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Auto-oscillation of surface tension
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Long-time auto-oscillation of the surface tension can evolve when in an aqueous system a diethyl phthalate
droplet is placed under the free water surface. The experimental conditions for development of surface tension
auto-oscillations are described. Based on a theoretical analysis the mechanism of these auto-oscillations is
proposed. The mechanism of the auto-oscillations results from a switching between diffusion and convection
transfer of diethyl phthalate in the solution. A periodic Marangoni flow on the water surface resulting from a
surface layer instability is discussed. The solubility of the amphiphile in the water and its surface activity are
the main characteristics that determine the system beh4@b063-651X99)09908-0

PACS numbds): 47.20.Dr, 68.10-m, 47.20.Ma, 68.35.Fx

[. INTRODUCTION tension occur in the water-diethyl phthalate system if a cap-
tive diethyl phthalat¢ DEP) droplet is formed at the capillary
It is well known that a free liquid surface involving heat tip immersed into the water, i.e., the droplet is under the
or mass transfer represents a nonequilibrium system whergater surface. So far, only one type of periodically exciting
instability can arise leading to the formation of dissipativeoscillations is knowr{16,17]. It occurs if a hot wire is sub-
structureg1]. The instability manifests itself as a convective merged into special liquids and is placed parallel to its sur-
flow induced by a surface-tension gradient. This effectface[16] or similarly, if a laser beam propagates in an ab-
known as Marangoni instability, is considered in many pa-sorbing liquid [17]. These oscillations were produced by
pers and monograplg]. An important precondition for this  temperature gradients in the liquid created by a laser beam or
effect is the existence of heat or mass transfer in the systemy a wire heated by electrical current. They are associated
which results in temperature or concentration gradients in thgjth propagating waves at the free surface that could be soli-
region close to the surface. In this case, a surface-tensiqlary waves[16] but the exact nature of these waves is still
gradient can be produced due to its temperature and concefjpclear. The model proposed for these oscillatiftig dis-

tration dependence. The system becomes unstable due {8, nts the properties of the liquid and, therefore, cannot ex-
normal flows and gradien{s3,4] as well as to lateral flows plain the difference in the behavior of different liquids.

and _gra_ldle_nt$5—7]. . - The mechanism of the surface tension auto-oscillations
Dissipative structures can develop due to instability only

. . o L experimentally studied in the present paper is discussed
in systems which are far from equilibriuft] above a critical . . .
based on a theoretical analysis of the experimental results.

heat or mass flux. This condition is expressed by dimensio . I .
less criteria. The surface-tension driven instability is chara(r:]-The surface tension auto-oscillations are explained by a pe-

terized by the critical Marangoni number; analogously, tha'iodic Marang_oni floyy on the water surface resulting from a
Bénard instability by the critical Rayleigh numbgs,8,9.  surface layer instability.

They depend on the heat or mass transfer velocity in the

system, on the boundary conditions and geometric character-

istics of the system, and on the physicochemical properties [l EXPERIMENT

of the substances.

Various dissipative structures are caused by Marangoni
instability. The convective cells of the Bard type are the DEP obtained from Fluka and Merck were used as pur-
most known exampl¢3,8,10,11. Sternling and Scrivefd]  chased. The following features of DEP required for this work
predicted instabilities of the oscillatory and wave type. Thesavere determined. The solubility of DEP in water is 0.15
and other kinds of instabilities including solitary waves andmass %(at 20 °Q. The density of DEP is 1.118 kg/dniThe
surface rotation flows, were studied experimentally by Lindeequilibrium vapor pressure is smd0.05 Pa at 20 °C The

A. Materials

et al. (see[12] and previous works of these authpr®scil-  surface tension is 35.3 mN/m. The saturation of water with
latory instabilities and convective cells were also studied inDEP is accompanied by adsorption of the amphiphilic DEP
[5,6,13,14, wave instabilities i6,15]. molecules at the phase boundary water/vapor. As a result of

