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Instability driven by diffusion flux across an asymmetric liquid film is theoretically investigated. To
specify the system, we consider an oil—water-air film; the transported species are oil molecules. The latter
are dissolved (solubilized) at the oil—water interface, then they are transferred by diffusion across the
aqueous film to the water—air interface, where they penetrate between the tails of adsorbed surfactant
molecules. Fluctuational capillary waves at the two film surfaces are considered. The set of theoretical
equations is solved to derive a dispersion relation between the wavenumber and the exponent of wave
growth. The results reveal that if a local decrease in the film thickness appears, the water—air interface
enters a zone enriched in dissolved oil. The newly adsorbed oil creates a surface tension gradient, which
carries water away and causes a further decrease of the local film thickness in the concave zone, until
eventually the film ruptures. The numerical results show that the film becomes less stable when its
thickness decreases, its radius increases, and the diffusion flux across it is more intensive. Even very small
decrements of the water—air surface tension, caused by the adsorbed oil, are sufficient to trigger the
instability. Its appearance is not so sensitive to the degree of mobility of the oil—water interface. If the
water—air surface is preequilibrated with the transported component (there is prespread oil), then the
surface tension decrement and the instability disappear. The rupture of an asymmetric oil—water—air film
is a precondition for entry of an oil drop at the water—air interface and effectuation of its foam-destructive
action. Our results about a specific source of film instability could be helpful for a deeper understanding

of the mechanisms of antifoaming.

1. Introduction

In some cases the formation of foams is desirable (under
a certain control); such are the applications in personal-
care and house-hold detergency, in fire-fighting, ore
flotation, etc. On the other hand, in many cases the
spontaneous formation of foams is not wanted insofar as
it hampers the efficient operation of industrial processes.'3
It has been established that microscopic oil droplets, solid
particles, and their combination, may exhibit a foam-
destructive effect.!”'3 For example, small oil droplets

 Part of the Special Issue “Colloid Science Matured, Four Colloid
Scientists Turn 60 at the Millenium.

* Corresponding author. E-mail: pk@ltph.bol.bg. Fax: (+359)
2 962 5643.

¥ Laboratory of Chemical Physics Engineering.

§ Colgate-Palmolive Research and Development, Inc.

I Colgate-Palmolive Co.

U Formerly Laboratory of Thermodynamics and Physicochemical
Hydrodynamics.

(1) Garrett, P.R., Ed. Defoaming: Theory and Industrial Applications;
Marcel Dekker: New York, 1993.

(2) Kulkarni, R. D.; Goddard, E. D.; Chandar, P. In Foams: Theory,
Measurements and Applications; Prudhomme, R. K., Khan, S. A., Eds.;
Marcel Dekker: New York, 1995; p 555.

(3) Wasan, D. T.; Christiano, S. P. In Handbook of Surface and Colloid
Chemistry; Birdi, K. S., Ed.; CRC Press: New York, 1997; p 179.

(4) Kulkarni, R. D.; Goddard, E. D.; Kanner, B. Ind. Eng. Chem.
Fundam. 1977, 16, 472.

(5) Ross, S.; Nishioka, G. J. Colloid Interface Sci. 1978, 65, 216.

(6) Ross, S.; Nishioka, G. In Emulsions, Latices and Dispersions;
Becher, P., Yudenfreud, M. N., Eds.; Marcel Dekker: New York, 1978;
p 237.

(7) Patterson, R. E. Colloids Surf. A 1993, 74, 115.

(8) Aveyard, R.; Cooper, P.; Fletcher, P. D. I.; Rutherford, C. E.
Langmuir 1993, 9, 604.

(9) Aveyard, R.; Binks, B. P.; Fletcher, P. D. I.; Peck, T. G.; Rutherford,
C. E. Adv. Colloid Interface Sci. 1994, 48, 93.

dispersed in shampoos provide hair conditioning; special
surfactant compositions have been invented to protect the
foams from the destructive action of the droplets.'* In
other cases, very active antifoams are intentionally added
to suppress the development of unwanted foamability
during industrial processes.!!3 In both cases one could
achieve the desired effect utilizing the knowledge about
the foam-breaking action of microscopic oil drops and
particulates.

Three different mechanisms of antifoaming action have
been established: oil-spreading mechanism,?%15-18 bridg-
ing-dewetting mechanism,'® 2% and bridging-stretching
mechanism.''~13 All of them involve as a necessary step
the entering of an antifoam droplet (or particle) at the
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Figure 1. Sketch of a um-sized oil drop pressed against a solid
substrate by an air bubble blown out of a capillary. When the
pressure difference between the air and water phases, AP = P,
— Py, is increased, the asymmetric oil—water—air film breaks
at a certain critical value, AP,,.

air—water interface, which is equivalent to rupture of the
asymmetric droplet—water—air film.

To study the entering of oil drops at the water—air
interface, the film-trapping technique??® was recently
applied.?® In these experiments oil drops were trapped in
an aqueous film, which was formed between a solid
substrate and an air bubble blown out of a capillary, see
Figure 1. The aqueous phase always contained dissolved
surfactant of concentrations around or beyond the cmc
(critical micellization concentration). The pressure dif-
ference

AP=P,— P, (1.1)

could be controlled and directly measured. It was estab-
lished that, upon a gradual increasing of AP, the asym-
metric oil—water-air film did break at a certain critical
pressure difference, AP, whose value is rather reproduc-
ible.426 Moreover, the measured values of AP, turned
out to be systematically lower for oils that exhibit some
solubility in water, in comparison with oils that are
completely water-insoluble. For example, for hexane AP,
=42 Pa, whereas for triolein (water-insoluble triglyceride)
AP, = 350 Pa.?® In addition, if a drop of a given oil is
placed on the water—air interface, it produces a quick
decrease in the surface tension, which could be attributed
to a molecular spreading of oil molecules among the tails
of the adsorbed surfactant molecules.?’

Our purpose here is to investigate theoretically whether
the diffusion transport of oil (from the oil drop, across the
water film, to the water—air interface) could produce
instability and film rupture.

