Available online at www.sciencedirect.com

*.* ScienceDirect

PHYSIQUE

http://france.elsevier.com/direct/ COMREN/

Sevniles
ELSEVIER C. R. Physique 7 (2006) 1082-1100

Nucleation/Nucléation

Dew nucleation and growth

Daniel Beysens *°

& Laboratoire de physique et mécanique des milieux hétérogénes, CNRS — ESPCI — université Paris 6 et Paris 7,
10, rue Vauquelin, 75231 Paris cedex 05, France
b Equipe du supercritique pour ’environnement, les matériaux et I’espace, service des basses températures,
Commissariat a l'énergie atomique de Grenoble, 38054 Grenoble cedex 9, France

Available online 28 November 2006

Abstract

Dew is the condensation of water vapor into liquid droplets on a substrate. It is characterized by an initial heterogeneous nucle-
ation on a substrate and a further growth of droplets. The presence of a substrate that geometrically constrains the growth is the
origin of the peculiarities and richness of the phenomenon. A key point is the drop interaction through drop fusion or coalescence,
which leads to scaling in the growth and gives universality to the process. As a matter of fact, growth dynamics are only dependent
on substrate and drop dimensionality. Coalescence events lead to temporal and spatio-temporal fluctuations in the substrate cover-
age, drop configuration, etc., which give rise to a very peculiar dynamics. When the substrate is a liquid or a liquid crystal, the drop
pattern can exhibit special spatial order, such as crystalline, hexatic phases and fractal contours. Condensation on a solid substrate
near its melting point can make the drop jump.

The applications of monitoring dew formation are manifold. Examples can be found in medicine (sterilization process), agricul-
ture (green houses) and hydrology (production of drinkable water). To cite this article: D. Beysens, C. R. Physique 7 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Nucléation et croissance de buée et rosée. La rosée se forme par condensation de vapeur d’eau sur un substrat sous forme de
gouttelettes. Elle se caractérise par une nucléation hétérogene des gouttelettes suivie par leur croissance. La présence du substrat,
qui induit une contrainte géométrique durant cette croissance, est a 1’origine des particularités et de la richesse du phénomene. Le
point important est I’interaction des gouttes par fusion ou coalescence, qui conduit a une croissance auto-similaire et lui assure
son universalité. La dynamique de croissance ne dépend en effet que de la dimensionnalité du substrat et de celle des gouttes.
Les coalescences menent a des fluctuations temporelles et spatio-temporelles dans la couverture de substrat, dans la configuration
des gouttes, etc., qui est a ’origine d’une dynamique trés particuliere. Quand le substrat est un liquide ou un cristal liquide,
I’arrangement des gouttes peut montrer un ordre spatial spécial, tel que des phases cristalline et hexatique et des contours fractals.
La condensation sur un substrat solide, pres de son point de fusion peut faire « sauter » les gouttes. Les applications qui découlent du
controle de la formation de la buée ou de la rosée sont diverses. On peut citer des exemples en médecine et en biologie (stérilisation),
dans I’agriculture (serres) en hydrologie (production d’eau potable). Pour citer cet article : D. Beysens, C. R. Physique 7 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Everybody knows what is dew—this natural phenomenon where humid air condenses on a substrate and transforms
into liquid water. However, its occurrence in nature has long been a mystery as it is precisely when the sky is free of
clouds that dew forms. Dew looks to crop up from nowhere. W.H. Wells was the first, at the beginning of the 19th
century, to elaborate a reasonable understanding of its formation [1]. It is only in the middle of the 20th century that a
precise theory has been proposed [2]. For meteorologists, dew water is not considered as a precipitation, like rain, as
it depends on the substrate where it forms (it is considered as the inverse of evaporation). For hydrologists, dew can
be a potential source of water [3]. For the botanist, dew participates in a plant’s exchange with the atmosphere [4].
Dew can also be an unfavorable phenomenon; dew on plant leaves enables spores, and especially fungus spores, to
develop, a phenomenon to be avoided [5]. The formation of dew on green-house shields lowers the light transmission
by more than 50% [6,7] and so limits the yield of agricultural production. In biology, dew nucleates preferentially on
micro-organisms, because they are hydrophilic. The addition of bactericide substances soluble in water gives to dew
extended sterilization properties [8]. In the laboratory, dew is often called ‘breath figures’ [9,10] for obvious reasons.

For the physicist, dew is essentially a problem of phase transition: a bulk homogeneous phase, characterized by
its temperature and pressure, transforms in a liquid phase on a substrate held at a lower temperature. (The presence
of another gas, nitrogen or air, does not modify fundamentally the problem of condensation.) What makes this situ-
ation attractive is the interplay of three important actors: the substrate, whose geometry constrains the growth of the
dew droplets on a surface of lower dimensionality than the drops, the wetting properties, which will decide whether
condensation is drop or filmwise, and the condensing phase thermodynamics. The constraint is two-dimensional (2D)
if the substrate is a plane, one-dimensional (1D) if it is a line or a thread. The case of a zero-dimensional substrate
corresponds to a point-like heterogeneity, as in fog or rain formation. More complicated micropatterned geometry
with controlled wetting properties of the substrate correspond to superhydrophobic surfaces.

