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Thermocapillary-buoyancy convection in a shallow cavity heated from the side
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Combined thermocapillary-buoyancy convection has been investigated numerically in an extended cavity
with differently heated walls. When the Marangoni number Ma grows, the unicellular flow is replaced by a
steady bicellular or multicellular flow and then either by a hydrothermal wave or an oscillatory multicellular
flow, depending on the dynamic Bond number Bodyn . The appearance of a hydrothermal wave prevents the
propagation of the stationary roll structure, which spreads from the hot side, over the whole cavity. The
hydrothermal wave itself looks as a succession of the cellsmovingfrom the cold side towards the motionless
rolls on the hot side. For an intermediate interval of Bodyn the parallel flow is unstable with respect to the
hydrothermal wave~HTW!, but the multicellular periodic structure generated by the side-wall perturbation is
stable, so that the HTW decays in space when propagating on the background of the multicellular structure.
The nonlinear competition between finite-amplitude, boundary-induced steady patterns and hydrothermal
waves is essential. A nonlinear simulation of flow regimes in a wide region of the values of dynamical Bond
number and Marangoni number is presented. A number of phenomena that cannot be predicted in the frame-
work of the linear stability theory, specifically those characteristic for the motion in the intermediate interval of
Bodyn , as well as the secondary transition from steady to unsteady flows at large Bodyn , which takes place
when the Marangoni number Ma grows, are described.

DOI: 10.1103/PhysRevE.67.066308 PACS number~s!: 47.27.2i, 44.27.1g, 44.25.1f
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I. INTRODUCTION

During the past decades, convective flows in systems w
free boundaries attracted much attention, specifically du
their relevance to crystal growth processes under microg
ity conditions @1#. The simplest convective flow appea
when a free surface of an extended liquid layer is subjec
a horizontal temperature gradient@2#. This nearly parallel
convective flow is produced by a combined action of tw
effects, the buoyancy and the thermocapillary effect. T
relative weight of each effect is determined by the so ca
dynamic Bond number Bodyn which is the ratio of the Ray-
leigh number Ra and the Marangoni number Ma. The pa
lel convective flow becomes unstable when the tempera
gradient increases.

The first experiments on the wave instability have be
done by Volkoviski@3# ~1935!, who investigated the propa
gation of a thermocapillary flow from warm container on
the inclined plate. In the case of a purely thermocapilla
flow (Bodyn50), several instability modes have been fou
by Smith and Davis@4–7#. The most widespread type o
instability, hydrothermalinstability, leads to the appearanc
of oblique waves moving upstream@4#. The numerical simu-
lations justify the predictions of the linear stability analys
@8#.

Under the combined action of thermocapillarity and buo
ancy (BodynÞ0), a transition from oblique, three
dimensional, hydrothermal waves to two-dimensional wa
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moving downstream has been predicted by the linear sta
ity theory @9# and observed experimentally@10# ~see also
Ref. @11#!. Surprisingly, many experiments@12–15# revealed
the appearance of one more flow pattern,steadytransverse
multicellular pattern~‘‘cat’s-eyes flow’’!, in an apparent dis-
agreement with the theory. The explanation of this parad
was given by Priede and Gerbeth@16#. The standard linear
stability theory determines the threshold of aconvectivein-
stability, i.e., the instability which develops in the referen
frame moving with the group velocity of waves@17#. The
local growth of disturbances, which leads to an experim
tally observable wavy motion, starts after crossing anot
boundary in the parameter space which is called theabsolute
instability boundary. In the region of convective instabilit
the crucial point is the influence of rigid lateral walls whic
produces steady vortexlike disturbances of the flow. Th
finite-amplitude boundary disturbances generate a ste
structure which either decays in space and therefore is lo
ized near the lateral boundary~in the case of the ‘‘nontrans
parency’’! or fills the whole layer forming a steady multice
lular pattern ~in the case of the ‘‘amplification’’! @17#.
According to the extended linear stability theory develop
by Priede and Gerbeth@16# ~the calculations have been don
for Pr513.9), for relatively small values of the dynamic
Bond number, Bodyn,0.2, the boundary of the absolute in
stability is rather close to that of the convective instabili
that is why the standard linear stability theory gives a rat
good prediction. In an intermediate interval, 0.2,Bodyn
,0.3, the boundary of the absolute instability is still low
than that of the development of a steady multicellular flow
the whole layer, but it is much higher than the boundary
the convective instability. For larger values of Bodyn ,
Bodyn.0.3, the parallel flow is replaced by the steady m
/
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SHEVTSOVA, NEPOMNYASHCHY, AND LEGROS PHYSICAL REVIEW E67, 066308 ~2003!
ticellular flow produced by the lateral boundary. The pred
tions of the extended linear stability theory agree well w
experimental observations@14,15#. Note that the appearanc
of boundary-induced steady patterns on the background o
oscillatory-unstable steady state is known also for chem
reaction-diffusion systems@18–20#.

However, the linear theory is unable to predict the mot
in the intermediate interval of Bodyn , where the nonlinear
competition between finite-amplitude, boundary-induc
steady patterns and hydrothermal waves is essential. It
cannot describe the secondary transition from steady to
steady flows at large Bodyn , which takes place when th
Marangoni number Ma grows. In order to investigate t
above-mentioned phenomena, we have carried out in
present paper a nonlinear simulation of flow regimes in
wide region of values of dynamical Bond number and M
rangoni number. In Sec. II, we give a mathematical form
lation of the problem and describe the numerical method
Sec. III, the results of the simulation are presented. A spe
attention is paid to the essentially nonlinear phenomena. S
tion IV contains the discussion of results and conclusion

II. FORMULATION OF THE PROBLEM

Thermocapillary and buoyancy convection are conside
in a high-Prandtl fluid filling the rectangular cavity of th
depthd and the lengthL ~see Fig. 1!. Two vertical isothermal
side walls are kept at the temperatureT0 on the left and at
the temperatureTh on the right (DT5Th2T0). Both bottom
and top boundaries are assumed to be thermally isolated.
fluid is supposed to be Newtonian and the surface tensios
on the free surface is a linear function of the temperatureT,
s5s02g(T2T0), where g52]s/]T is assumed to be
constant and positive. It is assumed that the dependenc
the viscosity upon the temperature does not play an imp
tant role as the applied temperature difference is rather s
@21#, therefore we ignore it in our analysis. We consider tw
dimensional flows with velocity components (U,W) and de-
fine the stream functionc and the vorticityv by formulas

v5
]U

]z
2

]W

]x
, U5

]c

]z
, W52

]c

]x
.

