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Abstract

An optical method for probing contact angle distribution along contact lines of any shape using a laser sheet is proposed. This method i
applied to a dry patch formed inside a film flowing along an inclined plane, both liquid and solid being transparent. Falling normally to the
plane, a laser sheet cuts the contact line and is moved along this line. Distortions of the sheet trace observed on a screen put below the pla
allow us to extract the contact angle distribution and the local line inclination along the line. Our results show that the contact angle around
a dry patch is nearly constant and equal to the static advancing angle, at least when the evolution of its shape is followed for increasing flov
rates. This supports a model of dry patch shape recently proposed by Podgorski and co-workers. Preliminary results obtained for decreasir
flow are also qualitatively observed.
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1. Introduction eral methods were used in this context to extract contact
angles from experiments and more generally to probe inter-
1.1. Generalideas face shape: light absorption [7], fluorescence [8], and meth-

ods based on refraction of light. The simplest idea consists
Contact angle measurements provide a simple methodin looking at deformation of a grid across the liquid [9],
for characterizing the interfacial properties of a solid. Very a method that can be made more accurate with moiré tech-
often, these measurements are performed by direct observaniques [10]. In another method applied by Buguin et al. [11]
tions of drops deposited on the solid [1], and viewed from the to axisymmetric dewetting, a laser beam is deflected by the
side. Measurements of the wet area viewed from above caninterface and its deviation is followed versus time while the
also be used. Better accuracy can be achieved by interferomiiquid dewets.
etry (liquid wedge fringes), but this method only holds with Here we will focus on another contact line problem sug-
small contact angles. Another accurate method proposed bygested in Fig. 1: a dry patch left inside a thin film. This
Allain et al. [2] consists in illuminating the drop at normal problem is related to fingering and dewetting but involves
incidence to the solid with a large laser beam. The beam is stationary contact lines. These patches are observed in situa-
reflected by the drop into a light cone, whose angle is a func- tions of partial wetting, when the flow rate is selected below
tion of the mean contact angle around the drop perimeter. g critical value [12—15]. Modeling their shape and stability
Contact angle measurements are also importantwhen ongs a difficult free surface hydrodynamical problem, which
wants to model complicated film flows involving contact requires knowledge of how the contact angle is distributed
lines. One can think, for instance, of the now well-known along the contact line surrounding the patch [13,16—19].
fingering instability that occurs when a liquid begins to flow  gjde views are impossible, contact angles are often large,
down a slope [3,4] or of dewetting problems [S,6]. Sev- \yhich prevents the use of interferometry [20]; the size of
the patch is centimetric and there is no circular symmetry,
~* Corresponding author. which prevents using Buguin as well as Allain techniques.
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Fig. 2. Mechanical equilibrium of the rim suggested at the dry patch apex.
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Fig. 1. Sketch of a dry patch left in a film flowing along an inclined plane. Suggested in Fig. 2 near the dry patch apex. With the nota-
A rim around the “dry arch” is collecting the missing liquid. tions of Figs. 1 and 2, this balance between capillary effects

and the rim weight reads

to that of Allain et al. or to that of Buguin et al. but that uses . .
a laser sheet. It allows localized measurements and allows? (1 — €089 = pgS(¥) sinasiny, (1)

us to extract contact angle distribution and line inclination in where S designates the cross section of the rignstands

a very simple and visual way. The laser sheet cuts the con-for gravity, p is the liquid mass density, and is the sur-
tact line and is distorted by refraction across the thin liquid face tension. The anglesandy are respectively the plate
prism formed by the liquid wedge very near the line. As we and contact line inclinations defined in Fig. 1, whilés the
shall see, the “refraction figure” observed on a screen put atcontact angle, assumed to be uniform along the contact line.
finite distance gives directly both the contact angle and the Still in Podgorski’s approach, this equation was to be com-
local contact line inclination. This method allows us to build bined with mass conservation conditié/ = I"'x, where
curves giving the contact angle as a function of the position I is the flow rate per unit length supplied to the film in its
or as a function of the local contact line inclination (angle upward region, and/ is the mean fluid velocity across the
of Fig. 1), which can be used as a parameter. This methodrim cross section. This velocity, driven by the component of
of course implies moving the sheet along the contact line, gravity parallel to the contact line was approximated by a
i.e., in some sense to “scan” it, which is rather easy for a Poiseuille-type law, the perimeter of the rim cross section
static line but can be a bit more tricky for a moving contact being in turn assumed to remain circular. With all these hy-
line. However, for a contact line moving in a stationary way potheses, the contact line shape is finally given [17] by the
(dry patch convected by the flow, drop sliding along an in- equations

