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Partial wetting

ligne de conact

/

Ysv < Yt ¥

Ysv = YsIT Y COsH

What happens on a tilted plate?



Hysteresis: drop can remain
pinned...

y (Acos0) ~ pg V23

or begins to slide...

-viscous effects -> shape changes?
-wetting dynamics...
with 3D aspects -> ?
-Inclined, curved contact line possibly
developing a singular point



3D Sliding drops:

-Bikerman, JCS 1950, Furmidge, JCS 1962 -> onset of motion

-Dussan (and Chow), JFM 1983, 1985 -> calculations for rounded drops
yield condition

-Kim, Lee + Kang, JCIS 2002 -> sliding velocities of oval drops

related to viscous dissipation

-Podgorski, Flesselles, LL, PRL 2001  -> Singularity at drop rear

-Le Grand, Daerr, LL, JFM 2005 -> 3D structure of interface
-Rio, Daerr, Andreotti, LL, PRL 2004 -> flow structure, contact angle
distribution
-Stone + LL, Europhys. Lett. 2004 -> similarity solution of hydrodynamics
-Snoeijer, Le Grand, Rio, LL, Phys. FI. 2005 -> flow structure, rounded corners...

-Snoeijer, Le Grand, LL, Stone, Eggers, Phys. FI. 2007 -> opening angle selection,
pearling transition

Other model: Cummins, Ben Amar , Pomeau, Phys. Fl. 2003 -> model based on Laplace
+directional Young condition

Numerical simulations:
-Schwartz et al., Physica D, 2005
--Thiele et al

--Gaskell et al. (Leeds)



VOLUME 87, NUMBER 3 PHYSICAL REVIEW LETTERS 16 JuLy 2001

Corners, Cusps, and Pearls in Running Drops
T. Podgorski.* J.-M. Flesselles,” and L. Limat

Physique et Mécanigue des Milieux Hétérogenes, UMR 7636 CNRS-ESPCI, 10 rue Vauguelin, 75231 Paris Cedex 03, France
(Received 6 February 2001: published 27 June 2001)

trailing contact line

=

Ca=nUly

sing~1/Ca

Silicon oil drops on fluoropolymers
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Analogy with
Landau-Levich

Blake, Ruschak
(Nature 1979)
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Blake, Ruschak(Nature 1979)

Interpretation: | A
|
0,=F(Ca) -->0 8,
(or a critical value) | 0
| r
|
|
|
>
Ca=nU/y
/% <Y
ing Ca.
0,=F(Casing) =0 => | sin¢g =
+~=F(Ca sin¢) Cu




Other point of view: Drops avoid wetting by tilting contact lines

plate withdrawn

from bath

UU>UC

Blake and Ruschak ’79
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Outline:

~» Experiment - Observations

3D structure and flow in sliding drops
3D geometry of sliding drops
flow structure - autosimilarity

Matching with contact lines
opening angle selection
pearling transition

 Curvature at the tip
curved contact lines
divergence of curvature

U =Usinf =U_
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sliding silicon oil drops...

Podgorski, Flesselles Limat , PRL ’01
Le Grand, Daerr, Limat JFM ’05

increasing Ca=nUod/y

Side views
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Stone, LL, Europhys. ‘04

Glass plate + fluoropolymer coating
e araad Partial wetting: contact angle 45°
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Voinov-Cox model

\-VLD
Hx) - Mass conservation:
B 3
Z Uh=3_y(hxx)x 32_}2
n 2 T Thxxx
) h
X U - To be completed with :
everything
6 =0, for x=a is singular for h=0
| and a matching with an
. outer solution for x -> o
macroscopic microscopic

1.> 9Log(b/a)=130

AN

6° (b) = 6° (a) = 9CaLog(b/ a)

1 » 9Log(b/a)=130 9

(equilibrium angle)

€
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n=10.0cP
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Structure of the singularity

h(x.y) ?

s c)

Ux,y)=<v(x,y,z)>,, ?

