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Internal waves excited by the Marangoni effect
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Traveling periodic internal wave trains are generated in liquid layers during the absorption process of a
miscible surface-active substance out of the vapor phase. In our nonstationary experimental runs, internal
waves are excited by surface waves, which had been previously generated by a surface-tension-gradient-driven
instability. The internal wave trains adjust their wave number by an Eckhaus instability. Close to the instability
threshold narrow and extended pulses are observed. Furthermore, the wave trains can alter their traveling
direction, i.e., one wave train traveling in one direction yields to another train, in general of different wave
number, traveling in the opposite direction.

PACS numbes): 47.20—k, 47.35:+i, 47.55.Hd

I. INTRODUCTION diameter is 74.660.05mm and the height of the quartz-
glass rings is 8.850.1 mm. The rings are concentric within
Internal waves are observed in many geophysical systen®%. They are fixed with the two-component adhesive
like ocean currents, the atmosphere, or magma flows. Thexraldit® from Ciba-Geigy. Contamination of the liquid by
are usually generated by a shear-flow instability in the bulkhe adhesive or dissolution and aging of the adhesive points
[1-9]. Internal waves can also be generated in an initiallyhas not been observed. The annular gap between the two
motionless fluid by surface shear. This shear, for exampleguartz rings is filled with toluene. The rest of the container is
could be produced by a wind blowing over the surface thatovered with liquid pentane, which has a high vapor pressure
first generates surface wavidd)]. Then these surface waves at room temperature and a surface tension much lower than
can transfer their energy to the internal waves. Ball]  toluene. Because the surface level rises due to the absorbed
investigated the resonant energy transfer between a pair gentane the annular container is not filled brimful. The ex-
surface waves and an internal one, which is likely to be geriment begins by covering the reservoir with a quartz-glass
powerful mechanism. Recently, Rednikeval. showed pos- plate. To maintain atmospheric pressure this plate is not
sible excitation of internal waves due to a Rayleigh-tightly fixed and the enclosure is thus slightly open to the
Marangoni instability[12]. ambient air. The experimental runs are carried out at ambient
Here we report on the generation and evolution of internatemperatures between 297.65 and 298.85 K. In addition, we
waves during the absorption of a miscible surfactant out ohave carried out some experimental runs in the container of
the vapor phase by a liquid. There is neither a finite, local50 mm inner diameter with the reservoir open to the ambient
ized perturbation nor an imposed flow. Along an annular-air at temperatures between 299.75 and 300.05 K.
ring channel these internal waves travel as wave trains or as We have chosen toluene as the liquid and pentane as the
narrow or extended pulses. They show a short-wave instabikbsorbable and completely miscible surfactant. Property val-
ity and they adjust their wave number by an Eckhaus instages for the pure substances at atmospheric pressure are given
bility. They may also alter their traveling direction. in Table 1[13]. The surface tension and viscosity of liquid
pentane are much lower than those of liquid toluene. The
same holds for the density. This is the key feature for the
generation of internal waves as the liquid layer becomes sta-
A side view of the setup is sketched in Fig. 1. It consistsbly stratified due to the absorption of pentane. We also give
of a cylindrical glass container in which two quartz rings arethe refractive index of the fluids in the table. The refractive
placed concentrically. The two rings are concentric withinindex of pentane vapor is almost the same as that of air.
1%. Besides that shown in Fig. 1, another container with am\ccordingly, we expect that optical rays traversing the vapor
inner ring of 54.25-0.05 mm diameter was used. Its outer phase are not deflected. Furthermore, the boiling point of

II. EXPERIMENTAL SYSTEM AND SETUP

[

Quartz Glass Cover | Quartz Glass Rings FIG. 1. Side view of the experimental setup:
5 sooslnmm |\ R two quartz-glass rings form an annular container

: = which is placed concentrically in a circular reser-

10.45 voir made of glass. The annular ring is filled with
v +0.05 mm toluene and the bottom of the reservoir is covered

50.05 + 0.05 mm" with liquid pentane. The experiment starts when
) T 7450£005mm Liquid the reservoir is covered with a quartz-glass plate.
Glass Container Toluene

Pentane
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TABLE |. Properties of liquid toluene and liquid pentaffes].