2. Heterogeneous nucleation

If a vapor is subject to a pressure p, larger than its saturation pressure p; (or a temperature lower than its saturation
temperature), it is in a metastable state and will eventually condense into a liquid phase, its state of minimal energy. In
the time sequence of formation of a liquid droplet, the first event is the formation (nucleation) by thermal fluctuations
of the smallest nucleus—a liquid drop—that is thermodynamically stable, i.e. does not evaporate. The change in
energy for a volume V of vapour that transforms into liquid is W = —AeV (Ae is the change in volumic free energy).
However, the energy of formation Sy of the liquid—vapour interface (here y is the liquid—vapour interfacial tension
and S is the droplet surface area) is an energy barrier to cross. The total energy balance W that is needed to transform
a fluctuation of size R or volume V (= 4T7TR3) with a spherical liquid droplet of same volume is thus

47 R3

W= Ae+4m R2y (1)

The energy cost W exhibits a maximum

167 y3
Wmax = T A—62 (2)
for a ‘critical’ radius R*
2
R= 3

This maximum work therefore shows that the liquid drop is stable only for a radius R > R*. The associated nucleation
rate (the number dn of droplets of radius R* that has nucleated during the time dt) corresponds to the probability that
a thermal fluctuation gains Wp,,x. As the formation of liquid droplets is a thermally activated process, one gets
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Fig. 1. Contact angle variation of F(6), the cost of energy to form a nucleus on a substrate, relative to the bulk case (see text). Complete drying and
bulk case: 6 = 180°; partial wetting: 180° > 6 > 0; complete wetting: 6 = 0.

Fig. 1. Variation de F(0), le coit en énergie pour nucléer un objet sur une surface, par rapport au cas en volume (voir le texte). Séchage complet et
situation en volume : & = 180° ; mouillage partiel : 180° > 6 > 0 ; mouillage complet : 6 = 0.

By making use of the Clapeyron formula (ideal gas), Ae can be expressed in terms of py; and p, [11] and the above
formulation can be written as:

16 3.2
dr 3(kT)3 ]0g2 %

Here k is the Boltzmann constant, B is a numerical constant of order 102> cm™3s~! that provides the link between
the molecular scale and the macroscopic (experimental) scale; vy is the molar volume. The exponential behavior
corresponds to a very sharp change when p, is varied. Such a variation is, for instance, made by varying temperature.
When the exponential reaches unity, nucleation starts. For example, saturated water vapor at 20 °C would condense
only around 0 °C, with a critical radius R* ~ 30 A (see e.g. [12]).

However, daily experience shows that dew forms at much higher temperature. This is because condensation occurs
on a substrate whose surface properties lower or even suppress the cost of forming the interface. Such a nucleation
is called ‘heterogeneous’, in contrast to condensation which occurs in the bulk, which is called ‘homogeneous’. The
energy barrier indeed depends on the wetting properties of the substrates. Wetting is characterized by the contact angle
6 drop-substrate (Fig. 1). The contact angle is zero for complete wetting (water forms a wetting film), and maximum
for a liquid droplet that does not wet the substrate (complete drying). The maximum work to obtain a stable nucleus
is thus modified through a 6-dependent function that accounts for the volume of the spherical cap and the surfaces of
the cap and its base. According to Volmer [11,13], it results in a modification of the nucleation rate, Eq. (5), as

167 y3v3
dr xp(— 3(kT)3 log? % F(ﬂ)) ©
with
1 —cosf\?
F@©) = (T) (2 4 cosb) (7N

For 6 < 180°, the nucleation rate is always higher than for homogeneous nucleation. Heterogeneous nucleation there-
fore permits condensation for temperature differences much less than that required for homogeneous nucleation [14]
(see also Section 4.4 and Fig. 6 where the contact angle is continuously varied). In addition, defects of the substrate
(scratches, chemicals, etc.) play the role of very large fluctuations and favor nucleation.
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The dew point temperature is the temperature at which p, = ps. In terms of the classical psychometric (Mollier)
humid-air diagram for water, the relative humidity (ps/p;) is 100%. Just below the dew point temperature the nucle-
ation rate, although finite, is extremely small. Experimentally speaking, it is then only on completely wetted substrate
that condensation can be observed at the dew point.

Because of unavoidable contamination (e.g. by human manipulation), substrates that are not specially protected or
designed are covered with fatty substances that make the contact angle water-substrate to be around 40-90° (6 = 0°
on ultra clean glass). This is why ‘dew’ is most often the result of the condensation of water into tiny droplets,
which scatter light and make dew appear ‘white’ and are at the origin of the current troublesome optical problems
encountered with dew. This dropwise condensation contrasts with filmwise condensation, optically nearly invisible.

The fact that nucleation is favored by wetting conditions has important implications. In Section 8, this property is
used in biological sterilization.

3. Growth of an isolated droplet

Once a droplet of water has nucleated on the substrate, it grows at the expense of the surrounding atmosphere
(Fig. 2). We restrain our study to the case where a constant flux of molecules is brought to the surface, i.e. the
atmosphere exhibits a constant velocity U parallel to the substrate [15]. Liquid will condense on the surface and a
depletion region, which we take to be stagnant, will be established near the wall. If the concentration of water in the
gas stream is small, w, the rate of mass transfer per unit area normal to the wall, is given by [16]

w = Di2(pr — ps)/S0RT ®)

where Dy, is the diffusion constant of water in the carrier gas, R is the gas constant, T is the mean temperature and
do is the thickness of the depletion layer.

To evaluate 8y, we consider the wall as a flat plate on which there is a temperature discontinuity. In this case, the
depletion-layer thickness can be related to the free-stream velocity U, the kinematic viscosity @ and the Schmidt
number Sc = /D12 by [17]

_ /'
gas
velocity U (a)

boundary layer

Fig. 2. Growth of a single drop. (a) A gas saturated in water is sent on a substrate, with velocity U In the quiescent boundary layer, water molecules
diffuse to the substrate. Different processes can concur to the growth of the drop: (1) direct accommodation at the drop surface, with release of
latent heat leading to a maximum temperature gradient at the line of three phase contact TL; (2) nucleation and evaporation of clusters of near
critical radius, resulting in a surface diffusion towards the drop; (3) nucleation, growth and coalescence of small droplets. (b) Numerical simulation
of the process. The drop (black, in the center) incorporates a constant flux of monomers diffusing from the sides. The drop radius grows as 173,
(From [15].)

