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We report the results of an experiment in which a layer of fluid, placed in a container open to the air, is
subjected to a horizontal temperature differeade The fluid heighth is kept constant and both the horizontal
temperature difference and the horizontal dimensions of the fluid layer are changed. In this configuration, when
AT goes beyond a certain threshold, waves propagating from the cold to the hot side @ypdeathermal
waves with a determined group velocity. We study the influence of the container geometry on these waves.
Close to the threshold, they are spatially localized near the hot side and a local Marangoni number is defined
to describe this behavior. AT is further increased, the waves fill the whole fluid layer. We also find an
agreement between our experimental results and theoretical works and simulations.

PACS numbd(s): 47.20.Dr, 47.54tr

I. INTRODUCTION The first linear stability analysis of this system was car-
ried out by Smith and Davig2] considering fluids with dif-
The results of an experiment in which a horizontal tem-ferent Prandtl numbers (Pr/«). Only thermocapillary
perature gradient is imposed on a fluid layer open to the aiforces were taken into account, neglecting particularly the
are presented in this paper. An analytical study of these sysole of gravity. They found that a pair of traveling waves
tems is difficult to carry out due to the existence of bound-appears superimposed to the basic flow for a particular value
aries. The boundary conditions and the presence of verticalf the temperature gradient, traveling at a certain angle with
boundary layers complicate any realistic theoretical study. Inespect to it. The dependence of some properties of the
fact, some divergences are found between theoretical angaves(frequency, wave number, and angle of propagation
experimental works. In the former, the layer is often assumedn the Pr number was found. A few years later, Snigh
to have an infinite horizontal length and a constant temperaexplained in a qualitative way the instability mechanism giv-
ture gradient. As a result, the analytical calculus and theng rise to these hydrothermal waves: a perturbation on the
simulations are feasible but models are not as close to etemperature field amplified by the interaction with the veloc-
periments as one would wish. ity field.
In this system, i.e., a fluid layer heated from the side, a Buoyancy forces, however, were not taken into account.
basic flow appears as soon as a temperature differaice They were included in the works of Gershuiial. [4], Par-
>0 is applied between the hot and the cold walls. It consistgnentieret al. [5], and Mercier and Normani6]. In the lat-
in a roll with the axis perpendicular to the gradient. A surfaceter, a transition from oscillatory modes towards steady
flow is created from the hot to the cold side, and a returnmodes is found for a certain fluid height, as was observed by
flow appears at the bottom. This basic flow, homogeneous ibaviaud et al. [7]. Depending on the value of the fluid
the direction perpendicular to the temperature gradient, caneight, one of the two force®uoyancy or thermocapillarity
be destabilized mainly by the action of buoyancy and therdominates over the other one. As hydrothermal waves are
mocapillary forces. Whem\T is increased over a certain thermocapillary instabilities, it is reasonable to choose a fluid
threshold[AT.(h)], the basic flow destabilizes and hydro- |layer of small depth so that thermocapillary forces dominate
thermal waves appear via a supercritical bifurcafibh Two  over buoyancy. Many experiments have been performed in
nondimensional numbers evaluate the magnitude of thesshallow layers, with rectangular or annular containers and
forces versus the viscous dissipation. The Marangoni numbegith similar or very different horizontal dimensiofg,8,10—
14]. In some of them, the influence of the side walls is ob-

Jdo . L L .
—| Bh? vious while in others it is not quite clear.
Ma= al As it seems that the instability mechanisms for small or
pPVK large Pr number are differef8], we expect to obtain both in

is the ratio between thermocapillary forces and viscous dis2 fluid with |ntermed|a_te Pr n_umber. In the_ range of Pr num-
sipation, and the Rayleigh number bers from 4 to 30, a rich variety pf dynammal behawors_ has
' been observed. In several experiments witk B0 and vari-
gaph* ous geometrie$8,10,11, traveling waves have been seen
= with their wave vector parallel to the temperature gradient.
For fluids whose Pr number has a value between 4 and 15,
is the ratio between buoyancy forces and viscous dissipatiothe situation is different. When the distance between the hot
(g is the gravitational acceleratioB,the horizontal tempera- and cold walls], (referred to agnd wallsin the following),
ture gradientq the thermal expansion coefficieptthe fluid ~ was much shorter than the distance between the lateral walls,
density,» the kinematic viscosityx the thermal diffusivity, |, (referred to aside wallg, an angle of propagatiofangle
and o is the interfacial tension between the wave vector and the temperature graditoge
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to 90° was measureld,12]. However, ifl, is similar tol, water pipe ——(7
the angle of propagation has a value between 40° and 50° . .
[13] or 23° [14]. - —

