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Numerical study of the Marangoni instability resulting in surface tension auto-oscillations:
General regularities of the system evolution
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Theoretical studies are performed to explain the mechanism of surface tension auto-oscillations recently
found. The Marangoni instability in a system containing a surfactant droplet under the air-water interface is
investigated numerically. The simulations, based on the equations of fluid mechanics, take into account con-
vective diffusion and adsorption of the surfactant. The behavior of the system is determined by nonstationary
concentration gradients that are nonuniform on the surface as well as in the normal to the surface direction.
Initially a slow diffusion dissolution of the drop material takes place. The convective transfer of the surfactant
is negligible, the surface tension remains nearly constant and the system parameters change rather slowly
during the induction period. With the increase of the concentration gradients the system becomes unstable,
resulting in a jump in the convection velocity, surface tension, and adsorption on the surface. The concentration
and velocity distributions in the bulk and on the surface are obtained from the numerical solution of the
problem. The contributions of different mechanisms of the mass transfer are compared in different stages of the
process.
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INTRODUCTION the surface tension after a relatively stable phase of system
evolution. The impressive feature of this phenomenon is the
The presence of temperature or concentration gradients ixistence of spontaneous oscillations over a long period of
a liquid system with a free interface can be the reason foime. As shown in[18], a diethyl phthalate droplet with a
instability and formation of various dissipative structures,diameter of about 3 mm can sustain oscillations for more
such as steady convective cells or transverse and longitudin#1an 8 h. In our recent experiments with aliphatic alcohols
waves[1]. One of the mechanisms leading to instability is the auto-oscillations were observed for over 7pLB]. The
related to the Marangoni effefite., to the action of a surface Peculiarity of this effect is that the auto-oscillations are
tension gradient Experimental evidence of this kind of in- ca@used by solute transfer from the bulk of the liquid to the
stability is given, see, e.gi2—8]. alr-l|qu_|d mtgr_face. Itis k_nown, however, that usually oscil-
Although the governing equations describing the nonStaI_atory instability reveals itself by mass transfer in the oppo-

tionary transfer of heat and mass are the same, some distin%'—te directior{8,15). New theoretical studies are necessary to

tion can be in boundary conditions, in particular related toexplam the mechanism of the surface tension auto-

. . oscillations because recent findings indicate a different origin
the adsorption processes. That is the reason why systerﬂ?an those considered earlier
with nonuniform concentration distribution require indepen- " 4 wehavior of the systerﬁ with a surfactant droplet un-

dent consideration. The tht_aoretical inv_estigation of thisf prObder the free liquid surface is determined by a concentration
lem was started by Sternling and Scriid]. They studied  gragient that changes over time and is nonuniform in space
the processes at the interface between two semi-infinite ligygth tangential and normal to the surface. It demands a com-
uid phases in the presence of a concentration gradient of thgehensive theoretical investigation that takes into account
third component in each of the liquids. Using small distur-nonstationary states of the concentration gradient and the
bance analysis they determined the conditions under whicBomplicated geometry of the system. The qualitative expla-
instabilities can exist in such a system. The theory was furnation of the phenomenon of surface tension auto-
ther developed in a number of subsequent wgd@—17, oscillations presented i8] considers two different stages
which provide a comprehensive basis for the explanation oin the dynamic behavior of the system, a slow stage and a
the experimental results. fast stage. At first, during the slow stage, convection is small
Recent experiments show an interesting phenomenon alstnd almost all of the mass transfer of the surfactant into the
associated with the surface tension driven instability. It is thesystem is due to diffusion. Next, during the fast stage, insta-
development of auto-oscillations of the surface tension wheility arises in the system, convection develops rapidly and
a surfactant droplet is placed in the bulk of waft#8]. The  accelerates the transfer of surfactant to the surface.
auto-oscillations are characterized by an abrupt decrease of In the present paper we focus our theoretical studies on
the mechanism of the surface tension auto-oscillations. The
system considered is characterized by a set of nonstationary
* Author to whom correspondence should be addressed. partial differential equations. The equations cannot be linear-
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FIG. 1. Measuring cell for the study of auto-oscillations of sur- © 20 40 60 80 100 120 140 160 180
face tension. 1, Water; 2, covering plate; 3, capillary; 4, surfactant t (min)

droplet; 5, Wilhelmy plate. . —_—
P ! yp FIG. 2. Experimental data of the auto-oscillations of surface

tension[19].
ized because the variations of all the functions are large and
the nonlinear effects play an important role in the mechanism THEORETICAL MODEL
of the auto-oscillations. Therefore direct numerical computa-

