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Influence of Evaporation on Ripples

Ernst Nowak' and J. M. Deutch*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 (Received: April 12, 1982;

In Final Form: June 25, 1982)

The viscoelastic properties of a liquid-vapor interface covered by a layer of surface active material are discussed
in terms of the complex dilational modulus ¢ = do/d In « where ¢ is the surface tension and « is the area of
a surface element. This modulus is known to be closely related to the spectrum of surface waves. We allow
for diffusion between the bulk liquid and the surfactant layer as well as for evaporation, i.e., mass transport
between the surface and the vapor phase. Our result is a generalization of results by Lucassen and v.d. Tempel
who neglected evaporation. For practical situations, contributions to ¢ from evaporation are about one order
of magnitude smaller than those from diffusion in the liquid. We conclude that it will be almost impossible
to get reliable data on evaporation from studies of the ripple spectrum.

Introduction

Evaporation plays an important role in many practical
situations, for example, paint drying. This article is de-
voted to the question of whether ripples (also called ca-
pillary waves) on liquids are sensitive to evaporation. If
80, then study of the ripple spectrum, for example by light
scattering, might be an attractive new method to inves-
tigate evaporation.

The conventional theoretical treatment of surface
waves! ™ relates the ripple properties to the surface tension
of the liquid, denoted by ¢, and the viscoelastic properties
of the surface described by the (complex) surface dilational
modulus e. This modulus gives the response of the surface
to local compression and expansion:

e=do/dIna (1)

where « is the area of a surface element.

For pure liquids, ¢ = 0. However, the presence of a layer
of surface active material leads to surface elasticities that
modify wave properties such as damping. We describe the
surface layer by the surfactant adsorption, T', measured
in mol em™2. Using the surface equation of state ¢ = o(T")
one finds

__do dInT
‘"dlmTdna
If the total amount of adsorbed material does not change

measurably during the lifetime of a ripple, T'a = constant
and

(2)

do

€ dlnT ®)
However, the surfactant layer is not always insoluble. A
frequency dependence of ¢ may arise from relaxation
mechanisms in the surface region. The best-studied
mechanism is diffusional exchange of surfactant between
the surface and the bulk liquid.4® In addition to this
process, we permit evaporation, i.e., exchange of surfactant
between the surface and the vapor phase.

Some General Results for Surface Waves

In the usual theory of surface waves, one calculates
wavelike solutions of the linearized Navier-Stokes equa-
tions for an incompressible fluid subject to the appropriate
boundary conditions. The details can be found in many
texts on hydrodynamics; we give here only some general
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results which are from the review by Lucassen.?

For simplicity, we restrict our discussion to the case of
a liquid filling the half-space y < 0; its equilibrium surface
is the plane ¥ = 0. Denoting the x and y component of
liquid velocity by u and v, one gets

u(x,y,t) = —{ikAe"y + mBemy}ei(hx+wt) (4)
U(x,y,t) = —{kAeky - ikBem}’}ei(kx+wt) (5)

where m is defined by

m2=k2+iw§ Rem >0 ®)
p and 7 are the density and the viscosity of the liquid which
are assumed to be constants. Hence, when applying these
results to the case of solutions with a nonuniform solute
distribution, the solutions must be sufficiently dilute.

The ratio of A and B as well as the dispersion relation
is determined by the stress boundary conditions, which
state that the total stress at each point of the surface is
zero. When the previous definitions are used, the final
form of these equations is

033 k
(—iwp - onk? + 12 i ii)A +
w

w

0,3 k
(2i17km+ ok £)3=0 )

w w

3 2
(—2inkm - ek; )A + (—n(k2 + m?) + ie% )B =0 (8)

where g is the gravitational constant and ¢© is the surface
tension of the unperturbed surface.

So that a nontrivial solution for A and B is obtained,
the determinant formed by the coefficients must be zero.
This results in a relationship between the wave number
k and the frequency w, i.e., the dispersion relation.