In the present paper, we report first results of a type othis adsorption process, the measured force decreases in re-
instability, which is apparent in auto-oscillations of the sur-lation to the surface concentration of DEP. The following
face tension. Well developed auto-oscillations of the surfaceonstants of the Langmuir isothedi=I" K, C/1+ K, C and

the Henry coefficienta=1I",K_ for DEP were foundl",,
=5.3x10 ® mol/m?, K, =1.3n/mol, and «=6.9x10"°
* Author to whom correspondence should be addressed. m, wherel is the surface concentration alis the bulk
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\ ‘ J FIG. 3. Surface tension of water in the presence of diethyl

phthalate vs time for the case of a Teflon tube with talcum particles
FIG. 1. Scheme of the amphiphile transfer in the measuringon the surface at 30 °C.
system. 1, solution; 2, gaseous phase; 3, capillary; 4, drop of
DEP; and 5, WILHELMI plate. the capillary outlet under the water surface. After this time
interval, remarkable auto-oscillations of the measured inter-
concentration. The subphase was ultrapure water with a speacial tension were initiated. These auto-oscillations was ob-
cific resistance of 18.2 K/cm purified using a Millipore  served over more then 8 hours. Two characteristic examples
desktop unit. are shown in Figs. 2—4. The oscillation has an asymmetrical
shape. Gradual increase of the surface tension follows after
B. Procedure its sharp decrease. The period of the oscillation is approxi-
The schematic diagram of the experimental setup is pre(r-;f?tely betw'eerrl]S m'(F'g' dand4 mlg(bFlgs. 3 ﬁr&df? The .
sented in Fig. 1. The experiments were performed in a cylin: erences in the periods are caused by smal’ dilferences in
he drop sizes and the capillary immersion depth, which were

drical glass vessel having an inner diameter of 5 cm. Th ot precisely enough determined in the experiments. The am-
vessel was filled with pure water and a glass capillary wad'©t P y 9 P :

introduced into the water on a depth of 1—3 cm. Under theDI|tude of the tension oscillation varies between 1 and 2

water surface, a captive droplet of diethyl phthalate Waéanm (Fig. 4); often it is approximately 2 mN/m. The mean

formed at the capillary outlet. DEP was brought very Care_value of the surface tension decreases gradually with time in

; lation to the water saturation with DEP. The longer chain
fully through the capillary so that the bulk water and the'€'21on U ; . L ger
air/)\//vater sgurface inifi)allyyremain clean. The drop diameteramph'ph'le dioctyl phthalate did not exhibit this special ef-

was about 3 mm. Just after that the surface-tension measur]c ot .
Additional experiments were performed to demonstrate

ments were started. A Wilhelmy force instrument with a o o :
freshly annealed platinum plate was used for these measur}iat a periodical instability occurs at the water surface during

ments. The temperature was chosen between 20 and 30 e DEF distribution. The water surface was sprinkled with
and was kept constant by using a thermostat. The vessel W}%cum. The p_er|od|ca| mqver_nent of_the ta'c‘”T‘ particles was
covered with a glass plate to avoid atmospheric convectio observed during the .oscnlat|on periods. .Part.|cu|ar|.y during
The distance between the covering plate and the water su he sharp decrease in the. sgrface tension intensive move-
face was about 1.5 om. ments can be observed. Similar surface movement, a sharp

The dissolution of DEP in the water starts just after thedecrease of the surface tension and its subsequent, gradual

droplet formation. Nevertheless, at the beginning of the prolncrease are observed at the deposition of very small quanti-

cess, an appreciable change of the surface tension was nt s of DEP on a clean water surface. However, the auto-

observed. This induction time, which was usually betweenOSCi.IlationS appear only whep special preventipn was made
20 minutes and 1 hour, depends on the immersion depth §gainst extraneous convection in water and in gas phase.
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FIG. 4. Surface tension of water in the presence of diethyl
FIG. 2. Surface tension of water in the presence of diethylphthalate vs time for the case of a Teflon tube with talcum particles
phthalate vs time for the case of a glass capillary at 30 °C. on the surface at 30 °C at large time resolution.
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This indicates that the instability is caused by the surfacenormal derivative of concentration on the surface, Brds
tension gradient, which results from the nonuniform DEPthe surface diffusivity of surfactant.

