fluids
cylinders[2], single-layer Rayleigh-Beard convectiof1],  or non-Boussinesq flow]). Time dependence does not ap-
flow past a cylinder(3], the Taylor-Dean systerf4], the  heqr in typical experiments until at least:R2Ra. . High Pr

Weissenb(-?rg effecf5], etc) bifurcate initially to one O fluids require R&100Ra or more[10] before the onset to
more stationary states and then eventually to a t'mefime—dependent patterns

dependent state as the appropriate control parameter is in- In contrast to single-layer Rayleigh-Bard convection,

creased. In these cases, time-dependent patterns typically APhich is described by Ra and Pr, the simple act of adding a
pear at values of the control parameter significantly above '

the value for the onset to the first stationary pattern. Um‘or—second layer of immiscible fluid to the system opens up a

tunately, this difference between the control parameter valyast pa“"!mewr space that is yet to be thoroughly explored.
ues for the onset to time dependence and the value for the€ flow in a two-layer system not only depends on a Ra and
onset to a stationary pattern precludes an analysis of the lif-" O €ach layer, but also depends on the heights of the fluid
earized equations of motion to describe the time-depender@yers and all of the fluid parametefthermal conductivity,
states. It is therefore desirable to investigate an experiment#{lermal expansion, viscosity, etcAdditionally, new driving
system that exhibits time dependence at or near the onset f8echanisms associated with the interfdsarface tension
a pattern. There are cases where time dependence occurs?gg/or deformationcould play a role in the dynamics. These
or just above pattern onset, as, for example, in the Taylornew factors combine to produce new flow states which can-
Dean systen{4], binary fluid convection6], the Taylor- not be found in the single-layer system. Many of these new
Couette system with counter-rotating cylinddi@], and states are described in the text by Renardy and Jdseigh
Rayleigh-B@ard convection with small Prandtl number flu- One of the more interesting predictions is the possibility of
ids[1]. Such a time-dependent state is predicted for the twofinding time-dependent states at the onset to convection. In
layer Rayleigh-Beard systenfi7], a system that is accessible such a case, weakly nonlinear equations could be used to
experimentally, and for which theoretical analysis is feasibledescribe the patterns, an exciting prospect which makes the
One of the most extensively studied examples of pattermheoretical problem of studying time-dependent patterns con-
forming fluid dynamical systems is the single-layer siderably more tractable. In contrast, time-dependent states
Rayleigh-Bmard system[8]. The classic Rayleigh-Berd only appear well above onset in the one-layer Rayleigh-
system consists of a horizontal layer of fluid bounded aboveenard systenthigh Py, where the fully nonlinear equations
and below by planar surfaces. The bottom surface is mainapply.
tained at a temperatuf, and the top surface is maintained  Much of the interest in multiple-layer Rayleigh-Bard
at a (typically) lower temperatureT,—AT. A theoretical convection has been inspired by two practical problems,
analysis by Rayleigh9] found a parameter namely, mantle convection and encapsulated crystal growth.
s The Earth’s mantle is modeled in one of three ways: single
Rae gaATd ) layer, two layer, and two layer with flushing events. The first
VK model is virtually identical to the single-layer Rayleigh-
Benard system. The second model is similar to the system
(later given the name Rayleigh numperhich serves as the studied here, while the third is a hybrid of the first two mod-
nondimensional control parameter for this system wjths  els. Much theoretical work has been done on the two-layer
the acceleration due to gravity, the coefficient of thermal model of mantle convectiof12—16, however, experimental
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and upper layer depths, the solid lines indicate the presence of

thermally conducting solid top and bottom boundaries at the tem-

peratures indicated, and the dashed line is the interface between the FIG. 2. Critical bifurcation diagram from Renard0] for a

two fluids. particular set of fluid parameters, chosen to illustrate the basic pos-
sible convective onset states. The possible onset states are thermal

data are quite limited. The second system, encapsulated cryssupling (®), mechanical couplingO), and time dependeriHopf

tal growth[17], concerns the solidification of a crystal which mode$ (O). Renardy defines Raga;ATd®/ x,v;.

is bounded above and below by fluids. It is necessary to

understand the flows associated with such a system in ordgfyer Rayleigh-Beard system concern the alignment or

to ensure the desired crystal characteristics. Experimentgbupling of the two sets of rolls. More recently, Renardy

studies with the two-layer Rayleigh-Bard system will pro-  [20] analyzed another set of fluid parameter ratios and pro-

vide useful information for dealing with both of these prac- duced the bifurcation diagram shown in Fig. 2. The fluid

tical problems. parameters were chosen to illustrate the basic possible con-

The two-layer Rayleigh-Beard system is shown sche- yective onset states.

matically in Fig. 1. By convention, the bottom layer is la-  Two of the simplest possible flow states are stationary and

beled 1 and the top is 2. All quantities specific to each layere shown in Fig. 3. The first is called “mechanical cou-

will have the appropriate SUbSCfipt, i.e., the bottom Iayerp"ng” (MC) (Or a|ternative|y viscous Coup“r)gMC is the

viscosity will be vy, the top layer viscosity will bev,, etc.  state where hot upflow in one layer is abdee below cold

Two new quantities come into the problem to describe thejownflow in the other layer. The fluid flows in the same

fr_elagive height of the layers. The “depth fractions™” are de- direction above and below the interface, i.e., the rolls rotate
ined as

L

dy d; |
IJ_:F and IZZF::L_I]. (2)
representing the height of each layer relative to the overall
height[18]. An alternative form is the “depth ratio,” given

as
d I
a=4, "1, ()
which is the ratio of the height of the top layer to that of the (

bottom[19]. In addition to the heights of the layers, Renardy
[20] has shown that the fluid parameters enter into the equa-
tions of motion in the ratios

K k a

m=t _
Ky ar

] ] ')’— ]
M2 P2 K2

OO OO

(4)

where u is the kinematic viscosityp the density, andk the
thermal conductivity.

