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Properties of surface wave trains excited by mass transfer through a liquid surface
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In annular containers, various traveling periodic surface wave trains are generated in liquid layers during the
absorption process of a miscible surface-active substance out of the vapor phase. Single and counter-rotating
wave trains are observed. We here report on waves found to be dispersion-free associated to mostly longitu-
dinal, dilational surface-tension-gradient-driven motions. We report on interactions of the wave crests and on
modulations that lead to wave-number changes of the wave trains. The wave interactions show behavior
typically known for solitons.
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In Benard-Marangoni convection, when a liquid layer is exchange between neighboring crests, which is typical for
heated from below, the temperature dependence of surfa@litons. Furthermore, we show how counter-rotating trains
tension generally produces a stationary, hexagonal conveedjust their wave number by a switching of the extinction
tive pattern[1-3]. In liquids that are heated from the side, process between the two wave trains.
so-called hydrothermal waves and surface waves are ob- A side view of the setup is sketched in Fig. 1. It consists
served[4—-6]. In annular containers, waves may appear roof a cylindrical glass container of 1901 mm diameter in
tating perpendicularly to the applied temperature gradientyhich two quartz rings of 10.450.05 mm height are placed
Various types of surface waves have also been observed Ebncentrically. The inner ring of 50.6850.05mm diameter
mass-transfer-driven experimerig]. In the Iattgr, a liquid and the outer one of 74.500.05 mm diameter are concentric
absorbs a vapor that lowers the surface tension as the teMithin 1%. The annular gap between the two quartz rings is

perature does in heat-trarysfer_ experiments. I-!eatmg frorﬂlled with toluene. The rest of the container is covered with
above has also been studied in annular containers. It also

leads to the excitation of wave trairi8]. The equivalent quid pentane, which has a h|gh vapor pressure at room
mass-transfer-driven system has been studied in different gégmperature apd a su_rface ten§|on T"“Ch lower than toluene.
ometries and with a variety of substang®s-13. Furthermore, its density and V|'sc.05|ty are much Iowgr thap
Various properties of the waves generated with a verticafhat of toluene. The characterlsnc_parameters are given in
concentration gradient have been reported. Their solitonid@ble 1[14]. See[7] for further details about the character-
behavior has been established by following oblique cresiStic parameters of the chemicals. Because the surface level
and head-on collisions and wall reflections at various'ises due to the absorbed pentane, the annular container was
angles[11,17. It was also found that the form of the con- not filled brimful. The experiment starts by uncovering the
tainer has a strong influence on the selected wave pattegnnular ring, leaving the toluene surface open to the pentane
[13]. Here, we report on single and counter-rotating two-vapor. The experimental runs are carried out with the reser-
dimensional wave trains in annular-ring containers. We provoir open to the ambient air at temperatures between 299.75
vide the dispersion relation of these surface waves and conand 300.05 K. The waves have been visualized with the
pare it to theoretical predictions. We also report here on thehadowgraph method using a monochromatic light beam.
modulations of wave trains. These modulations lead to wave- The vapor concentration of pentane rises rapidly until it
number changes of the wave trains. They reveal an energgaches a stationary value, which is governed by the equilib-
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FIG. 1. Side view of the experimental setup: two quartz-glass rings form an annular container that is placed concentrically in a circular
reservoir made of glass. The annular ring is filled with toluene and the bottom of the reservoir is covered with liquid pentane.
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TABLE I. Properties of liquid toluene and liquid pentafied]. to be constant, although this is not the case in the experi-
— — ment. However, we may focus on the concentration gradient
_ Liquid Liquid near enough to the liquid surface. Since the pentane in the
Properties toluene  pentane  gas phase can be replaced much faster than it can be carried
Molecular weightu (g/mo) 92 15 72 15 away from_the surfa_c_e on the liquid side, we may assume
S . that there is an equilibrium pentane concentration close to
Boiling point Tg (K) 383.75 309.22 L ) .