. . . To model the system for the numerical simulation, it is
tions that focus on the simulation of the processes of convec- . ; T .
appropriate to consider a semi-infinite liquid volume with a

tive _d_lffl_Js.|on.an.d adsorption in a system consisting of %ree air-water interface and a spherical surfactant droplet
semi-infinite liquid layer were chosen as the method to SOlvesubmersed into the liquitFig. 3. Although the model had

the problem. infinite dimensions and neglects the presence of the capil-
lary, the simulation shows that it is subjected to the same
regularities as the experimental system shown in Fig. 1.

EXPERIMENTAL SECTION Therefore, the model is appropriate to analyze the details of

the mechanism governing the surface tension auto-

oscillations.

The dynamic behavior of the system is described by a set

non-steady-state Navier-Stokes equatidn the continu-

equation(2), and the convective diffusion equati¢d):

At first the phenomenon of surface tension auto-
oscillations was revealed for diethyl phthaldBEP) [18]. A
schematic representation of the tensiometric setup, including]c
the measuring cell, where the experiments were performed 'iﬁ/
given in Fig. 1. The experimental procedure used is as fol-
lows. A glass vessel was filled with ultra pure watgr and oV
the water surface was cleaned to prevent contamination.
Then the vessel was covered with a glass p{@jea glass
capillary (3) was introduced through an opening in a glass
cover and immersed into the water. A platinum Wilhelmy V-v=0, @
plate(5) was then introduced to measure the surface tension.

pE+pv-Vv=—Vp+MAv, 1)

Finally a surfactant droplgid) was formed at the tip of the , . . T 2 , T

capillary and the measurements were started. \ s T [ m=o
The results described ifil8] were obtained by using a 5 _ . nss //‘X/)‘x,.\f\f\ )/

thermostated measuring cell at a temperature of 30 °C. Nev N nfz;]vi 15}[\«’ oS

experiments were carried out with DEP and mediate-chain Pk o PN

alcohols at the room temperatuf&9]. One of the experi- / ) \‘v/-»\\r\’/ b

mental curves for DEP at the room temperature is shown in [ A BN 1

Fig. 2. It is seen that during a certain time interval, denoted _ \ R == const

as induction period, the surface tension did not change re.  ~~___ ' __-~ 1 o) T

markably. The duration of the induction period depends on N )

the immersion depth of the capillary. In the experiment pre- AN e

sented the induction time is approximately 12 min for a cap- Tl 7

illary immersion depth of 6.2 mm. After this induction time ik

surface tension auto-oscillations begin spontaneously. The =—9=0

period of this oscillation is about 14 min, the amplitude is
about 1.5-2.5 mN/m. The oscillation has an asymmetric FIG. 3. Application of bipolar coordinates to the system with a
shape with a sharp decrease in surface tension followed bgurfactant droplet under the free water surface. 1, droplet; 2, water
gradual increase. surface.
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ac wherea is a constant, and the imaginary unity. Reverse
—+v-Vc=DAc,

o (3)  transformations are
where the densityp), the velocity vectorv), time (t), pres- - asing cose Y= asingsing
sure in the bulk(p), the dynamic viscosity of the liquigu), coshn—cosé’ coshn—cosé’
diffusion coefficient(D), and concentratioric) are repre-
sented by the variables given. asinhy

(8a)

At the beginning of the dissolution process, the liquid is
motionless. In the system, the transfer of the surfactant is due
solely to diffusion. When the surfactant reaches the surfacste that the bipolar coordinate coincides with the corre-
(which initially is clean it is adsorbed primarily in a region  gponding cylindrical coordinate. Obviously, according to the
close to the droplet. Therefore according to the system gesystem symmetry there is no dependency on this coordinate.
ometry, a surfactant concentration gradient and a correspongtyy the system under consideration, the bipolar coordinates