Analysis of the linear equations by Colinet and Legros
[19] for a specific value of the fluid parameter ratios yields a
bifurcation diagram which shows the possibility of three
states depending oa, the depth ratidEqg. (3)] of the two (b)
fluids (or alternativelyl ; the depth fraction They found that
aboveAT, (or Ra), each layer forms its own set of convec-  FIG. 3. Cartoon of the stationary states found in the two-layer

tion rolls, similar to those in the single-layer Rayleigh- Rayleigh-Bmard system.(a) Thermal coupling,(b) mechanical
Benard system. The different flow states at onset in the twoeoupling.
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in a gearlike fashion. The second stationary state is calledation of the predicted state has been reported by Andereck,
“thermal coupling” (TC). TC is characterized by the hot Colovas, and Degef33,34 and Colovas[35]. Recently,
upflow in one layer being abover below) the hot upflow in  Busse and Sommerm#86] have also reported observations
the other layer. Likewise, the cold downflows are alsoof a time-dependent state in an annular system using ther-
aligned, forcing the rolls to turn in opposite directions abovemistors to probe the flow.

and below the interface, thereby setting up a region of high

shear. The third basic state found in the two-layer system is Il. APPARATUS
time dependent, as shown by Gershuni and Zhukovif3kii _ )

of two forms depending on the exact nature of the experidistinct _geometries. The.first i$ rectangular in form and the
mental configuration. In confined systems, the time-second is annular. Thg d|men3|ons of both systems were cho-
dependent state is an oscillation between MC and TC, whil&en to force the rolls in each fluid layer to align parallel to
in extended systems it manifests itself as a traveling wavdéhe smaller horizontal dimension of _the convection cell, i.e.,
state that is neither exactly TC nor MC. the width of the rec_tangular system is small cor_npared to the

It turns out that the generic characteristics of Fig. 2 ardength and the radial gap size of the annulus is small com-
robust: TC is present at low values bf, MC is at high pared to the circumference. In these geometries the flow pat-
values ofl ;, and between the MC and TC is a region of time terns are forced.to be approximately two dimensional. Bqth
dependence. The exact details of the size of the timeSystems use qptlcal methods to prpbe the flow_from the side.
dependent regime and its location are dependent on the pafl'® typical single-layer Rayleigh-Bard experiment uses
ticular values of the fluid parametefg,19,21,20,2p For  top-down visualization. However, a top-down scheme would
some sets of fluids, the time-dependent region is so small g€ difficult to implement and interpret with two layers and
to be practically inaccessible to experiments or possibly eveR€Nnce the choice of a horizontal method.
nonexistent at the onset to convection.

Further analysis of the two-layer problem looking at the A. The rectangular system
vyeakly nonlinear and fully nonlinear equations has been car- Tpe top and bottom surfaces of the rectangular system
tied out by many researcherd9,23,24,11,25,26,20,18  consist of aluminum blocks. The top block has width 48 mm,
They have shown that, in addlt!on to the states descnbe%ngth 137 mm, and height 48 mm, while the bottom has the
above(TC and MQ, a system with an extended geometry same width and length, and a height of 55 mm. The blocks
(both horizontal dimensions are large compared to theye thick to assure uniformity of temperature across the sur-
heighy can have a variety of three-dimensional patterns. Aiyaces in contact with the fluids. The top and bottom blocks
extensive listing of these can be foun_d in the text by Renardyre cooled and heated, respectively, by water that is condi-
and Joseplil1]. Other authors have investigated the effectsjoned by commercially available recirculating temperature
of surface tension and/or deformable interfaf2%,16,13—  controlled baths. The water flows along the long axis of each
15,12, The interesting idealized case of a 1:2 ratio in thep|ock, through & -in.-diam hole. The thickness of the blocks
pattern wavelengths has been studied by Proctor and Jongsgres that any variation of the temperature across their
[28]. short dimension is minimized. Both of the baths have tem-
perature uniformity of+0.1 °C. For both plates, the tem-
perature regulation circuits are completed by thermal low-
pass filters and active heaters to further reduce the