We scale the problem by usingd, d2/n, n/d, n/d2, n as units
for the length, time, velocity, vorticity, and the stream fun
tion, wheren is the kinematic viscosity. The dimensionle
temperature is defined asQ05(T2T0)/DT. It is convenient

FIG. 1. Geometry of the system. The aspect ratio isG524.7.
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to define also the deviation from the linear temperature p
file Q5Q02x/G, whereG5L/d is the aspect ratio.

In variablesc,v the governing equations in Boussine
approximation are written as

]v

]t
1U

]v

]x
1W

]v

]z
5¹2v2GrmS ]Q

]x
1G21D , ~1!

]Q

]t
1UG211U

]Q

]x
1W

]Q

]z
5

1

Pr
¹2Q, ~2!

¹2c5v, 0<x<G, 0<z<1, ~3!

where

¹25]xx
2 1]zz

2 ,

with boundary conditions at rigid surfacesx50, x5G:

Q50, c50, ]c/]x50, ~4!

at the bottomz50,

]zQ50, c50, ]c/]z50, ~5!

at the free surfacez51,

]zQ50, c50, v52RemS ]Q

]x
1G21D . ~6!

The dimensionless parameters which appear in Eqs.~1!–~6!
are the thermocapillary Reynolds number, Grashof num
and Prandtl number: Rem5gDTd/rn2, Grm5gbDTd3/n2,
Pr5n/k, wherer is the density of the liquid,g is the gravity
acceleration,b is the heat expansion coefficient, andk is the
thermal diffusion coefficient. Indexm means ‘‘mathemati-
cal’’ ~see below!. One can define also the Marangoni numb
Mam5RemPr and the Rayleigh number Ram5GrmPr.

This formal mathematical choice of parameters, thou
convenient for carrying out the simulations, does not refl
the physical aspects of the problem. Indeed, the character
velocity of the flow generated by the thermocapillary stre
is proportional to the horizontal component of the tempe
ture gradient,DT/L, rather thanDT/d. Therefore, the physi-
cal phenomena are characterized by the modified Reyn
and Grashof numbers@14#,

Re5
gd2

rn2

DT

L
5Rem /G, ~7!

Gr5
gbd4

n2

DT

L
5Grm /G, ~8!

as well as by the modified Marangoni and Rayleigh numbe
Ma 5 Re Pr and Ra5 Gr Pr.

It should be taken into account that under the conditio
of a real experiment, the geometric parameters of the sys
d and L, are not changed while the temperature differen
DT is varied. Thus, Re and Gr are not independent but p
8-2
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THERMOCAPILLARY-BUOYANCY CONVECTION IN A . . . PHYSICAL REVIEW E67, 066308 ~2003!
portional, while their ratio, the dynamic Bond numb
Bodyn5Gr/Re5grbd2/g, is fixed.

Throughout the present study the aspect ratio will rem
constant,G524.7. This choice corresponds to the conditio
of the experiment@13# done withL574 mm,d53 mm. Ac-
tually, the calculations have been done for two different l
uids with close Prandtl numbers: the decane with Pr514.79
and the 1cSt silicone oil with Pr513.9 respectively. One ma
find their physical properties in Refs.@13,14# correspond-
ingly. Most of the results have been obtained for Pr513.9;
the results for Pr514.79 will be given only for the high
Bond numbers, Bodyn>0.65.

For the chosen liquid and aspect ratio, the problem
controlled by two parameters, the dynamic Bond num
Bodyn and the Marangoni number Ma. Note that for the fix
value ofG, the variation of Bond number means a simul
neous change of the depth of the liquid and the length of
cavity. Because the physical parameters of the fluid are fi
and the depth of the liquid is determined by Bodyn , we shall
describe our results using the dimensional temperature
ferenceDT in addition to Ma, so that they can be more eas
compared with the experimental data; Ma
5C PrG21 ABodynDT. The coefficientC5(g3/r3n4bg)1/2

depends only on the physical properties of the liquid. In
case of 1cSt silicone oil,C5293.89, whereDT is measured
in degrees Kelvin.

III. NUMERICAL METHOD AND CODE VALIDATION

Although the above written two-dimensional~2D! equa-
tions look simple, to carry out the simulations for such
large aspect ratio is not an easy task. To solve the prob
the time-dependent equations are approximated by ce
differences on a stretched mesh. The smallest step size
chosen near the rigid walls and free surface. An alterna
direction implicit ~ADI ! method is used to solve the time
dependent problem for the vorticity, the temperature, and
stream function. The time derivatives are forward diffe
enced. The Poisson equation~3! for c is solved by introduc-
ing an artificial iterative term, analogous to the tim
derivative one. For the convergence of iterations for rat
high values of Rem , the choice of the iteration parameterd
plays a crucial role. Two different approaches are used:~a!
for a new set of parameters a constant value ofd was chosen
according to Ref.@22#; ~b! at the first iteration the value ofd
is chosen asd05min(Dxi ,Dzj) and thend is strongly in-
creased (d@d0) and slowly moves back further to the initia
valued0 .

Depending upon the characteristic set of parameters,
first or the second approach was used. The numerical st
state solution, if it exists, is obtained by the convergence
the transient calculations.

As a first check of the basic state calculations, the ab
lute value of the stream function minimum and the Nuss
numbers on the hot and cold walls are compared with th
obtained in Ref.@23# ~see Table I!. The agreement is very
good, all the deviations are about 1%.

An additional check is made by comparing present res
with those given by Ohnishi et al.@24# for Rem526 666.7,
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G54, and Pr50.015. The difference in the values of th
stream function maxima obtained for this very high Re
nolds number is about 1%: For example, present calc
tions givecmax5107.3 versuscmax5108.6 in Ref.@24#. For
the pure buoyancy convection, the code was also chec
using the De Vahl Davis test@25#, the results of which are
shown in Table II.

All these tests provide a sufficient validation for th
present numerical code. The results of grid refinement st
are shown in Table III, when Rem526 666.7,G54, and Pr
50.015.

A nonuniform mesh 301351 has been used for the bas
calculations. For the high values of Reynolds number,
.40, (Rem.1000), the calculations were done on th
stretched grid 6013101.

IV. DESCRIPTION OF RESULTS

A. Stationary flows

A return flow appears in the liquid layer as soon as
horizontal temperature gradient is established between
lateral walls of the cavity. On the free surface, the liquid
moving from the hot wall towards the cold one due to t
Marangoni and buoyancy forces. At very small temperat
difference (DT) between distant walls, two small cat’s-ey
vortices appear near the rigid walls. With increasingDT
these two cat’s eyes quickly merge, leading to a single c
vective cell and then to the appearance of a stronger cell
the hot wall and a larger but weaker cell in the volume. T
typical pattern flow of the steady state for the chosen, rat
high-Prandtl number fluid, Pr513.9, is shown in Fig. 2. The
levels of 12 isotherms are taken asQ0,i50.08i . The stream-
lines are also chosen equidistant according to the mini
and maximal values ofC in the cavity.

