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Abstract

We examine the comment on our paper [J. Colloid Interface Sci. 253 (2002) 196] by Eggers and Evans and show that the assertions made
there have no foundation in fact nor in scientific substance.
0 2004 Elsevier Inc. All rights reserved.

The comment by Eggers and Evangbhis really a com- sociated with re-arrangementmilecules in the interfacial
ment on the theory developed[i2] and used to analyze the layer and mass exchange between the interface and the bulk,
datain[1]. The theory was published more than a decade agoin other words with molecular, not photon, motion. In this
and has since been applied to different problems by manyconnection, it is worth mentioning that in the theory devel-
workers so that it is hardly “recent” as remarked by the au- oped in[2] the interface formatio process is described in
thors. Below, we address the points raised in the commentthe framework of irreversible thermodynamics and shown to
starting with the most important ones. be driven by the difference between the chemical potentials

(1) The key assertion in the comment is that, as the au-in the bulk and the surface phase, i.e., to be a dissipative
thors “believe,” the surface tension relaxation time for both process of a diffusion type. This theory applied[i] to
liquid—vapor and liquid—solid interface can be estimated as 8 experimental curves for liquids with viscosities spanning
r ~ 107185, and hence no surface tension relaxation ever @lmost three decades allowed aglescribe all of them with-
takes place in hydrodynamic processes, including dynamicout any ad hoc adjustments from one curve to another. The
wetting, which are characterized by much longer time scales. €stimates forr (ranging from nano- to microseconds de-
This assertion is spectacularly wrong as one can show in sev-Pending on viscosity) were obtained as an outcome of the
eral different ways. First, the value of 18 s is obtained by ~ €Xperimental study with allssumptions clearly stated.
dividing the size of a molecule of a simple fluid by the speed ~ S€cond, the experimental literature on the issue (8.,
of light. In fact, as is well known, the relaxation of an in- Shows that the surface tension relaxation times of pure lig-
terface toward its equilibrium state isdissipativeprocess, ~ Uids, as well as of mixtures, are many orders of magnitude
whereas the propagation of an electromagnetic wave is not/arger than 10°°s. _

To estimate the rate of a dissipative process by considering 1 nird. dynamic wetting expements also show that the
a nondissipative process, as the authors do, is a mistake oftuthors’ “belief” that the surface tension is always constant
principle. The formation of an ietfacial structure, which is In all fluid flows is in conflict with physical reality. The

what the surface tension relaxation process is about, is as-YO'“Ing equation
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6 to the surface tensions, o2 andos acting on the contact  in a nonequilibrium process of iatface formation and char-
line from the three interfaces. It has been shown by ana- acterizes it via integral quantities, suchasand p*. This
lyzing experiments odynamic wetting (e.g[4,5]) that the approach makes it possible to treat both the liquid—gas and
velocity dependence of the measured dynamic contact an-liquid—solid interface in a unified way. Hence the authors’
gle, as well as its dependence on the flow field, cannot bearguments related to the interfatstructure, “dividing sur-
attributed entirely to free-surface bending near the contactface,” etc. are irrelevant and misleading:[#] the internal
line; the actual (Young’s) angledoes vary when the contact ~ structure of the interface is not considered. Here the authors
line is moving. Molecular dynamic simulations show this as simply misrepresent the issue.

well [6]. Once the dynamic contact angleleviates from the The authors go on: “Secondly, the surface is not an inde-
static value, one has to conclude from equatijrabove that pendent thermodynamic system that would allow relations
at least one of the surface tensienso, or o3 acting on the between its extensive and intensive parameters to be de-
contact line imotthe same as at equilibrium. Hence, the sur- fined....” One might notice that the same argument applies
face tension relaxation, from a nonequilibrium value at the to “fluid particles” in classical fluid mechanics and other
contact line to the equilibrium one away from it, is bound to open systems, where the methods of irreversible thermody-
take place. Then, physical meatisms of the interface for-  namics have been successfully used for half a century. As is
mation have to come into play. The simplest mathematical well known, continuum mechanicefinesa thermodynamic
model of these mechanisms is what Shikhmurzaev's the- System via its constitutive equations together with transport

ory[2] is all about. and dissipation mechanisms. The properties of the result-
(2) The bulk of the comment is devoted to the surface ing model are then tested against independent experiments,
equation of state which is the ultimate test for every theory, not speculations
about different models operating with different concepts. On
o=y(pd—r"). 2 this count, Shikhmurzaev’s theory has, so far, performed
. . exceptionally well, being uniquely able to describe all key
which the authors singled out from the mof]l. Its mean-  experiments in the field alynamic wetting without any ad