The mass and/or heat transfer across a liquid interface,
coupled with gradients of surface tension (the Marangoni
effect), is known to produce hydrodynamicinstability even
for a single phase boundary; this phenomenon has been
studied by Sternling and Scriven?® in relation to the
spontaneous emulsification. Lin and Brenner,?® and
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Castilo and Velarde® investigated the instabilities in
wetting films with one deformable open surface, such as
the tear films in human eyes. The mechanism of rupture
of a liquid film formed between two fluid phases was
examined experimentally and theoretically by Ivanov et
al.31733 for emulsion systems: transfer of alcohols, acetic
acid, and acetone across liquid films. The diffusion
transport of some solute across the film has been found
to lead to the development of Marangoni instability
(unstable vortices), which manifests itself as a forced
growth of capillary waves at the film surfaces, and eventual
film rupture. Destabilizing mass transfer is present also
in evaporating (mono- or two-layered) liquid films; the
resulting instability has been investigated by Danov et
al.3437by means of linear and nonlinear stability analysis.

The subject of the present theoretical study is closer to
that of ref 33, where film of infinite area and stationary
vortices have been considered. In contrast, here we
consider films of finite area (like the one at the top of the
oil drop in Figure 1), as well as growing and decaying
perturbations (positive and negative values of the wave-
growth exponent). In this aspect we will apply the
formalism developed in the theory of the critical thickness
of liquid films.3843

The paper is organized as follows. In section 2 we
consider the diffusion of oil molecules across the film and
their adsorption at the water—air interface. In section 3
we describe theoretically the fluctuational capillary waves
on the film surfaces and in section 4, the resulting
perturbations in the concentration and adsorption of oil.
The dispersion relation between the wavenumber and
frequency is derived and discussed, and the source of
instability is identified. Finally, in section 6 we present
numerical data, which demonstrate the effects of the film
thickness, area, and the diffusion intensity on the film
stability.

2. Diffusion of Oil Molecules across the Film

Let us consider a thin aqueous film formed between an
oil drop and the water—air interface (Figure 2). The
aqueous phase is a surfactant solution. The surfactant is
assumed to be insoluble in oil, and its concentration in
the water phase is presumably high enough (around or
beyond the cmc) to have dense surfactant monolayers
formed at the oil—water and water—air interfaces. The
magnitude of the film radius R depends (i) on the size of
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Figure 2. Scheme of the diffusion transport of oil molecules from an oil drop (below) toward the water—air interface; c.q and cs
are the subsurface concentrations of dissolved oil at the oil—water and water—air interfaces, respectively; Jpq and Jsq symbolize
the fluxes of bulk and surface diffusion of oil; 2 and R are the film thickness and radius.

the oil drop, (ii) on the force pressing the drop against the
water—air interface, and (iii) on the specific configuration
of interfaces; say, if a drop is captured in a Plateau border
within a foam, three asymmetric oil—water—air films will
be formed. Below R is treated as a parameter of the model,
whose influence on the stability of the film is investigated.
For a specific system R can be determined from the
conditions for mechanical equilibrium.

Further, we assume that (i) the oil has some solubility
(molecular or micellar) in the aqueous phase and (ii) the
oil is able to spread over the surfactant adsorption
monolayer and thus to decrease the surface tension of the
water—air interface, owa. Moreover, in this article we
consider the case of nonpreequilibrated aqueous and oil
phases. In such a case, oil molecules will be dissolved at
the oil—water interface (Figure 2), then they will cross
the water film by diffusion, and finally they will adsorb
at the water—air interface causing a progressive decrease
in owa, which is due to the penetration of oil among the
hydrocarbon tails of the surfactant molecules.

The concentration of dissolved oil molecules in water is
assumed to be much smaller than the surfactant con-
centration, which is a typical situation for a foam-making
system. Consequently, we can accept that the system is
(almost instantaneously) equilibrated with respect to the
distribution of the surfactant and then we can examine
only the slow transport of 0il molecules. This considerably
simplifies the diffusion problem considered in the present
section, as well as the hydrodynamic problem (see sections
3 and 4).

Since in reality the thickness of the asymmetric oil—
water-air film is much smaller than its curvature radius,
we can neglect the curvature of the film. Therefore, we
will consider a plane-parallel film of constant thickness
h. Our first task is to determine the concentration of the
dissolved oil co(z,t); ¢ is time, the z-axis is perpendicular
to the film, and the plane xy coincides with the oil—water
interface. The function co(z,t) obeys the equation of
diffusion:

_800 = D—aZC0 0 h 2.1
— < <
g 7 0<z<h) 2.1)

where D is the diffusivity of the oil molecules in water.
To specify the initial condition, we assume that there is
no dissolved oil at the initial moment ¢ = 0:

c(2,0) =0

0<z=<h) (2.2)

The boundary condition at the oil—water interface could
be imposed in various ways. Here we will assume that the
subsurface layer of the water phase is equilibrated with
the oil phase, that is

co(0,8) = cq t>0) (2.3)
where c.q is the equilibrium concentration of dissolved oil
in the water. Equation 2.3 implies that the transport of
oil across the water film is limited by the diffusion. The
boundary condition at the water—air interface z = A is

dly Daco 0.4
@ Pal @4

i.e. the adsorption of oil at the water—air interface I'y
increases due to the supply of oil molecules by diffusion.
To complete the set of equations we need an adsorption
isotherm. For the sake of simplicity we will use the Henry
isotherm (see, e.g., Table 1 in ref 44):

o) = H ey (@), o (t) =colz = h, 1) (2.5)
owal®) = o\ — RTT () (2.6)

Here cq is the subsurface concentration of dissolved oil
molecules and H, is the slope of the Henry adsorption
isotherm; o\yy is the surface tension of the water—air
interface in the absence of any adsorbed oil molecules
(surfactant molecules are presumed to be present).

The linear boundary problem, based on eqs 2.1-2.5,
can be solved by means of Laplace transformation.
Unfortunately, the inverse Laplace transform of the
solution cannot be obtained in analytical form. However,
the asymptotic form of the solution for long times can be
expressed analytically (see Appendix A):

colz,t) = ceq[l - % exp(— I%)]

Setting z = h in eq 2.7 we obtain an expression for the
subsurface concentration of oil molecules:

co(t) = ceq[l - exp(— I-Zl;z)

(44) Kralchevsky, P. A.; Danov, K. D.; Broze, G.; Mehreteab, A.
Langmuir 1999, 15, 2351.

¢> KYD) (2.7)

(¢ > h?/D)

(2.8)
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Finally, eliminating the exponential function between eqs
2.7 and 2.8 one obtains

Co(2,t) = Coq — [Coq — Cos®] 2/R (t > h*/D) (2.9)

If the time derivative in eq 2.1 is neglected, the linear
dependence of ¢y on z in eq 2.9 can be directly deduced.
For typical parameter values, D =5 x 107® cm?/'s and A
= 100 nm, one obtains A%/D = 2 x 107° s, which means
that eqs 2.7—2.9 are valid for all values of ¢, except for a
very short nonstationary initial stage of diffusion.