TABLE I. Comparison of results for Pr51.

Present work:
(61381) Re3103 Nuhot Nucold cmax31022

Ref. @23# 1 1.93 1.92 0.479
Present result:
(c/Re)

1.94 1.90 0.483

Ref. @23# 5 3.42 3.41 0.366
Present result:
(c/Re)

3.45 3.37 0.367

TABLE II. Test of De Vahl Davis for buoyancy convection.

Ra5103 Ra5104 Ra5105 Ra5106

Present work 1.654 7.136 13.50 23.57
Ohnishi
et al. @24#

1.657 7.146 13.59 23.92

De Vahl Davis
Bench mark
solution @25#

1.653 7.142 13.54 23.59
8-3
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SHEVTSOVA, NEPOMNYASHCHY, AND LEGROS PHYSICAL REVIEW E67, 066308 ~2003!
For a fixedDT, the temperature drops grow slowly wit
the increase of the Bond number, see Fig. 3. For a fixed B
number, the temperature drops grow faster than the impo
temperature difference between remote walls. As a resul
relatively thick layers, e.g., Bo50.728, just before the onse
of oscillatory instability the effective temperature gradient
the core of the cavity (]T/]x) is up to three times smalle
than the imposedDT/L, see Ref.@26#. Therefore the effec-
tive temperature gradient should be used for the calculat
of the critical Marangoni number.

Although the aspect ratio is very large,G524.7, one can
expect that the horizontal temperature gradient in the mid
of the cavity will differ from that in an infinite layer, becaus
of the existence of the thermal boundary layer near the r
vertical walls. It was shown experimentally@14,15# and nu-
merically @26# that the temperature drops exist near both
rigid walls. Despite the fact that the thickness of the therm
boundary layer near the cold wall is much smaller than t
near the hot one, the temperature drop is larger near the
wall.

B. Stability diagram

According to our simulations, further development of t
flow structure with the increase ofDT depends upon the
dynamic Bond number: for Bodyn<0.25 the steady flow be
comes unstable to hydrothermal waves~HTWs! and for
Bodyn>0.323 the steady unicellular state is transformed i
a steady multicellular state and then bifurcates to a tim
dependent one. The experimental results, reported in
@14#, determine a different value of the critical Bond numb
Bodyn'0.222. This discrepancy may have several reaso
~i! it is rather difficult to obtain experimentally that exa
values of the critical parameters;~ii ! the experiments have

TABLE III. Convergence on the grid.

Grid cmax

100325 101.57
128332 104.40
160340 106.49
200350 107.33

FIG. 2. The steady state distribution of the isotherms ofQ0 and
the isolines ofc when Pr513.9, Bodyn50.08, Ma5141 (DT
53 K).
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been carried out for different values of the aspect ratio;~iii !
the numerical results have been obtained in the 2D case
a constant aspect ratio. Although the 2D results corre
reflect the physics of the phenomena, the critical numb
could be slightly different. Note, that the critical Bodyn ob-
served in our calculations is rather close to the theoret
prediction of Priede and Gerbeth@16#.

We have never observed a genuine unicellular flow at
threshold of the appearance of HTWs, but it does exist
below that threshold. The cat’s-eyes flow, observed for
<100, is replaced by the one-cell flow, which is detected
a rather narrow region of Marangoni numbers, Ma'(120
620)%. For higher Ma, even for the smallest values of
dynamical Bond number Bodyn , we observed a bicellula
flow that consisted of a strong cell near the hot wall and
weaker cell in the rest of the cavity, see Fig. 2. The flu
moves counterclockwise in both cells. The cell near the
wall has a relatively small size, e.g., in Fig. 2 the ratio of t
sizes of these cells in the horizontal direction is 1:21. T
maxima of the stream functions are located at the deptz
52/3, and the separation of the cells does not go up to
free surface. That could explain why the unicell flow h
been observed rather often in the experiments, when
measurements are done near the free surface. For large
ues of Bodyn , several cells developed near the hot wall~see
below!. Thus, we find that the term ‘‘unicellular flow’’ is no
sufficiently accurate for the description of the flow prior
the onset of HTWs, and we shall not use this term herea

The results to be presented here will be focused on
study of the different types of instabilities, arising under t
variation of the two control parameters: Bodyn and Ma. The
transition map from steady state~bicellular or multicellular
flow! to oscillatory one is shown in Fig. 4 in terms of th
critical Marangoni number versus the dynamic Bond nu
ber. The value of Ma, at which the oscillations ofQ(t) or
c(t) are sustained, is referred to as the critical Marang
number, Ma5Macr . The solid line corresponds to the nu
merical results; the crosses on the curve indicate the po
for which calculations have been done. The diamond
Bodyn50.18 when Ma5741 corresponds to the experiment
point @15# in Fig.2 when Lx530 mm, h51.2 mm, DT
56 K. The broken line corresponds to the Marangoni nu
bers, recalculated through the efficient temperature grad
(]Q0 /]x)mdl in the middle of the cavity:

Mae f5MaS ]Q0

]x D
mdl

S DT

L D 21

. ~9!

FIG. 3. The temperature distribution along the free surface cl
to the threshold of the instability: Bodyn50.08 when Ma
5607(DT'13 K) and Bodyn50.28 when Ma5960(DT'11 K).
The large temperature drops exist near the rigid walls.
8-4
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THERMOCAPILLARY-BUOYANCY CONVECTION IN A . . . PHYSICAL REVIEW E67, 066308 ~2003!
Actually, for the oscillatory multicellular flow~see below!, it
is rather difficult to determine precisely the effective te
perature gradient, as the temperature distribution along
cavity has a pronounced wavy profile. Triangles on the b
ken line show the experimental results of Riley and Neit
@14# in terms of Mae f . For the Bond numbers Bo,0.222,
when the hydrothermal waves were observed in the exp
ment, the results are in a good agreement.