The first objective of our work is to find out the influence Pl T l T
of the geometry on the hydrothermal waves and try to match zI Il SRS eSS
the results of those experiments, providing an explanation for heater —y
their physical behavior. To do this, we made a container with Sfluid

variablel, andl, in order to try to recover the results of
previous experimentfor |, <I,, I,=I,, |, <l,) and recon-

cile the seemingly divergent observations. N

As hydrothermal waves are originated by thermocapillary Y
stresses, our experiment is performed in a shallow layer with —
constant heighth=1.5 mm, in which the Marangoni number
is more than four times bigger than the Rayleigh number T+ T

(Ra/Ma=<0.25) so that thermocapillary effects are presumed
to dominate over the buoyancy ones.

The second aim of this study concerns the Marangoni ()
number at the threshold of the waves. There is often a dis- I N N
crepancy between the theoretical value of the Ma number Y
and the value obtained in experiments. In all the experiments =
the measured Ma number is bigger than the analytical one,

calculated taking a constant horizontal temperature gradient, . FIG. 1. Side V'eW(.abové. .and top view(below of the con-
On the contrary, in experimental systems end walls are u tainer. Temperaturé  is stabilized by a regulated thermal bath and
! by a PID control acting on a heating resistance. The height of

avoidable and 'ghe tem_perature gradient changes abruptMa fluid layer ish=1.5 mm.
near them, yielding a critical global Ma number bigger than
the theoretical one. This global Ma number is calculated
from the temperature difference between the end walls. Aés not disturbed by the temperature oscillations of the fluid.
we will explain, one needs to consider the locally measured\t the bottom of the container an aluminum sheet provides
Ma, number as the parameter of the system instead of an approximately linear temperature profile.
global Ma number. The external parameters are therefore the horizontal tem-
This paper is divided in the following sections. Section Il perature differenceAT=T, —T_) and the distancels and
contains the experimental procedures. In Sec. Ill we show, . In order to measur@, andT_ two thermocouples are
the results concerning the influence of the geometry, thetuck on the inner side of the copper blocks near the fluid. A
measured local Marangoni number, and the amplitude of thehermocouple is also placed above the fluid at the middle of
hydrothermal waves. Finally, in Sec. IV we state some conthe cell to monitor the room temperature.
clusions. The control of T, andT_ was achieved as follows. Cool
water coming from a thermostatic bath Q.01 °C) is circu-
Il. EXPERIMENTAL PROCEDURE lated inside one of the copper blocks. On the other copper
- _ ) o ) block an electrical heater, glued to its outer side, is con-
A §|I|con oil .of kinematic viscosityr = 0.65 cSt and Pr  trglled by means of a PID loofsee Fig. 1 The amplitude of
=10 is poured into a nylon container with the upper surfacgemperature oscillations in both sides is smaller than 0.02 °C.
open to the air. _The height of the fluid is set_ at1.5 mmusing p shadowgraph of the fluid is captured by a camera and
a micrometer with an accuracy of 30m. Owing to the fast  iqreq in the computer. Spatiotemporal diagrams are made in
evaporation of the fluid a cover was needed to reduce it aSder to obtain the main physical properties of the waves:

much as possible. We measured that in two haotiree :
: : frequency, wave number, and angle of propagation. An ex-
enough to make one experimental yahe height decreased glanation of this technique can be found in Ri]. Other

by about 2%. In the range of the applied temperatures th haracteristics of the waves, such as the group velocity, have
physical properties of the fluid do not suffer a great chang een obtained using the techniques described in [R&f.