Fig. 2. Croissance d’une goutte unique. (a) Un gaz saturé d’eau est envoy€ sur un substrat, avec la vitesse U. Dans la couche limite, les molécules
d’eau diffusent vers le substrat. Différents processus peuvent concourir a la croissance de la goutte : (1) incorporation directe a la surface de la
goutte, avec dégagement de chaleur latente menant a un gradient de température maximal a la ligne de contact des trois phases TL ; (2) nucléation et
évaporation d’agrégats de rayon a-peu-pres critiques, diffusant ainsi vers la goutte ; (3) nucléation, croissance et coalescence de petites gouttelettes.
(b) Simulation numérique du processus. La goutte (noire, au centre) incorpore un flux constant de monomeres qui diffusent a partir des cotés. Le
rayon de la goutte croit comme 1173, (Tiré de [15].)
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In this expression x is the distance traveled past the edge of the temperature discontinuity and C is a constant, of order
0.33 [18].

Combining Egs. (8), (9) gives an expression for the dependence on the flow rate of the time ¢ required to deposit
a fixed amount of material on the surface

1ty ~w~~U*(p, — psyD12 (10)

where U* = U/ MD]l f. (Note that usually the flow rate is expressed in terms of the volumetric flow F = U Ag, or

scaled flow rate F'* = U*Ag, where Ag is the cross-sectional area of the flow stream.)

At the lowest flow rates, the depletion model cannot work as § becomes comparable to the cell height; all the water
can condenses and tf_-l ~F.

In order to get rid of the flow rate and supersaturation dependence, one can thus use the reduced time

t*=t/ty ~tvF* (pr — psy D12 (11)

In a steady state of condensation, the volume V ~ R3 of a liquid drop of radius R is proportional to time as,

V~t 12)
or

R~ hs (13)
with g =1/3.

A complication may arise when the latent heat of condensation cannot be released into the substrate. In this case,
the temperature of the drop increases; its growth is slowed down and can even stop. This is especially the case
for very fast growth when the air velocity is large. In such conditions the ‘effective’ growth law exponents which
are measured satisfy us < 1/3 [15,19]. Note that the above analysis does not imply a precise knowledge of the
microscopic mechanisms of growth. Several competing mechanisms can be considered (Fig. 2):

(i) Direct accommodation of water molecules at the drop surface. A temperature gradient is formed due to the release
of the latent heat. This release makes the perimeter of the drop, where the gradient is maximum, the place where
the mass transport (accommodation of water molecules) is also a maximum.

(i) The thermal release of energy at the surface of the drop induces temperature gradients parallel to the liquid—vapor
interface which, in turn, can induce flows through buoyancy. (Thermocapillary Marangoni flows [20] cannot be
initiated by the gradient of surface tension at the interface liquid—vapor as the latter is isothermal.) This internal
hydrodynamics is effectively observed for very fast growth where small particles inside the drop undergo very
fast motion.

(iii) Nucleation of drops of critical radius that grow and fuse and eventually reach the drop where they are incorporated
[15,19,21-23]. This leads to a drop size distribution that is observed only during the late stages of growth.

(iv) Nucleation and evaporation on the substrate, resulting in a surface diffusion that feeds the drop at its perime-

ter [24].

The perimeter of the drop (the 3-phase contact line) appears to play a key role for the growth process, whatever are
the mechanisms involved. This fact is experimentally verified in the following (see below, Section 6.3 and Fig. 11).

4. Growth of a droplet pattern

Two drops can interact by fusion or coalescence because they grow and touch at their perimeter. These interactions
by coalescence are geometrically constrained by the substrate: 2-dimensional interactions for a planar substrate, the
most common case, one-dimensional interactions for a line, as threads in a spider web, more complex interactions for
patterned substrates, etc.

After coalescence, a new drop is formed whose volume is the sum of the volumes of the initial drops. The formation
of a new single drop is favorable in terms of energy since the surface area, and then the surface energy, is lowered
by the coalescence event. The center of mass of the new drop is approximately at the center of mass of the two
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‘parents’. Coalescence has the remarkable consequence of leaving free room on the substrate for further condensation
and growth. If one considers e.g. two hemispherical ‘parent’ drops with same radius, covering the total surface area

2A =27 R? (14)
the area A’ of the new droplet is equal to
A =2"PrR? (15)

and is lower than the surface coverage of the parents, A’/A =271/3 ~ 80%. (The drop grows in the third dimension.)

This property of releasing surface after coalescence is at the origin of a constant surface coverage during the drop
pattern evolution. This constant coverage is a hall-mark of the self-similarity of the growth. It is quite general as it is
based on the difference in dimensionality between the drop (dimensionality D) and the substrate (dimensionality Dy).
Quite generally, surface release occurs when the ratio

Dy/Dy <1 (16)

Self-similarity is not altered if surface defects pin the perimeter of the drop as coalescence always decreases the wet
surface on the substrate, thus still leading to a constant surface coverage.

Several stages of growth can be characterized. They depend on the interactions between the droplets as will be seen
now.

4.1. Growth without significant interactions

This first stage, which occurs after nucleation has occurred, is characterized by a low surface coverage (Fig. 3).
(The surface coverage ¢ is the ratio: surface area covered by the drops/substrate area.) Only a very few coalescence
events occur and the mean droplet radius of the pattern (R) grows as for a single drop (Eq. (13)):

(R) ~ 1! (17)
4.2. Self-similar regime

In this regime the pattern evolution remains self-similar in time and exhibits universal features (Figs. 4(a), (b)).
It happens when the surface coverage typically exceeds 30%, which leads to important interactions by coalescence
between the droplets.