Liquid Liquid Pentane
Property toluene pentane gas
Molecular weightu (g/mol) 92.15 72.15 72.15
Boiling point Tg (K) 383.75 309.22
Density p at 293.15 K(g/cnT) 0.8669 0.6262
Refraction indexn at sodiumD line 1.4961 1.3575 1.001711
Surface tensiowr at 298.15 K(mN/m) 27.93 15.49
Viscosity  at 298.15 K(mPa $ 0.560 0.224 0.006 76

pentane is about 11 K above room temperature at atmosideo frequency of 25 Hz. The images are stored on video
spheric pressure. For toluene the corresponding value impe and subsequently processed by computer.
higher. Within the range of the experimental runs the effect The surface deformation caused by the waves is detected
of temperature on the parameters is low and can be newith a laser beam reflected at the liquid surface. The re-
glected. flected part of the beam is detected on a recording plane. If
A literature value for the diffusion of pentane in air and in the surface at the irradiation spot is deformed, the position of
liquid toluene has not been found. However, an estimate othe reflected beam on the recording plane moves. The posi-
its magnitude can be obtained from other data in the literation of the spot on the plane is recorded by a CCD camera,
ture. The diffusion coefficient for a system of two simple stored on video tape, and evaluated subsequently by com-
gases is usually about 1dm?/s. For pentane in air, the puter. The surface deformation gradiégtis calculated from
model of Wilke and Led14] gives 4.2<10 ®m?/s with a  the shift of the laser spot on the recording plane and inte-
factor 2 as the expected error. The diffusivity of pentane ingrated with the phase velocity of the waves that travel un-
toluene can be approximated from the known values of th@&erneath the laser beam.
toluene-heptane and toluene-hexane systems. These systemsThe convective flow has been detected by photochromic
have diffusion coefficients of 3.2210 ° and 4.21 flow visualization. It has the advantage over visualization
X 10 °m?/s, respectively{13]. Thus, by extrapolation the with tracer particles that it does not alter the liquid param-
coefficient of pentane in toluene is taken to be about 5eters locally. Unlike use of dyes, the method is suitable for
X 10 °m?/s. The values of the vapor pressure of pentandnvestigations in closed hydrodynamic systems due to the
and toluene have been taken fr¢@8] and[15]. In the tem-  reversible transition. An overview of the method is found in
perature range between 296 and 301 K the vapor pressure 0f8]. As photochromic substance we use 1,3,3-
pentane increases linearly from 63.0 to 76.1 kPa, taking th&zimethylindolino-6-nitrobenzopyrylospiran  (TMINBPS)
form Cpy=—7.065 (mol}+0.025968 (molK )T, while  which is completely soluble in toluene. We have mixed
that of toluene grows from 3.36 to 4.37 kPa. amounts of the order of 1:10 000 by volume so that the liquid
As the two components do not react, the density changegarameters are barely altered. A small slot is irradiated by a
linearly with concentration. The viscosity of miscible liquid nitrogen laser with a beam diameter in the liquid of about 1
mixtures 7 is usually well described by the Kendall-Monroe mm. Thereby the photochromic substance in this slot is ex-

equation[16], which in our case reads cited and becomes visible. The diameter of the irradiation
column does not change significantly in time. Hence, diffu-
2(Co)=[7¥°Cp+ P¥3(1-Cp) P (1) sion of the colored column can be neglected during the mea-

surement. Experiments are conducted with the laser beam
. traversing the liquid from the side and from above. The dis-
whereCyp, denotes the pentane concentration, gpdand 71 placement of the irradiated line, which corresponds to the
are the viscosities of pure pentane and pure toluene, respeCagrangian flow trajectory, is recorded from the side and
tively. The surface tension as a function of the concentratio|sg from above in the shadowgraph mode. The measure-
at T=298.15K has been measured semiautomatically with gnents are correlated with the shadowgraph visualization.

TE 1 C tensiometer by Lauda, using a platinum ring for thepyrther details of the experimental methods are given in
stirup method [17]. The data can be fitted with an [17].

exponential-decay functioor= oo+ o1 exp(—Cp/Cp), With

00=11.81-0.21mNm?, ¢,=16.24-0.20mNm?, and

Cpo=0.682-0.018 mol. Further details can be found in Ill. EXPERIMENTS
[17].