For a pure frictionless liquid, we get the well-known
result

! = gk + o— ©)
p
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The corresponding surface waves have transverse
character. We will concentrate on capillary waves. They
have such a short wavelength that & > (pg/0)'/% hence,
the driving force is surface tension, and gravity can be
neglected. Typical values for wave number and frequency
are k ~ 30 cm™ and w ~ 200 s.. Under normal experi-
mental conditions only these transverse capillary waves
can be observed. For nonzero values of the viscosity and
the surface dilatational modulus, however, the character-
istic equation resulting from eq 7 and 8 has still another
set of roots corresponding to capillary waves of longitudinal
character.

As the experimental investigation of longitudinal ca-
pillary waves is rather complicated, they have escaped
experimental observation until the work by Lucassen.® He
found the wavelengths of longitudinal waves to be about
30 times higher than those of transverse waves under the
same experimental conditions.

As we are primarily interested in the dilational modulus
¢, we note that longitudinal waves have propagation
characteristics sensitive to ¢ for all values of ¢ while tran-
sverse waves are sensitive to e only in the neighborhood
of the maximum in the damping coefficient. For details
the reader is referred to a review by Lucassen.?

The Dilational Modulus

In order to calculate the dilational modulus for a liquid
covered by a soluble surfactant layer, we need an ex-
pression for d In I'/d In « (see (2)). This can be derived
from the condition of mass conservation at the surface. If
we assume molecular diffusion in the liquid and the gas
phase, this condition is

} (10)
8

d(Fa) 602
& Yo

where C; , is surfactant concentration in the liquid and the

gas phase, respectively, D, , are the corresponding diffusion

coefficients, n denotes the coordinate normal to the surface

and subscript s means the function is evaluated at the

surface.

acC,
s_ Y on

From eq 10
dinlI' _ dr/dt )
d In o dI‘/dt + Dlacl/anls - D23C2/6n|s

The diffusion equations are

acl(xyy,t) 62 62
= —_— -
6t Dl 6x2 ayz Cl(xryat)

0 a
u(x)yyt)g-;cl(xvyyt) - U(x’yyt)é;cl(xyyyt) (12)

602(x,y,t) 82 (92
" =p| —
dx?  Jy?

ot + —)CZ(x’y:t) (13)

If there is equilibrium between liquid and vapor in the
absence of waves, the concentrations for a flat interface,
denoted by superscript (0), will be homogeneous within
both phases. Additional contributions due to ripples,
denoted by superscript (1), will be sufficiently small so that
we may neglect convection. We seek solutions of the form

CiW(x,y,t) = R, explilkx + wt) + gy} (14)
CyW(x,y,t) = R, explitkx + wt) ~ gy} (15)

where g, , are defined by

(6) Lucassen, J. Trans. Faraday Soc. 1968, 64, 2221, 2230.
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Q=K+ i
1,2

Re q1,2 >0 (16)

Futhermore, we need a relation between I' and Cy|..
While v.d. Tempel* and Lucassen® assumed equilibrium
between the surface and the bulk liquid, i.e., T' is a unique
function of Cy|,, we allow for an adsorption—desorption
barrier at the interface:

3C(x,y,t)
-D, ""1—8;““' = ki Cy(x,y,0)|s — k4 Txt)  (17)

where in general k, and k_; will depend on Cy|, and T. As
we are only interested in small perturbations about a
steady-state situation, we may assume k; and k_; to be
constants.

Values for k; and k_; have been calculated by Christov
et al.” using experimental data of Lucassen.®® For an
acidified decanoic acid solution, they get results for k; and
k_; depending on solute concentration, e.g., for C, = 2 X
108 mol/em3, k; = 9.1 X 10 cm/s and k_; = 8.9 X 1072
s7l. Equation 17 immediately yields

D,q

k, +
TW(x,t) = —l—k———lclﬂ’(x,y’t)h (18)
-1

For D,q; « k, this reduces to the result of assuming

equilibrium between I' and C,,.
The result for the dilational modulus is

kD Dygs R\
e=ed1-i 119y 1+ 242 fig (19)
w(ky + Dyqy) Dyg, R,

In the absence of evaporation of R, = 0 and we obtain
essentially the same result as v.d. Tempel? and Lucassen.’
In order to proceed, the ratio R,/R; must be determined
from an evaporation model. We will discuss two possi-
bilities which have been introduced by others.
Hansen® assumes an equilibrium distribution of sur-
factant between liquid and gas phases