The first obvious effect of coalescence is the speeding-up of the growth, as shown in Figs. 3(a), (b). The second
effect is the stabilization of the surface coverage to a constant (and ‘universal’, see [25,28]) value, g5 & 55% for
hemispherical drops (Fig. 3(c)). The constancy of ¢ is the result of two opposite effects: continuous condensation
tends to produce an increase in the droplets radii and thus in ¢, resulting in turn to an increase in the number of
coalescences, which in contrast lowers . The balance for hemispherical drops is not very far from the 2D random
packing limit, i.e., the packing obtained when disks of same radius are randomly sent on a plane where no overlapping
is allowed. The constancy of ¢ leads to the apparent paradox of a continuous increase of the condensed mass at constant
surface coverage—which implies that growth also occurs in the third dimension.

This constant surface coverage is the hall-mark of the self-similarity of the pattern evolution. By self-similarity we
mean that the average characteristics of a pattern at time #; (Fig. 4(a)) are identical (statistically speaking) to those of
a pattern at time #; (Fig. 4(b)) provided that all distances are expressed in units of the average droplet radius (R(¢;))
(pattern at 7;) and (R(f;)) (pattern at #;).

During this regime, the time dependence of (R) (Fig. 3(b)) is still a power law [26]:

(R) ~ the (18)
with the growth law exponent that is deduced from the single drop growth exponent pi,, as
Ryp—— (19)
Ha = WUs D, — D,
For ideal thermal conditions, us = 1/D4 and
1

_ 20
Dy — Dy ( )

Ha
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Fig. 3. (a) Evolution of the radius of a droplet in a pattern. The lower line (squares) corresponds to a growth where the effect of coalescence has
been removed. Coalescences strongly accelerate the growth (upper line, circles), the growth law exponent is multiplied by 3, in accordance with
Eq. (19). (From [19].) (b)—(c) Evolution of the mean radius (R) of the drop pattern and of the drop surface coverage €. When ¢ < 0.3, the drops
have no interactions, the growth exponent is ps (= 1/3). When ¢ > 0.3, the drops have strong interactions by coalescence, the growth exponent
becomes 35 (= 1). The arrow shows the limit between the two regimes.

Fig. 3. (a) Evolution du rayon d’une gouttelette dans un ensemble. La ligne inférieure (carrés) correspond 2 une croissance ol I’effet des coales-
cences a été suprimé. Les coalescences accélerent fortement la croissance (ligne supérieure, ronds) et I’exposant de la loi de croissance est multiplié
par 3, selon I’Eq. (19). (Tiré de [19].) (b)—(c) Evolution du rayon moyen (R) de I’ensemble de gouttes et de la fraction de surface ¢ mouillée par
celles-ci. Quand ¢ < 0.3, les gouttes n’ont aucune interaction, 1I’exposant de croissance est iy (= 1/3). Quand ¢ > 0.3, les gouttes subissent de
fortes interactions par coalescence, 1’exposant de croissance devient 3us (= 1). La fleche montre la limite entre les deux régimes.

For the usual situation where the drop is three-dimensional and the substrate is a plane (Dy = 3, Dy = 2) and
ws =1/3, Ma =1 (21)

The growth is considerably accelerated by the coalescences, as already noted (Figs. 3(a), (b)).

A striking demonstration (Fig. 5) of the relevance of the above scaling theory is made by analyzing the formation
of dew on a iris leaf [27]. The leaf is formed of joint fibers of 15 pm diameter covered with cutin, a vegetal wax
on which water makes drops with 90° contact angle. The drops nucleate preferentially on the fibers and grow firstly
without interactions (they are too far away to touch and coalesce), with the exponent u; = 1/D; = 1/3. They then
interact on the fibers as long as the drop diameter does not exceed that of the fibers. The interaction between drops is
here 1D and the exponent of growth should be u, = 1/(Dg — Ds) = 1/2. When the drops become much larger than
the fiber diameter, their interaction is 2D, which gives u, = 1/(D4 — Ds) = 1. On Fig. 5, one clearly sees the different
growth laws, with the exponents 1/3, 1/2 and 1.
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Fig. 4. Self-similar growth of a pattern of droplets condensing on hydrophobic glass (treated by silanization). The pattern at t = 1 s (a) after
condensation started, is equivalent to the one at r =6 s (b). In (c¢), at = 25 s, new families of droplets have nucleated between the initial drops.
When taken separately, these families all present the self-similar properties of the first generation. (Photo (c): Briscoe and Galvin, 1989.)

Fig. 4. Croissance auto-similaire d’un ensemble de gouttes se condensant sur du verre (traité hydrophobe par silanisation). L’ensemble de gouttes a
t =1 s (a) apres le début de la condensation, est équivalent a celui a t = 6 s (b). En (c), a t = 25 s, de nouvelles familles de gouttelettes ont nucléé
entre les gouttes initiales. Prises séparément, ces familles présentent les mémes propriétés d’auto-similarités de la premiere génération. (Photo (c) :
Briscoe et Galvin, 1989.)
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Fig. 5. Evolution of the droplet pattern shown in the insert (photo). The mean droplet radius grows firstly without interactions (exponent 1/3), then
the drops interacts on a line (exponent 1/2) and eventually interacts on a plane (exponent 1), when the diameter of the drops exceeds the fiber
thickness (arrow). The width of the photo is 285 pm. (From [27].)

Fig. 5. Evolution de I’ensemble de gouttelette montré dans Iinsert (photo). L’évolution du rayon moyen des gouttelettes correspond d’abord  une
croissance sans interactions (exposant 1/3), puis les gouttes interagissent sur une ligne (exposant 1/2) et finalement sur un plan (exposant 1), quand
le diametre des gouttes excede la largeur des fibres (fleche). La largeur de la photo est 285 pm. (Tiré de [27].)
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An interesting property is the formation of correlations between the drops due to coalescence. These correlations
are obvious as no drops can lie in a circle of radius of order on 2(R) without being incorporated, see Fig. 4. The pair
correlation function of drops looks like that of a liquid, with a well-defined peak at the distance 2(R) corresponding to
the nearest neighbors [28]. The presence of well-defined correlations somewhat increases the surface coverage from
the random packing limit. (This effect is particularly important for growth on a 1D substrate where the measurement
gives ¢ = 80%, to be compared to the random packing limit 75% [27].) Note that the drop polydispersity, which could
also explain the increase in surface coverage, remains however small and constant (* 18%) during the self-similar
growth [15,28].