Experimental work on the two-layer Rayleigh#Bed fluctuations in the downstream temperature. The thermal
system has been carried out by a number of researchers. Olmv-pass filters are essentially large insulated boxes where
of the first investigations was by Zeren and Reyndl2lg].  water just exiting from the chiller mixes with water pro-
They report confirmation of the theoretical prediction fo,Ra cessed earlier to smooth out the short-time transients pro-
when heating from below, but heating from above did notduced by the bath. The active heaters are ©06f Teflon-
show any of the predicted instabilities. This work predatescoated nichrome wire packed into acrylic tubes and inserted
the theoretical prediction of a time-dependent onset. Lateinto the fluid path. They are driven by a Quantum Design
work by Rasenat, Busse, and RehbE2d] appears to have model 1802 R/G bridge which implements a proportional
been in a parameter range near, but not in, the timeintegro-differential(PID) control scheme. Using these de-
dependent region. They investigated the flows at valuég of vices, the stability of the temperature differerke is better
just below and just above the predicted oscillatory regionthan +0.005 °C. The temperature variation across the sur-
Experiments by Prakash and Kos{@0] have concentrated face of a block is less thart0.005 °C. The temperature
on the mechanisms associated with the two distinct statiordifference between the plates is measured by thermistors em-
ary coupling modesTC and MQ and how they vary with bedded in the center of each block.
fluid properties. Prakash and Koster do not report a time- The sidewalls of the system have taken various forms.
dependent state. Cardin and co-workE3®—323 have re- The first setup used sidewalls which were constructed of
ported a time-dependent state. However, their state does ngtin. soda-lime glass. The interior horizontal dimensions of
involve coupling oscillations and has characteristics far fronthe cell are nominally 78 mix21 mm, with the total height
those predicted by linear theory. For example, the observedf the celld=12 mm. A second setup uses Plexiglas cells of
period is 20 h compared to predicted periods on the order adhe same nominal dimensions. These cells have the added
1 h. Secondly, the reported onset to the time-dependent stateature of a groove machined into the inside of the cell to pin
is at Ra=9.7Ra, well above the predicted onset. An obser-the interface between the fluids at the sidewalls to the pre-

Previous experiments
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scribed depth ratio, alleviating the problem of meniscus ef: LED
fects discussed below.

B. The annular system

Like the rectangular system, the top and bottom surface
are made from aluminum, due to its high thermal conductiv-
ity. The top plate is annular with outer diameter 161 mm,
inner diameter 59.1 mm, and height 44 mm. Water is circu-
lated through the top ring to maintain its temperature. The i qica aivimor
temperature of the water is maintained with a commercially
available temperature bath and a thermal low-pass filter a
with the rectangular system. No active heaters were use ;
with the annular system. A series of thermistors is embedde AlPiste AlPlate
into the plate to allow monitoring of the temperature.

The outer and inner radii of the bottom plate are the same
as the top plate. However, the height of the bottom plate i§

25.4 mm. The temperature of the bottom plate is maintaine ?Cr: ('égg)eit:r?] é?;ovﬁtﬁ l;lrg)l;(;nI:/I gﬁtg;l %mir%eégzgﬁgrgﬁ's
via a film heater. The current supplied to the film heater is P ]

. . connected to a 386 computer via an 8-bit image acquisition
regulated by a computer using a PID scheme and a Imearl%oard(lmaging Technology's FG-100-ATthat captures im-
programmable power supply. This method of temperatur

%ges and time series data
control gives a long-time stability AT that is better than : ; ) .
+0.007 °C, comparable to that in the rectangular system. Using this method to probe the system produces images

The working fluids are contained between two Plexiglassuch as tha_t in _Fig. > Moving radially outward from the
rings. The outer ring has outer diameter 139.5 mm and irmecenter, the first ring of a[ternatmg bn_ght and dark lines rep-
di ) ter 126.6 The | ina h t- di ter 88 esents the roll structure in the top fluid layer. The next fuzzy
lameter 126.6 mm. -1 henner ring has outer diameter co. ing is the interface, and finally the outer ring of alternating
mm and inner dlame_ter 76.1 mm. Both have a height _bright and dark lines is the roll structure in the bottom layer.
=12.2 mm. The gap is 18.9 mm W'de. and the aspec'g ratio Implementation of the shadowgraph method in the rectan-
I'=27ry,/d=27.7, wherer ;= 53.9 mm is the mean radius. ¢, system, shown in Fig. 6, is similar to that used with the
S annular system, albeit much simpler due to the need for only
C. Visualization planar mirrors. A second visualization method was originally
Visualization of the flow pattern in both geometries is used with the rectangular system, namely, the schlieren
achieved using the shadowgraph method. Some experimerﬂgethOd. The schlieren method begins with collimated light
with the rectangular system have also used the schlierepassing through the system. Next, the light is refocused by a
method. For a discussion of both methods see the text b§econd lens. A knife edge is positioned at the focal point and
Goldstein[37], and for shadowgraphs see JenKi&§]. blocks a portion of the light. The light is captured by a CCD
Shadowgraphs are sensitive to variations of the index ofamera as it reexpands beyond the focal point.
refraction of the fluid due to variations in the temperature.
Regions of hot fluid(i.e., upward flows defocus the light Lower layer
and appear dark in the resulting image. Cold fluids., data circle
downward flow$ act the opposite and focus the light, thus ]
appearing bright in the image. ?
As noted previously, the typical implementation of the y & AP, — nterface
shadowgraph method for single-layer Rayleigin&el con- o
vection is to view from above. Since shadowgraphs are inte-
gral along the direction of propagation, it would be difficult
to separate the behavior of the two layers using this ap-
proach. To alleviate this, it was decided to view the flow
from the side. In an annular geometry, this requires viewing
in a radial direction.
The portion of the annular apparatus used to observe the
flow follows from [39] and is shown in cross section in Fig.
4. A light-emitting diode(LED) is positioned at the focal
point of a lens, which produces collimated light. This colli-
mated light travels down the axis of the system where it g 5 sample image from the annular two-layer Rayleigh-

reflects off of a 45° conical mirror, giving radially outward ggnard system in the time-dependent regime. The image has been
propagating light. Next, the light traverses the Plexiglas ringsjivided by a background image AtT=0 to remove any optical
and the convecting fluids. Then the light is reflected backjefects. Note, this state has TC at the bottom right and MC at the
radially inward by a cylindrical mirror. The light makes a top. The solid lines show the circles of data captured for time series
second pass through the fluid before striking the conical mirfiles. The dashed line is the location of the interface between the
ror again to exit the system along the axis. A portion of thetwo fluid layers.