As already mentioned, the boundary conditions, eqs 2.3
and 2.5, correspond to the assumption that the subsurface
layer of the aqueous phase and the adsorption layer are
equilibrated with respect to the exchange of oil molecules.
Such an equilibration exists if the following criterion is
satisfied:

lkdes 8_FO -
I, D dc

where [ is a characteristic thickness of the diffusion layer
and kg is the rate constant of desorption of oil in the
water; I'sq is the saturation adsorption of oil. From the
Henry isotherm (see eq 2.5), we obtain dI'¢/dcy = H,; in
addition, for our system [/ can be identified with the film
thickness %; then the criterion 2.10 acquires the form

(2.10)

h> T D/(ky.H,) (2.11)
For an estimate one can take D = 5 x 1075 cm?/s, H, =
2.4 x 1072 ¢cm, and 1/T., = 68 A% per molecule (see section
6.1 below); because of the lack of data for k4. for oil, we
took the value kges = 6.7 x 10 8molcm 2571 =4.0 x 106
cm~2 s~ for pentanol from Table 9.1 in ref 45. With these
parameter values the criterion 2.11 gives & > 7.6 nm as
a necessary condition for equilibration of surface and
subsurface.

In some cases the surfactant micelles serve as carriers
of 0il in the aqueous phase.*64° If such is the case, in the
above equations D should have the meaning of micelle
diffusivity.

In other cases, the oil can be completely insoluble in
water (like the triglycerides), but it can contain some
admixture (say alcohol), which has some solubility in water
and can adsorb at the water—air interface. In such a case
this admixture can play the same role as the soluble oil
considered in this paper.

3. Fluctuational Capillary Waves on the Film
Surfaces

As already mentioned, the transport of oil molecules to
the water—air interface decreases the interfacial tension
owa and perturbs the film surfaces. Thus, the inevitable
fluctuation capillary waves could be enhanced and the
film could rupture.?? To investigate this problem theoreti-
cally, below we apply a linear instability analysis.

Let us consider fluctuations of the film thickness A, of
the pressure inside the film p, and of the concentration
of oil molecules in water c. Each of these variables can be
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presented as a sum of its equilibrium value, denoted with
a subscript “0”, and of a small perturbation, denoted with
tilde, "~'":

h=hy+h, p=p,+5p, c =cy+¢ (3.1)
Ithasbeen established3®43 that the short capillary waves
decay much faster than the long ones due to a higher
dissipation of kinetic energy. For that reason, in the
present analysis we consider only the long waves, whose
length is of the order of the film radius R (Figure 2), insofar
asthey are expected to be responsible for the film rupture.
The film radius is much greater than the film thickness;
that is, h/R < 1. Therefore, to solve the hydrodynamic
problem, we can use the Navier—Stokes equation in
lubrication approximation,® viz.,

r

?v 1p
oo p =prt) (3.2)
We use cylindrical coordinates (r,¢,z), the z-axis is the
axis of rotational symmetry of the system (Figure 2), and
7 is viscosity of the aqueous phase. The fluid flow is due
to the fluctuations; the velocity of the flow is expressed
in the form v = v,e, + v, e,, where e, and e, are unit
vectors of the local basis; the two velocity components v,
and v, are related by the continuity equation®

10 dv,
=—(rv,)+—-—=0 (3.3)
ror 0z

Integrating eq 3.2 twice with respect to z, one obtains®!

=Z(Z—h)@ z0uy h—z%

Ur 2n  or hor h or (3.4)

where we have introduced the notation
ou, oug 35
W = Uyly=0» W = Ur|z:h ( . )

The functions, describing the shape of the perturbed lower
and upper film surfaces, will be denoted by

z="hyrt) and z=h+hyrt) (3.6)

Then the perturbation of the film thickness is
h(r,t) = hy(rt) — hy(r,t) (3.7

Gumerman and Homsy®2 have found that the results of
the instability analysis are not so sensitive to the type of
the boundary condition imposed at the periphery of a liquid
film. To specify this boundary condition, in our case we
will require the perturbations to vanish at the film
periphery; that is, #; = 2, = 0 for » = R. The physical
motivation of the latter boundary condition, which is
currently used to solve film-instability problems, is that
the factors promoting the growth of the capillary waves
are expected to be operative only inside the liquid film.?3
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(50) Landau, L. D.; Lifshitz, E. M. Fluid Mechanics: Pergamon
Press: Oxford, 1984.
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Chem. Eng. Sci. 1985, 40, 173.

(52) Gumerman, R. J.; Homsy, G. M. Chem. Eng. Commun. 1975, 2,
217.

(53) Ivanov, I. B.; Dimitrov, D. S. In Thin Liquid Films; Ivanov, 1.
B., Ed.; Marcel Dekker: New York, 1988; p 379.



8896 Langmuir, Vol. 16, No. 23, 2000

Air

2) growth of the (2)
local concavity

Valkovska et al.

enhanced
(1)} adsorption

of oil

"

Oil

Figure 3. The mechanism of wave growth: (1) In the region of smaller thickness the water—air interface enters a zone enriched
in dissolved oil, which leads to enhanced adsorption of oil. (2) The latter gives rise to gradients of surface tension, directed from
the zone of smaller thickness outward, which (3) drag away water and thus (4) produce a further growth of the concavity.

Because of the cylindrical symmetry, setting the pertur-
bations zero at the film periphery implies that the
fluctuations in the film thickness, velocity, pressure, and
oil concentration can be presented as superpositions of
terms proportional to the Bessel function Jy(a r/R),

(h,h,houy,uq,p,e,l) OJ(ar/R) (3.8)
where o can be any of the zeros of the equation Jy(a) =
0;T"is the fluctuation of the adsorption of oil at the water—
air interface. In addition, the boundary conditions for v,
at the film surfaces are

dh, oh,
vz|z=0 = E’ Uz|z=h = E (39)
Having in mind eqs 3.8 and 3.9 we integrate the continuity
eq 3.3 and use eq 3.4 to derive

oh 2[ (.3 2\ ~ 2 oh —
e (2__f£)ﬂ+2_u2+z( & Z)ul]

V== 3 2 /27" 2n

= TR
(3.10)