4.3. Steady state and gravity effects

Depending on the experimental conditions, new tiny droplets can nucleate on the space left free after coalescence.
These droplets form a new ‘family’, which exhibits all the features (growth laws, surface coverage) of the first gener-
ation of droplets. After a while the substrate appears to be covered by a whole range of families (Fig. 4(c)). Although
the surface coverage exhibits the same (universal) value for each family, the total surface coverage increases, however
to a value that will never reach unity.

Gravity matters when the drops size becomes of the order of the water capillary length

I, = /ﬁ 22)

Here g is the gravitational acceleration (= 10 m s~2), y is the water-air interfacial tension (70 x 10~3 Jm~2) and 8p
is the density difference between air and liquid water (=~ 103 kg m~3). Gravity then matters when /. > 2.5 mm at room
temperature. Gravity causes the drops larger than a few mm to flatten and eventually flow. Then a new generation of
droplets can nucleate on the free surface. A steady state can thus be reached, with continuous formation of new droplet
patterns and flow of the largest drops. In the steady state, the distribution of the droplet radius obeys a power law

n(R)~R™Y (23)

with y ~ 2.7 [29]. (This power law has not been studied in absence of gravity, when the drops cannot flow.)

In industrial condensers, this ‘dropwise’ condensation gives a better yield than film condensation because of the
enhanced heat transfer at the perimeter of the drops. However, impurities cannot be avoided after a while, causing
pinning of the drops which eventually form an irregular, pseudo-wetting film (Fig. 6, bottom line).

4.4. Effects of the substrate heterogeneity

The above stages can be altered because the substrate is not perfect [25]. The chemical heterogeneities have the
effect of changing the contact angle and modifying the nucleation rate according to Egs. (6), (7); this is particularly
obvious on Fig. 6, left column, where the number of nucleation sites increases when the contact angle decreases.
Geometrical heterogeneities can also pin the perimeter of the drops, an effect which is particularly visible when the
contact angles are small, corresponding to a weak restoring force after coalescence. This force is y (cosOeq — cos6),
with 6 the dynamic contact angle—the smaller at coalescence—and 0eq the final equilibrium contact angle (see [30]
and the discussion below in 4.5). The drop that results from the coalescence of two drops is not hemispherical any
more; it looks rather a cigar or even a more complicated shape (Fig. 6). Since the surface area of the new droplet is
always lower than the sum of the surface areas of the two ‘parents’, self-similarity can be preserved (right column).
However, the surface coverage increases to reach asymptotically unity when the contact angle 6 goes to zero, following
approximately [25]

0o ~ 1 —0.00560 (24)

with 6 in degrees.
4.5. Coalescence and contact line dynamics

For sessile drops coalescence, the contact line motion influences strongly the coalescence kinetics. Coalescence
phenomenon is basically a two stage process: (i) the nucleation of a bridge between the drops (Fig. 7(a)) and the
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1 minute 5 minutes 14 minutes

Fig. 6. Examples of growth patterns of water condensing on cold silicon wafer with a coating providing a gradient of contact angle [25]. Each
column represents the patterns obtained at 4 different locations on the substrate. The width of the photo is 385 pm. (From [25].)

Fig. 6. Exemples de gouttes d’eau se condensant sur une plaquette de silicium refroidie et traitée pour obtenir un gradient d’angle de contact [25].
Chaque colonne représente le motif obtenu a 4 endroits différents du substrat. La largeur de la photo est 385 pm. (Tiré de [25].)

formation of an elongated, composite drop (Fig. 7(b)); and (ii) the relaxation of the composite drop to a near circular
shape, where the contact line motion plays a key role (Figs. 7(c), (d)). The relaxation of the composite drop for water
[30,31] and diethylene glycol [32] (160 times more viscous than water) leads to the same conclusion: the relaxation
time is 107 times larger than the bulk capillary relaxation as an effect of the contact line dynamics.

The theories of contact line dynamics (see e.g. [33,34] and references therein) results into a general expression for
the contact line velocity u,, in the direction normal to the contact line:

U, = g(cos Beq — cOSO) (25)

Here £ is a model dependent parameter called the ‘contact line dissipation coefficient’. Another aspect of these theories
is that they predict a very large & value when compared to the shear viscosity 1 so that £/n is much larger than unity.
This high dissipation can be associated to an Arrhenius factor resulting from the phase change in the contact line
vicinity [33] and to the influence of surface defects that pin the contact line [34].

5. Fluctuations

In the self-similar regime, the surface coverage is a constant only on average. Fluctuations occur that are correlated
with the coalescence events (Fig. 8(a)). Interesting information can be provided from the space-time variation of these
events.

5.1. Temporal fluctuations

Fluctuations can be of temporal nature. Let us consider the set of coalescence events for a particular droplet. One
marks a droplet by a dye which is incorporated into the new droplets resulting from the successive coalescences
(Fig. 9(a)). It can be shown [35] that the number of coalescences N (#) before time ¢ varies as

N ~Int (26)
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Fig. 7. Photos of the coalescence process. The side of each photo corresponds to 276 um. (a) t = 5.59 s; (b) t =5.63 s;(c) t =5.655;(d) t =42.76s.
(From [30].)