(the Boussinesq approximation is valid oo _

The containe(Fig. 1) has two copper blocks at opposite In order to megsure the tgmpergture profile in the fluid, a
sides and two plexiglass blocks placed perpendicularly to th€rmocouple is introduced inside it and moved byxyz
copper blocks. The distance between the copper end walls fgotorized micrometer. It is programmed an.d controlled by a
|, and the distance between the plexiglass side wallg.is COMPuter to get the temperature data at different space and
One of the copper blocks is movable so thatcan be time intervals depending on whether it is moving in thg,
changed from 41 mm to 100 mm. Both plexiglass blocks arér z axis. Between 50 and 100 temperature data points, de-
also movable in the same range. A temperaflireis im-  pending on the value df,, are registered to obtain a good
posed on one of the copper walls£0) and a temperature temperature profile. The time spent in each measurement is
T_<T, on the other wall. They are approximately sym- much longer than the response time of the thermocouple
metrical to the room temperature-@2 °C). Thus a tempera- 7,<<0.2 s. A noninvasive method was also used to measure
ture gradient is established along thaxis. The mass of the the temperature at the surface: an infrared sensor placed 10
copper pieces is big enough to ensure that their temperaturam above the fluid surface.
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FIG. 2. (a) Shadowgraph image of the oblique traveling waves g\,{ |
appearing near the hot end) picture of a spatiotemporal diagram e 2
obtained by taking a vertical line in thedirection at regular inter- 201
vals. In this case the applied temperature differenceAik, 194
=10°C and the distancdg=75 mm,|,=100 mm. 18
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WhenAT=T, —T_ is increased, the basic flow destabi- FIG. 3. Horizontal temperature profiles &t 0.5 mm from the
lizes and a pair of oblique traveling waves appears superimottom. forl,=100 mm and, =100 mm.(a) Temperature profile
posed to the basic flow. Waves, as observed by shadOWgrgl_ongx. The curve contains more than 80 data points obtained when
phy, appear near the hot side in a region close to the sidgaves appear, fOAT~AT. Forx<10 mm andx>90 mm the

. . . profile is not more linear due to the presence of lateral boundary
W:”i VghePAr-g IS furt?oerf_lllntcr:gisoen(i,a_?; region where the layers in both end wallsb) Temperature profile along theaxis.
waves exist grows up ! . iner. R ) The influence of the side walls is noticeableyat 15 mm near this
Each wave propagates with a wave vedtars shown in  sjde.

Fig. 2 (left side, pointing towards the hot side, and forming

an angleg with the temperature gradieRtT. We will refer  the central region, far from the side walls, and so the gradient

to the wave propagating in the positieegative y direction  has only anx component, i.e.dyT=0. Near the two side

ask’ (|Z*)_ Each one of these waves has the same waveaalls, the temperature decreases 0.15°C in a zone dpout

number modulus|k|, with oppositey component,k; = =15 mm wide[Fig. 3b)]. For smalll,, the instability ob-

—k, , and consequently with opposite angle of propagatiorérved is differentthermocapillary waves are not sgen

9+ =— 6. At the right side of Fig. 2 a spatiotemporal dia- We measured the critical temperature differedcE, at

gram is shown as obtained for a line parallel to yreis. In ~ the appearance of the waves using two methods to observe

Sec. 1l A we will explain this result in more detail. them. First, with spatiotemporal diagrams we can distinguish
The first step is to characterize the thermal behavior of théhe traveling waves neatT.. However, previous workl]

fluid layer and, in particular, to evaluate the temperature grab@ve shown that shadowgraphy can induce an overestimate

dientﬁT(x,y,z) at each point. The results explained in theOf the'threshold. To avoid th'S’ a second methOd is used,
following apply to all the geometrical configurations {l,). re_cordlng the temporal evo_lutlon of the fiuid temperature
In order to see if the local horizontal gradient dependysz,on with thermocouples and an infrared sensor. The threshold is

several vertical profiles were obtained at different pIacesﬁfﬁéT'.?ﬁ‘i %’i;?gfrﬁpgsggggilgf tzsrg'“:rt;:]rse'natr::e"ttirgg%?l
(x,y) moving the thermocouple along tlzeaxis. Then we gnal. b P

calculated the variation of the horizontal temperature gradiy\’h'.Ch we fo_und os<:|ll_at|ons IS 0'0.2 C, and ther_e was no
oticeable difference in the experimental resolution on the

ent at different depths. This variation was about 2 %, so th hreshold values obtained with both methods
horizontal temperature gradient is approximately the same, X :
In our case, the experimental parameters are homoge-

regardiess of, except near the end walls. For-3 mm, the neous in they direction, and as expected the wave dynamics
temperature field becomesiependenfl6] and other effects v ' pec . yr
; does not show any change along this axis. A dynamical be-
must be taken into account. ; . T
havior can be observed in tixairection if we go beyond the

To obtain the temperature field in a horizontal plane, ) :
thermocouple is introduced in the fluid at different depths athreshold.. As has be?!‘ ShO.W” In previous works, the waves
appear via a supercritical bifurcatigt], and then near the

and moved in the-y plane. Along thex direction, far from .

the end walls the temperature profile is nearly linear, sothe threshold the wave can be described by

component of the gradient is approximately constant. Near i

the end walls, the temperature varies abrupslye Fig. 8): S(y,t)=Aly,t)exdi(kyy —wot) ]+ c.C.,
typically 3°C near each end wall, in the regions

<10 mm andx>90 mm)|, and thus the central gradient whereA obeys a complex Ginzburg-Landau equation:
|ﬁT|X:|X,2 is smaller thamAT/I,.