2= ——.
coshn—cosé

ing gradient in the surface tension result on the surface thafe presented in Fig. Gor simplicity, there the lines fotp
produce a convective motion in the liquid. When the viscos-_ -onst are absentUsing bipolar coordinates the compli-

ity of air is neglected, the following relation gives the vis-
cous stress balance on the free liquid surface

1
;VSO'Z

1 do

0vt_ v.r
i _;d_r I,

gz

(4)

wherev, is the tangential component of the velocity on the
free liquid surfaceg the surface tensioi; the Gibbs adsorp-
tion, z the coordinate normal to the liquid surfatdirected
downwards,z=0 on the free liquid surfage and V¢ the

surface gradient. Here the intrinsic surface viscosity is ne
glected. Proportionality between the adsorption and bulk
concentratiodEq. (5)] as well as between the surface tension
and adsorptioEqg. 6 are assumed because the surfactant

concentration near the surface is small,
I'=ac ®)

and
o=09—RTI, (6)

wherea is the Henry constanR is the gas constant, afidis
the temperature.

cated geometry of the system with a flat interface and a
spherical droplet in the bulk is transformed into the simple
form of a rectangle bounded by straight lines witk 0, 6
=, n»=0, andnp= 7. Another advantage of the transfor-
mation is where the coordinatg— . The position is now
located within the droplet, and for the calculation we obtain
a system of finite dimensions instead of one with infinite
dimensions. This simplifies the simulation procedure. The
coordinate of the free liquid interfag€artesian coordinate
z=0) is »=0. The interface of the spherical droplet corre-
sponds to a constant coordinate

s
h 2
—+h?r§—1] (h>ry),

o

h

n="n9= arccoshr— =In
0

9

wherer g is the droplet radiudh is the distance between the
center of the droplet and the free liquid interface. Subse-
quently the constard can be found as

a=+h?—rZ.

It is also convenient to introduce the vorticity and the

(10

Assuming the adsorption kinetics are diffusion controlledstream functior¥:

and mass transfer between the surface and ambient air

absent, Eq(7) describes how adsorption changes over time,

ar
E + Vs(rvt—

0 (7)

Jc
D.Vl)-D—

whereDy is the surface diffusion coefficient. Heréy(I'v4)

describes the contribution of the surface convective flow to

the surfactant transfeN ((DsVI'), the contribution of the
surface diffusion, and- D dc/dz the contribution of the sur-

factant exchange between the surface and the bulk solution.
According to the symmetry of the system it is convenient

to use the bipolar coordinateg 6, and ¢ [20]:
1 xPty*+(zta)?
2 Ny (z—a)?
i (VXP+y?-ia)?+ 72
= — n s
2 (YxP+y’+ia)’+7?

0 tang= % (8)

is
1

w=
a

d[ (coshy—cosh)v 4]
an

d[ (coshn—cosd)v, ]

| 7

(coshy—cosh)? g¥
aZsing  anp’
(13)

|

(9Ug (9U7]

2
—a(coshn—cosa) an 90

(coshy—cos6)? g

v acsing a0’

Vo= —

After introducing the dimensionless variables by means of
the equations

D

a’’

~ 1 . C
l/f—lﬂﬁy C_C_o’

T=t o 12
= v=05, (12

wherec, is the surfactant solubility, the set of Eq4)—(3)
in the bipolar coordinates takes the form
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s . (coshy—cos6)? ( Ay dw I Jo
a0 dn dn 90

It sing

@(coshy—cosh)?(1— coshy cosh) dyr
Siré 9 an

@ sinhp(coshy— cosh)? i
+ 7 U ) a—lZ— Pr(coshy

sin@

) G R orn) ) Jw
—C0s06) —t + Prsinhzn(coshy—cosf) —
an°  J60 an

. p (coshnp—cosfh)(1—coshzy cosh) Jo

r -

sinég a6

coshy—cos6)?