Fig. 7. Photos du processus de coalescence. Le coté de chaque photo correspond a 276 um. (a) t =5.59 s; (b) t =5.63 s; (c) t =5.65 s;
(d) t =42.76 s. (Tiré de [30].)
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Fig. 8. (a) Evolution of the surface coverage () in a simulation of 3D droplet growing on a 1D substrate. (b) Fourier transform modulus of the
coverage &(t) shown in (a); v is frequency. (Log—log plot; from [36].)

Fig. 8. (a) Evolution de la fraction de surface &(f) couverte par les gouttes dans une simulation de gouttelettes 3D croissant sur un substrat 1D.
(b) Module de la transformée de Fourier de la surface couverte (¢) montrée en (a) ; v est la fréquence. (Coordonnées log—log ; tiré de [36].)

This logarithmic law leads to a large slow down of the coalescence frequency with time. If one considers a particular
drop at time ¢, the next coalescence will occur in average only after a time At = t.

These coalescence events make the surface coverage vary. Fluctuations in coverage exhibit a noise which is typical
of dropwise condensation and depends neither of the dimensionality of the drops nor on that of the substrate. The
amplitude of the Fourier transform shows a 1/v dependence (v is the temporal frequency)—or equivalently the power
spectrum obeys a 1/v? dependence, without any cut-off (Fig. 8(b)). This is, to our knowledge, the only example
known in physics of such frequency dependence [36].
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5.2. Spatio-temporal fluctuations

The fluctuations in time and space of the droplet configuration obey a particular behavior. Let us mark a droplet
which has nucleated (e.g. by a dye, as noted above), follow its fate (Fig. 9(a)) and study how the dye spreads over the
substrate by the growth and coalescence of the droplets. This is interesting in the case where ‘active’ (i.e., fluorescent
or chemically active) particles are incorporated initially into a droplet, and one would like to know how these particles
spread out in space.

The important parameters are, in addition to the number of coalescences, N, the mean displacement § of the drop
center at time ¢ (Fig. 9(a)).

The result concerning § is relatively obvious if one realizes that the mean displacement is ruled by the last coales-
cence, which imposes a motion of the centers over a distance on order R (Fig. 9(a)):

(82) ~ R(t) (27)

Another interesting question is concerned with the study of the collective properties of the pattern, and especially how
the ensemble of droplets collectively wets the substrate. One can suppose that the droplets are the condensation of a
product which decontaminates the substrate [35]. The question which then arises is to know which fraction f—called
the ‘dry’ fraction of the substrate—has not yet been touched by the droplets at any previous time. This fraction has not

N=4

-
o

2

f (pixel )

»

10 - —5
10 time (S)
Fig. 9. (a) How a dye spreads over a substrate thanks to the growth and coalescence of droplets (see text). (b) Evolution of the ‘dry’ area f (substrate
area never touched by a drop). (From [35].)

Fig. 9. (a) Comment un colorant s’étale sur un substrat du fait de la croissance et de la coalescence des gouttelettes (voir le texte). (b) Evolution de
la fraction «seche» f (fraction du substrat jamais touché par une goutte). (Tiré de [35].)
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to be confused with the fraction 1 — g4, (= 0.45 for hemispherical drops, see Eq. (24)) that is dry at a given instant of
time. It appears that f decreases as a power law,

f~ (28)

with o ~ 1. This exponent can be obtained from simply assuming that the different drop configurations before and
after each coalescence are independent [35]. It anticipates the well known ‘persistence exponents’ [37].

6. Non solid substrates
6.1. Liquid substrates

Water droplets can nucleate and grow on a liquid surface. A typical experiment is concerned with the flat, horizontal
surface air/paraffin oil [38—41]. The surface of a liquid is smooth up to the size of the thermally-induced capillary
fluctuations, making, for chemically cleaned surfaces, nucleation sites less numerous than on a solid surfaces. The
first stage of growth, as discussed in the previous Sections 2 and 3 above, is thus markedly longer than for solid
substrates.

Since water is denser than paraffinic oil, water droplets should sink unless their weight is counterbalanced by
surface tension forces. This induces a deformation of the air/oil interface which, in turn, causes elastic long-ranged
attractive forces between droplets (in 1/distance). The droplets, however, do not coalesce immediately, in contrast
to those growing on a solid substrate, because the film of oil that separates them has to dissipate. The thinning of
such films is a slow process, whose velocity decreases with the film thickness. The droplets can therefore arrange
themselves in typical hexagonal, two-dimensional ‘crystals’. These crystals in turn attract each other and rotate to
align their symmetry axes. In this process holes are formed, and the structure that appears is typical of two-dimensional
crystal melting, it forms a ‘hexatic’ phase (Fig. 10), a phase characterized by an orientational order but no translational
order. At a larger scale, the structure of the pattern of islands forms what is called a ‘fat fractal’ [41].

When the drops become too large and fill all the surface, they start to coalesce and the pattern of droplets becomes
similar to that observed with solids, with the same growth law. The structure is, however, more ordered since the liquid
substrate permits an easy local rearrangement of the drops.

6.2. Liquid crystals

A liquid crystal in its nematic phase is a liquid formed of highly anisotropic molecules where a high orientational
order is observed. In particular, these molecules orientate perpendicularly to the interface water/liquid crystal. When
dew forms on such a liquid crystal, one observes the condensation of drops. As for a regular liquid, these drops do
not coalesce immediately. Surprisingly, the drops order into parallel lines, which even form ‘zig-zag’ configurations.
The reason is that the surface air/liquid crystal is deformed by the water drops. This causes long-ranged, anisotropic
interactions of dipolar type between the drops. One of the possible configurations of such dipoles in interaction is
precisely the observed pattern.

After a while, the same phenomenon as for a liquid substrate occurs: coalescence starts, and a pattern alike that
observed on a liquid substrate is formed, with the same evolution laws.