Note that the effective critical Marangoni Mae f in the
limit Bodyn→0 also well agrees well with the theoretic
prediction of Smith and Davis@4#. The broken line can be
continued with the same slope as

Mae f
cr52901474.82Bodyn ,

and it gives Mae f
cr5290 for the infinite layer versus Ma

'267 for Pr59.25 in @4#.
The stability diagram in Fig. 4 can be roughly separa

into three regions, according to the slope of the cu
Ma(Bodyn). Note that the treatment of our results reveal
curious fact, namely, that the oscillatory multicellular sta
begin when Bodyn achieves 1/p. ~It corresponds to Bodyn
'0.32.! It may be a sign of a possible analytical solution

C. Multicellular structures and time-periodic hydrothermal
waves at small values of the dynamic Bond number

In the present section, we consider the left part of t
curve, 0.0,Bodyn<0.25, where the HTW dominates. Fo
the small depth of cavity, Bodyn,0.3, with the increase o
the temperature difference a few rolls~more than one! may
appear near the hot wall. The transition from one-roll to m
tiroll flow structureis not a result of instability. It is caused
by the influence of the lateral wall that generates a wa
stationary in time, but spatially spreading towards the c
side with the increase of the applied temperature gradi

FIG. 4. Stability diagram for Pr513.9 andG524.7. The solid
line shows the numerical results and the broken line repres
some of them, recalculated through the efficient temperature g
ent, Eq.~9!. The dashed lines confine the transient region betw
the hydrothermal wave~HTW! and oscillatory multicellular cells
~OMC!. The steady multicellular cells~SMC! extend up to the
HTW, when Bodyn,0.25.
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For such a wave the functionsQ,c are approximately pro-
portional to the real part of exp(ikx1fQ,c), andk5kr1 ik i ,
ki,0. The quantity 1/uki u characterizes the length of the pe
etration into the cavity for a perturbation generated by
side wall. If 1/uki u.G, the multiroll structure is observed
over the whole cavity.

The next transition corresponds to the birth of a hyd
thermal wave at the cold wall. This hydrothermal wav
moving from the cold side, appears earlier than the ro
coming from the hot side occupying the whole cavity. Eve
tually, the hydrothermal wave is observed as a successio
the rolls moving from the cold side towards the motionle
rolls on the hot side.

A snapshot of the distribution of the isotherms and t
streamlines in the cavity is shown in Fig. 5 for the Bon
number Bodyn50.08 at the temperature difference slight
above the critical value of the onset of the hydrotherm
waves: Ma5636 and e5(Ma2Macr)/Macr'0.0465. As
soon as the applied temperature difference exceeds a ce
value, the hydrothermal wave, generated in the cold par
the cavity, propagates from the left to the right. Recall th
the motion of rolls in the direction from the cold end to th
hot end is a characteristic feature of the HTWs@4#.

One may see in Fig. 5 that the centers of the rolls
located on the linez'2/3, and with the increase of the Bon
number they retain their position in the vertical directio
along this line. In the horizontal direction, the rolls perform
translational motion towards the hot end above the onse
instability. Only far away from the threshold of the instab
ity, e.1, do they start to move in the vertical directio
Therefore it is useful to observe the temporal behavior of
stream function along this line,z52/3.

To demonstrate that the HTW is moving from the co
side towards the hot side, the distributions of the stre
function along the cavity on the heightz52/3 are shown in
Fig. 6~a! during half the period of the oscillation near th
threshold of instability. The solid line corresponds to the
stantt5t0 and the other curves are given with a time interv
Dt5P/10, whereP is the full period. It is obvious that the
HTW is propagating from the cold side towards the hot o
Note that the strength of the steady roll near the hot wall~the
maximal value ofc in the vortex center! is much larger than
that of the other ones. To display better the characteristic

ts
di-
n

FIG. 5. Snapshot of the isotherms ofQ0 and isolines of the
stream functionc when Bodyn50.08, e50.0465, Ma5636 @Q0,i

50.08i , c i5cmin1Dc(0.51 i )].
8-5
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SHEVTSOVA, NEPOMNYASHCHY, AND LEGROS PHYSICAL REVIEW E67, 066308 ~2003!
the HTW propagation, the deviation of the stream funct
from the average value over the whole period of the osci
tions,c̃(t)5c(t)2cav , is shown in Fig. 6~b! along the cav-
ity at the same depthz52/3. The different curves are pre
sented with the time stepDt5P/5. As it follows from Fig.
6~b!, the amplitude of the oscillations of the HTW is increa
ing with receding from the cold wall.

For this set of parameters, the HTW collides with the on
one steady roll~see also Fig. 5!, the left boundary of which is
rather close to the hot wall,xc'23.9. The hydrotherma
wave ‘‘feels’’ the presence of the steady roll: it decays in t
region 21.1,x,23.9. Here it is defined that the wave sta
to decay when not only the amplitude of the oscillatio
decreases but also the oscillations become nonharmonic
succession of the snapshots in time is out of order. From
right side it is confined by the steady roll. The vertical dott
lines atxd521.1 andxc523.9 in Figs. 6~a! and 6~b! frame
the area of the decay. The amplitude of oscillations ha
pronounced peak,c̃(t)max50.071, and it is achieved rathe
close to the hot wall,x'18. With increasing Marangon
number, the amplitude of the oscillations grows and
maximum of the amplitude slowly shifts to the middle of th
cavity. For example, for Ma5636,e50.0465 the maximal
value of the deviations isc̃(t i)50.1568 and it is located a
x'15.3.

The situation in the case, when Bodyn50.142 and Ma
5735, is shown in Fig. 7. For this set of parameters
amplitude of the oscillations is saturated, and it is alm
constant in the central part of the cavity, while the HT
decays significantly near the hot side, in the region 20.6,x
,23.4. Again, one motionless roll is established at the
side before the HTW starts to propagate from the cold s
As e is higher in this case than in the previous one, shown
Fig. 6, the HTW is relatively stronger.

Particularly for this case, Bodyn50.142,e50.083, the in-
tensity of the HTW is sufficient to produce forced oscill

FIG. 6. Instant values of~a! c(t i) over the half period and~b!

deviation from averagec̃(t i)5c(t i)2cav when z52/3, Bodyn

50.08, Ma5600.4'Macr (DT512.8).
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tions of the steady roll~see Fig. 7!. It oscillates with the
frequency characteristic for the HTW,f 50.519. The ampli-
tude of the oscillations of the steady roll near the hot wal
not negligible. Note that the maximum and minimum dev
tions of the stream functionc̃ within the oscillation period
are located at the samex position. It means that this rol
oscillates in time but its center is motionless in space.

With increasing Bond number, the critical temperatu
differenceDTcr, at which the HTW arises on the cold wal
increases. Recall that with a growth ofDT, the amount of
steady rolls established near the hot side is also increas
Moreover, the strength of each of them increases faster
that of the waves near the cold side. Therefore the regio
the collision of the HTW and steady rolls is slowly shifte
away from the hot side towards the cold one, until the Bo
number achieves the value Bodyn'0.25.

For the comparison of the development of two structur
the wavy one and the steady one, related to different side
the cavity, let us introduce a new characteristic, the ratio
the maximal value of the stream function in the region ‘‘co
quered’’ by the steady rolls to the maximal value ofc in the
HTW spreading from the cold side,

rsc5max~c rs!/max~cHTW!.