Colx,y,)ls = ACy(x,y,8)]s (20)
Hence, Ry/R; = A. ) is typically of the order 1073
Brian’ assumes the relation
aCZ(x,yﬂt)
D, on

= x(C. — Cy)s) (21)

where C., is the equilibrium value of C,, and « is of the
order 10° em? s7. This model leads to Ry/R; = «/Dyg,.
For typical values of the parameters (k = 30 cm™, w =
20057, Dy = 10° em? 57, Dy = 107! cm? s71), we find that
contributions to ¢ from evaporation are about one mag-
nitude smaller than those from diffusion in the liquid.
This statement is independent of the relationship between
T and C;, and we may assume equilibrium or an adsorp-
tion—desorption barrier at the surface. We conclude that
diffusion dominates evaporation as the mechanism for
restoring concentration gradients induced by ripples.
We have also investigated the transient case of waves
on an evaporating liquid, e.g., on a drying paint film, when
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there are initial concentration gradients in both phases at
the beginning of the ripple experiments. We, therefore,
first solved eq 10, 12, 13, 17, 20, and 21, respectively, for
a flat interface starting with a fresh interface at ¢t = 0, i.e.,
Cy(x,y,0) = Cy and Cy(x,y,0) = 0. We then assumed that
quantities like C;(y,t), which now depend on time and
location because of evaporation, do not change significantly
on the time scale of ripples and calculated the perturbed
concentration profile by an appropriate linearization
procedure. So we determined C;¥ from the equation [see

(12)]
acl(l)(x)y,t) _
—a— =

L T 9
b1 S + — Cl( )(xyy)t) - U(x’y’t)acl(m(y’te) (22)

ax?  9y?

where t, is the time of observation.

For all practical situations, the initial concentration
gradients lead to negligible deviations from the equilibrium
results presented above. This can easily be understood:
according to (14), perturbations of solute concentration
decay on a length scale |g,| ~ (D;/w)'/? while C,9(t,)

changes on a length scale of (D;t,)'/2. Hence, initial gra-
dients are of little importance for (wt,)!/2 3 1 which holds
for all experimental situations.

Conclusions

Our main result is expression 19 for the dilational index
e. We have shown that diffusion in the liquid dominates
evporation as the mechanism for restoring gradients in
solute concentration. But even diffusion is of minor im-
portance: Lucassen and Hansen® have shown that it is
already difficult to determine the diffusion coefficient from
ripple experiments. Hence, our results suggest that it will
be almost impossible to get reliable data on evaporation
from studies of the ripple spectrum.

Similar equations can be applied to ripples at a liquid-
liquid interface when discussing transfer of surfactant
between the liquids. In that case, the additional terms in
the expression for the dilational modulus will probably be
more important, and the effect may be larger.
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Gas-phase ion-clustering data are used to assess the validity of the classical approach to nucleation by comparing
experimental values for various positive ions to those predicted by Thomson’s charged liquid drop expression
at small cluster sizes for water, ammonia, pyridine, acetonitrile, and methanol. While some data for water compare
favorably, those for the other ligands do not. In many systems, the experimental results for the entropies are
sharply more negative than those predicted, suggesting that many cluster ions have a more ordered structure
than can be accounted for in the classical approach. This effect is apparently due to orientation of ligand molecules
about the ion. Possible adjustments to bulk parameters in the Thomson equation at small cluster sizes are
considered, but it is concluded that such adjustments will not lead to significant improvements in the expression.
This suggests that a fundamental inconsistency exists between the general form of the classical expression and
the properties of many small cluster ions. It is also shown that the “effective size” of the ligand molecules has
an important effect on the calculated results.

Introduction

Studies pertaining to various classes of nucleation
phenomena comprise a very active area of current research.
At the present time, an understanding of the molecular
aspects of nucleation is far from complete, and basic
theories are in a continuing state of development.'® The
Thomson equation has been a successful model in com-
puting the energy barrier to nucleation about ions for some
substances, but not for many others.* The purpose of the
present paper is to give much more extensive and general
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consideration to this relationship than that given previ-
ously® in terms of recent findings from experimental ion-
clustering studies. Such an assessment is especially rele-
vant now, in view of recently developed models based on
statistical mechanical” and electrostatic® corrections to the
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