Plexiglag Cell Plexiglas Cell

A Cylindrical Al Mirror

FIG. 4. Schematic diagram of the annular apparatus.

" 4 Upper layer
data circle
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As shown in[40,21], meniscus effects can have a large

Beam Splitter LED Point impact on convective flows. Ideally, the contact line between
| Source the two fluids would be perpendicular to the side wall and

e straight. If the contact line is not straight or the meniscus too

large, the variations in the heights of the two layers can

change the flow states. These variations can be minimized by
the fluid selection as well as by the proper choice of the
sidewall material.

The last criterion rests on the search for the oscillatory
onset and that the fluids follow the Boussinesq approxima-
tion near onset. The latter requirement dictates that the criti-
CCD Camera cal temperature differencdT, have a reasonable value. As

shown in Colinet and Legrosl9], one criterion for the os-
cillatory onset is that the critical Rayleigh numbers;Ra

FIG. 6. Schematic diagram of the visualization system used witheach layer be approximately equal. Since the temperature of
the rectangular system. the fluids at onset is nearly the same as in the conduction

state, the so-called “conduction assumption” can be used to

Like shadowgraphs, the schlieren technique is also senstalculate the interface temperature between the two fluids.
tive to variations in the index of refraction. As the light This method assumes that each fluid is merely conducting
passes through the fluid, horizontal variations of the indexheat from the bottom plate to the top and the interface tem-
bend the light. Any light that is bent toward the knife edge isperature is determined by Newton’s law of thermal conduc-
blocked, while light bent away from the knife edge passestion. Use of this assumption gives an interface temperature
yielding an image such as Fig. 7. Here bright regions repreof
sent rolls with hot fluid on, say, the left and cold fluid on the
right. The dark regions would correspond to the opposite, doky(To—AT) +d1k, T
namely, hot on the right and cold on the left. int= Aok Fdik, . 5

IIl. FLUID SELECTION . L .
This definition for the interface temperature can be used to

The most important elements of the experiment are thglightly modify Eq.(1) to define Rayleigh numbers for each
fluids. Great care must be exercised in the selection procesiayer as
Several factors are taken into consideration, including im-

miscibility, optical properties, meniscus effects, and the on-
y, oprica’ prop gay(To—Tind}

set Rayleigh numbdisee Eq(1)]. A final selection criterion Ra=

is from recent work by Renardy20]. Renardy defines a pa- K1V

rameteryBr, based on the fluid properties in E@), that

must be far from 1 to maximize the parameter window for gaz[Tim—(To—AT)]dg

finding a time-dependent onsegBr is a measure of the Ra= . (6)

self-adjointness of the equations describing the system. A KaVa

fluid combination with yBr=1 is characterized by self-

adjoint equations and the eigenvalues will be real. The furSetting Rag=Ra and folding in Eq.(5) allows a calculation
ther yBr is from 1, the less self-adjoint the equations are,of the relative depths of the two layers at which the onset
and the more likely will be a time-dependent ons#l)]. coincides.

The immiscibility criterion is necessitated by the use of Since the experiments began before Renardy’s work de-
two layers of fluid with a distinct interface. While no two scribingyBr [20], the initial search only concentrated on the
fluids are ever 100% immiscible, some combinations can béirst criteria and did not include an analysis gBr. A long
close. search finally led to the combination of Ri® Poulenc’s

The requirements on the optical properties follow fromRhodorsil™ 47v10 silicone oil over 3M Corporation’s Fluo-
the use of the visualization methods. First, the fluids must beinert™ FC70. FC70 is a perfluorinated hydrocarbon that is
clear to allow the light to propagate through them. Secondessentially chemically inert. Both of these fluids are clear
the variation ofn with temperature must be large enough toand their physical properties appear in Table I. They produce
produce detectable image brightness variations. a reasonably small meniscus and a straight contact line with

Interface

FIG. 7. Sample schlieren image from the rectangular FC70-47v10 systém-al.6 °C,|,=0.38. The labeled arrow indicates the level
of the interface between the fluid layers. The light regions in each layer indicate rolls turning in one difeayiamiockwis¢ and the dark
regions indicate rolls turning in the opposite direction. The alignment of dark regions over light and vice versa shows mechanical coupling.
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TABLE I. Physical properties of the 47v10 and FC70 fluids. Data taken from specification sheets pro-
vided by the manufacturers.