6.3. Solid near its melting point

Let us consider now a solid near its melting point, like cyclohexane below 6.7 °C. During condensation from water
at room temperature, the growth of the droplets is accompanied by furious movements of rotation, translation and
hopping [42]. Microscopic observation shows that the substrate melts along the line of three-phase contact, solid—
liquid—vapor (Fig. 11), because of the release in the substrate of the latent heat of condensation. When analyzing the
typical time dependence of these movements with the flow rate of incoming vapor and the cyclohexane temperature,
one comes to the conclusion that the droplets are set into motion by the change of contact angle liquid—solid/liquid—
molten solid [43] (Fig. 11). This experiment demonstrates that it is indeed at the perimeter of the drop that the mass
and heat exchange are at maximum during condensation.
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Fig. 10. Pattern of droplets at the surface of paraffinic oil, forming a
two-dimensional ‘hexatic’ phase. The smallest dimension of the photo
is 350 um. (From [41].)

Fig. 10. Ensemble de gouttelettes a la surface d’huile de paraffine,
formant une phase «hexatique» bidimensionnelle. La plus petite di-
mension de la photo est 350 pum. (Tiré de [41].)

Fig. 11. Photograph of water droplets condensing on cyclohexane just
above its melting point. The diameter of the largest drop is 10 um. This
drop has just performed three jumps. The positions previously occupied
are marked by rings corresponding to the contact line. (From [42].)

Fig. 11. Photographie de gouttelettes d’eau se condensant sur du cy-
clohexane juste au-dessus de son point de fusion. Le diametre de la

plus grande goutte est 10 pm. Cette goutte vient d’exécuter trois sauts.
Les positions précédemment occupées sont repérées par des anneaux
correspondant a la ligne de contact. (Tiré de [42].)

7. Superhydrophobic patterned substrates

On a square patterned, superhydrophobic substrate such as that shown in Fig. 12, characterized by the pattern
lengthscales (a, b ~ d, c), the growth of the droplet whose radius reaches and exceeds a, b, c, leads to a sequence of
very unusual behavior, as displayed on Fig. 13.

During the early stages, the drop sizes remain indeed smaller than the typical length scales of the surface pattern
and drops basically visit a plane surface. During the late stages, the drop size is much larger than the typical length
scales of the surface pattern. Superhydrophobicity can hold only in this stage. It can be observed either the classical
[44] Cassie—Baxter (or air pocket) state, where air remains trapped below the drop, generally a metastable state, or the
Wenzel state, where the inter-pillar space below the drop is filled with liquid, generally the more stable state, or the
penetration state, where the liquid is sucked into the inter-pillar space and also fills a region of the substrate around
the drop. In the cross-over stage where 2R =~ a, b, the drops grow over the air present in incompletely filled channels
in a metastable Cassie—Baxter state. This is a quite unexpected situation that is exclusively due to the possibility of
droplet bridging between pillars, a condition that resumes in ¢ > b. In addition, a phenomenon of self-drying takes
place when 2R > a, b, c. This phenomenon (Fig. 2(a), r = 86.32 min) is similar to the drying of the top of 2D grooved
surfaces [45] and is due to the coalescence of the drop on the pillars with the drops and bridges that grow in the
channels. It is the expected transition from Cassie—Baxter to the most stable Wenzel state. After the drying stage, the

Fig. 12. Square pillar pattern silicon substrate. (a) Top view; (b) side view (¢ = 32 pm, b =32 pm, ¢ = 62 um, d = 22 pm).
Fig. 12. Motif d’un substrat de silicium en forme de pilier carré. (a) Vue de haut ; (b) vue de coté (@ =32 um, b =32 ym, ¢ = 62 pm, d = 22 ym).
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(b)

Fig. 13. (a) Time sequence of different growth stages of condensed water drops on a superhydrophobic square pillar substrate: (i) Initial (nucleation)
stage (2R < a, b, ¢); (ii) Bridge formation stage (2R = a, b); (iii) Drying stage (2R > a, b, ¢); (iv) Large drop formation stage (2R > a, b, ¢).
(b) Sketch of growth stages. (From [51].)

Fig. 13. (a) Différentes étapes de croissance de gouttes d’eau se condensant sur un substrat superhydrophobe de piliers carrées : (i) Etape initiale
(nucléation) (2R < a, b, c); (ii) Etape de formation de ponts (2R ~ a, b) ; (iii) Etape de séchage (2R > a, b, c); (iv) Etape de formation de grande
gouttes (2R > a, b, c¢). (b) Schéma des étapes de croissance. (Tiré de [51].)

water level in the channel increases up to the top surface and coalesces with drops at the top to form a very large
drop (Fig. 13(a), stage (iv), t = 88 min), almost flat and having a very strong hysteresis contact angle. Its growth law
compares well with that for a single drop on a flat surface R ~ !/3. The large drops are in a mixed Wenzel-penetration
regime (the most stable state for this surface).

Some interesting features of superhydrophobicity are still present since the tops of pillars that are not covered by
large drops remains almost dry. These phenomena can easily be generalized to surface geometries similar to pillars
(columns, etc.).

8. Biological sterilization

A significant application of the enhanced nucleation properties of dew at surface defects is the possibility to ster-
ilize a medical instrument or even a hospital surgery room by steam and chemical vapors including strong oxidants
(O3, HyO3,...). Sterilization occurs in the liquid phase, precisely where preferential nucleation occurs on the mi-
croorganisms and/or the tissues that host them [8] (Fig. 14). The interest is manifold: as only the contaminated part
of the surface is wet by the chemical, only a small amount of sterilizing chemical is used, preventing damaging the
delicate instruments. It also then becomes possible to monitor a condensation-induced sterilization with only a small
number of well controlled physical parameters. In addition sterilization can occur at room temperature or below.
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(©)

Fig. 14. Lyophilized spores of Bacillus Macerans on silanized glass at room temperature (18 °C) under continuous flow of condensing vapor at
37°C. (a) time ¢t = 0, dry spores. (b) # = 0.5 s, the spores are wet by the condensed liquid. (c) t = 3 s, the clean glass starts to be covered with
droplets. Condensation continues on the spores, hampering the nucleation of new droplets.

