
wet conditions may already be occurring. With this possibility in 
mind, meteorologists need to develop a greater appreciation of the 
association between West African rainfall and-& incidence of 
intense Atlantic hurricanes with a special focus on improved meth- 
ods for monitoring and forecasting the West African weather 
conditions on weekly, monthly, and seasonal time scales. Coastal 
populations in the United States and Caribbean, as well as officials 
involved with disaster management, civil defense, and related activi- 
ties should also be aware of the implications of increased West 
African rainfall for increases in intense hurricane activity. The 
observation and forecasting of West African precipitation and 
related large-scale circulations should now become a priority for all 
hurricane-related interests. Given the association of Sahel rainfall 
with patterns of Atlantic SST, wind, and pressure, it is likely that 
research aimed at developing explicit seasonal forecasts of Western 
Sahel rainfall should also contribute to significant improvements of 
seasonal hurricane prediction schemes. 
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Spreading of Liquids on 
Highly Curved Surfaces 

Because of surface tension, liquid films coating fibers or 
the insides of capillary tubes are usually unstable and 
break up into a periodic array of droplets. However, if 
these films are very thin (of thickness in the range of tens 
of angstroms), they can be stabilized by long-range van 
der Waals forces. A simple method for making such 

wetting films consists of slowly drawing the fiber out 
of a bath of liquid; the thickness of the film is then 
measured using a method based on gas chromatography. 
If these liquid films are thick, and are forced to flow, 
they may then not break up: the instability becomes 
"saturated." 

E VEN THOSE WHO ARE FRIGHTENED BY SPIDERS MAY WON- 

der at the architecture of their webs. For instance, Avaneus 
diadematus, the common diadema garden spider, builds a 

D. Qutrt and J:M. di Meglio are in Physique de la Matitre Condenste (UA 792 du 
CNRS), Colltge de France, 75231 Paris Cedex 05, France. F. Brochard-Wyart is in 
Structure et Rtactivitt aux Interfaces (UA 1319 du CNRS), UniversitC Pierre et Marie 
Curie, 75252 Paris Cedex 05, France. 

radial structure (at the center of which the spider usually stands) and 
then superimposes a circumferential network consisting of capture 
threads. When these threads are extruded from the spinneret, they 
are uniformly coated with a sheath of glue that spontaneously breaks 
up into droplets upon which the spider's victims become trapped. 
The instability of the liquid sheath has been used by spiders for 
hundreds of millions of years but has been studied by scientists for 

SCIENCE, VOL. 249 



only one century. In this artide, we will show how this old problem 
has r a i d  ncw interests in contemporary physics. 

Joseph Plateau (1801-1883), a Belgian physicist also known for 
his work on soap films, was the first to study the instability of 
cylindrical films (1). [More generally, liquid jets (2), annular films 
on fibers or in capillary tubes, and liquid ridgcs on solids arc all 
prone to this type of instability.] Plateau understood that the 
instability of these films is driven by the liquid surface tension. 
When the free sdace of a liquid cylinder undulates with a wave- 
1 9  X, its area dearases (3), provided that X is larger than the 
cmmnkence of the cylinder ( h R  for a liquid jet of radius R, or 
h b f o r a f i l m o f t h i h e o n a f i b e r o f r a d i u s b f o r e < < b ) .  
Although the observed longitudinal curvature (Fig. 1) of the film 
should opposc the growth of the instability, the curvature associated 
with the cross-sectional area ofthe column, which is largcr than the 
longitudinal curvature, actually govcms the growth of the instabil- 
ity. The Laplace prrssure is higher in the troughs than in the crests 
and thus the instability can develop. 

In a series of papers written between 1878 and 1892 (I), Lord 
RayIcigh revisited and extended the work of Plateau. He showed 
that the instability of cylindrical films is established with a well- 
defined wavelength, and thus explained the regularity in spacing of 
the drops that h. The observed wavelength simply corresponds 
tothet8s~growiogmodeand,forathinfilmcoatingafibtrof 
radius b, is 21& b, about l o b  (Fig. 2). 