Leoshy —cos6)”.. (1a

Sirt 0 ’
Py Y i
“ot 7
an a6

Jd
(coshn—cose)3( +sinhn(coshn—c056)2&—:

coshzn— cos@)?(1— coshzy cosé) Jy
+( 7 A U ) 9 ®sing=0,

siné 00

(2a)

#& (coshp—cosh)® | oy & g
— : — — — | —(coshy
gt sin@ 40 dn dn 0

9t 9%¢

) . Je
—C0s06) F_Fﬁ +sinhn(coshy—cosf) —

an

N (coshn—cosf)(1—coshzy cosh) JC B
sing a0

0, (3

where P u/pD is the diffusion Prandtl number.
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¥=0 at 6=0, 6=m, =0, and =7, (t>0).
(16)

The boundary condition foio at =7, can be obtained
from Eq. (29). Making use of Eq(16) and the assumption
that the droplet surface is motionless, it can be written as

(coshy—cos6)® 4%y

w:TW at p=17n, (t>0). (17

It is obvious that
T=1 at p=mny (t>0). (18

Taking into account Eq(16), the boundary conditiof7) at
the free liquid surface;=0 is

#& (1—cosh)® gy & D 9%¢
—~—(_——w———s(l—cos@)z—2
ot siné@ dn d6 D a6

D cosf(1—cosh)? d& _ (1—cosh)® 9%y
-= —%
D siné a6 siné ande

ay  a 5
—T(1— cosﬁ)z—w— —(1—cosf) —=0. (7
in « an

Considering Eqs(2a) and(16) the expression for the bound-
ary condition of Eq.(4) can be rewritten fofo at the free
surface

Fi[e
E=—M(1—cos€)£ at =0 (1>0), (4a)

whereM = —(do/dI')(dI'/dc)(cqal/ uD) is the Marangoni
number.
NUMERICAL PROCEDURE

The numerical simulation of the dynamic behavior of the
system under consideration was carried out on a regular grid

The following initial conditions can be postulated, py using 3131 mesh points. It is important that the chosen
namely, that the liquid is motionless and the surfactant congrid is uniform in the bipolar coordinate system but it is
centration is equal to its solubility in water at the interface ofnonuniform in the Cartesian coordinate system. The maxi-

the surfactant droplet and is zero everywhere else,

@(7,0)=0, Y(7n,6)=0 att=0, (13
1, n=mno
C(7,0) 0. 0=7<7 at t=0 (14

According to the system symmetry it holds

J¢
w=0, %20 at /=0 and == (t>0). (15

mum density of the grid lines is in the region between the
interface and the surface of the droplet close to the symmetry
axis. The advantage of the chosen approach consists in the
more exact calculations for the initial stage of the process
when the diffusion and velocity fields are located near the
droplet with distances that are not large as compared with the
distance between the interface and the droplet. However, the
accuracy of the calculations decreases for large distances so
that the calculations are less precise for the late stage of the
instability development when intensive convective motion
propagates far away from the droplet.

The method of successive approaches was applied to
solve the elliptic equatioii2a) for the stream function, and

Assuming the nondeformable free surface and using théhe one-step explicit finite difference computational method

stream line definition we can write

was used to solve the parabolic equati¢ts for the vortic-
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ity and (3@ for the concentration. The maximum possible RESULTS AND DISCUSSION
time step for explicit computational methods is determined
by the condition of the stability in the numerical scheme
[21]. In the simulation procedure presented, the time ste
was changed within the limits of 16— 10 * s depending on

the process velocity in the system. For the same reason on

The proposed simulation procedure allows us to obtain
he values for concentration, stream function, and vorticity at
he grid nodes as functions of time and consequently to cal-
Fulate the distributions of surface velocity, adsorption, and
. : . . e surface tension. This is the basis used to describe the evolu-
a unilateral difference of first ordédifference “against the . . . .

, tion of the system due to the dissolution of the surfactant in
stream’) can be used. the vicinity of the free liquid surface and explain the mecha-

The representation of some of the boundary conditions Y 9 P

should be discussed in more detail. The boundary condition > of the S‘.”fac‘? tens[on auto.—oscnlatlons. . :
The numerical simulation confirms that the main peculiar-

for the vorticity at the droplet surfacgEq. (17)] can be . . X , o
evaluated in al)'llumber of war;(see for in%gnc(ég)Z]]) giving ity of this mechanism arises from a competition between
' diffusion and convection. The transition of the system in an

various orders of precision. Unilateral differences havmgunstable state is accompanied by a sharp increase of the con-

first order precision were used in the convective terms of Eq. ™. ; X
(1a. Equation(17) was also represented by an expression o ection velocity 'and a simultaneous deqrease of the _SL_Jrface
' tension. Accordingly the system evolution can be divided

first order: into two stages, a slow diffusion stage and a fast convective
~ stage.
(coshno—cosaj)3 A4 no—An.0, In the beginning of the slow diffusion stage, the liquid is
g0~ siné, (An)? (19

rcm) r{cm)
2 3 4 0 1 2 3 f1-

]

Solving the equation for the stream functipig. (1a)] the : ’ == ‘

iteration procedure converges more rapidly when &§) is Q

used rather than using an expression of second order. ! P
For the boundary conditions of the concentratidzy.