distribution. It is interesting to note that the material of the If initially the water surface is clean from surfactant and
capillary does not affect the auto-oscillations, as evidencedo convection flow occurs in the system then the second
by experiments, which were performed with capillaries ofterm in Eq.(1) and termI'v, in Eqg. (5) disappear. There is

hydrophobized glass or teflon. only diffusion in the system in the first stage, and the system
is stable.
IIl. THEORETICAL BACKGROUND The instability is possible when sufficient concentration

) _ gradients accumulate in the system. Usually instability

_In the experiments, the process of the water saturatioB qyses above the critical Marangoni number. Marangoni

with DEP runs slowly enough because the solubility of di-fo\y disturbs the concentration distribution formed in the

ethyl phthalate in water is very small and thus, the diffusionirst stage owing to diffusion and leads to a more uniform
fluxes cannot be large. The process of surfactant distributiogoncentration distribution in the system.

in the volume is described by the convective diffusion equa- Usually the Marangoni instability excited by normal or by

tion tangential gradients is separately considered. The behavior of
JC a system, the undisturbed state of which is characterized by a
— +v.VC=DAC, (1)  uniform normal concentration gradient, depends on the Ma-
at rangoni number in the forrf3,10]

whereC andD are concentration and diffusion coefficients h2 |dol dC

of DEP, respectively an# is the velocity field in the solu- Ma= 2D |dc|dz’ (6)

tion. Due to the diffusion of DEP, normal and tangential
concentration gradients are gradually formed near the sur- . . .
face. This produces instabilities. Convective flows arising inWherez is the normal to the surface coordinate dnds a

; e : haracteristic length. The uniform concentration gradient
the solution affect the diffusion process according to @&gy. ¢ .
The velocity distributionv can be found from a set of dC/dz can be represented &C/h, where 5C is the full

Navier-Stockes equations, concentration dlffe_rence in the system. Thus, the Marangoni
number can be written as
N ov-Vv=— VP puA @
p—+pv-Vv=— HAV o
at - |
Ma D dC‘ oC. )
and the continuity equation N _ N
Above the critical Marangoni humber, the conditions for the
V.-v=0, 3 formation of stationary convective cells are fulfillg8l.

. . . _ When the system is characterized by a tangential concen-
whereP is pressure and andw are the density and viscosity tration gradient its behavior depends also on the Marangoni
of water. DEP does not essentially influence density and visnumber in the form of Eq6) or Eq.(7) but with a tangential
cosity of the solution through its small solubility. In the gradient instead of a normal gradigt6].
present system, the Rayleigh number was estimated to be |n the case of equilibrium between the surface and neigh-
three orders smaller than the Marangoni number. Thereforgyoring solution we have
the buoyancy-driven instability should not play an important

role. If we neglect the gravity effect, then only one drag dr
force remains in the system; namely, the shear stress on the Vil'=45¢cVsC 8
surface arising due to the inhomogeneous surfactant distribu-
tion. and Eq.(4) can be brought into a dimensionless form
Tt - - N ~ =~
2z VT T gar e “) T Mav @

Jz

wherev; is the tangential component of velocity on the sur- -
face,zis the normal coordinater is the surface tensiofjis ~ Where the dimensionless variablés-z/h, Vi=hv,/D, C
the Gibbs adsorption, ari is the surface gradient. Here we =C/C, and Marangoni number in the form

assume the surface tension as a definite function of the sur-

face concentration only. The value d&/dI" can be found Ma= L
from the equation of state for the surface. The balance of uD
surfactant on the surface is described by the equation

do
dr

dr

JeoC (10)

are used. It is seen from E(P) that the Marangoni number
determines the intensity of the convective flow in the system.