The internal waves have been visualized by applying the
shadowgraph method. The light coming from a monochro- The experiments start by covering the reservoir with a
matic light source of 1 mm diameter is collimated to a par-glass plate. Then the vapor concentration of pentane rises
allel beam of 100 mm diameter. After traversing the hydro-rapidly until its stationary value determined by the vapor
dynamic system from underneath the collimated beam ipressure is achieved. Thus, a strong concentration difference
focused by a lens. Together with a zoom it adjusts the size dfetween the vapor phase and the liquid is created. This dif-
the beam arriving at the charge-coupled deicED) chip  ference decreases with time due to the absorption of pentane
of the camera that records the image. The camera works atia the liquid, until the pentane surface concentration in the

A. Temporal evolution
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liquid is the same as in the vapor. At the beginning of this 40
equilibration process surface waves are observed. Since the g 35]
pentane that is absorbed by the liquid toluene remains in the &
liguid, the experiment is nonstationary by its nature. There- © sor
fore, we first give a survey of the temporal evolution of a f>; 251
typical experimental run, as it is observed with the shadow- = o0l
graph technique. I
During the experimental runs, parameters like the density, & 157
the viscosity, and the surface tension change with time. They § 10}
all depend on the pentane concentration within the liquid. % 51
The absolute amount of absorbed pentane is obtained by E o .

measuring the height of the surface level as a function of 0 50 100 150 200 280 300
time. We neglect the evaporation of toluene due to its much

lower vapor pressure with respect to pentane. The temporal
evolution of the pentane absorption rate can be fitted to an Fig, 2. Total number of waves in an experimental run as a
exponential-association fit. In the range where internal wavegnction of time. The surface waves that are excited at the begin-
are observed, the vapor has already reached its saturati@fhg are shown here as a thin line. At about 170 s, internal waves

value and the fit of the absorption rakg through the surface are generated as very regular short waves, represented in the dia-
of the annular ring simplifies to gram by a thick line. From about 210 to 260 s there exists a wave
¢ train of constant wave number. Finally, the contrast gets weaker and

pp 2 o the number of crests increases until they are no longer observable.

Ap(t)= Up m(ro=ri )7ex;< N ;) ' 2) Inner diameter of the container 50 mr'ﬁ::y298.55 K. ’

Time after Start [s]

exists a wave train of constant wave number. As time pro-
ceeds further, the number of crests increases and the contrast
gets weaker until, finally, they are no longer observable.

where pp and up are the density of liquid pentane and its
molecular mass, respectively, andr; denote the radii of
the outer and inner container walls, antheans time. The fit
parameterd; and 7 represent the increment of the surface
level and the time scale of the absorption of the pentane
vapor by the liquid toluene, respectively. We foutd The transition from surface to internal waves is shown in
=3.03-0.02x10 *m and7=895.0+ 7.3 s. space-time diagrams in Fig. 3. The crests are visible as bright
A typical example for the time evolution of a wave train lines. Due to the periodic boundary condition, waves leaving
and the number of its wave crests is depicted in Fig. 2. Athe system on one side enter it on the other. Imajshows
first, surface waves are generated. They are shown as a thiine transition from surface wavgs9] to internal waves in an
line in the diagram and were discussed in detaill 17]. experimental run with the reservoir open to air. Here, the
From about 100 to 200 s there exists a periodic wave trainsurface waves yield to internal waves of shorter wavelength.
Its contrast in the shadowgraph image decreases until it fadésater the gaps of low amplitude are filled with internal
away completely. At about 170 s appear very regular shonvaves. Imagéb) shows that the internal waves are generated
waves, which can be considered as internal rather than subehind the strong crests of three-dimensional surface waves
face waves as we shall clarify below. They are represented ifL7]. At the beginning they experience strong damping but as
the diagram by a thick line. From about 210 to 260 s therdime proceeds they survive while the surface waves disap-

B. Excitation of internal waves

(@) (b)

0° Position in cell 359.3° 0° Position in cell 359.3° FIG. 3. Spatlotemporal dlagrams of the gen-

eration of internal wave&) by two-dimensional
surface waves as reported [ih9], (b) by three-
dimensional surface waves discussedlin], and
(c) by a source of three-dimensional surface
waves, also considered[ii7]. (b) and(c) show
experimental runs with a covered reservéa), is
with the reservoir open to the ambient air. The
small internal waves iifb) are excited behind the
strong crests of the surface waves.(&), the in-
© ternal waves are generated by contraction of the
0° Position in cell 359.3° surface waves. Then they fill the gaps of low am-
plitude. In(c), the surface waves coming from a
source change into internal waves on the way to
the sink. In all cases, the strongest internal waves
travel in the same azimuth direction as the sur-
face waves. The inner diameter @) and (b) is
50 mm and of(c) 54 mm. Temperaturga):
299.75 K,(b) 298.55 K,(c) 297.95 K.