. . . . _ 2 : H
Along they direction, the temperature remains stable in A+ v A=A+ E5(1+icy)dyA—g(1+icy)|Al%A,
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FIG. 4. Thresholds of hydrothermal waves fgr=100 mm and ~ waves A T,), for I,=100 mm, as a function df (®). Solid line:
variablel, (+). Solid line: Fit of the experimental dataee expla-  linear fit for the thresholds.
nation in the text Forl,=41 mm a mixture of different instabili-
ties has been observed. asl, is reduced, a smallek T is needed to attain the same

gradientB and the same value of Ma.
Wherevsr is they Component of the group VeIOCith is the Taklng into account some eXperimental results related to
correlation lengthg is the saturation, and is the distance the geometrical influence over the generation of traveling

from the threshold9]. This description will be used in the Waves, an interesting general behavior can be set. One can
following. observe a transition from the basic flow to a traveling waves

pattern when the approximated linear relation betwigéh,
. andAT,, shown in Fig. 6 ¢ symbo), is reached. Actually
A. Influence of the container geometry we are studying the reasons for this behavior. In this picture,

Our first objective, as we have said, is to ascertain thdhe results found by the authors of Ref$,7,1§ are com-
influence of the container dimensioris (,) on the thresh- patible with our results. The discrepancy of the threshold

old of the waves. To do this we have changed these paranfound in the work of Ref[13] is probably due to the differ-
eters separately, varying, with I,=const, and after that ence between the thermal conditions at the bottom of the

varying |, with I,=const. cell. In this latter case th_e bottom is not a good _co_nductor
In Fig. 4 the influence of, on AT, is shown for a con- and the temperature _profl_le at the bottom is not lingar,

stantl =100 mm. It is clear that there is a damping effect{N® temperature gradient is not consiamtereas in our ex-

when, is very short. This was observed before in some .
simulationg 15] and this can be interpreted as a consequence *
of the finite size of the cell. It is known that in finite-size 4}
systemdg 18,19, the boundary conditions stabilize the basic ne
state and the threshold increasq’%,:(gowlly)z. In our sys- -

tem, the control parameter is the temperature gragieand 15}
we expect it to increase whey decreases in the forrg o
= B.(1+&m?/17), where .. corresponds to the threshold o
in an infinite layer. In Fig. 4, we show the threshold values 1| T BF
AT. as a function ofl,, and a fit AT (I,)=AT.(1 < +x
+m2£5/s]), wheres,=1,—2l4 is the effectivey dimension, .
AT,=11°C, andé;=6.5 mme=N\, . | -

As mentioned before, for smdl} other instability mecha- QZ‘
nisms can appear. This is in concordance with the results of
Fig. 4, where the experimental data obtained figr o . ) ) .
=41 mm correspond to a mixture of different instabilities 0 0.5 1 15 2 25
that grow before the hydrothermal waves appear. X
. 'In addition, the grqup velocity of _these .v'vaves IS th N€9-  FIG. 6. Phase diagram for hydrothermal waves depending on
ligible (see below, which mgkgs th_e instability convective at e ratio (x/1y) (TW denotes traveling waves and BF denotes basic
the thresholde. =0 [20]. In finite-size cells we can observe fiow). +, data obtained in our experiment. Below these points only
only the waves when the absolute threshejd> €. is sur-  the basic flow is present and above them traveling waves appear.
passed, thus yielding an overestimate of the threshold.  The rest of the points show the results of various experiments for