Actually, in the multicellular structure the first cell near th
hot side always has the maximal value of the stream fu
tion, therefore, max(crs) is the maximalc inside the first roll.

The dependence of this valuersc upon the Bond numbe
is given in Table IV for approximately the same distan
from the critical point,e. The growth ofrsc , with the Bond
number, confirms the increasing role of the steady rolls.
this region of Bond numbers, where the HTW dominates,
points can be fitted by a linear law

rsc51.311.841Bodyn .

TABLE IV. The dependence ofrsc upon the Bond number
when the HTW dominates.

Bodyn 0.08 0.142 0.18 0.22 0.25

e 0.0302 0.03125 0.0308 0.034 0.030
rsc 1.441 1.560 1.636 1.699 1.754

FIG. 7. Five snapshots of the stream function deviation fr

average c̃(t i)5c(t i)2cav when z52/3, Bodyn50.142, Ma
5735, e50.083 (DT511.8).
8-6
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Further, like in the stability diagram~see Fig. 4!, the slope
will change.

When moving into the supercritical region while keepi
the Bond number constant, one can find that the rela
importance of the HTW grows. It is confirmed by the d
crease of the parameterrsc with the growth ofe, shown in
Table V for Bodyn50.142.

Despite the complicated spatial structure of the flow,
temporal evolution of patterns in the region Bodyn<0.25 is
perfectly periodic in time. The analysis of the numerical
sults reveals that the oscillations produced by the HTW h
a rather low frequency, which changes very slowly with
creasing of the depth of the liquid layer, e.g.,f 50.52 for
Bodyn50.08 andf 50.48 for Bodyn50.30. It corresponds to
the dimensional frequencyf '0.5 Hz for silicone oil 1cSt
and the depth of the layer 1 mm. By the order of magnitu
it is in excellent agreement with a frequency, measured
experiments@14#. Another experimental value of the nond
mensional frequency,v59.23, from Table IV in Ref.@15#
obtained in case ofLx530 mm,h51.2 mm, differs from our
value, which is equal tov59.96 after being recalculated i
the variables of Ref.@15# , only by 8%, though the Prand
numbers in the experiment and in the simulations are dif
ent: Prex510.3 versus Pr513.9.

At Bodyn.0.25, the oscillations become more comple

D. Modulated hydrothermal waves in the intermediate
interval of Bodyn

The second range on the stability diagram, 0.25,Bodyn
<0.30, corresponds to the qualitative change in the deve
ment of the flow organization. One of the characteristic f
tures is the change of the slope on the stability diagram,
Fig. 4. The variation of the intensity of the stream functi
with time along the cavity on the line z52/3 is shown in Fig.
8 for Bodyn50.28. Five steady rolls, which are born on th

TABLE V. Evolution of rsc when moving above the threshol
of instability, Bodyn50.142.

Ma 678 699 735 780 881

e 0.002 0.031 0.083 0.15 0.30
rsc 1.652 1.560 1.477 1.378 1.278

FIG. 8. Distribution ofC i along the cavity over the half perio
of oscillations at fixed time moments. Bodyn50.28, Ma5989, e
50.029.
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hot wall, fill the part of the cavity withxc516.7.
Figure 8 corresponds to the flow structure slightly abo

the onset of instability, Ma5989, ande50.029. The hydro-
thermal wave, moving from the cold side faces a strong ‘‘
sistance’’ of the steady rolls. This means that while the p
allel flow is unstable with respect to the HTW, th
multicellular periodic structure generated by the side-w
perturbation is stable, so that the HTW decays in space w
propagating on the background of the multicellular structu
On one hand, under the impact of the powerful HTW all t
rolls that belong to the multicellular structure oscillate
time, but they resist rather strongly and the centers of
rolls do not move in space. Eventually, the amplitude of
temperature oscillations near the hot wall is 32 times sma
than that near the cold side. On the other hand, the H
loses sharply its power due to the collision with the statio
ary structure. As a result a calm region~practically vortex-
free zone! is observed in the central part of the cavity, 10
,x,16.7.

Let us discuss now the temporal evolution of patterns
Bodyn50.28. The oscillations of the temperature and the
locity with time in the middle of the cavity,x5G/2, are
shown in Fig. 9. Obviously, the observed hydrothermal wa
is modulated in time. The hydrothermal wave for Bodyn
50.28 has a fundamental frequencyf 050.476, but also two
more close frequencies,f 150.488 andf 250.464, appear.
The Fourier analysis shows that in the middle of the cav
the component with the frequencyf 1 has the amplitude com
parable with that for thef 0. The frequencyf 2 reaches the
maximal amplitude near the collision area, 15.3,x,18.5.
The modulation of the temperature and velocity time dep
dences in Fig. 9 is caused by these satellite frequencies.
modulation ofQ(t) and V(t) is observed at first time for
Bodyn50.25 and exists for all the Bond numbers in this tra
sient range.

We suppose that the modulation of the hydrothermal w
arises due to its collision with a powerful chain of vigoro
rolls, which has its own characteristic frequency of oscil
tions. For the smaller Bodyn the critical temperature differ-

FIG. 9. Dependence of the temperatureQ0 ~a! and the velocity
~b! upon time at the middle of the cavity on the free surfacex
5G/2 for Bodyn50.28, Ma5989, e50.029.
8-7
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SHEVTSOVA, NEPOMNYASHCHY, AND LEGROS PHYSICAL REVIEW E67, 066308 ~2003!
ence DT is lower, so that the steady rolls are not stro
enough to cause additional frequencies.

The variation of the amplitude of the Fourier compone
with the fundamental frequency along the cavity, shown
Fig. 10 for Bodyn50.142 and Bodyn50.28, confirms the de
scription of the motion given above. The amplitudes are
tained by the Fourier analysis of the time signalsQ(t) and
V(t) recorded at differentx positions, and each of them i
normalized by the same constant. For Bodyn50.28 both am-
plitudes drastically decrease arriving at the pointxd510.6,
and they drop by two orders of magnitude atxc516.7.

Note that in the case of Bodyn50.142, the amplitude o
the velocity oscillations,AV(x) has its maximum in the
middle of the cavity and decreases smoothly towards the
and cold sides, see dashed line Fig. 10~a!. The amplitude of
the temperature has maximum closer to the hot side, sha
decreasing in the region of the decay of the HTW. Close
the hot side the amplitude slightly increases again, indica
the oscillations of the stationary roll@see Fig. 10~b! and also
Fig. 7#. The different positions of the amplitude maxima
the velocity and temperature indicate the thermal nature
the boundary-generated stationary rolls.