. the surface on the air side. Then, the vertical concentration
Density p at 293.15 K(g/cnT) 0.8669 0.6262 . L .
Refraction indesn at sodiumd line 14961 13575 gradient can be set equal to that of the liquid bulk. Assuming

. ' ' further that there is constant mixing along the convective
Surface tensiowr at 298.15 K(mN/m) 27.93 15.49

o . liquid layer, the pentane concentration can be written as:
Dynamic viscosityn at 298.15 K(mPa/3 0.560 0.224

: @

c(z)=cq

z
1- exr{ - —)
rium between the evaporating and the outward diffusing pen- %o
tane. The strong concentration difference between the vap@iherec, is the pentane concentration close to the surface on
phase and the liquid governs the absorption process of pefhe air sidez, is the scale of the vertical concentration gra-

tane. Since the absorbed pentane remains in the liquid, th@ient in the liquid. Close to the surface this reduces to
experiment is instationary by its nature. At high concentra-
tion differences between the vapor and the liquid, the absorp- dc _GCs 5
tion becomes so strong that the concentration gradient at the dz zy° )
liquid surface cannot be maintained for a long period. How-
ever, we were able to have wave trains lasting for about 106xperiments show that the convective flow motion associ-
to 200 s. During this time, they adjust their wavelength to theated to the waves is almost entirely restricted to the upper 4.5
diminishing concentration gradient at the liquid surface. Fi-mm of the liquid layer. Fitting the measured concentration
nally, they loose stability in favor for internal wavgss]. gradient in this region to experimental data yields

In our instationary experiment, except for an initial stage,~1.5mm. The concentration in the vapor side can be ob-
the wave number of the wave trains decreases with time. Wiined by comparing the measured absorption rate to that
have observed trains made up of 8—13 wave crests. The fréchieved when the saturation concentration is reached. It
quency of the wave trains, as averaged over the time it takel§ilns out that it is about a third of the saturation concentra-
to circumvent once the entire container, increases with théon. Taking into account the approximation made in &,
wave mode, as shown in Fig. 2. Within the uncertainty, thethe dispersion relation at leading order according to theory
linear fit to the frequencyf goes through zerof=0.007 [16—18 can be written in dimensional form:
+0.053 Hz+ 0.095+ 0.005 H2<[n], where[n] is the wave

w

mode, and hencfn] accounts for the nearest integral num-
ber. The phase velocity is about 19 mrtsThus within the
uncertainty of the measurement, the two-dimensional waves
are dispersion-free. This is in accordance with theoreticayvheref, ps, Sc=7s/psD, L, n are frequency, density at the
descriptions of longitudinal surface wavigls—18§. surface, Schmidt number, mean circumference length of the
For further comparison of our experimental data with theannular ring, and the number of waves in the container, re-
theoretical findings by Rednikoet al.[17,18, we note that ~Spectively. The dependence of the parameters on the pentane

in the theory, the vertical concentration gradient is assumegoncentration is given ifi7]. The theoretical values are com-
pared to the experimental data in Fig. 2. The theoretical val-

o=, ®

L p— r r T r T ues are in good agreement despite the approximations made.
;N 7] We remark that with the definitior{17,1§ using the
v effective liquid depth z, the Marangoni number,M

_te2f . =—(do/dcg)(cszo/ 7sD), is about 3< 1CP. In our instation-

T L % ] ary experiment, it decreases exponentially with time. On the

”g, h E other hand, the time a train of certain wave number exists

s 1o ] increases roughly exponentially with tinffler an illustration,

Z ook E i see Fig. 5.

ﬁ_‘i B ¥ The wave trains show modulations, which lead to the dis-
0sr i ) appearance of single wave crests. The wave number changes
- i by head-on interaction between crests that travéhe same

- L - - L - Qirection Figure 3 shows an example of this process. Th_e
Wave Mode figure also reveals that counter-rotating crests have no major

impact on the extinction process. The process starts by a
FIG. 2. Mean frequency as a function of the wave mode. Thdocalized modulation. First, a single crest slows down. At the
theoretical values are indicated by solid squares and the experimegame time, the contrast in the shadowgraph image reduces.
tal values by open squares. The error bars indicate the maximurhhe next crest behind catches up without diminishing its
and minimum values observed. velocity. Being close to the slower one, the amplitude of the
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10 |8 g : L AL FIG. 5. Number of waves of an experimental run with counter-
3 “ rotating wave trains as a function of time. Values of the left-moving

crests are depicted as a dotted line and the right-traveling train as a
FIG. 3. Space-time diagram of the modulation in a system ofsolid one. The time of existence of each new wave train is longer
two counter-rotating wave trains. The modulation travels from thethan the time of its predecessor. Each time one train has one wave
upper right to the lower leftT =300.05 K. less than the other, the other is the next to lose one wave to equal
the number of waves and another one to which the first train is

faster crest, seen as the contrast in the shadowgraph imadi®/"d 1© equalize by losing one wave=300.05 K.