Fig. 14. Spores lyophilisées de Bacillus Macerans sur du verre silanisé a température ambiante (18 °C) sous écoulement continu de vapeur a 37 °C.
(a) t =0, spores seches. (b) t = 0,5 s, les spores sont mouillées par le liquide condensé. (c) t = 3 s, le verre propre commence a étre couvert de
gouttelettes. La condensation continue sur les spores, empéchant la nucléation de nouvelles gouttelettes.

9. Harvesting dew as drinkable water

Pure water begins to be a rare substance. Using the phenomenon of condensation to collect the water contained in
the atmosphere is not a new idea, but up to now, its setting up was difficult, sometimes expensive and often not very
effective [3,46,47].

Several theories for dew condensation has been formulated, the first complete one by Monteith [2]. For the func-
tioning of these condensers it has been developed the following approach [3]. Condensation proceeds from the balance
between the radiative cooling energy, which cools down the condenser till the dew point temperature and compensates
the release of latent heat during condensation, and heating by diffusion and convection in the environment. Radiation
cooling is maximum in the atmospheric window between 8 and 16 um wavelengths and for angles above 15° above
the horizon. The available cooling power ranges between 25 and 150 W m~2, which gives a practical limit to dew
yields to about 0.8 mm/day in the ideal case where all this energy is used to condense the vapor, i.e. to compensate
for the latent heat of condensation (2500 J g~! at 20°C).

Several parameters have to be accounted for (Fig. 15): temperature 7 of the substrate, its specific heat c., and its
mass M, which gives the thermal inertia of the condenser, the specific heat c,, and mass m of the condensed water,
cooling flux by radiation R; (day and night), heating flux by radiation Rpe (day: Sun), heating flux due to the latent
heat of condensation (Rcong)-

The energy balance can be written as

dT,
d_tS(MCC +mcy) = R; + Rhe + Reond (29)

What enters also in the model is the condensation rate, dm /d¢, which is a function of Ty, atmosphere temperature 7,
windspeed, air relative humidity, etc., according to the laws of dew formation as discussed above.

Dew yields can be enhanced by materials that behave as a black body in the atmospheric window and are totally
reflective elsewhere, with hydrophilic properties to facilitate nucleation and dew recovery by gravity flows (tilted
material). The material which is currently developed is based on a foil that is composed of a matrix polyethylene
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Fig. 15. Condensation of water on a substrate of 0.16 m? at 1 m above the ground over one day. The period of condensation (production of the
water m mass is in g) occurs when the temperature of the surface (7, in °C) is lower than the dew point temperature (7, in °C). U is the wind
speed expressed in m/s, measured at 1 m above the ground.

Fig. 15. Condensation d’eau sur un substrat de 0,16 m? 2 1 m au-dessus du sol durant une journée. La période de condensation (production de
masse d’eau m est en g) se produit quand la température de la surface (T, en °C) reste inférieure a la température de point de rosée (7, en °C).
U est la vitesse du vent exprimée en m/s, mesuré a 1 m au-dessus du sol.

charged in microballs of oxide titanium (TiO,) and sulphate barium (BaSQO4) [48] to ensure a good radiative capacity
in the infra-red to which are added surface-active and anti-ultra-violin to resist solar radiations UV, especially in
summer periods.

The investigations are carried out in Ajaccio (France, University of Corsica) and throughout the world under super-
vision of OPUR [49] (France, Croatia, India—where a dew plant is under construction—, French Polynesia, Ethiopia,
Morocco, . ..). They show the effectiveness and the simplicity of implementation of the device (Fig. 16), dew harvest-
ing giving a significant amount of water, sometimes comparable to rain.

Chemical and bacteriological studies on dew water [S0] have shown that it is in general drinkable (standards of
quality imposed by the World Health Organization and the European directive into force) after a filtration, limiting the
turbidity of water, and disinfection, for safety reasons as the collectors are in the open air.

10. Concluding remarks

What one would expect from the above studies of dew is the control of its formation. Several industrial processes
can indeed be described by the different stages of formation of dew as e.g. the first stages of thin film growth by vapor
deposition. When the interest is water collection, dew water is welcome and can give a significant amount of water. On
other occasions, it can be just the opposite; dew has to be suppressed (on spectacles, car windshields, green houses,
etc.). Canceling durably the effect of dew is still a major industrial challenge.

It appears that dew can be controlled by two key parameters: temperature and the wetting properties of the substrate.
These two parameters control the nucleation rate and the latter has in addition major consequences on the form and
growth of the droplet pattern. The wetting properties of a substrate can be easily modified by surface treatments. This
is an advantage, but also an inconvenience. Contamination alters dramatically the wetting properties, and especially
fatty contamination, unavoidable in a human environment. (Even a monolayer of fat can change the contact angle of
water on glass from 0° to 100°.) In this aspect, micropatterned (superhydrophobic) substrates can give up to now only
a limited solution as the final state is always the most stable Wenzel state where the drops are pinned on the substrate.
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Fig. 16.(a) A 15 m? roof equipped to collect dew (Island of BiSevo, Adriatic Sea, Croatia). (b) Dew and rain recovery during 6 months (preliminary
data). (From [52].)

Fig. 16. (a) Un toit de 15 m? équipé pour collecter la rosée (ile de BiSevo, mer Adriatique, Croatie). (b) Récupération de rosée et de pluie comparée
sur 6 mois (données préliminaires). (Tiré de [52].)
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