Wehave used the fact that V2Jy(a.r/R) = — (o/R)?J o(a.r/R),
where V2 is Laplacian. The substitution z = 4 in eq 3.10,
along with eqs 3.7 and 3.9, yields

oh _ o*[n h3p]
T R2[2(u1 + uy) 127 (3.11)
The Laplace equation of capillarity for the two perturbed
film surfaces has the form5%54

oowVeh, =p + II(h) — p,, (3.12a)

owaVhy = Doy — p — I(R) (3.12b)
where oow is the oil—water interfacial tension; p,; and p i,
denote the pressure in the respective phase, and I1(k) is
the disjoining pressure, which accounts for the molecular

(54) Ivanov, I. B.; Kralchevsky, P. A. In: Thin Liquid Films, 1. B.
Ivanov, Ed.; M. Dekker: New York, 1988; p 49.

interactions across the film.?5%6 In view of eq 3.1, for the
nonperturbed film surfaces, one can write
(3.13a)

ZOOW/Rf = Dot — Po — H(hy)

20wa/R; = po + Tl(hg) = Py (3.13b)
where Ryis the radius of curvature of the film. For small
perturbations the disjoining pressure can be expanded in
series for small perturbations A:

T(R) = Tl(hy) + T + ...; H'Ei—gm:o (3.14)

Having in mind eqs 3.1, 3.8, 3.13a,b, 3.14, and the
relationship V2h; = —2/Rs+ V2h;,i = 1,2, from eqs 3.12a,b
one can deduce

Oow(W/R’hy +p+TI'A=0 (3.15)

owa(WRYhy —p —TI' R =0 (3.16)
In view of eq 3.7, by summation and subtraction of eqs
3.15 and 3.16, one derives the following useful relation-
ships:

- Owa
h

-—= i 3.17)
Oow T Owa

5= (‘%Q—UOWOWA = n') 3
2 0w T Owa

4. Fluctuations in the Concentration and
Adsorption of Oil

To calculate the fluctuations in the concentration of oil
dissolved in water, we have to solve the respective
linearized diffusion problem. The starting point is the
standard equation of convective diffusion:*°

(3.18)

(55) Derjaguin, B. V. Theory of Stability of Colloids and Thin Liquid
Films; Plenum Press, Consultants Bureau: New York, 1989.

(56) Israelachvili, J. N. Intermolecular and Surface Forces; Academic
Press: London, 1992.
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As discussed at the end of section 2, for times longer than
7= h?D =~ 2 x 1075 s, the derivative dc/dt in eq 4.1 can
be omitted. The latter approximation is valid also for the
perturbations considered by us, insofar as the charac-
teristic time of growth of the capillary waves (see the values
of ™! in Figures 4—7 below) is much greater than the
above value of 7. Having in mind that ¢ = ¢y + ¢, we
calculate Ve from eq 2.9 and bring eq 4.1 into the following
linearized form:

9
—0,00h =DYE de=c —co®  (42)

0z
The boundary conditions at the two perturbed film surfaces
are

c=cyh,t)+é= Ceq atz=0 (4.3)

%I;——v «('v) + D_V°T — D

atz=h (4.4)
where V; and D, are the surface gradient operator and the
coefficient of surface diffusion and I is the adsorption of
oil at the water—airinterface. The three terms in the right-
hand side of eq 4.4 account, respectively, for the effects
of interfacial expansion/compression, surface diffusion of
oil molecules and their bulk diffusion. Expanding in series
in eq 4.3, and using eqs 2.3 and 2.9, one obtains

—(Oc/hhy +E|,_,=0 (4.5)

Likewise, in eq 4.4 we substitute I = T, + I" and obtain
the following relationship between the perturbations of
the involved variables:

ac

= 2
oF _ % (rou,— D) - (4.6)

ot R2 =h

To derive eq 4.6 we have used eqs 3.5 and 3.8. The
subsurface concentration of oil at the water—air interface
can be expressed in the form c, = co(hs, ) + &. With the
help ofeqs 2.5, 2.9, 4.2, and the Henry isotherm, I' = H .c,,
we obtain the following relationship between the pertur-
bations:

I'=H,[¢, — (5c/h)h,) 4.7)

where ¢; = ¢|,-;. Next, we integrate eq 4.2 twice with
respect to z, substituting v, from eq 3.10. The two constants
of integration are determined from eqs 4.5 and 4.7. The
resulting expression for ¢ is differentiated to derive

o _D[T | ocx
Dgle=n = h(Ha h h)
ok 2 2
o e O‘h( 5y, - Th )] (4.8)
210t 4R

Substituting eq 4.8 into eq 4.6 we obtain

i dh, oD,
E _ @_ Déch D + S =
o 2 ot Hh g2
2
Thioc.
& (e + 8T, + 2 hoeu, — go c ] (4.9)
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One additional relationship follows from the tangential
stress balance at the water—air interface (in lubrication
approximation)

dv,|  dowy
Tz =~ or

(4.10)

Since we consider relatively slow surface corrugations (the
surfaces are presumed to be equilibrated with the bulk
with respect to the surfactant), the variation of owa in eq
4.10 is completely due to the variation of the adsorption
of oil at the water—air interface. With the help of eq 3.4

and the Henry isotherm, owa = OWA kT T, eq4.10 can
be represented in the form

%hp + y(uy — uh = — kTT (4.11)
In summary, we have to determine six unknown vari-
ables: h, hi, P, u1, us, and I'. Up to here, we have a set of
five equations relating these variables, viz.,eqs 3.11,3.17,
3.18, 4.9, and 4.11. The necessary sixth equation stems
from the tangential stress balance at the oil—water
interface; this balance equation, and its consequences,
are considered below.

5. Tangential Stress Balance at the Oil—-Water
Interface and Dispersion Relation

Since we consider fluctuational capillary waves, we can
seek the perturbation of the film thickness A in the form3%5°

h = H(r)exp(wt) (5.1)

where H(r) O Jo(ar/R) is amplitude and w is the exponent
of growth of the capillary waves. Indeed, for > 0 the
capillary waves grow until break the liquid film, whereas
for w < 0 the capillary waves decay with time. Therefore,
the condition w = 0 corresponds to transition from regime
of stability to regime of instability. Our aim below is to
investigate how this transition depends on the physical
parameters of the system.