The most amazing case corresponds to Bodyn50.3. It is a
first sign that the multirolls intend to control the heat a
mass transfer in the cavity. For this combination of para
eters, the strength of the second roll from the hot side is
same as the strength of the HTW. According to Fig. 11~a!,
the HTW still exists in small region near the cold wall,
,x<6.8, followed by the region of decay 6.8,x,9.9. On
the side of the multiroll structure there is also a small reg
of decay, 14.1,x,15.5. In the central part, between th
regions of the decay of both waves, 9.9,x,14.1, there is a
region of the ‘‘shuttle’’ motions. A roll, pushed by the HTW
moves to the right and after collision with a stationary wa
goes back. The broken linesxd59.9 andxc514.1 in Fig. 11
are framed for this region. One may say that the strength
both waves is similar, therefore the motion of the roll~s!,

FIG. 10. Results of Fourier spectrum: the distribution of t
amplitude of the fundamental frequency of the velocity~a! and
temperature~b! along the cavity for different Bond numbers
Bodyn50.142, Ma51304, f 050.519 and Bodyn50.28, Ma5989,
f 050.476.
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confined between them, looks like a motion of a ball push
from both sides by the elastic walls.

As it is seen from Fig. 11~b!, the amplitude of the oscil-
lations in this central area is larger than that in the de
regions. The HTW loses energy in the favor of the station
wave, and as it follows from Fig. 11, all stationary rol
oscillate with time. The frequency of the oscillations is equ
to the frequency of the HTW, but the amplitude of the rol
oscillations is very small.

Note that the wavelength of a traveling wave in the ca
Bodyn50.30 is significantly larger than that of the stea

FIG. 11. ~a! Instant profiles ofc(t i) over the half period and~b!

deviation from average over period of oscillationsc̃(t i)5c(t i)
2cav when z52/3, Bodyn50.30, Ma51102, e50.026 (DT
512.2).

FIG. 12. Instant profiles ofc(t i) over ~a! the first and~b! the
second half of the oscillation period when Bodyn50.30. This is the
enlarged central part of the Fig. 11~a! clarifying the return motions.
8-8
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FIG. 13. Snapshots of the deviations of the stream function from average over the period of the oscillationsc̃(t)5c(t)2cav when

Bodyn50.30, Ma51102, e50.026. The solid and dashed lines correspond to the negative and positive values ofc̃(t).
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multicellular structure@see Fig. 11~a!#. The wavelength of
the wave propagating on the background of the latter st
ture is even larger than that of ‘‘free’’ traveling waves@see
Fig. 11~b!#. Probably, this circumstance is caused by the d
ference in the dispersion relation of both kinds of waves~for
the same frequency, the wave numbers are different!.

The scale of Fig. 11~a! does not allow a clear recognitio
of the shuttle motions. Therefore the central part of F
11~a! at an enlarged scale is shown in Fig. 12. The inst
profiles of c(t) are shown separately for the first and t
second half of a period, curve 1 corresponds tot5t0, curve
2 corresponds tot5t01Dt, etc. According to the successio
of curves, at the first half of a period the roll moves to t
left and at the second half it moves to the right.

The dimensionless wavelength is seen to be a one m
proof of the existence of two different mechanisms of t
pattern generation on both sides of the cavity. According
the linear theory of Smith and Davis@4# for zero-gravity
conditions, the wavelength of the HTW isl/d'2.4. Our
calculations for the smallest Bond number, Bodyn50.08,
give a close value near the cold side,l/d'2.54. It is ob-
tained that the wavelength of the HTW practically does
depend upon the Bond number. Even at the transient reg
when Bodyn50.28 and Bodyn50.30, the wavelengths nea
the cold wall arel/d52.74 and 2.95, respectively. Note th
06630
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our results are similar to the experimental results of R
@14#, where for their highest Bond number, Bodyn50.222,
for which they observed the HTW, the measured value of
wavelength wasl/d52.70. Near the hot wall the wave
length is almost twice smaller,l/d'1.5, indicating another
origin of the flow pattern.

The behavior described above is clearly visible from t

snapshots of the functionc̃(x,z,t)5c(x,z,t)2cav(x,z)
over the period in the whole cavity in Fig. 13. The isolines

the deviation functionc̃(t) are shown inside the whole cav
ity at five different instants of time during one period of th
oscillations. The levels of isolines are equidistant. To pres
the oscillations with very different amplitudes on both side
19 different levels of isolines are plotted. The location of t
cells near the cold side at different time moments indica
the propagation of the wave to the right. The presence
some ‘‘ghosts’’ in the right part reveals the oscillations
stationary rolls under the influence of the collision with
HTW.

Let us describe now the evolution of temperature fields
few, usually ten, snapshots of the temperature have bee
corded over period in equidistant time momentsDt5P/N,
hereN is the amount of snapshots andP is a period. The
temperature profiles at time instantsQ0(t i)5Q0(Dt i ) are
8-9
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SHEVTSOVA, NEPOMNYASHCHY, AND LEGROS PHYSICAL REVIEW E67, 066308 ~2003!
shown in different locations along the cavity in Fig. 14.
agreement with the above described behavior of the fl
pattern for Bodyn50.30, the largest temperature oscillatio
are observed in the region controlled by the HTW whenx
50.25G. The amplitude of oscillations, being smallest
the free surface, is almost constant at the deeper part,,z
,0.75. In the region of the shuttle motion,x50.5 G, the
temperature oscillations are one order of magnitude sma
than atx50.25G, although they are well visible. The max
mal variations of the temperature are observed near m
depth of the cavity, 0.4,z,0.75. In the region controlled by
the steady rolls,x50.75 G, the temperature profile is prac
tically unchanged within the oscillation period.

One more confirmation of the fact that we deal with t
hydrothermal wave is presented in Fig. 15. In that figure,

FIG. 14. Snapshots of the temperatureQ0(t i) during one circle
of the oscillations for Bodyn50.3 at defined horizontal positions;~a!
x50.25G; ~b! x50.5G; ~c! x50.75G ~ten snapshots at each loc
tion!.

FIG. 15. Deviation of the temperature from the average dur
one circle of the oscillations at the positionx5G/2 ~a! Bodyn

50.08, ~b! Bodyn50.3.
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deviations of the temperature from the average value du
one period of oscillations,

Q̃ i5Q0~ t i !2Qav , where Qav5
1

N (
i 51

N

Q0~ t i !,

are shown. In accordance with the prediction of Smith@6#,
the maximum amplitude of the temperature oscillations
reached at half a depth. As it follows from Fig. 15~a! for
Bodyn50.08, when the HTW exists almost in the whole vo
ume, the maximum amplitude is achieved at the depth a l
bit higher thanz5d/2. For the Bond number Bodyn50.3, the
maximum amplitude is located atz'0.75d. Note that this
temperature distribution corresponds to the region of
shuttle motion. The minimal amplitude of oscillations in bo
cases is observed on the free surface.