(15)] a better convergence is obtained by the representatior
of the second order scheme

(=]

A\v4

S2 €2
N ~

3] 3

- 4T A9~ Ci2np 4/ 4
G ’02% (20 a b

In order to advance the dependent variables by one time © ‘ ‘
step, the following computational procedures must be carried
out: (i) solution of Egs.(1a) and(3a) for vorticity and con- "
centration at the inner grid nodes using the stream function..
values of the preceding time stgf;) solution of Eq.(2a) for %2
the stream function at the inner grid nodes using the vorticity
values obtained at the present time step and taking into ac:
count the zero values for the stream function at the bound- |
aries;(iii ) calculation of the concentration and vorticity val- d
ues at =0, ==, and =179 from the boundary
conditions of Egs(15), (17), and (18) taking into account

0 3 1 3
Egs.(19), (20); (iv) solution of Eq.(7a) for the concentration 0 :
at »=0; and(v) calculation of the vorticity values ap=0 @ @
from Eg. (4a) taking into account Eqg5) and(6). ¥ P

In the present paper the simulation results of the follow- £
ing set of the system parameters is considered: the solubilitye 2
of the surfactant in wates,=6.7x 10" ® mol/cn?, the Henry
constania=6.9x 104, the diffusion coefficients in the vol-
umeD and in the surfac®—5x 10 % cm?s, droplet radius
ro=1mm, and the droplet immersion deptl+1 cm. Ac- e f
cording to[18] the values of the solubility and the Henry ) ) ) )
constant correspond to the properties of diethyl phthalate. F'G- 4. Convective stream lines in the bul® t=16 min after
The chosen value of the diffusion coefficient in the volume isonset of the processl ,=3.407<10"%, A¥=8x10"*; (b) 39
close to that estimated by the Wilke-Chang correlafidd  min, ¥,,,,=0.206, AWV =0.04; (c) 45 min, V¥ ,=21.04, AW
for diethyl phthalate at room temperature. The effect of the=5; (d) 45 min 16 s,¥,,,,=828, A¥=205; (c) 45 min 20 s,
surfactant properties on the system behavior will be consid¥,=9602, A¥=2350; (f) 45 min 22 s,¥,,,=45923, A¥
ered in a forthcoming paper. =11 000.

r 2(cm)

S

z{cm)
N
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motionless and only diffusion takes place in the systembulk [Eq. (3)] the change of the solute concentration at any
Over time, in a region close to the symmetry axis, there is amoint in the bulk is determined by the balance of diffusion
accumulation of surfactant. It has a nonuniform distributionand convective transfer at that point. A comparison of the
at the surface, and the corresponding surface tension gradietdntributions from convection and diffusion to the change in
leads to the development of the convective surface motiorbulk concentration shows that at approximately 41 min, the
During this stage the surface concentration gradient increasesntribution of the convective flux becomes larger than the
slowly and the flow velocity of the liquid remains very small. diffusion (initially only in the small region near the symme-
Therefore the nonlinear convective terms in the E§sand  try axis at the depth of about 0.15 ¢nThe increase in the
(7) are very small, and convection has almost no effect orconvective region over time is more prominent in the vertical
the concentration field formed due to diffusion of the surfac-direction, where at 44 min it extends to a vertical depth of
tant. This stage corresponds to the induction period observe@l9 cm, compared to a maximum of only 0.3 cm in the radial
in experiments. direction. The appearance of a region where convective mass
In the beginning the stream function has a maximumtransfer predominates leads to increased)jrsolvent supply
point situated close to the surface near the symmetry axis. A® the surface(2) the surface gradient, an@) to more in-
the convection develops in the bulk, the maximum point istense surface movement. A further increase in velocity inten-
displaced away from its starting locatidffigs. 4a) and sifies the convective mass transfer producing finally instabil-
4(b)]. On the other hand, the maximum of the surface velocity in the system.
ity moves only at the onset of the process and then remains The surface mass balance equati&y. (7)] shows that
nearly fixed over a long period of timj&igs. §a) and 8b)].  the surface convection, surface diffusion, and normal diffu-
Even 44 min after the droplet dissolution has begun, thesion flux from the bulk are responsible for surface concen-
concentration distribution profiles in the bulk have a spheritration changes over time. Let us consider surface region
cal shapdFig. 6(@]. This is an indication that during this