clined plane, etc.), it is certainly possible to use a static sheet

and to follow the sheet trace evolution as a function of time. x = R c'osw , 2
The setup described here requires that liquid and solid be Sh

transparent, but a similar method using reflection instead of R (1—3cogy

refraction is conceivable. Y=3 <W N 1)’ (3)

whereR is the radius of curvature of the contact line at the

1.2.D tch probl
¥ paich probiem dry patch apex. In turR is given by

To illustrate our method, we here apply it to the dry 2 U,
patch problem. Owing to their great importance for tech- R :mfZ(@)sirLux T (4)
nical applications (heat exchangers, distillation or cooling (1 — cos@)*
devices, desalination plants, nuclear cooling systems, etc.),2(®) = ——————, (5)
©® — cosO sin®

the shape and stability of dry patches have motivated several
papers [13,16-19]. Among these ones, recently, Podgorskiwherel. >~ \/y/(pg) is the capillary length and/. = y /5

et al. carried the first well controlled experimental studies the capillary velocity built upon surface tensigrand fluid

of these patches, on silicon oil films flowing along glass viscosityn. The coefficientn is an unknown numerical fac-
plates coated with low surface energy compounds. Depend-tor that takes into account the detailed structure of the flow
ing on the history of the flow, the situation can be more or inside the rim. As explained above, despite its simplicity,
less complicated, but they showed that a universal dry patchthis model was found to work remarkably well on isolated
shape appeared when this shape was recorded for progresdry patches studied for progressively increasing flowrates.
sively increasing flow rates. They also proposed a simple Among other reasons, this success was attributed by Pod-
model of this shape based upon the two following ideas: gorski et al. to the uniformity of contact angle along the
(1) for progressively increasing flow rates, the contact an- contact line, assumed to remain very close to the static ad-
gle is everywhere very close to the static advancing angle vancing contact anglé,. More quantitatively, in a large

0 ~ 6,, and (2) the shape of the dry patch is mainly gov- range of flow rates, measured shapes are perfectly fitted by
erned by a condition of mechanical equilibrium of the rim, Egs. (2)—(5), wittp =6, andm ~ 0.3.
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Obviously, this hypothesis of a constant contact angle
close to a static advancing contact angle is reasonable but
would require to be directly checked. One could have also
imagined a more complex distribution in which the con-
tact angle would vary continuously along the contact line
between the static advancing and receding angles, and this
is presumably the most general situation for dry patches of
more complicated history. Clearly, the development of our
simple method for probing contact angle distribution along
the contact line is essential for further progress.

In the present paper we describe our method and we ap-
ply it to dry patches formed in the same conditions as in
Podgorski et al.: silicon oil films flowing along glass plates
coated with appropriate compounds (here fluoropolymers),
with evolution of the dry patch shape recorded for a progres-
sively increasing flow rate. Under these conditions, we find
that the contact angle is nearly constant along the contact
line and equal to the static advancing angle. For the first time,
the Podgorski et al. model is supported not only by compar-
ing its prediction with the dry patch shape, but also by direct
measurements of contact angle distribution. In Section 2, we
describe the experiment together with the principle of our
method. Our results on dry patches are presented in Sec-
tion 3 after a short test of the method on sessile drops. We

(b)

also give a brief account of what happens when dry patchesrig. 3. (a) Side picture of a centimetric drop about to move on an inclined

are followed for decreasing flow rate. glass plate (and its reflection in glass). (b) The advancing adgleand
the receding angle®, can be extracted from this picture by a construction

involving tangent circles.

2. Materialsand methods

film is only metastable in the central region coated with flu-
2.1. How to form regular and isolated dry patches oropolymers (usually a rectangular domain of typical size
10 x 20 cm). Somewhere in this region, film breaking is
The hydrodynamic part of our set up is similar to that forced by applying an air jet impulse normally to the free
of Refs. [13,17,18], to which we refer for more details. Its surface during a short time. A dry spot appears and grows
central part is a glass plate of 10 mm thickness and c£40 until a new equilibrium is reached with a specific shape of
40 cm size, the inclination of which can be turned between the dry patch. The flow rate is then progressively increased
a =5° anda = 88°. A part of the upper plate surface is step by step to force quasistatic advancing motions of the
covered with a coating from 3M (fluoropolymers FC 725 contact line everywhere, which is assumed to favor a contact
diluted with 5/6 of ethyl acetate). This coating allows us to angle close to its static advancing value. A typical example
realize partial wetting conditions for the liquid used here, of the obtained shape is reproduced in Fig. 4.