As mentioned in section 2, in the present study we
assume that the surfactant concentration is sufficiently
high, viz., around or beyond the cmc; in fact, this is the
concentration range in which stable foam films and foams
do exist. For such concentrations the surfactant adsorption
monolayer on the water—air interface certainly behaves
as tangentially immobile.?® (In this study, any motion at
the water—air interface is entirely due to molecular
spreading of oil, see eq 4.10.) On the other hand, for the
same bulk concentrations, the adsorption of surfactant
(and the surface elasticity) at the oil —water interface could
be essentially lower than that at the water—air interface.?”
So, one might expect that the oil—water interface is more
fluid than the water—air one.

Below we consider the two limiting cases (i) tangentially
mobile and (ii) tangentially immobile oil—water interface.
We will mention in advance, that these two cases give
numerically close results about the transition from stable
to unstable films. In other words, it turns out that the
stability of the asymmetric film is not so sensitive to the
degree of tangential mobility of the oil—water interface.

5.1. Tangentially Mobile Oil—Water Interface. In
this limiting case we neglect the effects of surface elasticity
and viscosity. Then the tangential stresses in the water
and oil phases directly counterbalance each other at the
interface:

(57) van Hunsel, J.; Joos, P. Colloids Surf. 1987, 24, 139.
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v, (vi n 803
0z - 0z or

) atz=0 (5.2)

The superscript “d” denotes quantities which refer to the
oil drop; in particular, #? is the viscosity of the oil. The
lubrication approximation is not applicable to describe
the hydrodynamic flow inside the drop. For that reason
we used the complete Navier—Stokes equation in con-
junction with eq 3.3; the solution was sought in the form
of capillary waves, which decay exponentially in the depth
of the oil phase. As a result we obtained a modified form
of eq 5.2:

v,

8( s atz=0

= —2un%, (5.2a)

h
'R
For real thin films 2/R < 1. Consequently, if y and 4 have
the same order of magnitude, then the right-hand side of
eq 5.2ais much smaller than the left-hand side and it can
be neglected. Thus, the tangential stress balance at the
oil—water interface reduces to

o, =0 5.3

The substitution of eq 3.4 into eq 5.3 yields

uy = u; + (h*2n)p (5.4)
The linear set of five equations, 3.11, 3.17, 3.18,4.11, and
5.4, allows one to express the five variables, h1, p, u1, uz,
and I' in terms of & and dhA/dt. The resulting expressions
are then substituted in eq 4.9 to derive a connection
between /2 and 94/dt (see Appendix B for details):

A(dh/dt) = Bh (5.5)

where

hoc 200w — h f

A:1+6r0 Uow+‘7WA EG

(5.6)

5 Doc _ (@ _a?0owh| kTDooy ¢

2 R? KT I(oow—i-aWA) r0

a h_f( _hoc _R’D
n

h,
R\l 1, T en  n) O7

o GowOwa
R? Oow T Owa

f - 1T (5.8)

The quantities

3nD
377D h=77s

b ZEGha, ° EG

00wa B
-T, 8_1“0 =kTT, (5.9)

> E G =
take into account, respectively, the effects of bulk diffusion,
surface diffusion, and surface (Gibbs) elasticity; to obtain
the expressions for b and Eg we have used the Henry
isotherm, see eqs 2.5 and 2.6. The substitution of eq 5.1
into eq 5.5 gives the sought after expression for w:

(5.10)

==

A

where A and B are given by eqs 5.6 and 5.7. In fact, eq
5.10 represents a dispersion relation between the wave-
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growth exponent w and the wavenumber ¢ = o/R. A
substitution of experimental values of the physical
parameters shows that usually A > 0. Then, the sufficient
condition for instability, @ > 0, is transformed to B > 0.
Positive values of B are possible when the first term in
eq 5.7

Doc Déc

h—ro——Q Q—— (5.11)

is large enough. It turns out that for the considered type
of systems this term, proportional to @, is the major source
of instability. For that reason, the physical meaning of @
deserves a special discussion.

The term with @ originates from the mass balance
equation at the water—air interface, eq 4.9; the latter can
be presented in the form

Z)F

o (5.12)

= —Qh + (other terms)

Equation 5.12 shows that for a local fluctuational decrease
in the film thickness, 2 < 0, the term with @ contributes
to alocal increase in the adsorption I'. The latter increase
is due to the fact that in the region of smaller thickness
the water—air interface enters a zone enriched in dissolved
oil, which is being transferred by diffusion from the lower
film surface toward the upper one (Figure 3). The newly
adsorbed oil (the local increase of I') creates a surface
tension gradient, which in its own turn gives rise to a
two-dimensional flow (molecular spreading of oil) in the
water—air interface, see eqs 4.10 and 4.11. This surface
flow, directed from the zone of smaller thickness outward,
carries water away, which causes a further decrease of the
local film thickness in the concave zone (Figure 3). In
other words, there is a positive feedback, which promotes
a growth of the fluctuation (deepening of the concavity)
until eventually the two film surfaces touch each other
and the film ruptures. A feature of this mechanism of film
breakage is that the oil diffusion across the film precedes
and feeds the molecular spreading of oil.

The formal substitution dc = 0 (no diffusion across the
film) and E¢ — o (tangentially immobile surfaces) brings
eq 5.10 in the simpler form

_ R 2 9owowa _a
W= 3 I —q L 9=% (5.13)

In this limiting case instability (w > 0) can appear only
if IT" > 0, which may happen in the case of predominant
van der Waals attraction between the film surfaces.38742
Setting w = 0 in eq 5.13 we arrive at a known expression
for the transitional wavenumber (corresponding to a
transition from stability to instability):33

Oow + O
2 OW WA (5.14)
OowOwa

For symmetric films, cow = owa = 0, eq 5.14 has been
derived long ago;383941it corresponds to instability driven
only by the disjoining pressure II. In contrast, eq 5.10
predicts instability even in the case of IT' < 0; as discussed
above, the latter instability is driven by the diffusion
transport of a surface-active solute (the oil) across the
film (Figure 3). In this aspect eq 5.10 involves a new source
of instability, as compared to eq 5.13.