Many papcrs on this subject have been published sine Rayleigh's 
time (4), but all of than have dealt with the idea that liquid films on 
(or in) highly curved solid cylinders were inevitably unstable. 
However, a h  the pioneering work by Dzyaltadk&& Lifshitz, and 
Pitaevslrii (5), both Starov and Churaev (6) and Brochard-Wyart (7) 
nxcntly predicted that films on curved solids can be stabilized by 
long-range forces if the 6lms are very thin. 

Spreading of Nonvolatile Liquids 
The spreading parameter. We first n d  to make some general 

statements about the spreading of liquids (8). To detumine whether 
a liquid drop deposited on a flat solid surface spreads or not, one 
must compare the energies (per unit area) of the barc solid and of 
the solid coated with a layer of liquid. In the former, the energy is 
just ~ S G ,  the interfacial tension .between solid and air. In the latter, 
two intcrfaccs contribute to the energy, which is written as YSL + 7, 
where 7 s ~  is the interfacial tension between solid and liquid, and y is 
the interfacial tension between liquid and air. These two energies are 
compared by d d h n g  S, the "spreading parameter," as 

If S is negative, the drop spreads partially and forms an angle 0, with 
the solid given by the Young-Laplace equation 

Flg.2DropsrrsuttlnghathinfilmofJilicaKoileoatiaga"yionfiba 
(radius b = 80 pm). The spacing bctwccn the droplets is rrgulv and is about 
lob (as shown by Raykigh) hrthinthin on fibers. 

Fig. 3. Wetting film on a planar solid G 
surrounded by air. 

L 
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If S is positive, the drop spreads out completely. The resulting film 
is very thin, and long-rangeMes (the range ofwhich can be on the 
order ofthe thickness of the film) must be introduced. 

Role of long-rangejwces in /by thinfilm. When a film is very thin, 
long-range forces cannot be neglected (5, 8). These forces may be 
elamstatic, stcric, or van der Waals in nature. In the following, we 
d c t  our attention to van der Waals interactions, which always 
exist between two atoms or molecules. The potential of interaction 
is attractive and darcases with intermolecular distance r as r-6; this 
is the d e d  nometadd regime. When this potential is i n q p t -  
ed ovcr all pairwise interactions between two half-spaces separated 
by a distance e, one finds a slow dcarasi potential (9) 

whcrc A is an efkctive Hamaker constant (lo), on the order of a kw 
~ B T  (where kB is the Boltzmann constant and T is temperatwe). If 
A is positive, the interaction is attractive. (A is always positive 
betw- identical bodies, which exp& why p&cles in 
solution generally haulate.) 

In the-- o fa  liquid film W i t e d  on a solid surface, the two 
half-spaces are difkcnt (solid and gas) (Fig. 3), and the Hamaker 
constant can be either positive or negative. In wetting conditions, A 
is negative: solid and gas rcpel each other through liquid Thc c&rt 
of long-range forces is then to mak the film thicker, since W(e) has a 
minimum for an infinite liquid thickness (e = a). One can deter- 
mine the sign of A from approximate c o m b ' i  relations (10): 
A = Asv + ALL - ALV - ASL where the AU is the Hamaker 
constant between media I and J. AU is proportional to the product 
of rhc densities of phases I and J and to the product of thcir 
polarizabilities am.-Because the density of, the b u s  phase is 
generally negligible, A is negative w h k  the polarizability of the 
solid is larger than that of the liquid. Therefore, a solid of high 
surface energy (that is, of large as), such as metal or dean glass, 
should be wet by all the usual liquids. 

The disjoining pressure. The d i s j o i i  pressure lid introduced by 
Deryaguin in 1940 (1 I), can be derived from W(e). 

&(e) is the prtssurc that must be applied on a film to maintain it at 
constant thickness e. In wetting conditions (A < 0), &(e) is 
positive. This prtssurc can be supplied by gravity [wetting film 

Fig.l.FiLnofhwcyonafishingLincofd=b=140lunThefilmis ~ b i n g a v ~ ~ w a l l  (12)1 o r b y t h e ~ P ~ p r c s s u r e i n ~ ~  
~2tY23~~on~22,"~"",2,2~~ vhnthesolidbcurved(faaarnple,aw~filmonafibsrorin 
optimal wavekngth A has not ya been s d d .  a capillary tube). 
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Spreading on Fibers 

Stabilizing effect ofvan der Waals irrteractions. In wetting conditions 
(A < O), long-range forces tend to thicken liquid films because W(e) 
is minimum for an infinite thickness of the wetting film. On fibers 
(13), the situation is different because of the curvature of the solid 
surface; to increase the thickness of a film from e to e + Ae requires 
an additional surface energy of 2.rrAey per unit length. In wetting 
conditions, therefore, the thickness of liquid films on fibers cannot 
diverge and remain small because of this competition between 
disjoining and Laplace pressures (6,  7). 