For the understanding of the surface-tension auto-
oscillations, both normal gradients and tangential gradients
wherej,=—D(dC/dn), is a diffusion flux of the surfactant in the system must be considered. This circumstance deter-
between the surface and the water volum#;/(gn) is the  mines the system behavior, as discussed below.

or
E"'Vs(rvt_DsVsF)"'jn:O: 5
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IV. ANALYSIS velopment of instability. The convection creates the tempo-
rary equilibrium in the system and disappears. The system
returns to stable conditions.

The auto-oscillations in a water/diethyl phthalate system |n absence of the surface flux, the surfactant becomes
are explained on the basis of Marangoni instabilities arouspartially dissolved in the water volumig. 1). A gradual
ing due to an inhomogeneity in the system because conceincrease in the surface tension is observed in this time inter-
tration gradients of diethyl phthalate exist in the water vol-val. Simultaneously a new amount of surfactant accumulates
ume and on its surface, which increase with time. Theslowly in the surface region near the capillary owing to the
maximum DEP concentration exists in the bulk and surfacdliffusion from the capillary tip. As a result the concentration
regions near the capillary. The surface gradient of DEFgradient of DEP on the surface is restored in this time inter-
causes surface movement in the direction of smaller concey@l and then the process repeats again. Based on this mecha-
tration (Fig. 1). The convective flux redistributes a quantity NiSm the observed auto-oscillations of the interfacial tension
of DEP from the bulk region adjacent to the capillary over all €@ bé understood. _ o .
the surface, and the surface tension decreases fast. As the | "€ Main feature of this mechanism is a competition be-
DEP concentration becomes uniform, the water movemeritV€en diffusion and convection transfer of the amphiphile in

gradually disappears. In the next stage, the surfactant pa he system. In the first stage, (_1|ffu_3|on is dominating and
tially desorbs from the surface in the regions far from thecreates the DEP concentration field in the water volume and

capillary (evaporation from the surface can be neglectsx on _the surface. In the next stage, convection becomes do_m|-
that the surface tension increases. During this stage, the co ating and destroys the concentration field. The convection

centration gradients of DEP restore in the region near th evelops fast, so that the convective stage is short whereas

capillary and the procedure repeats again. the o!lffusmn stage is large. . . e
Let us consider this mechanism in more detail. In the 'tiS clear also that convection takes_place m_the diffusion
initial stage corresponding to the induction period, the surStage due to the tangential concentration gradient. The flow

face is clean from the surfactant. Therefore, convection can‘@loc'.ty is, however, small as long as the concentranon gra-
ient is not large enough. Initially the concentration gradient

not be generated and convective flux of DEP is absent. Onl . g .
diffusion flux of DEP takes place in the volume and an ear the surface is Z€ro a_md It increases slowly due to d|_ffu-
amount of surfactant accumulates slowly in the surface reSion. As the flow velocity is determined by the concentration

gion near the capillaryFig. 1). Distant parts of the surface Jradient the convection term in E@l) increases as the sec-

(near the platinum plate for the surface-tension measureQnd degree of this gradient and is negligible in comparison to

mentg remain clean. As a result there exists a concentratiof"® Ilnealz terms. ﬁﬁrrespcind'lngily inertial terms mrt]he@q.
gradient of DEP on the surface.I' and a corresponding &€ SMa at small flow velocity in comparison to the viscose

surface tension gradieft.o=(do/dl) VT, which is cor- term. The work of the surface force is mainly spent by vis-

related with a shear stress along the surfégq. 4). Al- cose dissipation.

though the surface layer of water must flow owing to this _ ) _

shear stress, the flow velocity should be small in the first B. Concentration gradients in the system

stage due to the viscous dissipation. At the beginning of the The convective term in Eq) is negligible in the first
process, the diffusion flux of DEP from volume to the sur-stable stage. Then the nonstationary concentration distribu-
face is larger than the surface flux. However, when a suffition in the volume around the DEP drop can be evaluated
cient amount of DEP is accumulated on the surface near thgiking into account only diffusion transfer. Assuming the
capillary the surface layer of water begins to move fast in thedEP concentration on the water/DEP boundary is constant
direction of the adsorption gradie(fig. 1). and is equivalent to the DEP solubility in water we can write