Time

[s]

Time

[s]




PRE 62 INTERNAL WAVES EXCITED BY THE MARANGONI EFFECT 6525
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n FIG. 5. Side view of the displaced column due to a train of 22
0 internal waves that travels to the left. Ima@eis taken 3.68 s after
0.0 0.6 1.2 1.8 the exposure. In imagé) the column position 21.00 s after expo-

Time [s] sure has been overlaid with the column directly after exposure. The
height of the side views is 9.3 mm and the widths are 9.3 and 8.0
FIG. 4. Surface elevation of a train consisting of 20 internal mm, respectively. T=299.75K.
waves with a sinusoidal fit to the dataT=297.95K.

pear. The first internal waves observed in both situationdion induced by the internal waves amounts to only a few
[Figs. 3a) and 3b)] travel in the same direction as the sur- micrometers. The maximum surface amplitude as measured
face waves. Later counter-rotating trains may also be excitedor the wave trains decreases with decreasing wavelength.
Surface waves coming from a “source” can also yield to The flow visualization reveals that the internal waves pro-
internal waves. Imagé) of Fig. 3 displays this case. At the duce a convective flow with only very small displacements
source, the surface waves slosh back and forth between ti§é the colored column. Figure(& shows a side view of the
container walls. From there they invade the rest of the condisplaced column 3.68 s after irradiation. The image is taken
tainer and become radially aligned. While traveling, the surwhile a train of 22 internal waves travels to the left. The
face waves slowly change their character, converting themdislocation of the colored column is undulated but the dis-

selves into internal waves, which collide at the side opposit@lacement is very small throughout the bulk. Only at the
to the source. surface is there a strong drag in the direction of travel of the

waves. A superposition of an image taken 21.00 s after irra-
diation on its original position is presented in Figbp The
i ) signal close to the surface is no longer visible. But this image
The generated internal waves form trains that may rotatgearly reveals the net flow due to the internal waves. To-
clockwise or counterclockwise. As expected due to symmegeather with the information from Fig.(8 we conclude that
try, in a series of experiments both directions are observe slight surface layer moves in the travel direction of the
with. almost the same frequency. Two counter-rotating traingyaves while in the bulk the flow moves slowly in the oppo-
of different wave number have also been observed. The fresite girection with a zone of almost zero horizontal velocity
quencyf and wavelength are determined from spatiotem- i, the center region of the liquid layer. The horizontal veloc-

poral diagrams. The wavelength of the internal waves at thgy, iy the upper half of the layer is stronger than in the lower
intermediate radius of the annular container with 54 mm in-y5

ner diameter varies between 5.3 and 10.1 mm, which corre-
spond to 38 and 20 wave crests, respectively. In the con-
tainer with 50 mm inner diameter, trains consisting of 29—-38
internal waves have been observed with a covered reservoit
During the experimental runs with the reservoir left open we __
detected trains of 20—32 waves. Thus, in the container of 5¢
mm inner diameter lower wave numbers are observed Withg. 2.
an open reservoir and higher ones with a covered reservoirs
while the entire wave number spectrum is excited in the con- 2 241
tainer with 54 mm inner diameter. The mean frequency is &
determined as the number of wave crests divided by the time"'c‘ 2381
period of one complete cycle of a wave crest. The frequency §
of unmodulated wave trains increases linearly with time. It = 2.35
ranges between 1.6 and 2.6 Hz in the container of 54 mm ] . . '
inner diameter. In the other container the observed frequen: 2'320 20 40 60 80
cies are generally higher and vary between 2.5 and 3.0 Hz Time [s]
When left open to the ambient air the frequencies are be-
tween 1.5 and 2.1 Hz. The frequency of the internal waves FiG. 6. Frequency of a modulated train of 30 waves as a func-
increases significantly with the wave mode. tion of time. The frequency is determined at a fixed position in the
The internal waves cause a harmonic deformation at th@nnular container as the mean frequency of one wave during one
surface in the azimuthal direction. The surface elevation, asomplete loop. Besides the long-time increase of frequency, it os-
detected with the reflected laser beam, can be fitted with aillates between extreme values. The oscillation travels with half
sinusoidal function as shown in Fig. 4. The surface deformathe phase velocity. T=298.05 K.