For a very thin, cylindrical film on a fiber, the internal pressure p is 
composed of two terms, the Laplace pressure and the pressure due 
to long-range interactions, which gives 

where b is the fiber radius. II,(e) can be derived from Eqs. 3 and 4, 
where we have introduced a convenient length, a (on the order of 1 
A), by setting A = -6nya2. 

The condition for stability of this annular film is that p is an 
increasing function of e 

which implies small film thicknesses 

, < ,, = alJ2blJ2 

For fibers with b in the range of 10 to 100 pm, a wetting film should 
be stable if its thickness is smaller than a few hundred angstroms. Of 
course, inequality 6 has no solution if the system is nonwetting 
(A > 0) or if the film is too thick [IId(m) = 01; in other words, a 
thick film remains unstable. 

Spontaneous spreading of a drop on ajiber. When a drop is deposited 
on an infinite fiber, it should spontaneously spread if the spreading 
parameter is larger than a threshold value S, (7), which is slightly 
but strictly positive [S, decreases with b, and for a plane (6  = m) the 
spreading transition occurs for S, = 0, as seen above]. When S is 
smaller than S,, the liquid only partially wets the fiber (14), forming 
an angle of contact (which can be equal to zero, unlike the contact 
angle of a drop on a planar surface. For S larger than S,, the 
thickness of the film results from a competition between spreading 
(expressed by S) and thickening long-range effects (expressed by A), 
but the film is generally of molecular thickness. 

On a fiber of finite length, the volume of the drop generally 
exceeds the volume of this microscopic film, which means that the 
drop should coexist with the wetting film. For this equilibrium to 
exist, the pressures of both the drop and the film should be equal. If 
the drop is large enough to be considered of zero internal pressure, 
then, given p of the film (Eq. 5), one can calculate: 

where eo (on the order of 100 A) is less than e, (Eq. 7). Between eo 
and e,, the film is metastable. 

To verify the existence of such microscopic films, we performed 
the following experiment (15). Two drops of a nonvolatile spin- 
finish oil (a lubricant used in spinning) were placed on a horizontal 
nylon fiber of radius b = 10 pm. Because this oil wet the fiber, 
conditions A < 0 and S > S, were fulfilled. The two drops were of 
different sizes and were placed very close to one another. 

At first, nothing seemed to happen, but microscopic wetting films 
began to spread from the four menisci. Two of these menisci finally 

joined, and the drops were linked by a thin, annular channel. The 
small drop, which had a largerp, slowly emptied into the large drop, 
by way of the macroscopically invisible channel (16). This is very 
similar to the classical problem of two soap bubbles of different size 
linked by a small pipe. From the kinetics of this process, we can 
estimate the thickness of the wetting film to be on the order of 200 
A, which is a little large compared with the predictions of Eq. 8 (on 
the order of 60 A). This difference may be due to the fluorescent dye 
dissolved in the oil, the effect of which could be to increase a. 
Nevertheless, this simple experiment can be used to check whether a 
fiber is wetted or not by a given nonvolatile liquid. 

This experiment also gives a qualitative feeling for the dynamics of 
these microscopic films. We calculated (17) that the diffusion rates 
that govern the progression of the film are extremely slow (the first 
centimeter is wetted in at least 1 day). We decided to make such 
films instead of letting them spontaneously spread. 