In this second stage, the surface flux of DEP is larger thain the spherical coordinate system with the center in the cen-
the diffusion flux from the volume and the surfactant ister of the drop

spread on the surface. The convection is amplified due to the

fast delivery of new amounts of surfactant from the water ro r—ro

volume on the surface and the convection flux distributes C(t,r)=Co~| 1—erf 20t | (11)
very fast the material from the capillary region completely t

over the surface. In agreement with the experiments, the SU{ynerer is a radial coordinate, is the radius of the drofC,

gaecveelger;‘if]g?ngggﬁ;harp'y at this moment due to the fast . e solubility, and emj=(2/\/m) ke~ 7dy is the

The water surface cannot deviate considerably from th&'ror function. The diffusion flux in the distancefrom the

flat shape. Consequently, the water flux must be circulareMter 1S

A. Mechanism of the surface-tension auto-oscillations

This flux moves new dissolved DEP material from the vol- JC ; .

ume region near the capillary to the surface and replaces it j(t r)= _D_:DCO_S 1+ e~ (r—ro)%/4Dt
with more clean water from distant volume regiqiég. 1). ar r 7Dt

It is interesting also to notice the paper where the analogous

circular convection in the liquid was produced by a vertically _erf r=ro (12)
directed laser beafri8]. The distributions of the temperature 2./Dt

and the velocity created by the simultaneous action of con-
ductive and convective heat transfer are found by numerical The dependence of this flux on time is shown in Fig. 5 for
calculations. The clean water afflux interrupts the further dethree different distances It can be seen that the diffusion
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FIG. 6. The dependencies of the surface concentration vs time
n different distances from the capillary: 1-5 mm and 2—10 mm
tro=2 mm andh=10 mm.

FIG. 5. The dependencies of the diffusion flux vs time on dif-
ferent distances from the center of drop: 1-5 mm, 2—7 mm, an
3-10 mm atry=2 mm.

. . . C. System characterization
flux becomes appreciable after a certain delay depending on

the distance from the drop. This delay agrees with the induc- !t IS important for the stability analysis that the system
tion time found in the experiments. All amphiphilic mol- considered here is characterized by the nonsteady diffusion
ecules, which reach the surface, should be adsorbed by it. A&/X. The surface concentration gradiefit/Jr and the nor-

in the initial stage the concentration at high distances fronfn@ concentration gradient near the surfa¢€/Jz are

the drop are small, the deviation from the spherically sym-changed with time within wide limits and dependent strongly
metrical concentration distribution caused by the surfac@n the coordinates. The Marangoni number discussed above
should be small. For approximate estimations, a Spheric<,;gharacter|ze$ the system as a whole but it does not reflect the
distribution can be assumed. This approximation gives uocal conditions for a given point in a certain time moment.
some underestimated value of diffusion flux to the surfacel1OWeVer, itis clear that in SUCh a system, where concentra-
Neglecting the surface flux divergence in E§) we obtain tion gradients are time and radial dependent, the appropriate

for the amount of the amphiphile on the surface critical conditions for instability should arise only in a defi-
nite part of the system and in a definite time moment but not

in the whole system simultaneously. The “global” Ma-

ar , aC dC h rangoni number discussed does not reflect the possibility of
2t~ =D TP ey (13 instability in our system.
2=0 r=her The two dimensionless values,
wherez andr are the cylindrical coordinatdgg axis directed :h_2 d_" £ (15)
along the capillaryz=0 corresponds to the surfacandh is 17 uD dI’ dr
the submersion depth of the capillary.
For typical values oh andD (h~2 cm,D~10 cn?/s),  and
the value of the expressioni{— rS)/4Dt is large in compari-
son to the unity during the initial time interval large enough h2 |dol dC
(until t is small as compared to 16). As the induction time = || —— (16)
found in the experiment satisfies this condition we can use nD|dC| dz

the approximation erj~1—(e ¥/x\m) (at x>1). At this . _ . .
condition we can integrate E¢L3) with Eq. (12) and obtain  can be considered as dimensionless surface concentration

an approximate expression for the adsorption change Witg_radients and bulk normal cor_lcentration gradients, respec-
time, tively, or as “local” Marangoni numbers for a nonsteady

system. In a very small region near the surface during a very
small time interval the concentration gradients are approxi-
mately constant anil; andM, characterize the state of this
region in this time interval.