5.2. Tangentially Immobile Oil—Water Interface.
In this case, the immobilization could be due to high surface
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viscosity or high surface elasticity. In such a case the
tangential component of surface velocity is equal to zero:
Url.=0 = 0. Combining the latter equation with eq 3.5, we
obtain

u, =0 (5.15)
where we have taken into account the fact that u; is a
perturbation. In view of eq 5.15, the linear set of four
equations, 3.11,3.17,3.18,and 4.11, allows one to express
the 4 variables, h1, p, us, and I' in terms of A and 0h/dt.
The resulting expressions are then substituted in eq 4.9
to derive a connection between A and its time derivatives
(see Appendix C for details):

R o _
Aly +B5, = C (5.16)
where
2
a=E e (5.17)
_ . _hoc%wa ~ %ow | R*f
B, =1 8T o T ooy 38T M (5.18)
2 73
o _Doc _o® B[, _hoc )

17 2nT, R212y\° 20T,
sc o 200wh)\ ETDooy  5c. (5.19)
2 R? 3kT J(ouy + oa)? 20

2 h
mM=E b 2 (5.20)
o? 3n?  3h
The substitution of eq 5.1 into eq 5.16 yields a quadratic
equation for w:
Aw*+Bw—C,=0 (5.21)
Equation 5.21 represents the sought for dispersion relation
between the frequency w and the wavenumber ¢ = o/R.
The roots of eq 5.21 are
w5 =[-B; £ (B} + 44,C)"1(24) (5.22)
The exponent of wave growth is to be identified with the
greater of the real parts of the roots w; and ws. Substituting
typical experimental values of the parametersineqs 5.17—
5.20 (see section 6.1), we obtain that always A; > 0;
excluding some unrealistically large values of dc we also
have B; > 0. Then the necessary and sufficient condition
for appearance of instability is C; > 0; in such a case the
exponent of wave growth coincides with the larger root,
that with sign "+" in eq 5.22. Positive C; is ensured when
the term Ddc/(2hT ) in eq 5.19 is large enough. Hence the
physical origin of the instability is the same as in section
5.1, i.e. diffusion transport of a surface-active solute (the
oil) across the film; see the discussion after eq 5.11 and
Figure 3.
Performing the limiting transition d¢ — 0 (no diffusion
across the film) and Eg — o (tangentially immobile

surfaces) in eq 5.21, one arrives at a known result, eq
5.14.
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6. Numerical Results and Discussion

6.1. Parameter Values. Our purpose here is to obtain
numerical results about the influence of various physical
factors (concentration of dissolved oil, film thickness A,
film radius R, etc.) on the wave-growth exponent w, and
especially, on the existence of stability—instability transi-
tion at w = 0. To obtain realistic results, we take the
following experimental values from ref 26 for aqueous
solution of 0.09 wt % (about 10 cmc) of the surfactant
dodecyl-benzene-sulfonate with added 12 mM NaCl, viz.,
oil—water interfacial tension, cow = 2.2 mN/m; tension of

the oil-free water—air interface, oy = 32.4 mN/m;
tension of water—air interface equilibrated with a floating
(eq)

oillens, oy = 26.4 mN/m. The equilibrium concentration
of oil dissolved in water is taken ceq = 107% M, see ref 58.

Then from eqs 2.5 and 2.6 we determine H, = (o\yy —

GEN/(RT coq) = 2.43 x 1072 cm. The calculated equilibrium
adsorption of o0il, 'y = H,Ceq, corresponds to 68 A2 per oil
molecule in the spread oil layer, which means that we
deal with molecular spreading (incorporation of separate
oil molecules among the tails of the surfactant molecules),
rather than with spreading of thick (bulk) layer of oil. For
the coefficients of bulk and surface diffusion of oil we use
the values D = D, = 10719 m?/s; in addition, the viscosity
of the aqueous phase is 7 = 0.89 x 1073 Pa/s.

To simplify the calculations we assume that the elec-
trostatic component of disjoining pressure is suppressed
by the added salt and that the van der Waals interaction
is predominant; then we can use the expression5%56

Ay
67h3

(6.1)

where Ay is the compound constant of Hamaker. Since
the magnitude of the Hamaker constant of water is
intermediate between those of the oil and air, we obtain
a negative value of the compound constant: Ag = — 2 x
10721 J. The latter fact implies that the van der Waals
interaction is repulsive, and consequently, it can ensure
the formation of equilibrium oil—water—air films.

When calculating the exponent of wave growth w, we
have substituted o equal to the first zero of the Bessel
function Jy; that is oo = 2.4048. This means that we
calculate w for the longest possible wave, which does
usually first become unstable.?®

The parameter values given in section 6.1 are used for
the calculation of all theoretical curves reported in sections
6.2 and 6.3.

6.2. Numerical Results for the Wave-Growth Ex-
ponent. In Figure 4 we present plots of w versus the
subsurface concentration of dissolved oil ¢(s. The theoreti-
cal curves are calculated by means of eq 5.10 for three
different values of the film thickness 4; the film radius is
the same for the three curves, R = 5 um. One sees that
o < 0 for cos = ceq (= 0.01 mM); see the right end-points
of the curves in Figure 4. This means that the film is
stable with respect to capillary waves, if there is no
diffusion of oil across it (as it should be expected). The
thicker film, the one with A~ = 100 nm, is stable (v < 0)
in the whole range of variation of cos shown in the figure;
this film could become unstable (v > 0) for cos < 0.001
mM, but such low values of cos seem to be unrealistic.
Indeed, the real oil—water—air films can reach a given
thickness, say h =100 nm, in a process of thinning; during
the thinning not only the diffusion, but also the convection
could transport oil molecules to the water—air interface.5?

(58) McAuliffe, C. J. Phys. Chem. 1966, 70, 1267.



8900 Langmuir, Vol. 16, No. 23, 2000

190 | /—
- 170 | ‘ —— h=20nm
L e R St h=50nm
g 1501 | ©mo= h=t00mm
= 1301 S
o L
g o ceq=0.01 mM
g 90f
& 7o} . A=5pm
L
= 50
2
o 30f
2 1o
e ;
& 10| o
Z  30f

50 -

0001 0002 0.003 0.004 0.005 0006 0.007 0.008 0,008 0.010
Oil concentration at water/air interface, cos, "M

Figure4. Plot ofthe wave-growth exponent w vs the subsurface
concentration of oil at the water—air interface, cos; the equi-
librium concentration of dissolved o0il is ceq = 0.01 mM and the
film radius is R = 5 um. The three curves, calculated from eq
5.10, correspond to three different values of the film thickness:
h = 20, 50, and 100 nm.
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Figure5. Plotofthe wave-growth exponent w vs the subsurface
concentration of oil at the water—air interface, cos; the equi-
librium concentration of dissolved oil is c¢q = 0.01 mM and film
thickness is A~ = 100 nm. The three curves, calculated from eq
5.10, correspond to three different values of the film radius:
R =5,7, and 10 um.