Making wetting films. A very simple way to make an annular film 
on a fiber consists of drawing the fiber at constant velocity Vo out of 
a bath of liquid. At low velocity, the thickness e of this film is 
proportional to b, the fiber radius, and increases with the capillary 
number Ca (Ca = q Vdy, where q is the liquid viscosity). The exact 
law was first derived in the 1940s by Landau and Levich (18) and 
Deryaguin ( 19) : 

This equation should be valid only at intermediate Ca 
(lo-' < Ca < lop2) (20, 21). In this regime, even if the fiber is 
vertically withdrawn, e does not depend on gravity, because gravita- 
,tional pressure is small compared to Laplace pressure. The film 
becomes thinner as the fiber moves because the pressure inside the 
film is larger than in the unperturbed part of the meniscus (where it 
is zero). As long as the film is thick enough, the pressure in the film 
(Eq. 5) is dominated by the Laplace term y/(b + e), which causes the 
thinning, and gives rise to Eq. 9. 

For high capillary numbers, the entrained film is thick and there 
are inertial effects. In this case, there is no analytical solution. 

At very low capillary numbers, the entrained film is so thin that 
the long-range interactions may not be ignored; disjoining pressure 
must be considered in the expression of the internal pressure p of the 
film (Eq. 5). The film can then be in equilibrium with the meniscus, 

Fig. 4. Experimental setup for mak- 
ing and measuring very thin films on 
fibers. The glass U-tube is about 4 Fiber 
cm high. 

Water 

Fig. 5. Logarithm of the 
entrained thickness of 
the dodecane film as a 
fimction of the loga- 
rithm of the capillary 
number. The rectangles 
correspond to nylon fi- 
ber, and the circles to 
polyester fiber. Data 
~ o i n t s  between In VJ V* 
= -7.5 and -12 were 
not obtained because 
they were out of the 
range of the motor. 
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and there is no more drainage. So below a cmtain capillary number, 
the thickness should no longer depend on Ca: the fiber carries a 
wetting film, the thickness of which is given by a coexistence 
condition between the film and the bath (of zero internal pressure). 
Hence we find again the result of Eq. 8, which gives the expression 
for the thickness of such a film in equilibrium with an infinite 
CWNO~.  

To verify this point, we ran a smooth fiber (either nylon or 
polyester, of radius b = 9.5 pm) successively through three layers of 
liquid in a glass U-tube (Fig. 4) (22): first pure dodecane, then aiply 
distilled water, and finally, carbon-tetrachloride ( a & ) .  As soon as 
the fiber was entrained (by a stepping motor), a film formed at the 
dodecane-water interface. Then it passed through the water layer 
and finally dissolved in CC&. The motor was stopped after about 15 
cm of fiber had passed through all layers, and the phase was 
picked up. We measured the fraction of dodecane in the CC& by gas 
chromatography (GC), using a flame ionization detector. The 
average thickness of the film could then be derived. 

The d t s  are displayed in Fig. 5. At high velocities (correspond- 
ing to Vo k e e n  0.7 and 14 ads), the system is in the hyclrody- 
namical regime: e increases with Vo, following a law in good 
agreement with the predictions of Deryaguin (Eq. 9). The expon- 
ent + SE that we determined was 0.69 0.05, to be compared 
with U3. However, the numerical d c i e n t  was 1.75 instead of 
1.33, probably because of the presence of surfactant at the oil-water 
interface: the film is then thicker because the drainage is less efficient 
(23). 

At low speed (between 1 and 100 pnds), e is independent of Ca: 
the system is in the wetting van der Waals regime. The films are thin 
because of the low value of the Hamaker constants due to the pres- 
ence of water: we find e,,,l, = 24 2 4 A and e,l,,,, = 34 + 4 4 
in good agreement with values deduced from the literature (respec- 
tively, 27 and 32 A). The film on the polyester fiber is slightly 
thicker, probably because this solid is more polarizable than nylon. 
This difference in wetting behavior can be measured thanks to the 
m e m e  sensitivity of GC: it is possible to detect films that are 5 A 
thick on an entrained fiber 20 un long. 

These two simple experiments seem to confirm the possible 
existence of stable microscopic films on fibers. All the arguments 
that we have given for fibers should also be valid in capillary tubes 
(24). For example, the thickness of a wetting film in contact with a 
drop trapped in a small tube (radius b) is given by the equilibrium 
between internal pressures [-yl(b - e) - &(e) for the film and 
-2ylb for the drop], and thus still is eo = am&'" (Eq. 8). Similarly, 
this film should be stable up to thickness e, (Eq. 7). 