If the value ofM,, is very small the normal concentration
gradient can be neglected and the system discussed here is
wherer =h?+T2. The time dependence ®¥(t) is shown similar to systems with a tangential gradient considered in
in Fig. 6. NoteI'(t) is obtained with the assumption that the the literature[5—7]. The tangential gradient produces the
adsorption kinetics is limited by diffusion transfer and the convective flow, which attempts to distribute the amphiphile
surface concentratioll’ is far from saturation that corre- over the surface. The intensity of this convective flow is
sponds to the initial stage. characterized by the valud ;.

4Ngroh  (Dt)%?

—(r—rg)/4Dt
e , 14
rZ(r_rO)Z ’771/2 ( )

I'(t)~
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If the value ofM, is very small we have a system with characterized byM,, the convective flow should also in-
normal gradient only. As known, the convection in this sys-crease fast and consequently, the initial stage is reduced. The
tem is only possible when the Marangony numidéy is  convective flux reaches fast the order of the diffusional flux
larger than its critical valug3,10]. The normal concentration and thus, the accumulation of the amphiphile near the capil-
gradient is maximal in the region near the capillary. When itlary is prevented. The material is distributed over the whole
increases up to the critical value this region becomes unsystem. During this short time, théd, value cannot increase
stable. The convection begins here and spreads rapidly ovep to the critical value so that the criteria of instability are
all the surface. Thus the tangential gradient and the normaiot fulfilled.
gradient play a different role in the system studied. The nor- In the opposite case of a small solubility of the am-
mal concentration gradient is a source of instability in thephiphile, theM; value increases slowly. The initial stage is
system provided it is larger then the critical concentrationlong. A sufficient amount of surfactant can accumulate by
gradient. IfM, reaches the critical value, the convection de-diffusion near the capillary. In this time, tHd, value can
velops rapidly. The normal gradient forms due to diffusion,increase up to its critical value so that instability can occur in
but this is only possible if the convection caused by thethe system. In spite of the small,, the M, value can be
tangential gradient is small enough. Contrary to the normalarge because of a larg’/dC.
gradient, the tangential gradient produces convection without This qualitative presentation of the mechanism suggests
a threshold. This convection prevents the formation of a sufthat optimal conditions for auto-oscillations exist when the
ficiently large normal concentration gradient if thly value  amphiphile has a small solubility and a large enough surface
is large. Consequently, in this case, instability cannot occuractivity. Diethyl phthalate corresponds to these conditions,
If, however, theM; value is small, the convective flow whereas the most traditional surfactants are too soluble in
caused by the tangential gradient is not intensive and cannetater in spite of their high surface activity.
prevent the formation of a normal concentration gradient. Note that the solubility of the surfactant should not be
Under these conditions, instability is possible. For a quantiextremely small. It follows from Eq(18) that theM, depen-
tative analysis, we need to know the numerical value of thelence on time has a maximum and in the case of extremely
critical M, number. The critical values are usually strongly small solubility M, can never reach the critical value, even
dependent on the boundary conditions. In the present casat an infinitely large initial stage. This is the case for dioctyl
the boundary conditions should reflect the adsorption of DERhthalate, the solubility of which in water is much smaller
molecules onto the surface. The critical Marangoni numbershan that of diethyl phthalate.
available in the literaturf3,10] cannot be used for the analy- Itis seen in Eqs(17) and(18) that theM,; andM, values
sis of the present system due to the very different boundargepend on the dimensionless parame&randS,, respec-
conditions. To obtain the value of the critical numibés for tively,