€gs units 47v10 FC70
Density p gem 3 0.927 1.94
Kinematic viscosityr cnmst 0.10 0.14
Thermal diffusivity « cn st 8.601x 104 3.446< 104
Thermal expansiom Kt 1.08x1073 1.0x10°3
Thermal conductivityk gecms3K™?! 1.3x 10 0.70x 10*
Specific heaC, cnPs 2K 1.63x 10/ 1.047x 107

the Plexiglas or glass sidewalls. Calculation of the onset IV. EXPERIMENTAL PROCEDURE

Rayleigh number giveddT.~0.76 °C andl,=0.43, both
reasonable values. . ) )
After the publication of Renardy’s papg20], a calcula- Once the fluids are selected, the experimental variables

; _ duced to the depths of the laydssandl,, and the
tion showed that the FC70—-47v10 system ha =0.776, are re g 2
which, while not exactly one, makes finding a Hopf bifurca—temperature differenc& T between the top and bottom

o ) . ting fluid depths, and slowl
tion at onset very difficult. It turns out that many of the fluids P;?r:%?ngwtieprtz(r:r?sgr;?[zr:elcj(?f(;elrr]gncgI frogfrl)':?). ?2 thseowy

with the kinds of desirable mechanical properties mentione¢tc70.47v10 system, the depth of the lower fluid is measured

above are similar enough to each other to hgy#~1. A precisely by an optical telescope, accurate#6.02 mm.
second search using all of the criteria led to the combinatiorThe full system is left to equilibrate for a period of 12 h

of water beneath 2 cS silicone oil, Rf®Poulenc’s Rhodor-  before the temperature ramping begins.
sil 47v2, for whichyBr=0.375. Additional properties of the Following the equilibration period, a data series is initi-
water-47v2 system are listed in Table II. ated. A data series begins by ramping by 0.1 °C and
Unfortunately, the water-47v2 combination presents othewaiting ~ 6 h for the system to reach a steady state. After the
experimental difficulties. Primarily, water has a high surfacewait, a full image is stored and a data file is begun. A data
tension, while the 47v2, on the other hand, wets most surfile consists of a horizontal line of high contrast in each layer
faces. This combination of properties results in the waterecorded at 30-sec time interval&5-sec intervals for the
beading up in the bottom of the cell, while the oil reacheswater-47v2 combination Each data file typically has 512 or
down the sidewalls all the way to the bottom plate. Our1024 lines. Two data files can be captured per day, leading to
solution to this dilemma is to force the water into a flat a total daily temperature change of 0.2 °C. Near the onset to
interface through the addition of a groove along the inside otonvection, the increment ia T is reduced to 0.025 °C with
the sidewalls at the desired depth of the water. This procethe same wait periods.
dure is an effective way of pinning the meniscus at the walls, The resulting data can be displayed as an intensity plot, as
and works for groove widths as small as 1.59 mm. The deptin Fig. 8. Each line represents a single time step, with time
of the groove is approximately 1.27 mm. One drawback torunning up the vertical axis, and space on the horizontal axis.
this approach is that it introduces some uncertainty into th&he variation of the line represents the intensity of the shad-
exact position of the interface. The meniscus in the FC70ewgraph at that point.
47v10 system, using an ungrooved glass or Plexiglas cell, is The space-time data are used to compute the power spec-
~1mm thick. The groove increases that width by sometra in space and time, which yield the wavelength and fre-
50%, which is acceptable since having a flat interface is ofjuency of the pattern at each depth fraction &ifl The
paramount importance in providing uniform spatial condi-power spectrum is an average taken over the entirety of the
tions for the pattern formation process, and to prevent pinfun, i.e., if the wave number is being computed, it is a time-
ning of the time-dependent states. Unfortunately, using watestiveraged wave number, while if the period is being com-
presents another difficulty in that its variation of index of puted, it is spatially averaged over the long dimension of the
refraction with temperature is small, making simultaneouscell. In computing the periods and wave numbers of the
shadowgraph visualization of both layers difficult. time-dependent states, a time average at each spatial point is

A. The rectangular system

TABLE Il. Physical properties of the fluids in the water-47v2 silicone oil system.

Cgs units 47v2 Water
Density p (at 25 °Q gcm 3 0.867 0.998
Kinematic viscosityv cmPst 0.02 0.01
Thermal diffusivity « cmPst 7.78x10°4 0.001
Thermal expansiory Kt 1.17x10°3 2.067x 10 *
Thermal conductivityk gems3K™? 1.1x 10 5.98x 10

Specific heaC, cnPs 2Kt 1.63x 10 4.1818< 10
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FIG. 8. Space-time plot of th@) top and(b) bottom layer from ] ]
the rectangular system, same state as shown in Fig. 7. Time ad- FIG. 9. Background-subtracted space-time diagram from the an-

vances up the vertical axis, and a time-averaged background h&gllar system showing the smooth roll motion just above onset at
been subtracted. AT=1.103°C,1,=0.375.(a) is upper layer.(b) is lower layer.

Vertical axis is time(min). Horizontal axis isé (°) around cell.

subtracted from the data to remove nonuniformities due téVotice a source is located at65°.

the optics and lighting. When possible, spectra are also com- . . . .
puted without background subtraction for comparison. set to convection has not been found with this set of fluids.

However, a theoretical analysis by Renaf@@] for this spe-

cific set of fluids has shown that this is the expected result.
The stationary convection fof<0.357 shows strong evi-
The procedure used with the annular system is nearlylence of thermal coupling while states wit}>>0.382 show

identical to that used with the rectangular system. The onlstationary mechanical coupling. This orientation, with TC at

difference is in the space-time data. Instead of capturing &w |,, MC at highl,, and time dependence in between,

straight line through the image, circles are captut@dsche-  confirms the general prediction of Colinet and Ledrbg). It

matic of this is shown in Fig. $The circles are straightened should be noted that these states have been explored to at

and plotted as space-time diagrams identical to those froreastAT=2 °C (twice the onset to convectiprand some-

the rectangular system. Some representative space-time digmes toAT=23 °C. The time-independent states are station-

B. The annular system

grams are seen in Figs. 9-11. ary throughout the range afT.
The period(7) of the time-dependent state, found from
V. EXPERIMENTAL RESULTS analysis of the power spectra, is shown in Fig(al3The
data show an increase from~50min at low AT to 7
A. The annular system ~80 min at higherAT.