which is a silicon oil (Rhodorsyl 47V20) of surface tension

These pictures are recorded by a video camera (CCD

y = 20.6 mN/m, densityp = 0.95 g/cm?, and viscosity; = with a lens of 16 mm) directed normal to the glass plate
21 cP. The relevant static contact angles can be estimatedat a distance of 50 cm. The evolution of this dry patch in-
from drops sliding along the plate, in the limit of a vanishing creasing step by step the flowrate has been recorded. As in
velocity, pictures being taken from the side with a digital Podgorski et al. [13,17,18], this shape is perfectly fitted by
camera (5 million pixels) (see Fig. 3). For the experiments Egs. (2) and (3). For each value of the flowrate, the radius
presented here this method gives a static advancing anglepf curvature at the apex of the arch is extracted from the fit.
6, =48 £ 1°, and a static receding anglg,= 37° &+ 1°. According to Eq. (4),R is expected to be proportional to
At the beginning of the experiment, silicon oil is sup- [2U./(I" sina) with a coefficientmf2(©). Figure 5 shows
plied at constant rate uniformly along the upper edge of the the evolution of this radius of curvaturg) with the inverse
plate through a long thin slot of thicknegs= 0.2 mm and of the flowrate (1 I"). WhenI" begins to increase is con-
length L = 35 cm. The flowrate is first selected to be high stant until the arch begins to close. It seems that the shape of
enough (" = 2 cm?/s) to get a uniform flowing film cover-  the arch is the same unleBss large enough. Our hypothesis
ing the whole plate. After waiting for the disappearance of is that during this flow increase the contact angle along the
any transient dry regions left by the initial fingering instabil- contact line grows until being equal to the advancing contact
ity, the flow rate is reduced at a lower value for which the angle. Then the contact line move by quasistatic step and, as
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Fig. 4. (a) Typical picture of a dry arch (silicon oil V2@,=50°, I =
0.92 ml/s). (b) White line: superimposed fit of its shape by Egs. (2) and (3).
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Fig. 5. Evolution of the radius of curvature at the apex increasing the
flowrate step by step (silicon oil V2@ = 50°), i.e., decreasing /I" as
indicated by the arrows.

expectedR decreases proportionally #8U,/(I" sina). The
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Fig. 6. In our experiment, a laser sheet (a) is refracted by the dry arch (b),
the result being visualized on a screen (c) put behind the glass plate.

points. In practice, we have formed this sheet with a laser
diode (Lasiris Diode Laser SNE,= 637.3 nm) completed

by an appropriate optical head (Lasiris SLH-501). This opti-
cal head turns the laser beam into a fan of opening angle 30
the thickness of which is 200 um. The diode and its head are
placed at a distance of order 50 cm above the glass plate.
With an appropriate guiding mechanism, the diode can be
moved along the direction of Fig. 1, in order to explore the
whole contact line.

As suggested still in Fig. 6, the sheet is distorted by re-
fraction across the liquid film. These distortions are visu-
alized on a screen (labeled “c” on the figure) put behind
the glass plate at a distance of order 15 cm. Roughly, one
can distinguish two parts on the obtained “refraction figure.”
Unperturbed horizontal segments correspond to light rays
crossing the dry substrate or the part of the film of uniform
thickness. While one excepts a slight shift of their position
along y, these rays are not deflected, the light horizontal
segments being just the trace of the unperturbed part of the
sheet. On the other hand, light rays crossing the rim, espe-
cially those in the vicinity of the contact line, are strongly de-
viated, which results in the appearance of two “light horns”

results are in good agreement with Egs. (2)—(5) with here a on the refraction figure. These “horns” are characterized by

coefficientm = 0.2 + 0.05. In what follows measurements
of the contact angle distribution will be mainly performed in
the range of linearity oR with respectto 1I".

2.2. Scanning contact angle distribution with a laser sheet

their inclination to the horizontal (labeledl on the figure)
and their length.

These two quantitiesp and A, contain information on
what happens very near to the contact line, because, obvi-
ously, the tip of the horns correspond to the most inclined
part of the free surface, i.e., in the vicinity of the contact line.