rcm)

time convective motion is still rather weak. 15 00 02 04 Q6 08 10 12
Adsorption causes the accumulation of the solute on the ® ‘ e
surface, near the axis, as well as an increase in the surfac g 02
concentration gradiefFig. 7(a)]. Nevertheless, the increase _ 04 4
in surface concentration is still too small to lead to an appre-5% sl 2]
N

ciable reduction in surface tension during the induction pe-"
riod even in the surroundings of the axis.

However, the system becomes unstable after a sufficien 2
amount of surfactant dissolves in the bulk and is adsorbed on
the surface. This is characterized by a rapid increase in flow F|G. 6. Concentration distributiofs) t= 44 min after onset of
velocity and convective transfer of the surfactant in the systhe process 1, surfactant dropl@&=(1); 2,©=2x10"2; 3,t=2
tem. X104 4,T=2x10"% 5,T=2%x10"° (b) t=45.5min, 1, the

According to the equation of the mass conservation in theurfactant dropletd=1); 2,©=0.3; 3,£=0.03; 4,5=0.003.

15
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E2 E =43min after onset of the process; 2,
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:‘7\ L4 =45min16s; 2, t=45min20s; 3, t
oJ, ! o : , . . =45min24s.
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near the axis. Here diffusion from the bulk supplies the sol-all of the above mentioned fluxes produce positive changes
vent to the surface producing a positive change in surfacén the surface concentration. The normal diffusion from the
concentration. While surface convection and diffusion re-pulk provides the main contribution. Originally the contribu-
duce the surface concentration by moving surfactant awayion from the convective surface flux is very small, but after
from the axis. When a predominant region of convective43 min it is of the same order as the contribution from the

mass transfer appears in the bulk, fluxes show a rapid imormal diffusion flux[Fig. 8(a)]. The contribution from the

vection and surface concentration increases near the symmgsnted in Figs. @), 8(c) and §f).
try axis. The intense convective motion near the symmetry 1y instability develops in the vicinity of the symmetry

axis cau'setsbthekdtlsptlr?cem'en't in the s;[treahm fll:jngtlon’st rgaxﬁxis where the largest concentration gradient occurs. Initially
mum point back to the axifFig. 5c)]. It should be note the convective flux brings surfactant solution with a higher

that the surface diffusion flux is always some orders of magl'ﬁ:oncentration to the surface so that the growing instability is
nitude lower than both the surface convection and normasustained The surfactant is rapidly transferred from the axis
diffusion, therefore its effects are negligible. ' pialy

The situation in the distant regions is more complicated.t0 remote parts of the surface_by convection_. This re;ults in
The normalized contribution of the different mechanisms tothe development of an opposing cc_mcentratlon. gradient pe-
mass transfer on the surface for 0.21 cm(the point where tween the surface and the bulk leading to a partial desorption

the surface velocity is maximal during the slow stade of the surfactanii.e., a negative flux, Fig.(®)] as the con-

presented in Fig. 8. In the beginning the contributions fromcentration in the bulk phase near the surface increases
slowly. It should be emphasized that the opposite concentra-

tion gradient near the surface is localized to a particular re-
gion. Over time, this region displaces away from the sym-
metry axis. Nevertheless the surface concentration continues
to grow as the positive contribution from the surface convec-
tive flux outweighs the negative contribution of the normal
diffusion flux.