Influence of a Flow on Rayleigh Instability 
When a vertical fiber is coated with liquid, the film flows by 

gravity. Can this flow perturb the growth of the instability, since the 
film is now thick enough (e >> e,; Eq. 7) to be a priori unstable? 
We vertically withdrew a fiber from a bath of viscous oil (25), thus 
entraining a film, the thickness of which we could vary by changing 
the fiber velocity. 

The behavior of the film depends on the radius of the fiber and on 
the velocity of the fiber withdrawal rate Vo: (i) When Vo is large 
(Ca > for a fiber radius of 300 pm) the film is thick and the 
instability does not seem to be perturbed bylthe flow: drops appear 
quickly and fall down along the fiber. If one drop is slightly larger 
than the others (Fig. 6), it falls fsster and in passing swallows the 
rest. But it cannot grow indefinitely, because it leaves a film behind 
itself. This film in turn breaks into droplets, and a new cascade of 
events begins. (ii) When the film is initially thin enough, it is 

Fig. 8. In spite of the flow, a thick film is 
unstabk on a vertical fiber (here, the initial 
dG3tncss ofthe film was 100 pm on a fiber of 
90-pm radius). Because d difkcnces in 
droplet sizes uc amplified, a large drop forms, 
"eating" all the other ones. It leaves behind it a 
film, which can bc secn brraking inm droplets. 
For thin films on thick fibers (for atample, e 
smaller than 15 pm on a fiber of 300-pm 
radius), no drop formation (nor varicosities) 
can be seen (seem). 

apparently stable. The flow prevents drops from developing. If the 
flow is stopped by extending the fiber horizontally, the instability 
reappears. By recording the thickness of the film versus time, we 
have seen that below a certain thickness (4) there were no drops; ei is 
an increasing function of the radius b of the fiber. (Therefore, to 
directly observe the phenomenon, thick fibers should be used: for 
example, for b = 300 ~ l m ,  we measured ei = 17 pm.) We experi- 
mentally determined that ei scales as b3. 

The variation in behavior of these films is compatible with a 
theory of saturation of Rayleigh instab'ity, such as the one recently 
developed by Frenkel et al. (26). When the film has coated the fiber, 
the instability develops immediately. The interface begins to undu- 
late, and crests and troughs appear. But the flow, which we found to 
be a PoiseuiUe flow (27), causes the points at the interface to be 
convected at different velocities: that is, points on a crest move faster 
than points in a trough. The interface is distorted, and highly curved 
regions form. The surface tension opposes the cceation of such 
regions and restores the interface; the instability cannot develop. 

In this nonlinear scenario (which should only happen when the 
liquid layer is thin enough), the interface will not be smooth, but 
should ripple slightly in a way that Sivashinsky (28) showed to be 
sponmus ly  turbulent. In our case, where e and b are both small, 
the amplitude of this disordered ripple is probably microscopic, so 
that we only see a spectacular consequence of the gravitational flow: 
there are no more drops. 

Conclusions 
We have shown two &rent ways to prevent the Rayleigh 

instability fiom developing on fibers coated with a liquid. If the 
liquid film is very thin (on the order of 100 A), long-range forces 
can s t a b i i  it. If the liquid film is thicker (on the order of 1 pm), 
one can prevent the unstable sheath from breaking up by holding 
the fiber v e f  cally and thus saturating the instability. 

The study of the wetting of fibers has important implications in 
optical fiber processing, in textile spinning, and in the physical 
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chemistry of modern composites reinforced with carbon fibers. The 
saturated Rayleigh instability case might have applications as a 
simple model from which t o  approach the transition towards 
disorder (and chaos). Lastly, because they have no edges, fibers or 
capillary tubes provide a very convenient geometry for studying 
problems such as mobile contact lines, and, consequently, contact 
angle hysteresis. 