If 1, is reduced maintainingy, constant at 100 mm, the the presence of traveling modes: for Refs.[16,7], » for Ref.[1],
thresholdA T, decreasefFig. 5). This was expected because ¢ for Ref.[13], and * for the work of Ref[12].
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70 second. Finally, i ,>1, the angle approaches 55°.
= g+ a) The same trend is observed for the angular frequency
ol (w=27f, wheref is the frequencyand for the modulus of
é" 50 T the wave number: in the casg=100 mm and variablé, ,
S 40 T |k| decreases from 2.3 to 1.5 mrhwith increasingd, [Fig.
eb 7(b)], andw also decreases from 2.75 to 1.46 Hrig. 7(c)].
< 307 In addition, ad is increased, the value of the componkpt
20 : ' ' changes from 2 mm* to 1.1 mm ', for I,=100 mm, and
30 50 70 20 110 the componenk, decreases from 2 mn to 0.94 mm'*.
1, (mm) The dlspe_rsmn relatlona)(kxv_y) have bee_n obtained in
the x andy directions from spatiotemporal diagrams, as ex-
‘; 3 plained in Ref.[9]. The group velocityvy=(dw/dke)X
£ 55 & b) +(aw/aky)§/ can be calculated, and compared to the phase
8 velocity v,,. For the considered waves, we founff~v?"
E 271 and v§’~§u§h. This result confirms that the wave trains
Z propagate from the cold to the hot end walls of the cell and
% 1.5 T that the waves originate in a source at the center of the cell
= [21] and not at the side walls.
1 t t t This experiment is a good system to study the effects of a
20 40 60 80 100 convective instability in finite systems and the transition to
1, (mm) an absolute one. Similar experiments currently under way
[17] show that this effect can be responsible for the genera-
5 tion of wave packets in thg direction (wall modes[18]).
g 55 + c) B. Local Marangoni number
2 If the temperature difference of Fig. 5 is fitted by a
§ 27T straight line, the value of the average gradient, (
3 —T_)/l, and the corresponding Marangoni number (Ma
= 15T =473) are found. This value is larger than the theoretical
. ) ) one (Ma=350) for this experimental configuratid@2]. We
1 ) ) ) presume that the difference is due mainly to the influence of
20 40 60 80 100 the end walls, which leads to a nonlinear temperature profile.
1, (mm) Nevertheless, if the average temperature gradient is taken

to calculate the Ma number, it amounts to consider the gra-
FIG. 7. Angle of propagatiole), modulus of the wave number dient constant along. To show that this is not the case, a
(b), and frequencyc) for 1,=100 mm, as a function of,. The  thermocouple is introduced in the fluid a& 0.5 mm from
values are given at the threshadld'; of the hydrothermal waves.  the bottom and moved along the gradient direction taking the
temperature at even distanddsmm). We can then draw the
periment the conductor bottom provides a better aproximallorizontal temperature profil&ig. 3a)]. As said before, the

tion to the theoretical analysis, which considers a constarfEMPerature is nearly constant along gheirection, so the

temperature gradient. The traveling mode given by Ri] temperature gradient can be calculated at every pgifts _
corresponds to a fluid with high Prandtl number=R7,  BL(X)=dT/dX|x—x. As we stated, the temperature profile

which can be the reason for the divergence. remains constant for different deptizsand the local tem-
From the spatiotemporal diagrams we can get the maiiperature gradient izrindependent_. From the horizontal pro-
physical properties of the wavesvave number| |2|, fre- file of Fig. 3(a), a local Marangoni number Mas calculated

quencyw, and angle of propagatiosi) and their variation &t €ach point,

with the geometry. In the cadg=100 mm and variablé, , do h2
the angle of propagation of thie" (k™) oblique wave in- aT B
creasegdecreasegsfrom 35°(—35°) to 52° (—-52°) asl, MaL:pT’

decreasefFig. 7(@)]. If I,<l,, the angle has a value slightly

above 30°, which is contrary to what is found in other works
[7,12], namelyy~90°, maybe due to the constraint in tke wheres, =|dT/dx| anddx=1 mm.

direction of their container. Our value, however, agrees with  The result is shown in Fig. 8 fof,=100 mm andl,

the results obtained ifl6] for the case$, =20 mm andl, =100 mm. Close to both sides there exists a region of 10

=30 mm,|,=250 mm, anch=1.5 mm: the angle obtained mm that corresponds to the meniscus and the region where
is ¢=180—¢=2.6 rad, thusy=31°. If |, is similar tol,, the flow is no longer parallel to the surfateertical dashed

the angle has a value between 30° and 40°, a result in agreknes).