Our method to probe the contact angle distribution around Physically, the wedge formed by the liquid near the contact
the dry patch is suggested in Fig. 6. A laser sheet is directedline behaves as a prism that inclines the light rays in a di-
normally to the glass plate and intersects this one along arection normal to contact line and by an amount dictated by

horizontal line that cuts the contact line at two symmetrical

its angle, i.e., by the contact angle. This implies a first rela-
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screen. For large angles, the calculation gives a more gen-
eral set of equations:

A=§+68 =dtanD + etanr’, (9)
sinD =nsin@ —r), (10)
n'sinr’ =sinD, (11)
nsinr =sin®. (12)

_ , _ _ Moving the laser sheet along from the bottom to the top of
Fig. 7. Laser refraction on the dry arch: view of the dry patch superimposed .
to a view of the refraction figure, both being taken from the same place. the pIat_e, z.and-usmg Eas. (9)_(12)’ Qne caq get the contact
Note that the contact line and the “horn” refracted by this one are perpen- @Ngl€ distribution along the contact line edging the patch as
dicular. To be more clear, the camera has been shift to the right which allow a function of the position or—directly—as a function of the
to see both horns and the dry patch. contact line inclinationy. This parameter being precisely
that involved in Podgorski's model, this method appears to

tionship linking the “horn” inclination to that of the contact be especially well adapted for investigations on dry patches
line, in flowing films.

D=V, (6) 2.3. Test of the method on sessile drops

i.e., the “horn” and the contact line are perpendicular. This

o . To check our optical method, we have compared contact
can be seen in Fig. 7, where we have superposed a picture of : . ;
angle measurements obtained on sessile drops with both the

Er;emaerg ggsaerF\)/'iCnt; rk?o(t)r: ?&;;;eﬁgr;azeg]o% tsr:ti Zfergzg'g?nolaser shegt method anq by direct visualiz_ati_qns from the side.

above tr'1e glass plate For practlgal reasons linked tq the pgcullarltles of our set' up,
Now. the contact .anglefa can be extracted from the V€ found it easier to synthesize solid drops by polymeriza-

B . ' . . tion of a reticulated silicon (silicon elastomer kit 184 sold by

horn” length A by applying standard geometrical optics, Sylgard) heated at 180or 1 h. Playing with the history of

the paths of light rays in a plane normal to contact line being the drop deposited on diversé substrates (feeding the drop

sketched in Fig. 8. For small angles, the deviation is propor- removing liquid, preliminary heating of its base), we were '

tional to the prism angle, I.e., to the contact angle. One getsable to realize several solid drops with different contact an-

for small.x gles, which we have deposited on our glass plate in order
D=(n—1)6, ) to probe contact angles at their pgrjmeter. This was not re-
B ally necessary, but the reticulated silicon has nearly the same
A=n-— 1)@<d + —/), (8) optical index as the liquid silicon oil used to form our dry
n

patches# = 1.4), which simplifies the analysis and guaran-
wheren = 1.4 andn’ = 1.4 are respectively the optical in-  tees that the test of the laser sheet and its application to dry
dices of oil and glass; ~ 1 cm is the glass thickness, and patches are made in the closest possible conditions.
d ~ 15 cm is the distance between the glass plate and the A picture of our solid drops viewed from the side is re-
produced in Fig. 9. We have used the same digital camera
air as in Section 2.1, the picture being taken from the side at a
distance from the drop of order 10 cm. The accuracy of the
direct determination of contact angle by our tangent circles
construction is here of ordet2°.
The refraction figure (reproduced in Fig. 10) is obtained
for the same drop, taking care to treat exactly the same re-
gion of its perimeter as above. Several region have been

oil

glass

Nn
2
X
d D air
& 8
A
Fig. 9. Picture of a centimetric polymerized silicon drop taken from the side

Fig. 8. Refraction of a light ray near contact line. (about 0.5 mm thick).
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Fig. 10. Refraction figure obtained on the drop of Fig. 9. ) )
Fig. 12. Measurement of the contact angle along the contact line edging a

Laser dry patch observed for increasing flow rafé £ 0.64 ml/s anda = 60°).
Measure
70 T : .
T o our contact angle measurements in a range of flow rates, in
60 <3 which the curvature radius of the contact line at the dry patch
50 - apex exhibits a linear dependence versus §in(«).
40 - + The results are given in Fig. 12, for a flowrate equal to
30 - I' = 0.64 ml/s with « = 60°. As appears on this figure,
20 the contact angle is nearly uniform all around the dry patch,
10 and—within the error bars—its value coincide with the sta-