increases. Thereafter, at a characteristic distance between the ) ] )

two crests, the slower crest accelerates and now its amplitude !N @n idealized model, the wave crests can be considered
increases. Distances between#@6 mm and 5.20.7mm &S Spheres of an extensioniaf=L/3g~5.2 mm, which cor-
have been observed. The faster crest begins now to lag bEESPONdS to the minimum distance of two wave crests during
hind and its amplitude decreases. Its neighbor behind comdaodulation, that interact by inelastic collisions. Between the
up and the process repeats. This interactive region movég)lhsmr_ls, they cover_the remaining free surface Wlth(_)ut the
through the container from one wave crest to the next untifésts in the same time as if they that were covering the
one crest is caught up by its neighbor but cannot recover an@ntire container by traveling at phase velocityy = (L
disappears. —NAo/L)ve. . _

As can be seen in Fig. 3, the modulations travel slower The head-on collisions of the crests of counter-rotating
than the phase velocity of the underlying waves but in thevave trains have been studied earfigi—13. They show a
same direction. The modulation velocity as a function of thechange of trajectory with negative phase-shift typical for
wave mode is displayed in Fig. 4. It is measured as the asolitons and shock wavepl9-21. The counter-rotating
erage velocity during the whole time the modulation is ob-Wave trains loose single crests as a result of modulations in
served. Figure 4 indicates that the modulation velocity delh® Same way as single wave trains. The disappearance of a
creases with the wave mode. The linear fit yields for theSingle wave crest, however, is not arbitrary in the regime of
modulation  velocity: vy =19.23+0.24 mms1-0.50 counter-rotating wave trains. The trains show alternation of
+0.02mm s 1x[n]. Thus, within the uncertainty, at mode the wave number of each train during the experimental run.
zero the extrapolation of the linear fit yields for the modula-Figuré 5 presents an example. Each time one train has one

tion velocity the same value as for the phase velocity of théVave crest less than the other, the latter is the next to loose
waves. one wave to match the number of waves of the former. But it

also looses the next wave, thus loosing two crests in a row.
Thereafter, the other train looses two wave crests. In this
manner the trains interchange in having fewer wave crests
than the other. Each new train of lower wave mode exists
longer than its predecessor.

The switching of disappearing wave crests between the
counter-rotating wave trains may be understood qualitatively
taking into account that the waves are dispersion free: Due to
the decreasing Marangoni number, the wave number of both
trains must adjust. The first adjustment is arbitrary and arises
from erratic fluctuations. Then, one train has one wave crest
more than the other. As time proceeds, it also has to adjust
its wavelength to the decreasing Marangoni number, while

oy
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12 5 0 11 10 13 the other train with lower wave number can relax from the
Wave Mode inhomogeneous sfcate causgd by the .missing wave crest.

Hence, after a while; the train with a higher wave number

FIG. 4. Velocity of the traveling modulations. looses a wave to attain the number of the other train. But
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when another wave crest has to disappear due to the furthésrm two-dimensional traveling periodic wave trains. They
decreasing Marangoni number, this train is still less homoare found to be essentially dispersion free in agreement with
geneous than the train that lost a wave before. Since in thiheory [16—18. Wave-train modulations lead to wave-
inhomogeneous wave train the local wave number is lowestumber changes of the wave trains with an energy exchange
in some region, the feeding of pentane cannot sustain the twg minimum distance between neighboring crests typical for
neighboring waves. As a consequence, localized modulationspjitonic waves. Counter-rotating trains adjust their wave

set in that lead to the disappearance of a further wave cresiymber by the switching of the extinction process.
As time proceeds, this mechanism repeats for the other wave

train. Thus, the essential feature for the switching between A.W. gratefully acknowledges financial support by the
the wave trains is the slow disappearance of inhomogeneiti€Sottlieb Daimler und Karl Benz-Stiftung. This research has
in the wave trains due to their dispersion-free character. also been supported by the Spanish Ministry of Education

In conclusion, surface waves generated in annular conand Culture under Grant No. DGICYT PB96-0599 and by
tainers in liquid layers during the absorption process of ahe European Union under ICOPAC Network Grant No.
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