C. Wave trains

2-50 T T T

44
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(2)

0° Position in cell 359:3°

FIG. 7. Space-time diagram of a modulated
train (a), its amplitude(b), and its wave number
(b). The modulation, which is in the right half of
the image, moves in the same direction as the
waves. The intensity in the gray scale images
and (c) corresponds to the magnitude of the am-
plitude and wave number, respectively. The dark
© e line in (c) corresponds to the low amplitude of

¢ Posiftoingell  3588° the waves at the localized modulation. At the be-
ginning there is a much higher wave number at
the location of low amplitude than in the rest of
the container. Later, this “quenched” wave dis-
appears. This space-time point appear&jras a
sharp intensity reversal.T=297.85 K.

0° Position in cell 359.3°

D. Modulations of wave trains travels to the right has three low-amplitude regions and the
The internal wave trains show modulations. Figure gleft-traveling train has one. An interaction between the cross-

gives an example of the frequency oscillation in an internafnd Modulations has not been observed.

wave train. At a fixed position in the annular container the >iNc€ the modulations are due to contributions in a nar-
modulations of the internal waves are apparently no\'OW band of frequencies and thus move with the group ve-

damped. Besides its long-time increase, the frequency osciloCity, they offer the possibility of determining the dispersion
lates with an amplitude of up to 4% of the mean value. Thd€lation directly from single experimental runs, irrespective

modulations travel through the container with half the phaséf the changes in absolute value from one experimental run
to another with the change of the control parameter.iLia¢

velocity. . _
Localized modulations lead to the disappearance or thd"€ ratio of phase and group velocity,
creation of a single crest in a wave train. Figute) gives an v wlk
example. A wave train with 31 crests shows a modulation p=f= T 3
that leads to the extinction of a single crest. Figurés @nd ve do/dk

7(c) display the amplitude of the shadowgraph contrast and herew is the angular frequenc the wave number, and
the local wave number obtained from demodulation based ol é" thg h q d loci ’ tivel
the method proposed i20]. Their relative magnitudes are UF’] andug are the Fl)d ase and group velocity, respectively.
coded in gray values. Dark corresponds to low and light toT en integration yields
high values. The amplitude is very low at the location of the w'ock (4)
modulation. At the beginning, the wave number is much '

higher at the location of low amplitude than in the rest of theFigure 9 shows that the ratio of the wave's phase velocity
containgr_ It inpreases un;il one wave crest disappears. Thig,q the velocity of the modulations is 2, independent of the
space-time point appears in Figcyas a sharp change of the \aye number. Hence, the angular frequency is proportional

gray value. When the wave disappears the amplitude dgg the square root of the wave number.
creases to noise level in the center of the modulation.

In addition to single localized modulations, we have ob-
served several others of equal strength that coexist at the
same time. Figure (@) displays a spatiotemporal diagram of ~ As well as wave trains, we also observed narrow and
a wave train with three pronounced modulations. Anotheextended pulses traveling through the container. They occur
example is shown in Fig.(B). In this case, two modulated when a wave train dies out. The narrow pulses are made up
wave trains counter-rotate at the same time. The train thaif 5—7 waves and travel with a velocity about the group

E. Pulses

(a) )

0° Position in cell 359.3° 0° Position in cell 359.3°

FIG. 8. Space-time diagrams of a wave train
with several modulations. (a) shows one wave
train with three modulations an@) depicts two
counter-rotating modulated wave trainsT
=(a) 297.75K,(b) 297.65 K.
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3.0 - . - - experimental run was carried out after five minutes from a
former run. Surface waves are observed only during the first
25} 7 few seconds of the experimental run and are not depicted in

Fig. 11. It shows the case where one wave train disappears in
favor of a counter-rotating one. Figure (&l displays the
amplitude and Fig. 1(b) the wave number. In both diagrams

N
o
-]
=t
-
=
]
—i—
1o
—a—

(Phase Velocity)/(Group Velocity)

1.5¢ ] both right-traveling and left-traveling waves clearly appear.

The noise level of the amplitude is about 2 units. For this

1.0r ] reason only the wave numbers of waves with amplitudes
above this threshold are shown.