our system, we need to perform the stability analysis with Coloh|do
boundary conditions, which takes into account the am- S = D ldF (19
phiphile adsorption onto the surface. K
Using the concentration distributions of Egd.1) and Coro|do| dI’
(14) one obtains SZ:,u_D dr|dc- 20
_ Coroh|do h3r (T o2t 4Dt 12 ParametefS; characterizes a contribution of the convection
1~ 74D |dT Jm(h2+72)2 ' to the §urfactant d|str|bqt|on at the surface. The lagers,
17) the quicker the convection commences to develop. At small
S;, the convection will be negligible over a long time. When
) the surface concentratioh is far from saturation we have
- 2Cor g d_"£ h |do/dI'|~RT. The main characteristic of the amphiphile,
27 uD |dI'|dC \/;(h2+T2) which affects the paramet&;, is its solubility in water. For
o1 DEP (Cy=0.15mass %) ato=2 mm andh=1 cm we (.)b.—
Xe(\/mro)zmm(h— 19 tain S;=3.3x10'Y. The S, value can be modified within
4Dt narrow limits by the choice of the droplet radius. The param-

eterS, for the same conditions is found &=2.3x 10°.

It can be seen that the values of bdih, and M, increase Comparison of Egs(15 and (19) shows that a value
with time in the initial stage. However, their time dependen-Cgyry/h can be considered as an effective adsorption gradient
cies are differentM 4, initially smaller thanM,, increases dI'/dr in our system. Analogously, it follows from Eg4.6)
quicker thanM,. and(20) that a valueCyr,/h? can be considered as an effec-

The M, value contains the parametdi’/dC, which is  tive concentration gradientC/dz in the system. Further ex-
absent inM ;. The existence of this free parameter is obvi- periments will be of interest, which are performed with am-
ously the main reason that the development of autophiphiles having different parameterS; and S,. The
oscillations is limited on amphiphiles such as diethyl phthaparametefS,; should be comparatively small whereas the pa-
late with very special properties. Two different types of rameterS, should be comparatively large to initiate auto-
system behavior can be expected depending on the values o$cillations in the system.
the solubility C, and the surface activity coefficient An important circumstance should be carefully analyzed.
~dI'/dC. If the solubility of the amphiphile is large thd ; It follows from Egs.(8) and(15) that in the general case, the
value increases fast. As the intensity of the convection isM, value should also depend ali’/dC. This contradiction
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is explained by the fact that in the initial stage of the proces®n considerations of the concentration gradients in the sys-
of water saturation with surfactant the bulk concentrationtem and the characterization of the system parameters. These
near the air/water interface is very small and practically doesuto-oscillations are caused by a periodic Marangoni flow on
not affect the diffusion flux of a surfactant to the surface. Thethe water surface owing to a surface layer instability. The
surface concentration is determined as an integral from thiexistence of such periodic Marangoni flow can be experi-
flux on time and, therefore, it also does not depend ommentally shown. This flow can create the observed surface-
dI'/dC. In the Appendix an approximate solution i6(t) is  tension auto-oscillations. The system behavior depends
obtained, which takes into account the influence of the surmainly on two dimensionless paramet&gsandS,, which

face on the diffusion flux correlate specifically to the tangential and normal Marangoni
number, respectively. The main surfactant characteristics af-

8Coro(DH)%2 2Dt . , . S ,
[(t)~ ————e (R7r0 /4Dt( 1———— fecting the system behavior are its solubility in water and its
JaR(R—r1()?2 a(R—rg) surface activity. It can be concluded from the qualitative
analysis that a small solubility and rather high surface activ-
_ 6Dt ) 21) ity of the amphiphile are significant preconditions for the
(R—ro)2 ’ development of surface-tension auto-oscillations.

wherea~dI'/dC is the Henry constant arid is the radius
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that the dependence al’/dC can be ignored for times

much smaller than a characteristic tinig= a(R—rg)/D. APPENDIX

For a~3%x10 3cm, D~5x10 %cn?/s, ry=0.2cm, and _ _ o _ _

R~1 cm, a characteristic time in the order of ten minutes is Consider a spherical amphiphile droplet with the radigis

obtained. Note that for a one-dimensional system this charn the center of a water drop with the radiR{R>r,). The

acteristic time should bex?/D. The analysis performed outside water surface is assumed to be in contact with air.