The primary results of this work are summarized in flow The wavelengtt)\) of the pattern, found from analysis of
regime diagrams showind T vs |, for transitions to the the power spectra, is shown in Fig.(bBas a function of
various patterngThe data are presented in termsF, not  AT. It is evident that the wavelength is roughly constant
Ra, due to the many alternative definitions of Ra which exisbver the range oAT with a value ofA =15.6°=14.7 mm.
in the literature describing the two-layer RayleighfBed  The wavelength can be expressed in terms of Renardy’s di-
system). The first of these is Fig. 12, obtained for the case ofmensionless wave number=27md/\ =5.2.
47v10 silicone oil over Fluorinert FC70. Time-dependent Inspection of Figs. 9 and 10 shows that both have roll
convection is found in the range 0.357,<0.382 at aAT  sources present. In Fig. 9, the source is at @&fative to an
roughly 0.1 °C above the onset to stationary convection. Unarbitrary 0 point while in Fig. 10 the source is at 43fela-
fortunately, the desired result of time dependence at the ortive to the same 0 poiint These figures were captured se-
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FIG. 10. Background-subtracted space-time diagram from the
annular system showing smooth roll motion somewhat farther
above onset than for Fig. 9 &&T=1.189°C,1,=0.375. (a) is
upper layer(b) is lower layer. A source is located at45°.

FIG. 11. Background-subtracted space-time diagram from the
annular system showing roll motion aAtT=1.567 °C,1,=0.375.

(a) is upper layer.(b) is lower layer. The motion of the rolls is
highly irregular and can be seen to change direction.

quentially with only a 0.1 °C increase ihT between them.

The location of the source is chosen by the flow and is not B. The rectangular system

pinned by any features found in the system. Furthermore,
corresponding sinks can also be found in the system. It ) . ) ) )
should be noted that all of the observed time-dependent The flow regime diagram for this case, which appears in

states contained two or three source-sink pairs. States withid- 16, indicates the temperature differenk® where sta-
no sources or sinks were never observed. tionary convection begins for various values of the lower

Further analysis of the time-dependent state focuses oltﬁ\yer ddepth dfra::ttiorgl._Ths tefmp.eratlure' dc;f_ferterécg vI\:/heriG
the positions of the roll boundaries and their motion. &dr Ime-dependent behavior begins IS aiso ndicated in F1g. 1.
We find time dependence near onset in the range 63865

near onset, the roll motion is relatively smooth and linear A C2
(Figs. 9 and 10 At higher AT, the roll motion becomes =<0.39. Investigation down to a depth fractidp=0.33

irregular (Fig. 11). In other words, the velocity is relatively
constant over long periods faxT near onset while the ve-

1. Fluorinert FC70-47v10 silicone oil system

1.50 4

locity changes with time at higheXT. To analyze this in 1251

more detail, a program was written to find the downflow

boundary, which appears in the space-time diagrams as a "°°j.\‘\‘“\ﬂfh
T

high value. Figure 14 shows one representative roll boundary
from Fig. 10 and one roll boundary from Fig. 11. It is clear
from Fig. 14 that the roll motion at high T is much more 050
complicated than foAT near onset. This particular roll ac-
tually changes its direction of motion during the data set. To
further emphasize this difference, the velocity of the rolls in 000 . , . . ———— ,
Flg 14 |S shown |n Flg 15 The motlon frOmT near onset 0.300 0325 0.350 0.375 0.;00 0.425 0.450 0.475 0.500

has a relatively constant velocity while the roll at higlAer !

exhibits a slow velocity s~0.12 mm/min and a fast velocity ~ FiG. 12. Onset temperature difference to stationary thermal cou-
v¢~0.45 mm/min. This fast-slow or stick-slip motion is pling (@), stationary mechanical couplir), and time-dependent
qualitatively similar to the “ratcheting motion” described by (O) convection in the annular system using FC70 and 47v10 as the
Gormanet al. [41] in cellular flames. working fluids. Solid line serves only as a guide to the eye.

0.75 b

AT (°C)

0.25 4
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5 Ny dicating the creation of a new roll. Correspondingly, a roll is
annihilated near one end of the layer, keeping an approxi-
mately constant wavelength over time. The motion in the

0 : . . . —— lower layer is typically a traveling wave, but the expansion
0.8 10 12 14 16 18 20 - - -
® ATCO) and formation of new dark or light regions near the center of

the cell is difficult to detect. The more vigorous action and
motion of the upper layer causes the coupling to oscillate
from mechanical to thermal away from the ends of the cell.
To illustrate the variation in the coupling, we have plotted
[1bottom™ I topl» the absolute value of the intensity of the bot-

shows that the system continues to exhibit thermal couplind®™ layer minus the intensity of the top. Figure 17 shows the
at onset below the time-dependent region, growing strongéresuns of this treatment of the data. The dark regions show
as AT is increased. As closer inspection of Fig. 16 shows/ocal thermal coupling between the two layers, while the
time dependence is only exhibited above the critital if ~ 'ght regions show mechanically coupled regions. We have
the state at\ T, is mechanically coupled. A possible expla- 0PServed two types of time-dependent motion with this com-
nation for this phenomenon will be taken up below. _bmatmn of fluids. The flrgt is the st_andmg wave state shown
Observation of the system in the oscillatory state showd? Fig- 17. The second is a traveling wave state where the
different behavior in each of the two layers. Typical behavior'0llS in both layers are moving, and the coupling is locked
in the upper layer is a widening of a dark region near thePetween the two layers as shown in Fig. 8. Both of these

center of the cell. Over time the large dark spot splits, a lightYP€S Of states are predicted to appear in the two-layer sys-
region appearing between the two smaller dark regions, int€M[19], although traveling waves are only predicted in an
infinite system. The appearance of either a traveling or stand-