051 i At the beginning of the experimental run, waves traveling

0.0 . . . . in both directions are excited. Their interaction pattern is not

9 22 25 28 31 34 stationary since the counter-rotating trains have different

Wave Mode wave numbergsee also Fig. @)]. As time proceeds the

left-traveling wave train, which has a higher wave number,

FIG. 9. Ratio between phase velocity and group velocity of thedies out. Simultaneously, the amplitude of the right-traveling
internal waves as a function of the wave mode. The ratio is deterone increases although its wave number, which corresponds
mined for the modulations of the wave trains. to 28 waves, remains unchanged. This holds also for the next

. . period of amplitude decay. But in the final stage at weaker
velocity of the underlying internal waves. They always 0CCUramplitude, modulations appear leading to an increase of the

at the end of an experimental run and are the last signs Qfaye number. Then, in these modulations of weaker ampli-
convection. Figure 1@) shows an example. tude, left-traveling waves are generated. This results in an

The extended pulses are observed earlier in the expermpjitude increase of the left-moving waves. The right-
mental runs, when the amplitude of the internal waves is St"haveling train yields to the left-traveling one. After some

close to its maximum value. They usually come along withy,qqyjations, the wave number of the new train remains con-

the _generation of wave trains that trave_l in the opposite di'stant, corresponding to 38 waves. Finally, the amplitude of
rection. As the amplitude of the wave train decreases, a sSmalq |eft-traveling train diminishes and the whole train disap-
zone appears with increasing amplitude. Figuréol8hows e At the end of this period, modulations appear and alter
an example of such a well developed region. A left-travelingihe \wave number. During the coexistence of two counter-
wave train existed before and is disappearing. Outside fotating wave trains at the beginning of the experimental

high-amplitude region the train has almost vanished whilgns \ve have always observed energy transfer between the
the high-amplitude domain travels through the container likgains as the maximum amplitude oscillates between the
a pulse. Its full width at half maximurtFWHM) is almosta  \,ave trains.

quarter of the container circumference. Figurécl@epicts
the amplitude for the time interval of imag®). As time
goes on the high-amplitude region broadens and its ampli-
tude slowly decreases. Finally, low-amplitude modulations
set in and the pulse vanishes.

IV. DISCUSSION

The internal waves are generated when the surface waves,
which are generated at high surface stresses due to the Ma-
rangoni effecf17,19 during the absorption of pentane vapor
by toluene, are already very weak and disappearing. Flow
The overall behavior of the amplitude and the wave num-visualization reveals that the shear flow at the surface points
ber of an entire experimental run is given in Fig. 11. Thein the travel direction of the waves and is stronger than the

F. Oscillations between wave trains

()
0° Position in cell 359.3°

Time
[s]
’ FIG. 10. Narrow and extended pulses. The

contrast in(a) has been enhanced by about a fac-
tor of 4.5. (c) shows the amplitude of the left-
moving waves train ir{b). During the time inter-
val presented here, the zone of high amplitude
0° Position in cell 359.3° 0° Position in cell 359.3° has a full width at half maximunfFWHM) of
49.5+ 0.8 mm, which corresponds to a quarter of
the container. T=297.95K.

(b) (©
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FIG. 12. Increase of angular frequency of a wave train. The
linear fit to the experimental data is shown in black and a fit from
0.9r r(’/"”’;/\———f-" 7 the dispersion relatiofb) is presented in white. The parameters are
C4(t=0)=0, C,(t=0)=0.152, andAC,/AC;=1.12.