above is only correct for times smaller than the characteristiSuch a model allows the approximate estimation of the effect

time t.= a(R—r)/D. For amphiphiles with a small surface of the air/water interface, where adsorption takes place on

activity this time is rather small and auto-oscillations cannotthe diffusion flux of the amphiphile to this surface.

be expected, whereas for substances with large surface activ- Applying the Laplace transformation the nonstationary

ity auto-oscillations are possible. diffusion equation, Eq(1), (without convective termcan be
The comparison of Eqs(14) and (21) shows that for brought for zero initial conditions into the form

small times andR=r=h these dependencid¥t) coincide 2

with the exception of the numerical coefficient, which is two d C(i‘r) + 24dCsn) _ EC(s,r) =0, (A1)

times smaller in the case of E(L4). As already discussed, dr roodr D

Egs. (13) and (14) indicate some underestimated values of . . . .
the diffusion flux to the surface and the surface concentra\-Nheres is a Laplace variable. Equatidil) has a solution

tion. A B
C(S,r):Tll/z(r\S/D)+TKllz(r\S/D), (A2)
V. CONCLUSIONS r r

Experimental evidence has been provided that long-timdvherel;x(x) andKy(x) are modified Bessel's functions of
auto-oscillations of the surface tension can evolve. So fardirst and second kind ané and B are constants, which
such surface tension auto-oscillations have been studied onfjftould be found from the boundary conditions. At the water/
in a special system water/diethyl phthalate. Series of exper@Mphiphile boundaryatr =r,) the concentration is constant,
ments have shown that long-time auto-oscillations of the sur- C(ro)=C (A3)
face tension can be measured when a droplet of the am- 0 0
phiphile diethyl phthalate at a capillary tip is immersed into At the air/water boundaryatr =R) the following conditions
water. The oscillations are mainly affected by the specifighg|g:
properties of the amphiphile, but also by the immersion
depth of the capillary. The mechanism of these auto- ar aC
oscillations is based on a competition between the diffusion ot Car
and convection transfer of the amphiphilic material in the '
system. In the first slow stage, diffusion is dominating andand
creates a concentration field of the amphiphile in the water I'(t)=aC(t,R), (A5)
volume and at the surface. In the next fast stage, convection
becomes dominating and destroys the concentration field. where a=dI'/dC. The solution corresponding to these

Theoretical analysis of the experimental results is basetloundary conditions is

(A4)
=R
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(D/s)ch[(r—R)Js/_DH(% 2—1)sh[(r—R)Js/_D]

Colo @
Clen=—45r1 1D (A6)
= <D/s)ch[<ro—R>Js/_D]+(———1)sri<ro—R>Js/_D]
a aR s
and
I'(s)= C;’:O \Dis (A7)

(D/s)ch[(ro—R)\s/D]+ )Sh[(fo_R)\/S/_D]

! 1
aR's

(47

This is a kind of transition process for a step-type perturbawhere erfck)=1—erf(x) is the complementary error func-
tion. For this process, asymptotic behavior of Ih@) cor-  tion. In the initial stage when the following conditions are
responds to large values of varialsi¢s— ) at small times  fulfilled,

2CqyroVD Dt Dt
I'(s)= Lre*m*fowﬁ. (A8) ———<1 and———<1, (A10)
RY s+ yD/a) (R=ro) a(R—ro)
The inverse Laplace transformation gives an approximate expression fb(t) is obtained,
2Coroa R—r R—r 312
L= ;)?0 erfc 0—eX 0 F(t)%memro)zmm(l_ 2Dt
2Dt a JaR(R—r)? a(R=1o)
ﬁ) R-r, +Dt 6Dt )
+ erfg + , A9 - =7 All
2 2\/& o ( ) (R_rO)Z ( )
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