ment with Refs[13,14, wherel,=60 mm andl,=50 mm It is interesting to note that the value Ma350*40

for the first reference, arig=30 mm and,=50 mm for the  (straight ling defines a zone near the hot side where waves
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800 ; X increases ag decreases, with a maximum of the amplitude
700 T 1 1 located at a distance af=12 mm, near the place where the
600 + \| Tewror 1 meniscus becomes important. Foxx8<12 the amplitude
500 1 ! decreases witlx decreasing, and finally vanishes fo+8.
Ma, 400 + We have tried to find a relation between the temperature
BTl ' amplitude of the waveg\(x), and the distance to the thresh-
004 ! ! old at eaph poin.tz(x)=[Ma§L(x)—Mac]/Mac. In particu-
gl Y lar, we tried to find a relation of the typa= €2 but the
0 , . . - experimental resolution was not high enough because a pre-
0 10 20 40 60 80 90 100 cision of mK/mm in the determination of the temperature
X (mm) gradient is necessary to distinguish between various laws.
FIG. 8. Local Marangoni number calculated from the profile of FUture work will be done to obtain this relation. _
Fig. 3(a for I,=100 mm and,=100 mm. Forx<10 mm andx If we compare this result with the numerical simulations
>90 mm (dotted vertical lines meniscus effects are strong. For Of Xu and Zebib[15] in a fluid with Pr=10, the same con-
Ma, =350, waves show up and propagate towards clusion is found: waves travel from rlghﬂ'L) to left (T+)

filing a zone near the hot side. The amplitude is maximum
appear: they approximately fill 10 mm up to the beginning ofnear the hot side and decreases towards the cold side until
the meniscus zone. Thus, it can be said that M350 is a  waves disappear. Obviously, this result is in contrast with the
critical value above which waves appear in the containertheoretical one[2—6] in which waves appear filling the
The horizontal temperature profiles at the surface obtaine@hole container at the threshold. This is due to the fact that
with the infrared sensor produce the same value of Ma  the Ma number is not uniform in a finite fluid layer.

This result prompted us to think that the right way to

obtain the Ma number is to measure it locally. According to IV. CONCLUSIONS

this, if AT is increased, the curve of Maaises up and as a The influence of the container geometry in the convection
consequence the zone of waves increases in size becau 9 y

there is a larger zone of the fluid whose Ma bigger than of a laterally heated fluid layer has been studied in the case
the critical one. For &\ T big enough Wa\bes fill the whole of an |ntern_1ed|ate Pr r_lumber, showing the dependence of
container. This can explain why usually the critical Ma num->°Me physical properties of the wavéfsequency, wave

ber found in most of the experiments difers from the oneC Lk BB 6 P Re et e esrabished quan-
calculated theoretically. 9

titatively. In particular, a shorter, gives rise to a higher

) threshold as well as a bigger frequency and wave number.
C. Amplitude of the waves We have reproduced the results of previous experimental

According to the shadowgraph images, hydrothermaworks for the casek=I, [13,14 andl,<I, [16], although

waves appear near the hot side at some distance from tiie some experiments the confinement causes a different

wall. In order to study the instability, it is interesting to know angle[7].

how the amplitude varies along As an example, we present In the y direction the dynamics has homogeneous experi-

the results corresponding tvT=11.9 °C, where the waves mental parameters and so the supercritical bifurcation can be

are present in a smat-y region of the container. The hori- described by a complex Ginzburg-Landau equation. The

zontal dimensions aré,=100 mm andl,=100 mm. We components of the group velocity{',vy"), the correlation

measured the temperature frome 2 mm (near the hot cop- length (), and the distance from the threshole) (are de-

per block to x=28 mm (towards the cold sigeat each mil-  termined for this experiment.

limeter, inside the region where waves are seen. At each We have shown that the right way to obtain the Ma-

point, the temporal evolution of the temperature is taken durrangoni number is to measure it locally. Hydrothermal waves

ing several minutes. A Fourier analysis determines the frearise when a critical Ma= 350 is reached and they expand in

quency and the amplitude for eaghFig. 9. In the region the gradient direction over a region near the hot side. As Ma

x>20 mm, there are no waves. For<2= 20 the amplitude increases, the zone where waves exist grows and eventually

the entire layer is filled with them.

0.1 The amplitude of the waves decreases xagcreases
0.08 ]:Error showing a maximum at 12 mm from the hot side. This result
is in agreement with recent numerical simulati¢as].
O 006
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