0 L L tic advancing contact angle (hetg= 48+ 1°). This result

0 10Me§%ur§’%y SA{ge p?gu,eﬁf’ 70 is important and means that the hypothesis of a constant con-

tact angle equal t§, made by Podgorski et al. was justified.
Fig. 11. Comparison between contact angle measured with the laser sheelThough this assumption was not the sole involved in their
and with a side picture. approach, this gives further credence to its relevance at least
for dry patches observed for increasing flow rates.

treated on the same drop. Each measurement does not give
exactly the same result due to imperfections of drops. Un- 3.2, Dry patches observed for a decreasing flow rate
fortunately, the “horns” are here very thick, which leads to
rather poor accuracy, compared to what is possible on dry We have also made some attempts on dry patches ob-
arches (see the next part). The defects and the smear in thgerved for a decreasing flow rates. The patch is now pro-
refraction figure are linked to imperfections near the contact gressively opening and the contact line is receding step by
line, which possibly arise during the polymerization process, step. Before trying the experiment we were qualitatively ex-
or which are due to small deformation of the solid drop, pecting a radius of curvature following Eq. (4) with a contact
caused by microscopic differences between its original so- angle still uniform but close to the static receding contact an-
lidification substrate and the current measurement. \We were gle (here®, = 37° + 1°). But experiments show surprising
however, able to extract a “horn” length and thus a contact results.
angle measured by the laser sheet method, with a rather large (1) Equations (2) and (3) still fit very well the shape of
error bar. This determination of contact angle is compared to the arch and the evolution of the radius of curvature is still
the previous one in Fig. 11. As expected from the error bars, increasing with?U,./(I" sine). But this evolution is irrepro-
there is a strong scattering of the data, but the linear regres-ducible, the coefficienit: depending on the history of the
sion gives a slope nearly equal to 1q2+40.02). This shows arch. A detailed study of this question is beyond the scope
that there is no systematic bias in our optical measurementof this paper and will be investigated in a future paper.
of contact angles. (2) The contact angle distribution has been measured
while R was increasing (even if it cannot be reproduced) and
the result is surprising too. As shown in Fig. 13, the contact

3. Resultsand discussion angle does not coincide with the static receding contact an-
gle (®,). Moreover, this contact angle cannot be assumed
3.1. Dry patches observed for an increasing flow rate to be uniform along the contact line: the contact angle dis-

tribution is more scattered. This scattering is associated to
We have finally applied our laser sheet method to the dry unexpected refraction pictures (see Fig. 14). “Light horns”
patches described in Section 2. As explained in this section,seem to be cut, doubled, or curved. This is presumably due to
we took care to work in conditions very similar to those of the fact that the contact line is pinned on wettability defects.
Podgorski [13]: after nucleation of a dry arch at low flow Therefore our laser sheet could also be a promising tool to
rate (film rupture induced by blowing), we progressively in- explore the interface perturbations associated to pinning of
creased the flow rate. This was made in order to perform contact line on defects. Information about these defects and
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Fig. 13. Contact angle distribution along a receding contact line.

Fig. 14. Surprising refraction pictures due to defects perturbing a receding
contact line.

their statistical distribution along the contact line could be
extracted from refraction pictures.

4. Conclusion

In summary, the laser sheet allows us to scan the contact

angle distribution along a static contact line and the line in-
clination whatever the complexity of its shape can be. This

method uses the refraction of a laser sheet by the liquid

E. Rio et al. / Journal of Colloid and Interface Science 269 (2004) 164—-170

and surprisingly, the contact angle remains distinct from the
receding angle: it seems that the flow direction has a stronger
effect than the direction of motion of the contact line. Next,
the contact angle distribution is in general nonuniform and
exhibits a strong scattering. This could be associated to the
pinning of the contact line on wettability defects, which
seems to play a larger role when the contact line recedes
than when it advances. The refraction figure seems also here
a very promising tool to quantify the action of these defects
on the free surface of the liquid very near a contact line.

It would be interesting to generalize this method to non-
transparent fluids or solids, for instance, by using reflection
of light instead of refraction. Finally, it would also be im-
portant to couple refraction figure analysis with high-speed
motion of the laser sheet, in order to probe dynamic con-
tact angle distributions on moving contact lines. This could
open new issues for various studies raised by coating prob-
lems: fingering down a slope [3,4], fingering on spinning
disks [21,22], drops sliding down a slope [23], tape or plates
withdrawn from a bath [24], air entrainment problems [25].
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