The coexistence of two different types of motions, t
HTW and multirolls structure, and transition between the
along the cavity are summarized in the diagram shown
Fig. 16. The values of the Bond numbers, for which calcu
tions have been done, are written on the left side. This d
gram is built on the basis of the animation of the numeri
results. In the processing of numerical results for the s
tained oscillations the short ‘‘movies’’ have been done.
allowed to determine~with some tolerance! regions in space
where the HTW collides with the multirolls structure. Th
various shadings correspond to the different scenarios of
flow organization. Near the cold wall, on the left side, t
HTW controls the situation up to Bodyn50.30 ~shaded by
diagonal lines!. The region, occupied by the multirolls nea
the hot wall, is slowly extending coming from the right sid
until it conquers the whole cavity, Bodyn.0.3 ~another type
of shading!. The space, shaded by the mesh, displays ei
the region where the oscillatory structures, usually the HT
decay or calm region, e.g., for Bodyn50.28. Only for the
Bodyn50.30 in the central part of the cavity the return m

g

FIG. 16. The coexistence of the different types of motions
pending on the dynamic Bond number.
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THERMOCAPILLARY-BUOYANCY CONVECTION IN A . . . PHYSICAL REVIEW E67, 066308 ~2003!
tion of a few rolls~kind of ‘‘oscillator’’ ! has been observed
This is shown by special shading.

E. Multicellular structures and the transition to nonsteady
motions for large Bodyn

For Bodyn.0.3 the multirolls structure fills the cavity be
fore the instability sets in. For the investigated Bond nu
bers, 14 corotating rolls are established in the cavity bef
the onset of the oscillations. The leading role is played by
first roll near the hot side. The observed value of the stre
function inside this cell is considerably higher than any ot
ones throughout the calculations~up to e'1).

Above the threshold of oscillatory instability, just this ro
pushes the chain of vortices and the disturbances propa
from the hot to the cold side. The initial impulse is streng
ened with the increase of Ma, and eventually at some t
instants for certain Ma* .Macr the small vortex with the
opposite direction of the circulation appears near the f
surface between the first roll and the second roll. The sn
shot of the oscillatory multicellular state in Fig. 17 is chos
in such a way as to demonstrate the existence of this vo
with counter clockwise direction of a circulation. It is show
by the dashed lines in Fig. 17 for the streamlines when
514.79, Bodyn50.728, Ma51836,e50.3.

It seems that the physical mechanism of instability
similar to those described in Refs.@27,28#. This mechanism
is related to the temporal interaction between large-sc
thermal structures within the flow field near the hot wall a
the temperature sensitive free surface. The transition f
steady to oscillatory regime occurs when the fluid mot
becomes sufficiently strong, so that the cold tongue~finger!,
established inside the liquid near the hot wall, is able
influence the thermocapillary surface. On the snapsho
isotherms in Fig. 17, it is clearly seen that the colder reg
framed by the first isotherm penetrates rather deeply
closely to the hot wall. For supporting oscillations, the a
of free surface sensitive to cooling has to lie within the
fluence of the cold finger.

The first characteristic feature of the side-wall instabil
is a high temporal frequency. Near the transition between
HTW and multirolls instability (Bodyn50.3), the frequency

FIG. 17. Snapshot of the oscillatory multicellular state wh
Pr514.79, Bodyn50.728, Ma51836, e50.3 (DT513).
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becomes four times larger: the dimensionless frequency
the HTW is practically constant and it is aboutf '0.5, and
for the multirolls it begins fromf 52 and slightly grows with
increasing Ma. This is confirmed by Fig. 18, where the d
pendence of velocity upon time is shown for two differe
regimes, e.g., Bodyn50.142, upper plot, and Bodyn50.65,
lower plot. The solid curves show normalized veloci
V* (t)5V(t)20.5(Vmax1Vmin) near the cold side, whenx
53G/8 and dashed curves correspond to the velocity n
the hot side, whenx57G/8.

For Bodyn<0.25, the velocity and temperature~not
shown! oscillations have a perfect sinusoidal form both ne
the hot and cold walls, only the amplitudes vary. Usually t
dependencesQ(t) andV(t) are out of phase, but the phas
shift is constant along the cavity. If we plot the temperatu
distribution instead of velocity in Fig. 18~a!, only the scale
would be different. For the transient regime, 0.25<Bodyn
<0.30, the time signals look still sinusoidal but their amp
tude is differently modulated at the various space poi
along the cavity~e.g., see Fig. 9!.

As soon as the multirolls take power the time signalsV(t)
and Q(t) are not anymore sinusoidal, although periodic
and self-sustained.

Just near the hot wall,x57G/8, the signalV* (t) is qua-
sisinusoidal, but arriving at the center of the cavity the sig
already receives a complex shape, although the amplitud
only 2 or 2.5 times smaller. Closer to the cold wall,x
53G/856.9, as it shown by solid line in Fig. 18~b!, the
signal completely changes the shape and the amplitude
duces by approximately ten times. Further the shape of
signal remains approximately the same, but the amplit
continues to decrease,AV(x50.12)50.1AV(x56.9). Ana-
lyzing the similar signals at other positions along thex axis,
one may draw a conclusion that this wave has an amplit
constant in time but varying in space. The qualitative beh
ior of the temperature is similar, but for the latter regime t
phase shift between the temperature and velocity does
tially vary.

To clarify once more the direction of the propagation
the oscillation in the case of high Bond number, the sn
shots of the deviations of the stream function from avera

FIG. 18. The dependence of velocity upon time for differe
regimes of instability,~a! hydrothermal wave, Bodyn50.142 and~b!
multirolls, Bodyn50.65.
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FIG. 19. Snapshots of the de
viations of the stream function
from average over the period o

the oscillationsc̃(t)5c(t)2cav
when Bodyn50.65, Ma51695, e
50.09. To show the structure o
weak deviations near the cold sid
(x50), 21 equidistant isolines are
plotted. Moreover, maximal and
minimal values of the stream
function are reduced by 40%.
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c̃(t)5c(t)2cav over the period of oscillations are show
in Fig. 19 for Bodyn50.65, Ma51695. The amplitudes o
oscillations are very different on both sides, therefore
maximal and minimal values of the stream function are
duced by 40% and 21 equidistant isolines are plotted.
levels of isolines are not written in order to simplify th
picture.

Intensive oscillations are born at the hot side (x5G) and
then they propagate to the left decaying in space on the b
ground of the system of vortices. The structure starts a
bivortex, but then it loses the bivortical shape due to
decay and smoothening. In the left part of the cavity,
intensity of oscillations is so small that the centers of vo
ces are motionless. It is worth comparing this picture wit
similar one for the small Bond number, see Fig. 13. Co
parison clearly demonstrates that for small Bond number
viations spread from the cold to the hot side, while for high
Bond number the oscillations propagate in opposite dir
tion.