With the decrease of the film thickness the region of
instability (the part of the curve with w > 0, Figure 4)
increases, and for 2~ = 20 nm almost the whole curve
belongs to the region of unstable films. Qualitatively, this
transition from stable to unstable films with the decrease
of the film thickness 2 could be identified with the
experimentally observed breakage of the film at a certain
AP, when the pressure difference AP = P, — P; is
increased, see Figure 1. (Larger AP leads to smaller A
because of the squeezing of water from the film.)

Figure 5 demonstrates the strong influence of the film
radius, R, on the film stability at fixed thickness A. The
increase of R with few um leads to a considerable shift of
the w(cgs)-curve upward, i.e., toward positive w and
unstable films. The physical implication of this fact is
that the films at the top of larger oil drops (with larger
R) should be less stable, see Figures 1 and 2. The major
conclusion from Figures 4 and 5 is that the transition
from stability to instability, at w = 0, does really exist for
reasonable values of the system parameters; w increases
(the films become less stable) when the thickness &
decreases, the radius R increases, and dc = ceq — Cos 1S
greater; that is, the diffusion flux of oil across the film is
more intensive.

As already mentioned, if a drop (lens) of oil is put at the
water—air interface, covered by surfactant adsorption
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Figure 6. Plot of the wave-growth exponent w vs the decrease

of the water—air surface tension, Ao(cos), due to the adsorption

of oil; the equilibrium concentration of dissolved oil is ceq = 0.01

mM and film thickness is 4~ =50 nm. The three curves, calculated

from eq 5.10, correspond to three different values of the film
radius: R = 10, 20, and 50 ym.
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Figure 7. Plotofthe wave-growth exponent w vs the subsurface
concentration of oil at the water—air interface, cos; the equi-
librium concentration of dissolved oil is ceq = 0.01 mM; the film
thickness and radius are A~ = 100 nm and R = 10 um. Curve
(i) is calculated from eq 5.10, and curve (ii) from eq 5.22, for
tangentially mobile and immobile oil—water interface, respec-
tively.

monolayer, the interfacial tension owa decreases. The
equilibrium (maximum) value of the decrement is Ac'® =
Ogh — 0¥%. The fact that Ac® > 0 means that the oil
exhibits a surface activity (oil molecules spontaneously
penetrate among the tails of the adsorbed surfactant
molecules), which is a necessary condition for the ap-
pearance of surface tension gradients and film instability,
as sketched in Figure 3. Under dynamic conditions, the
surface tension decrement is Ao = owalcos) — 0%?,‘2. In
general Ao < Ao® because of the preliminary partial
saturation of the water—air interface with oil; if equilib-
rium is attained (cos = ceq), then Ao = 0. Figure 6
demonstrates that the wave-growth exponent w increases
with the rise of Ao. It is interesting to note that even a
very small Ao can provoke a stability-instability transi-
tion: for R = 50 um the point w = 0 corresponds to Ao ~
4 x 107 mN/m, which is a vanishingly small value
compared to the experimental accuracy of the surface
tension measurements. For smaller R the stability of the
film increases, and then a larger Ao is necessary toinduce
instability: for R = 10 um the point w = 0 corresponds to
Ao ~ 0.3 mN/m, see Figure 6. In conclusion, small values
of Ao are sufficient to trigger the instability.

In Figure 7 we compare the dependencies of w on ¢y, for
the cases of tangentially mobile and immobile interface
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oil—water. The respective curves are calculated from eqs
5.10 and 5.22, the latter with “+” before the square root.
One sees that the wave-growth exponent w is almost
everywhere greater by magnitude for the mobile oil—water
interface as compared to the immobile one. On the other
hand, the points with w = 0 are close for the two curves.
Hence, the transition from stability to instability is not
so sensitive to the degree of mobility of the oil—water
interface.

6.3. Limits of Action of the Proposed Mechanism
and Alternative Sources of Instability. Finally, let us
make a brief recapitulation of the possible sources of
instability, which could cause film rupture, and subse-
quent drop “entry” at the water—air interface (Figure 1).

A. Instability Driven by Diffusion Flux across the Film.
This is the mechanism investigated in the present paper.
The necessary conditions this instability to occur are, first,
some component to be transported by diffusion from the
oil—water to the water—air interface, and second, this
component to be surface-active, i.e., to give rise to a
decrement Ao of the water—air surface tension, see Figure
6 and the related text. If the water—air interface is
preequilibrated with the transported component, say the
interface is covered with prespread oil, then Ac = 0 and
this type of instability disappears.

B. Instability Driven by Disjoining Pressure. This is the
classical type of instability in liquid films,3%3° which
appears only for IT' > 0, see eq 5.14. The latter condition
can be satisfied if there is negligible double layer
(electrostatic) repulsion between the two film surfaces;
such is the case of nonaqueous films,*! or aqueous films
with much electrolyte.’° However, the condition IT' > 0 is
not satisfied for typical foam systems in the presence of
ionic surfactants at not too high salt concentrations (<0.1
M); in the latter type of systems there could be another
source of instability:

C. Instability Driven by Surface Electric Current. This
mechanism could be operative if the kinetic constant of
surfactant desorption is much smaller than the constant
of adsorption, Kjos < Kags. In this case the adsorbed
surfactant ions are closed in a two-dimensional world,
i.e., they could migrate only tangentially to the interface.
Alocal fluctuational decrease in the film thickness induces
alocal increase in the magnitude of the surface potential,
which gives rise to a surface electric current. The latter
carries the adsorbed surfactant ions away from the concave
zone and drags water outward. Thus, the system promotes
the growth of the concavity, i.e., a positive feedback takes
place, just as it is in Figure 3. A detailed theoretical
description of this mechanism is now under way.5!

D. Instability Due to the Piercing Effect of Solid Edge.
This effect is achieved by addition of hydrophobic solid
particles (crystallites) to the oil. They usually occupy the
oil—water interface and are able to break the oil—water-
air film ifthe protrusion of their sharp edges is comparable
or greater than the film thickness. This effect is often
used in the formulations of fast antifoams.3-710-13

It may happen that two (or even more) of the above
mechanisms are simultaneously operative. For example,
the increasing concentration of oil, spread over the water—
air interface, suppresses the action of mechanism “A” due

(59) Danov, K. D.; Kralchevsky, P. A.; Ivanov, 1. B. In Handbook of
Detergents, Part A: Properties; Broze, G., Ed.; Marcel Dekker: New
York, 1999; p 303.

(60) Manev, E. D.; Sazdanova, S. V.; Wasan, D. T. J. Colloid Interface
Sci. 1984, 97, 591.