As the surfactant spreads, more distant regions of the sur-
face are involved in the motiofFig. 5(c)]. Consequently,
convection develops in the bullFigs. 4d), 4(e), and 4f)]

a b accelerating the transfer of surfactant even to remote regions
of the surface. Over time, this transfer leads to an increase in
4 both bulk concentration near the surface, and once again a
3 positive normal diffusion flux towards the surfdd€égs. §c)
1 2 1 and 8d)].
o o The fast spreading of the surfactant over the surf&ags.
e 6(b) and 7b)] corresponds to a very fa6k10 9 decrease in
> surface tensioffFig. 9). Simultaneously, the surface velocity
15 — - - il ‘ ‘ incregses(Fig. 10 and the maximum_ point of the stream
te) L ff:; 20 function moves away from the axigigs. 4d), 4(e), and
4(f)].
¢ d The surface velocity is not uniform. It is zero at the sym-

FIG. 8. Mass transfer at the surfacerat0.21 cm. 1, contribu- MEetry axis, increases with the distance to a maximum, and
tion of the normal diffusion flufQ,= —(a2/aDCy)Dacldz]; 2,  then decreasefig. 5. Surface dilatation is observed in re-
contribution of the convective flukQ.=(a?aDCy)VI'v)]; 3,  gions where the velocity increases, whereas surface compres-
contribution  of the surface diffusion  flux [Qp sion occurs where the velocity decreases. Likewise, near the
=(a%/aDCy)V4(DyV4I) 1. axis, a fast increase in the surface velocity with time pro-
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72.3 form distribution of surfactant the system is returned to the
stable state and the surface velocity gradually decre&sgs
10).

It is seen from Fig. 9 that the maximum decrease in the
surface tensior{oscillation amplitudg depends on the dis-
tance from the symmetry axis. This result corresponds to the
experimental data recently obtained. It was revealed by the
experiments with a diethyl phthalate droplet that the oscilla-
tion amplitude decreases from 2—2.5 mN/m to approximately
1.5 mN/m by increasing the distance between the capillary
and the Wilhelmy plate from 15 to 30 mfi9].

. . . . . . . . The analysis shovys that the _p_erformed numerical simgla-
5710 2720 2730 2740 2750 tion reflects the main peculiarities of the surface tension

t (s) auto-oscillations experimentally observed. However, there

are some distinctions connected with the chosen model. The

FIG. 9. Surface tension vs time after onset of the instability attheoretical model considers a semi-infinite liquid layer,
different distances from the symmetry axis: 1, 5 mm; 2, 10 mm; 3\whereas the real experimental systems are bounded. Further-
15 mm. more, a system without a capillary was theoretically consid-

ered. In reality it takes some limite@ather short time to
duces a fast dilatation of the surface. The convective surfacePread surfactant over the whole surface and the convective
flux contribution becomes negatiyBig. 8c)] and increases Motion damps faster owing to viscous dissipation on the cap-
rapidly with time in the absolute valU&ig. 8d)]. The sur- illary and the vessel walls. The o§C|IIat|on a.mphtu.de is ex-
face concentration increases and the surface tension dBECted to be larger and the duration of the induction period

creases until the contribution of the normal diffusion flux expected to be shorter in real systems because of their lim-

: . ited dimensions.
exceeds that of the negative convective surface flux. At ap- The numerical model has also a limitation connected with

proximately 45 min 25 s both contributions compensate eacn1e large grid step in the distinct regions of the system. It

other. The S“”‘f"ce concentration approache{s a maximung, ,\vs from the calculations that in the late stage of the
and correspondingly the surface tension exhibits minimuny, oo gevelopment, the intensive convective motion propa-
(Fig. 9). Then the surface expansion begins to prevail, theyaieg with distances much larger than those between the in-
surface concentration decreases and the surface tension {iface and the droplet. As discussed above, the precision of
creases. Simultaneously both the surface convective flux andle calculations drops in this case, so that the results become
the normal diffusion flux decrease in the absolute vgkig.  |ess reliable. Thus, the calculations cannot be continued till
8(d)]. the complete convection damping that is just the precondi-
Convection spreads the surfactant over the surface angbn for the next oscillation. Therefore only the first oscilla-
distributes it in the bulk mixing it with the more dilute solu- tion can be considered in the frameworks of the chosen nu-
tion. The mixing of the surfactant reduces the concentratiomerical model but not the periodicity.
gradients in the system. As a consequence of the more uni- Nevertheless the chosen model permits a good description
of the system dynamics in the initial period, because the
processes in the distant parts of the system do not influence