The decay of oscillations propagating to the left is co
patible with the results of Fourier analysis for Bodyn50.65.
The results of the temporal Fourier analysis at differ
points along the cavity are shown in Fig. 20 for the veloc
on the free surface. Near the hot side,x>7G/8, ~first plot!
the oscillatory flow practically consists of a single Four
modef 0. With receding from the hot wall, at least two high
harmonics 2f 0 and 3f 0 with distinguishable amplitude ap
pear in the spectrum. The amplitudes of the main freque
06630
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and the first harmonic become equal just after crossing
middle of the cavity. Further to the left, the first harmon
2 f 0 becomes leading and closer to the cold wall all amp
tudes rapidly decrease. Despite the large aspect ratio,
strong interaction of different harmonics is observed. Po
bly the amplification of the second harmonics near the c
side is caused by a certain nonlinear interaction between

FIG. 20. The temporal power spectrum of the surface velocity
different positions along the cavity when Bodyn50.65; x50 corre-
sponds to the cold wall,x5G corresponds to the hot wall.
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THERMOCAPILLARY-BUOYANCY CONVECTION IN A . . . PHYSICAL REVIEW E67, 066308 ~2003!
ferent harmonics, which cannot be explained in qualitat
terms.

The results of the temporal Fourier analysis at differ
depths are shown in Fig. 21 for the velocity and the tempe
ture at the middle of the cavity when Bodyn50.65. The main
frequency of the velocity field and its harmonics have
largest amplitude on the free surface,z51. As the velocity
has a minimum at the linez52/3, all amplitudes are smalles
at this depth, compare the scales. Closer to the bottomz
51/3, the amplitudes off 0 and 2f 0 are equal, although on
order of the magnitude smaller than that on a free surfac

The temperature oscillations of the main frequencyf 0 re-
tain the leading position in the middle of the cavity for va
ous depths, although the amplitude has a pronounced m
mum at the depthz52/3, e.g., AQ(z52/3) is 28 while
AQ(z51)52.

Above the threshold of instability the amplitude of th
spatial oscillations grows with the increase ofe. It becomes
tight for the 14 rolls to exist together and at certain set
parameters the amount of rolls begin to decrease. The
lution of the number of the rolls versus Marangoni numbe
shown in Fig. 22 for Pr514.79. Note that no essential di
ference in the development of instability was found on co

FIG. 21. The temporal power spectrum of the surface velo
and surface temperature at different depths in the center of
cavity; Bodyn50.65.

FIG. 22. The amount of rolls in the cavity versus the Marang
number; Pr514.79,G524.7.
06630
e

t
a-

e

.

xi-

f
o-
s

-

paring the liquids with Pr513.9 and Pr514.79, e.g., 1cSt
silicone oil and decane.

V. CONCLUSIONS

Combined thermocapillary-buoyancy convection in sh
low cavity with differently heated walls has been inves
gated numerically. The results are obtained for a fluid
Prandtl number 13.9 with an aspect ratioG524.7.

The presence of the remote walls drastically changes
flow organization, which would be expected from the resu
for the infinite layer:~a! quantitatively—due to the tempera
ture drops near the rigid walls and~b! qualitatively—due to
the appearance of a new type of instability.

In the previous sections, we have shown that there e
two various types of instabilities which are determined
two control parameters: the dynamic Bond number and M
rangoni number. For relatively small Ma and Bodyn numbers
the steady convective cell appears in the volume, which
split into a stronger cell near the hot wall and a larger b
weaker cell in the rest of the cavity.

With increasing Marangoni number this steady~bicellular
or multicellular! flow gives rise to the oscillatory flow~hy-
drothermal wave!. With increasing dynamic Bond numbe
the small cell near the hot side grows and other cells app
which spread towards the cold wall. The intensity of t
motion in the corotating cells rapidly diminishes with th
distance from the hot end. The multirolls invade the cav
before the oscillatory instability sets in. The transition from
steady bicellular flow to a steady multicellular flow is not
result of instability.

The results of calculations are summarized as a stab
diagram Macr(Bodyn) in Fig. 4. The different types of insta
bility have been identified unambiguously: for the sm
Bond numbers, Bodyn,0.3, the instability begins as a hydro
thermal wave which is generated on the cold wall. This h
drothermal wave, moving from the cold side, appears ear
than the rolls coming from the hot side conquering the wh
cavity.

Contrary to the majority of the experimental results in t
extended layers, a genuine unicellular flow was never
served at the threshold of the appearance of the HTW.
the smallest values of the dynamical Bond number Bodyn , a
bicellular flow was established in the cavity. For larger v
ues of Bodyn , several cells were developed near the hot w
Probably, a special experimental technique should be app
in order to explore the separation of the vortices at smallDT
near the hot wall. Thus, the term unicellular flow is not su
ficiently accurate for the description of the flow prior to th
onset of the HTW.

For the larger Bond numbers, Bodyn>0.323, the threshold
of the instability represents the transition from steady mu
cellular flow to oscillatory multicellular flow. Contrary to th
HTW, in the latter regime the disturbance wave is genera
at the hot wall and propagates to the left.

The oscillation frequency of the multicellular flow i
about four times higher than the frequency of the HTW.

For the intermediate interval of Bodyn the parallel flow is
unstable with respect to HTW, but the multicellular period
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structure generated by the side-wall perturbation is sta
The simulations revealed some nontrivial features of the
teraction between the instability-generated HTW and w
generated steady patterns. A HTW typically decays in
region of steady pattern. However, it induces oscillations
the wall-generated system of vortices. The HTW penetra
into the region occupied by the steady pattern keeps its
quency but changes its wavelength. Under the condition
a coexistence of both types of motion, the HTW near
cold wall and oscillating multicellular structure near the h
wall, satellite frequencies of the oscillations appear, wh
lead to a more complicated, quasiperiodic, temporal beha
of waves.

The results of the simulations concerning the instabi
threshold coincide qualitatively with the prediction of th
linear theory@16# that takes into account the difference b
tween the convective and absolute instabilities, as well as
penetration of side-wall disturbances into the cavity.

The comparison between the results of simulations
f
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the experimental data@14,15# is presented in Fig. 4. For th
values of the Bond number, when the flow is controlled
the instability-generated HTW, the results for the instabil
threshold and the frequency of the oscillations are in a g
agreement.

For the oscillatory multicellular flow, the available exper
mental and numerical results correspond to the different
of parameters. To the best of our knowledge, there are
experimental results in the transient regime.

The validation of the predictions of the nonlinear simu
tions can be done by means of new experiments.
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