- induced by surface-tension changes. Comparing the mea-
sured frequencies to those expected for surface and internal
waves reveals that the angular frequency of pure surface
waves varies between 78 and 103.sFor internal waves in
a two-layer system of pure pentane over pure toluene the
, angular frequency is in the interval between 31 and 43 s
Time [s] The experimental values, however, range between 11 and 16
FIG. 11. Amplitude(a) and wave numbetb) of internal waves s L. This is clearly _below the values for pure liquid layers.
during an experimental run. Surface waves that are excited durinf©" the exact density values one needs to know the concen-
the first second are not shown. The thick and thin lines indicate thération distribution within the liquid. Since in the lower part
right-traveling and left-going trains, respectively. The noise level ofof the liquid[17] there is hardly any convection accompany-
the amplitude is about 2 units. The wave number is only shown foing the earlier generated surface waves, we may assume that
amplitudes beyond this threshold. At the beginning of the experithe pentane concentration is very low if not zero in the lower
mental run, waves that travel in both directions are excited. After dayer, when the internal waves are generated. Thus, we may
time of coexistence the left-traveling wave train dies out and theset the pentane concentration in the lower la@grequal to
amplitude of the remaining right-moving train increases. Later onzero and solve Eq(5) for the upper concentration. For the
its amplitude decreases again until it disappears in favor of a leftmeasured frequencies and wave numbers we obtain a pen-
traveling one of higher wave numberT=297.85K. tane concentration in the upper half of the liquid that varies
from 0.125 to 0.180 in the container with 54 mm inner di-
convective flow in the liquid bulk beneath. It is apparently ameter, and concentrations between 0.170 and 0.211 in the
the driving shear of the internal waves. In the bulk the hori-container with 50 mm inner diameter. Calculating the aver-
zontal flow goes down to zero in the center of the bulk. Theage pentane concentration for the upper half of the liquid in
convection is asymmetric and stronger in the upper part ofhe annular container with 50 mm inner diameter from the
the liquid. surface-level measurements, we get values of about 0.121—
Even though there is still a strong shear flow at the sur0.138 for the onset of internal waves. Even though the as-
face, the waves are indeed internal waves. First of all, thgumption of averaging over the strong stratification in the
convection profile in the bulk is typical for internal waves. upper layer may seem very rough at first glance, this shows
Second, we found a dispersion relation typical for gravitythat the internal waves can be interpreted in a first approxi-
waves. The amplitude of the sinusoidal surface deformationmation as those appearing in a two-layer system.
however, is about 3im at most. The dispersion relation for ~ To maintain a constant frequency the concentration in the
gravity waves with a sharp interface reads upper layer must increase like the density ratio of the layer
with respect to the concentration in the lower layer:

Wave Number [mm™]
o
[+)]

0 50 100 150 200 250

P1—P2 )1/2:( (pr—pp)(C,—Cy) V2

k ’
Pl+Pzg 2p1=(pr—pp)(C2+Cy) g ©

ACz_r2 ®
AC; py

where w, k, andg denote angular frequency, wave number,

and gravitational acceleration, respectivelyr; andp, and  For the internal waves this lies in the narrow range between
C, andC, are the densities and pentane concentrations in the.95 and 0.96. The experimental data with increasing fre-
lower and upper liquid layers, respectively, amd and pp guency is fitted well with a ratio slightly larger than unity.
are the densities of toluene and pentane. We remark that thigure 12 presents an example. The linear fit to the fre-
dispersion relation is also the limiting case for surface sheaguency is in very good agreement with the fit from the dis-