REFERENCES AND NOTES 

1. Historical references about Rayleigh instability: J. Plateau, Statique exp6n'mentale et 
theorique des liquidei ioumii aux ieulei forcei rnoleculariei (Gauthier-Villars, Paris, 1873); 
Lord Rayleigh, Scientific Papers (Cambridge Univ. Press, Cambridge, 1899). 
Among these papers, about a down deal with the instability, the most famous 
being: Proc. London Math. Soc. 10, 4 (1878); Proc. R .  Soc. London 29, 71 (1879); 
Plziloi. Mag. 34, 145 (1892); H .  Poincari, Capillarite (G. Carri, Paris, 1895). The 
first brief review on this instability can be found in C. V. Boys, Soap Bubbles 
(Dover, New York, 1958) pp. 62-71. 

2. A sheath of glue on a thread is unstable and, because liquid jets also break into 
droplets, the spider's filaments should themselves be unstable. Actually, the thread 
is very viscous when just excreted and prone to rapid crosspo1ymerization; at worst, 
its diameter is slightly modulated because of the Rayleigh instability. 

3. In this way, the spider loses because its capture area has been reduced by the 
instability. On the other hand, the glue provides better elasticity to the web, as 
shown in F. Vollrath and D. J. Edrnonds, Nature 340, 305 (1989). 

4. On the instability offilms on fibers, see for example: S. L. Goren, J .  Fluid Mech. 12, 
309 (1962); J .  Colloid Sci. 19, 81 (1964); B. J. Carroll and J. Lucassen, J .  Chern 
Soc. Famday Trans. 1 70, 1228 (1974); R. J. Roe, J. Colloid Intev/ace Scz. 50, 70 
(1975). On the instability o f f i l s  inside capillary tubes, see: H.  L. Goldsmith and 
S. G. Mason, J .  Colloid Sci. 18, 237 (1963); P. S. Hammond, J .  Fluid Mech. 137, 
363 (1983). On the instability of long liquid columns, see, for example: S. 
Tomotika, Proc. R .  Soc. London Ser. A 150, 322 (1935); F. D. Rumscheidt and S. 
G. Mason, J. Colloid Sci. 17, 260 (1962). 

5. I. E. Dzyaloshinskii, E. M. Lifshitz, L. P. Pitaevskii, Adv .  Phys. 10, 165 (1961). 
6. V. M. Starov and N. V. Churaev, Kolloidn. Z h .  40, 909 (1978). 
7. F. Brochard-Wyart, J .  Chern. Plzys. 84,4664 (1986); C .  R .  Acad. Sci. Ser. 11 303, 

1077 11 986) - - 
\- .  --,. 

8. For a recent review on spreading, see: P. G. de Gennes, Rev.  Mod. Plzys. 57, 827 
(1985); J. F. Joanny, thesis, Universiti de Paris VI (1985). The first mention of the 
spreading parameter can be found in: W. Cooper and W. Nuttal, J .  Agric Sci. 7, 
219 (1915). 

9. For thicker films ( e  > 300 A), retardation effects must be considered and W ( e )  
decreases as e-) .  

10. J .  Visser, Adv .  Colloid Inte'ce Sci 3, 331 (1972); J .  N. Israelachvili, Intertnolecular 
and Su*ce Forces (Academic Press, San Diego, CA, 1985). 

11. B. V. Deryaguin, Z h .  F i z .  Khirn. 14, 137 (1940); Kolloidn. Z h .  17, 191 (1955). 
For recent reviews, see: G. Teletzke, H. T. Davis, L. E. Scriven, Rev.  Phys. Appl 
23, 989 (1988); N. V. Churaev, ibid., p. 975. 

12. B. V. RoUin and F. Sinlon, Plzysica 6, 219 (1939); E. S. Sabisky and C. H .  
Anderson, Phys. Rev .  A .  7, 790 (1973). 

13. We consider only nonvolatile liquids. On wetting transitions on thin cylinders, see, 
for example: M. P. GeIfand and R. Lipowsky, Phyi. Rev.  B 36, 8725 (1987); R. 
Holyst and A. Poniewierski, Phyrica A 149, 622 (1988); J. 0. Indekeu, P. J. 
Upton, J.  M. Yeomans, Plzys. Rev.  B 40,666 (1989). Bacri eta/ .  have describedthe 
spreading transition of a ferrofluid on a wire [J. C. Bacri, C. Frenois, R. Perzynski, 
D. Salin, Rev.  Phys. Appl .  23, 1017 (1988)l. 