FIG. 13. (8 The period(7) vs AT for |,=0.375 from the annu-
lar system.(0)) is lower layer,(®) is upper layer(b) The wave-
length(\) vs AT. (OJ) is lower layer,(®) is upper layer.
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FIG. 16. Plot of AT vs depth fractiorl; showing the range of
coupling and the onset of oscillation&D) indicates the onset of
FIG. 14. One representative roll boundary taken from Fig. 10mechanically coupled stationary convecti¢(®) indicates the onset

(O) showing linear motion aAT=1.189 °C and Fig. 11*) show- of thermally coupled stationary convectidil) indicates the onset
ing irregular motion ah T=1.567 °C, from the annular system. The of time-dependent convection. Data from the rectangular system
roll at high AT is observed to change its direction of propagation. with FC70 and 47v10 as the working fluids.
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(o
ing wave appears to be independeni\df, and shows a link 754 } ﬁ °} H o{ { ﬂ } } ¢
to depth fraction, as shown in Table Il ] {

We have calculated wave numbers and frequencies for the H { %
oscillations in both the top and bottom layers. The results are 509
shown in Figs. 18 and 19, as a function®f, for the depth
fractionl,;=0.39. The constant values for varyidgl' imply
that we are limited by the size of the cell, since at onset there 231
are only 5-6 rolls in the cell.

wave number

0.0 T
2. Water-47v2 silicone oil system 10 s

(b) o

The major difference between the FC70-47v10 fluid AT (O)
combination and the water-47v2 fluid combination lies inthe kG, 18. Nondimensional wave numbers of the oscillations as a
much smaller value ofygr for the latter. This difference function of AT, for I,=0.39 from the rectangular FC70-47v10 sys-
manifests itself in the appearance of time-dependent behavem. (a) Top layer;(b) lower layer;(<) indicates the second of two
ior at the onset of convection for a range of depth fractionsvave numbers.
0.6<1,=0.71, as illustrated in Fig. 20. Space-time plots of
the behavior in the top layer are shown in Fig. 21 for the VI. DISCUSSION
depth fractionl;=0.71, with descriptions given in the cap- A. Comparison of the two geometries

tions. Only plots of the top layer are given because we could _ _ .
not achieve either shadowgraph or schlieren visualization in The primary physical difference between the annular and

the water layer. We have used Kalliroscope particles andectangular geometries is in the lateral end conditions on the
other tracers to confirm the existence of convection rolls iffoll structure. The rectangular system has end walls to re-

the lower layer, but they do not stay suspended long enoug#iict the motion of the rolls, while the annular system does
to allow study of the dynamics of the layer. not. A second difference is the size of the convection region.
The measured periods and wave numbers for the top layefh€ rectangular cell typically has5—6 roll pairs while the

are shown in Fig. 22 at,;=0.71 as a function oAT. The  annular cell has-25 roll pairs.

space-time plot$Fig. 21) show that the behavior of the sys- These differences do not have an effect on the initial sta-
tem becomes more complex with increasig. tionary convection in the case of FC70-47v10 as seen in

Figs. 12 and 16AT, is nearly identical for the two systems,

) ) as is the type of coupling at onset. Additionally, the region of
TABLE lll. 1, dependence of the coupling between layers in the|  \vhere time dependence is present is the same. Renardy

rectangular FC70-47v10 system. SW denotes a standing wave arE 0] predicts a time-dependent region of 0.4415<0.417

T T T
20 25 3.0

TW a traveling wave. higher than observed here. The predicted on&el
: : =0.64 °C atl;=0.4 is less than the experimental value of
Depth fractionl, Coupling 0.9 °C. Likewise, the predicteflT for otherl, are below the

0.390 SW experimental values.
0.380 SW The differences in the geometries manifest themselves in
0.371 SwW the details of the patterisummarized in Table I\ The first
0.360 ™ difference is in the wave number of the patterns. Renardy
0.357 T™W [20] predicts a range otr=4.5-5.5 for the FC70-47v10

combination. The experiments fing=7 in the rectangular
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system(Fig. 18 and a~5.2 in the annulugFig. 13b)].
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FIG. 20. Critical temperature differenceT, for onset of con-
vection for the rectangular water-47v2 system as a function of depth
fractionl;. The onset in all cases is oscillatory.

The last major differences between the convection in the
two geometries concern the nature of the time-dependent
flows. The annular geometry exhibits only traveling waves
over the whole range ith;, while the rectangular system
exhibits both standing and traveling wavd&ble lll). This
observation supports the predictions of Colinet and Legros
[19] that only traveling waves should be observed in ex-
tended systems and standing waves in confined systems. Yet
another variation is in the nature of the traveling waves. As
discussed above, the traveling waves in the annular system
show a stick-slip motion. The motion in the rectangular sys-
tem is much smoother at an essentially constant velocity.