PRE 62 INTERNAL WAVES EXCITED BY THE MARANGONI EFFECT 6529

persion relation at a ratio of 1.12 between the increment ofvas found to decrease strongly in the center of the localized
the upper concentration and that of the lower one. modulation, as we have observed it for our internal waves.
The shear flow at the surface is caused by surface stressesUsing a Ginzburg-Landau framework, Janiaatdal. [21]
due to the absorption of the pentafidarangoni effedt It  found numerically that various modulations should be ob-
works apparently in the same way as a shear flow within @ervable in extended systems, i.e., where the length of the
two-layer liquid, a case long ago considered by Taylbr  system is much longer than the wavelength. However, their
and Goldsteirf2]. They described the instability of inviscid experimental system with 6—12 waves in the annular con-
fluids which can be characterized by the Richardson numbeginer was too small to observe this. The waves in Kolod-
Ri, Ri=p(dv/d2)?[(dp/dz)g] %, with p the densityp the ner's experiment have a nonmonotonic dispersion relation
horizontal velocity, and derivatives taken along the vertical22]. Therefore, he could observe forward and backward
coordinate. It is the ratio of the destabilizing shear to thetraveling modulations in his extended system with 38—43
stabilizing effect of the stable stratificatignegative buoy- waves. We have observed several wave train modulations at
ancy. Here the adequate ratio of surface-tension-gradientthe same time, as predicted[i21]. Because of their disper-
driven stresses ttnegative buoyancy is the parameter that sion relation they all travel in the forward direction. Counter-
should describe our experimental findings of internal wavestotating modulations also exist during the coexistence of
Actually, it can be interpreted as &mversg dynamic Bond counter-rotating wave trains. As in Kolodner’s experiment
number B = (Ap)gd?/(Ao) with (Ap) and(Ao) denoting,  [22], our experiment also showed that counter-rotating
respectively, the variations of density and surface tensiomodulations do not cancel each other, but a mutual influence
due to the surfactant concentration gradient. In the languageould not be found.
of Benard-like convectiof12], this quantity B& =Ra/Ma, Further evidence of the Eckhaus instability is the fre-
where Ra is the Rayleigh number for buoyancy-driven conguency modulation, as shown in Fig. 6. At a fixed position,
vection(here negativeand Ma is the Marangoni number for the frequency of the wave train oscillates around the slowly
surface-tension-gradient-driven convecti@rhich also takes increasing mean frequency. This oscillation moves through
on negative valugs the container at half the phase velocity. Thus, it is a beat of
In a simplified two-layer model, the density variation cantwo frequencies that correspond to two neighboring wave
be taken as the difference between the average densities mfimbers. The same kind of oscillation, although for a con-
the respective layers, and the height would be the liquidstant control parameter, were observed for traveling waves
depth. The corresponding Marangoni number, whose expliciby Kolodner[22]. In that experiment the oscillations set in
expression is not needed here, is determined in the same wéyr a certain wave number after exceeding a suitable value of
as in[17] for surface waves. The Rayleigh numi&®] here  the control parameter. Decreasing the control parameter re-
can be constructed in two ways. One may take the values cfulted in a decrease of the growth rate of the oscillation. This
the concentration as determined from the dispersion relatiogrowth rate could be set to zero at a certain value of the
(5) with the pentane concentration equal to zero in the lowecontrol parameter when decreasing the control parameter,
layer at the beginning and the increment as fitted to data as Wwhile there was no oscillation when the control parameter
Fig. 12. In this case the buoyancy reads;{pp)(C,  was increased to the same value. This fact revealed the sub-
—Cy)gh®. The other possibility consists in taking as the criticality of the bifurcation. Although we cannot control the
starting value the mean concentration obtained by measuringverse Bond number in our experiment, the frequency oscil-
the surface level and then taking the increment from the fitlations suggest that the bifurcation into internal waves is sub-
Taking into account the absolute uncertainties in determiningritical.
all the parameters, we aim only for the order of magnitude of Evidence of this subcritical bifurcation is obtained from
the characteristic number and its temporal evolution. Thenhe observation of pulses. Pulses indeed exist in the bistable
Bo* is about 108 and decreases by a factor of 1.5 while therange of systems with a subcritical bifurcation. In this regime
internal waves are still observable. a part of the system is in the lower, generally the homoge-
The internal waves show all the ingredients of a shortneous state and another part, the pulse, is on the bifurcated
wave instability. As time goes on, Bodecreases and the branch. We have observed narrow and extended pulses. In
wave number increases, showing that there exists a finitaccordance with pulses found in binary fluid mixtures
wave number at bifurcation. During the experimental runs[23,24), the narrow pulses occur at the end of the experimen-
the number of waves in a train usually increases as timeal runs, when the inverse Bond number is lowest. The ex-
proceeds. The wave number changes always happen by ltended pulses are observed at an earlier stage of the run,
calized modulations that travel through the container withindicating that the subcriticality of the bifurcation into inter-
the phase velocity. Only frequencies in a very narrow bandal waves is quite pronounced.
contribute to these modulations. This is typical for the Eck- We have often observed the coexistence of two counter-
haus instability, where one wave number becomes unstabletating wave trains. In general, these trains have different
and yields to a neighboring wave number. An experimentalvave numbers. The wave pattern indicates that they interact
observation of the Eckhaus instability in traveling-wave sys-with each other in a weakly nonlinear manner. Even though
tems has been reported by Janiaadl. [21] in a Rayleigh-  there is only one wave train excited at the beginning, another
Benard experiment with an additional lateral temperature dif-counter-rotating one may be generated thereafter. The ampli-
ference. Later on it was further investigated by Kolodner intude maxima usually oscillate between the two counter-
wave trains occurring in buoyancy-driven convection withrotating trains. The reversal of the travel direction may be
binary fluid mixtureq§22]. In both cases the wave amplitude due to a detuning between the bulk motion governed by the
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dispersion relation of the internal waves and the surfacéurn and, consequently, a counter-traveling train develops in
shear governed by the Marangoni effect. Although thefull.
shorter waves are excited by surface-tension stresses, they
travel according tdheir dispersion relation. Note that where
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an asymmetry of the surface tension along each wave crestiometer. A.W. gratefully acknowledges financial support by
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