722
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14 - its behavior during the whole induction period. The calcula-
A tions give reliable values of the induction period comparable
12+ with the experimental data. The general shape of the oscilla-
- tion can be simulated. The calculations are able to predict
10 / both the abrupt decrease in the surface tension at the begin-
—_— ning of the instability followed by the surface tension mini-
) 0'8_' // — mum and the following increase due to surface dilatation
g o6k // -~ near the axis and partial surfactant desorption in the distant
> I regions. Although the numerical model allows to consider
04+ only the first oscillation, it shows an obvious tendency for
the system to revert to the initial stable state, which is a
02} precondition for the next oscillation.
The concrete comparison with experimental results will
0 2720 2730 2740 2750 be a subject of further considerations. Particularly the effect
t (s) of the surfactant properties such as solubility, surface activ-

ity, and bulk diffusion coefficient on the system behavior can
FIG. 10. Velocity at the free water surface vs time after onset ofprovide additional information. During the induction period
the instability at different distances from symmetry axis: 1, 5 mm;the main processes are located near the symmetry axis so that
2, 10 mm; 3, 15 mm. the system dimensions seem not be significant for the begin-
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ning of the instability. Therefore, the induction times calcu- The maximum of the adsorption and normal concentration
lated with the numerical model will correspond to thosegradients located near the symmetry axis causes the devel-

found in the experiments. opment of instability in this particular region after a suffi-
cient amount of surfactant accumulates there.
CONCLUSIONS The secondfast stage starts when the system becomes

] ) ) ) unstable. At this point all parameters of the system show a
The numerical simulation allows a comprehensive deyapid change. The instability begins to develop when the
scription of the mechanism of surface tension autoconyective transfer becomes dominating in a small region in
oscillations observed experimentally in a system with a lowihe pulk around the symmetry axis. The growing instability
soluble surfactant droplet placed under the free water sufig systained by a normal concentration gradient. The numeri-
face. A simulation was carried for the case of a semi-infinitecg| results allow a comparison of diffusion and convective
liquid volume on the basis of the nonlinear, nonstationarysp|yte transfer, both in the bulk and on the surface, during
state equations of fluid mechanics taking into account thgne different stages of the process. Initially the convective
dynamic adsorption of the surfactant. The numerical solutionrface flux brings the surfactant from the axis to the remote
of the problem allows one to trace a series of consecutiv@arts of the surface and increases surface adsorption, but
changes in the system during the process of saturation Gher it tends to reduce the adsorption producing a fast sur-
water by surfactant. The development of instability producedzce expansion. The adsorption increases as long as the nor-
by the Marangoni effect can be considered in this way.  mg| diffusion flux prevails on the effect of surface dilatation
As the chosen model deals with a semi-infinite system, ithat is accompanied by a decrease in surface tension. After
describes only the initial period of the system evolution andne syrface dilatation becomes predominant the surface ten-
cannot reflect the whole series of the auto-oscillations. Nevsjon commences to increase. A strong convective flux

ertheless the model provides the main features of the proceggreads the surfactant over the surface and mixes the bulk
under consideration: the existence of the induction out timegytion. After a more dilute solution is supplied to the sur-

when surface tension remains practically constant, the shaigce the concentration gradients decrease and the system re-
decrease of the surface tension when instability arises, angiins to the stable state.

the gradual increase of the surface tension when the convec- The numerical results confirm the mechanism of the sur-
tive motion fades. This points the return of the system to thgace tension auto-oscillations described qualitatively in a re-
stable state. The overall process can be subdivided into twgant papef18] and allow the understanding of the main

stages. _ _ _ ~ regularities of the system behavior experimentally observed.
The initial slow stage is characterized mainly by diffusion

transfer of the surfactant from the droplet into the liquid. The
surface adsorption gradient and consequently, surface ten-
sion gradient gradually increase over time. At first the sys-
tem shows a small convection velocity that does not contrib- Financial assistance by the Bundesministerium Bil-

ute appreciably to the transfer of surfactant. The increasingung, Wissenschaft, Forschung und Technolo@& BF)
adsorption gradient on the surface is the driving force re{Project No. UKR-014-98 is gratefully acknowledged.
sponsible for increasing velocities, both surface and bulkN.M.K. thanks the Max-Planck Gesellschaft for the financial
and also the normal concentration gradient near the surfaceupport.
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