B. Comparison of the two fluid combinations

The appearance of time-dependent activity at or near on-
set has been found in other pattern forming physical systems,
most notably the miscible two-fluid problem, i.e., double dif-
fusive convection[6], and Taylor-Dean flow42,43. The
trait that these systems share is a competition between insta-
bilities. In double diffusive convection, the competition is

These measurements clearly show that the small size of thgetween a destabilizing buoyancy force and a stabilizing
rectangular geometry is limiting the size of the rolls that areconcentration gradient. Colinet and Legfd$§] note that the

present in the flow.

form of their equations for traveling waves in the two-layer

A second difference is i T at the onset to time depen- system is identical to those obtained by KnoblddH] for
dence. Time dependence appears in the rectangular systemiatveling waves in binary fluid convection. The Taylor-Dean
about 0.2 °C above the onset to convection while time desystem exhibits a competition between a centrifugal instabil-

pendence in the annular system=~i€).1 °C above the sta-

tionary onset.

ity (Taylor-Couette floy, and the instability caused by pres-
sure driven flow in a curved channdDean flow. In the

The periods of the time-dependent flow are nearly thémmiscible two-layer Rayleigh-Beard system, the competi-

same at onsetr=~47 min is found in the rectangle while
~50 min in the annulus. Renardg0] predictst~40 min. 7
is essentially constant over the rangeAdf in the rectangu-
lar system(Fig. 19, while 7 increases to=80 min at high

AT in the annulugFig. 13a)].

tion is between the stabilizing effect of surface tension at the
interface between the two fluids, and the heat transport at the
interface. A possible mechanism for the variation in coupling
is the following, originally postulated by Gershuni and
Zhukovitskii [7]. The onset of convection in the lowéor

TABLE IV. Comparison between experiments in annular and rectangular geometries and theory for the

FC70-4v10 fluid combination.

Annulus Rectangular Theofy20]
Wave number 5.2 7 45-55
Period at onsetmin) 47 50 40
Period at highAT (min) 80 50
I, with time dependence 0.357-0.382 0.365-0.390 0.415-0.417
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streams in the lower fluid, leading to a time-independent
state of thermal coupling. On the other hand, if the lower
layer is thick, then there is never enough thermal energy
transported to the interface to induce thermal coupling, and
(©) x (mm) the coupling remains mechanical and time independent. The

FIG. 21. Background-subtracted space-time plots of the to pmterestlng behavior occurs at intermediate depth fractions,

layer in the rectangular 47v2-water system fef 1;,=0.71, AT :Nhere the energy _t:_ﬁlange '? delicate er!ouglh to allow oscil-
=1.01°C, (b) 1,=0.71, AT=1.14°C, and(c) 1,=0.71, AT ations to appear. The significance oBr is also more ap-
—15°C. parent from this scenario, as it compares the conductivity,

expansivity, and density of the two fluids. For example,

o ) vBr=>1 implies that these quantities are larger in the lower

uppe) layer will induce the uppeflower) layer into me-  fjyid. Moreover, if the heat transport is higher in the lower

chanical coupling through the continuity of tangential veloc-fiid, it would be easier to create a situation where oscilla-
ity at the interface. If sufficient heat is transported to theiigns could occur. In our case, whep@r is smaller than 1,

interface by the lower fluid, a hot spot may form at the bot-5 ¢o|q spot could form at the top of the lower layer, which

tom of the upper layer. Enough thermal energy at this pointoy|d induce a flow reversal in that layer and hence oscilla-
may cause the fluid to rise, thereby reversing the direction ofjgps.

circulation in the upper layer. The surface tension then plays

the role .of the restoring force, reverting the cwculgtlon to a VIl. CONCLUSION

mechanically coupled state when enough energy is removed

from the hot spot. It is apparent that for thin lower layers, the We have explored the quasi-two-dimensional two-layer
amount of heat lost in an upwelling stream due to thermaRayleigh-Beard system with two distinct geometries, rect-
diffusion or viscous dissipation is small, and the amount ofangular and annular, using Fluorinert™ FC70 and 47v10 sili-
thermal energy transported to the interface is always largeone oil as the working fluids. We have also used water and
enough to induce upwellings directly above the rising47v2 silicone oil in the rectangular system. We used optical
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methods to probe the flow in both geometries. Since the FC70-47v10 combination does not show time
The FC70-47v10 fluid combination exhibits time- dependence coincident with the onset to convection, Re-
dependent states slightly above the onset to stationary comardy’s parameter «8r) [20] has been used during the
vection in both geometries. The wave number is constantearch for a second set of fluidgdr=0.776 for the FC70-
throughout the range & T with a~5.2 for the annular sys- 47v10 combination is too near one to exhibit time depen-
tem, inside the predicted range. The rectangular systemence at onset. However, the combination of water and 47v2
showsa~7, slightly above the predicted range. The onsetwith yBr=0.375 does show time dependence coincident
periods are similar in both systems, being about 50 minwith the onset to convection, thus confirming the roleygi
slightly above the predicted 40 min. The period is constant irin predicting the likelihood of observing a time-dependent
the rectangular system, while it increases to about 80 min imnset state.
the annular system asT is increased. The time-dependent
states in the annular system take the form of traveling waves
for the range ofl;. Both traveling and standing waves are
observed in the rectangular system. Finally, the traveling The authors are grateful to Y. Renardy, P. Kolodner, and
waves in the annular system exhibit stick-slip motion whileS. Morris for fruitful discussions. This project was supported
the motion in the rectangular system is smoother. by NASA Microgravity Grant No. NAG3-1612.
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