ing is as follows. As is well known from experiments and pqc adjustments (e.g[1,2,8,9). Furthermore, this theory
molecular dynamic simulains, at equilibrium, for any  pasbeen successfully appligd], again without any ad hoc
given temperature, the intexial layers of liquid adjacent  gjterations, to removing unphigal singularities (infinite ve-
to the gas phase and to the solid boundary have, in general|gcities and pressures) from the mathematical description of
different densities and different surface tensions. The den-the capillary breakup of liquid threads. These singularities
sity can be characterized integrally as the mass per unit areayave been championed by Eggers for many yht$and
of the interfacial layer, i.e., as the surface dengityjust as are now removed.
the surface tensioa is also an integral across the layer of (3) To illustrate the above criticisms ¢2), the authors
the momentum flux distribution. Thus, the surface density talk about the density profiles inside the interfacial layer, the
can be used, together with the temperature, as parametergonsequences of setting the thickness of this layer equal to
characterizing the state of the interfacial layer; hend@jn  zero (h = 0) and the temperature variations. This illustra-
the interface is considered astwo-parametric thermody-  tion, however, is again misrepresenting the issues. Indeed,
namic system. For a particular class of processes, namelya check of the authors’ statements against what is actually
isothermal(or, more generally, barotropic) flows, this sys- written in [2], or a glance at Egs. (1)—(6) ¢1], would
tem becomes one-parametric with= o (p*). The simplest  baffle the reader since in the theory developed2hand
phenomenological equation of state correlangnd® in briefly recapitulated irf1] one would find neither an inter-
such a process, as the interface evolves from one equilibriumfacial thickness: nor profiles of any quantities across the
state to the other, is a linear one, i.€2). A more general interfacial layer: as already explained above, the interfaces
equation of state is described []. It is worth emphasiz-  are characterized in terms of their integral propertigsof,
ing that since the theory i[2] is the first one incorporating  etc.). Hence the authors’ musings over the interfacial struc-
the process of interface foation into fluid mechanics, one  ture and what the surface tension for differéris likely to
should use the simplest self-consistent mathematical modelpe are simply not relevant to the theory they are commenting
of this process until experiments indicate the necessity to on: the theory has nbin it!
generalize it and the direction in which to go. In [1], weestimatehe values of all macroscopic phenom-
Eggers and Evans begin by claiming tifa} “makes no enological coefficients involved in the theory by using esti-
sense. Firstly, as explained[ify p. 31] surface density asin-  mates for the interfacial layer thickness €ajilibrium) and
troduced by Gibbs cannot be an intrinsic property of the sur- other microscopic properties, similarly to how one would es-
face of a pure liquid.” Beautifully argued with just one flaw: timate, say, the viscosity coefficient in the bulk or the bulk
the surface density if2] is notthe one introduced by Gibbs.  density via molecular properties of the medium. To/set0
Gibbs considers the equilibrium thermodynamicertess in such an estimate (Eq. (13) {f]), as the authors do, is
guantities. In contrast, the theory developefihconsiders like setting the intermolecular distance equal to zero in an
the whole of the interfacial layer as a thermodynamic system estimate for the bulk viscosity or density—the resulting ab-
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surdity rests with the authors. Ironically, they argue for the main body of fluid and the case of partial wetting, where
interface at equilibrium being a diffuse one and then... set there is no such film, is simply wrong: these two cases are
h =0 in our estimate, Eqg. (13) dfl], although the sub-  well known to be qualitatively very different.

script le explicitly states that the estimate is consideringthe  Thus, we have to conclude that none of the authors’ as-
equilibriumstate of the interface (1 refers to the liquid—gas sertions can stand close scrutiny and some show a wanton
interface ana@ stands for “equilibrium,” as explained in the  disregard of the facts. Nevertheless, we welcome this op-

text). Furthermore, the actual values foused in the esti-  portunity to dispel some of the misconceptions that appear
mate aregiven Here the authors’ misrepresentation of our from time to time in connection with ongoing research on
paper is more than obvious. dynamic wetting.

As pointed out above, E2) relateso andp® at agiven
temperature so that speculations about what would happen
Foﬁ if the t.empera.\ture is vari.ed and how the density profiles References
inside an interfacial layer might then evolve are not related
to the issue and can only mislead the reader. [1] T.D. Blake, Y.D. Shikhmurzaev, J. Colloid Interface Sci. 253 (2002)
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study for our systems, and it was shown that for the spatial Kluwer, 2000.
resolution of our measurements, which was about 20 um (not [6] J. Koplik, et al., Phys. Fluids A 1 (1989) 781.
“say, 1074 m”), these effects leave the contact angle within  [7] J.S. Rowlinson, B. Widom, Molecular Theory of Capillarity, Claren-
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either on the q_ualita_tive conclusions or on the quantitz?\tive {gi ig gﬂ:tmﬂzzg Ehglsu' i(ljzlll\Jlllg(S)h? 213319(71)92967?'211.
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