(61) Danov, K. D.; Valkovska, D. S.; Ivanov, I. B. Manuscript in
preparation.
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to a decrease in the chemical-potential gradient of oil across
the water film; on the other hand, the spread oil facilitates
the effectuation of mechanism “C” owing to a decrease in
the surface elasticity. For intermediate surface concen-
trations of oil both mechanisms could simultaneously
operate. In such a case, a careful analysis of the experi-
mental data is needed to reveal the real driving factor(s)
of instability.

7. Concluding Remarks

In the present article we investigate theoretically an
instability, which is driven by diffusion flux across an
asymmetric liquid film. For example, such a flux can
appear across an asymmetric oil—water—air film, formed
between an oil drop pressed against the water—air
interface (Figure 1), if the oil is slightly soluble in water.

In our model we assume that the oil molecules, dissolved
(solubilized) at the oil—water interface, are transported
by diffusion across the aqueous film to the water—air
interface, where they penetrate between the tails of the
adsorbed surfactant molecules and thus cause a decrease
ofthe water—air surface tension. The concentration profile
of the dissolved oil across the film is given by eqs 2.8 and
2.9. Next, we consider fluctuational capillary waves at
the two film surfaces. The set of hydrodynamic equations
and boundary conditions has been solved to obtain
relationships between the fluctuations of film thickness,
pressure, velocity potential at the interfaces, and adsorp-
tion of oil at the water—air surface, see eqs 3.11, 3.17,
3.18, 4.9, and 5.4. As a result, we derive a dispersion
relation between the exponent of wave growth, w, and the
wavenumber, see eqs 5.10 and 5.21. For w > 0 the
amplitude of a perturbation grows until the film ruptures,
see eq 5.1. The physical meaning of the term, which leads
to w > 0 (see eq 5.11), suggests that the instability is
engendered in the following way.

If a local fluctuational decrease in the film thickness
appears, the water—air interface enters a zone enriched
in dissolved oil. The newly adsorbed oil creates a surface
tension gradient, which gives rise to a two-dimensional
flow (molecular spreading of oil) in the water—air interface.
The surface flow carries water away, which causes a
further decrease of the local film thickness in the concave
zone (Figure 3). So, there is a positive feedback, which
promotes a deepening of the concavity until eventually
the film ruptures.

The numerical results show that the transition from
stability to instability at @ = 0 does really exist for
reasonable values of the parameters of the system; the
film becomes less stable when its thickness decreases, its
radius increases, and the diffusion of oil across it is more
intensive (Figures 4, 5, and 7). Even very small decrements
of the water—air surface tension, caused by the adsorbed
oil, are sufficient to trigger the instability (Figure 6). It
turns out that the transition from stability to instability
is not so sensitive to the degree of mobility of the oil—
water interface (tangentially mobile or immobile), see
Figure 7. If the water—air interface is preequilibrated
with the transported component (there is prespread oil),
then the surface tension decrement, and the instability,
disappears.

The rupture of the asymmetric oil—water-air film is a
precondition for entry of an oil drop at the water—air
interface and effectuation of its foam-destructive action.
Our results about one specific source of film instability
could be helpful for a deeper understanding of the
mechanisms of antifoaming.
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Appendix A: Diffusion of Oil Across the Water
Film
The linear boundary problem consists of the diffusion
eq 2.1, the initial condition, eq 2.2, and two boundary
conditions. The first one is eq 2.3; the second boundary

condition is obtained by elimination of T'o(¢) between eqs
2.4 and 2.5:

dc,
Hegr =

ac,

—D— forz=nh (A.1)
0z

We apply a Laplace transformation to eq 2.1:

¥%e
0z

¢=0 (A.2)

Ol

where é(z,s) is the Laplace transform of ¢o(z,). The solution
of the latter equations reads

&(z,8) = A(s) sinh(az) + B(s) cosh(az), a®>=s/D (A.3)

To determine A(s) and B(s) we use the two boundary
conditions; the Laplace transforms of eqs 2.3 and A.1 are

¢(0,s) = ceq/s (A1)
o _ it
H_sé(h,s) = p Y (A.5)

In accordance with eq 2.2, at the last step we have set
¢(h,0) = 0. Combining eqs A.3—A.5 we obtain

aH, + tanh(ah)
1+ aH, tanh(ah)

Ceq
é(z,8) = S A cosh az — sinh(az))

(A.6)

In the limiting case of long times, s — 0, and thin films,
h < H,, eq A.1 reduces to

SO P B ' )
TS T Th DIEp) + s '

The inverse Laplace transform of eq A.7 is eq 2.7.

Appendix B: Derivation of Equations 5.5—5.7

The linear set of five equations, 3.11, 3.17, 3.18, 4.11,
and 5.4, allows one to express the 5 variables, A1, p, ui,

Valkovska et al.

ug, and I in terms of & and 9A/0¢, as follows:

= — Dh, A=oow/ogy + ows) (B.1)

p=rh (B.2)
. M ~
I'= kTh (B.3)
R®> oh _h*f;
U= PRCIT h (B.4)
R*oh R f -
Uy = hon2 % + 377 (B.5)
Combining eqs 5.8 and B.1, one obtains
o
f= Eoow(l —A)—1IT (B.6)

Equations B.1—B.5 are substituted in eq 4.9 to derive a
connection between A and 0h/dt, which is eq 5.5. In the
derivation we have taken into account that A (and,
consequently, /) are dependent on time ¢. With the help
of eqs 2.5, 2.6, 2.8, and 4.2 we obtain

A ) owa '12kTHa dcos oowkT  Doc
(B.7)

Appendix C: Derivation of Equations 5.16—5.19

In view of eq 5.15, the linear set of four equations, 3.11,
3.17,3.18,and 4.11, allows one to express the 4var1ables
ha, b, uz, and I in terms of & and 0A/6¢. The expressmns
for A1 and P are again eqs B.1 and B.2. The expressions
for us and I' are

r__2[nf;  nR® 0k
= kT( + o at) (C.1)
2R” oh L h R*f -
= 677 A (C.2)

Next, eqs 5.15, B.1, B.2, C.1, and C.2 are substituted in
eq 4.9 to derive a connection between A and its time
derivatives, that is, eq 5.16; in particular, the second
derivative 9%h/3t? in eq 5.16 originates from the dif-
ferentiation of eq C.1. The time dependence of 1 and fis
taken into account with the help of eqs B.6 and B.7.
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