14. The shapes of the drops on fibers have been described in, for example: B. J. Carroll, 
J. Colloid Intev/ace Sci. 57,488 (1976); H .  M. Princen, in Su'ce and Colloid Science, 
E .  Matijevic, Ed. (Wiley-Interscience, New York, 1969), vol. 2, pp. 1-84; J. 
Yamaki and Y. Katayama, J. Appl  Polyrn Sci. 19, 2897 (1975). For drops which 
have lost their axisynunetry because of small sue or large contact angle, see: N. K. 
Adams, J .  Soc. Dyeri Colour. 53, 122 (1937); B. J. Carroll, Langmuir 2, 248 
(1986). 

15. J.-M. di Meglio, C .  R .  Acad. Sci. Ser. 11 303, 437 (1986). 
16. Because of this microscopic film, the series of droplets (Fig. 2) should only be a 

stage in the evolution of the cylindrical film on a fiber: drops should empty into the 
other and finally form one single sphere. Actually, this succession of events takes 
too long to be achieved--only one or two phagocytoces can be observed. 

17. F. Brochard-Wyart, J.-M. di Meglio, D. Quiri, J .  Phys. (Paris) 51, 293 (1990). 
18. L. D. Landau and V. G. Levich, Acta Physicochirn. U R S S  17, 42 (1942). 
19. B. V. Deryaguin, rbid. 20, 349 (1945). 
2: In addition to (24,  three experimental papers have been devoted to the measure of 

the entrained thickness by a fiber out of a bath ofwetting liquid: F. S. Goucher and 
H .  Ward, Philos. Mag. 44, 1002 (1922); D. A. White and J. A. Tallmadge, AIClzE 
J 12, 333 (1966); B. J. Carroll and J. Lucassen, Chern. Eng. Sci. 28, 23 (1973). 
The results, apparently contradictory, are in fact coherent when gathered, as in 
(21). 

21. D. Qutrt, thesis, Universitt de Paris VI (1989). 
22. , J.-M. di Meglio, F. Brochard-Wyart, Europhyi. Lett. 10, 335 (1989). 
23. This point was first made in Carroll and Lucassen (19) and later discussed by 

Teletzke et a / .  (11). 
24. For the spreading of microscopic f i l s  in capillary tubes, in addition to (5,21), see: 

J:M. di Meglio, F. Brochard-Wyart, D. Qutrt, C .  R .  Acad. Sci. Ser. 11 309, 19 
(1989). For making f i l s  in capillary tubes by displacing a drop of wetting liquid 
(which leaves behind a f i l ) ,  there is abundant experimental literature, particularly 
from Taylor and his co-workers referenced in J .  D. Chen, J .  Colloid Intev/ace Sci. 
109, 341 (1986). For making wetting nucroscopic f i l s ,  see: N. F. Bondarenko, 
B. V. Zheleznyi, Y. A. Osipov, N. S. Ostapenko, Kolloidn. Z h .  39, 241 (1977). 

25. D. Quhi ,  in preparation. 
26. A. L. Frenkel, A. J .  Babchin, B. G. Levich, T. Shlang, G. I. Sivashinsky, J .  Colloid 

Interjace Sci. 115,225 (1987); T. Shlang and G. I. Sivashinsky, J. Plzys. (Parii) 43, 
459 (1982). 

27. A PoiseuiIIe flow is characteristic of thin films flowing on solids: the velocity 
distribution across the layer is parabolic, and the mass offluid flowing per unit time 
is proportional to the pressure gradient responsible for the flow and to the cube of 
the film thickness. 

28. This result was derived to explain the chaotic waves that sometimes appear at the 
free interface of a liquid layer flowing down an inclined plane [first described by 
Kapitza; see P. L. Kapitza and S. P. Kapitza, Collected Works (Pergamon, New 
York, 1965), p. 6901. For this derivation, see G. I. Sivashinsky and D. LM. 
Michelson, Pvog. Theor. Plzys. 55, 356 (1980). 

29. We thank P. G. de Gennes for numerous fruitful discussions. 

SCIENCE, VOL. 249 