~Vp + nAT + pE=10

Flow driven by capillary pressure

p = po — YA

Stone + LL, Europhys ‘04
Snoeijer et al., Phys. Fluids ‘05



corner model

~ h?
U(x,y)=—V(Ah)
3n

+ steady state solutions:

{ o h + € (/l [—:) = iiJ —> y

h(X-UOtJ .y)

3ca 2 vInv(an)] Ca=nU,/y
0x




corner geometry

sy
3ca 2 - V[n*v(an)] A
0x
equation allows similarity solutions:
e ’
h(x,y) = Ca X H(y/x)

(1+ )" (HPHe), +3¢ (1+¢2) (HPH) +

¢

2¢ (1+¢?) H*Heee + (14 3¢%) H*Hye = 3(H — CH).

Note: Ca has disappeared



corner geometry

sy
3ca 2 - V.[h3V(Ah)]
0x
equations allow similarity solutions: l X

h(x,y) = Ca1/3x H(y/x) 3

1-parameter family: H

b.c. H =H7"7=0 (symmetry)
Ho —» H” (continuity)

Note: Ca has disappeared




corner geometry

hix.y) = Ca" x H(y/x)

i

Ho = tan €/ Ca 3

Infinite number of solutions,
irrespectively of Ca (we will need later an extra-condition) y/x



relation Q and ¢
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velocity field

h(x,y) —» U?x,y)=U0 I—j(y/x) PIV experiment:

tracers
F deduced from H

Rio, Andreotti, Daerr



velocity field

Theory: velocity self-similar —» U= U(y/x)

(x.,y) =(0,0)
52 l'lm ////,/.v... v\.\\\ %0

312 um
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Snoeijer et al. Phys Fluids ‘05



velocity field

Theory: velocity self-similar —» U= U(y/x)

2
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Snoeijer et al. Phys. Fluids '05



But....

- Selection of ¢ ?
- Prediction of ‘pearling’ instability ?

How to manage with the singularity at contact line?



Classical argument:

|
|
|
0,=F(Ca) -->0 or a :
critical value :

0,=F(Casing)=0 => | SIng =

Blake, Ruschak(Nature 1979)
Podgorski et al (PRL 2000)




Low ¢ paradox:

pressure gradients
become weaker...

velocity — 0

¢—0 implies  drop speed — 0

maximum speed !! ) Ca

Breakdown of 1/Ca law g




d-selection : mixing contact line and bulk flow

o
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Snoeijer, Eggers

He, Y
— > 7  CamUn
y,
V _
BT /
] MX e 2 y ]
/ 069 ax o/ dX
/ dx K dX
S 2
> )9 small
X
. . 1 16 H
- Lubrication + parabolic approx. Ca[HY -H. T, ] = _gH YS(Y )
| -
— / K/

Flowing down

- Directional Cox-Voinov law:

Consistency: Ca

Left behind  v/iscous capillary flux

0’ ~ (2%)3 ~ 0’ - 9Ca(eY, )Log(b/a)

v

¢ Log(b/a) ~Cale~1 Casing



About directional Cox-Voinov law

translucid B i -
screen -
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d U sin (D\
=90°, v, >
A
B=0°

E. Rio, A. Daerr, B. Andreotti, LL, Phys Rev Lett 2004



2
Lubrification: <U>= —h—VP
3n

Ulx,y 1) e

P ~—yAh /‘;J f o

Singular at contact line

dlox, >>dlox,

Mass conservation:

<uJ_>=uc—line

-> local 2D situation



————%>—  Ca=Uh
Y
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- Directional Cox-Voinov law:

Consistency: Ca

Viscous capillary flux
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For ¢ = 1/[Ln(b/a)]"2 small
there exist corner solutions (H~Y~X) with:
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- beyond maximum speed: rivulet solutions

Y

o0

- rivulet width Y vs U




Curvature at the tip...

Le Grand et al. JFM '05

- 7/R (1/mm) :
s T
y e
O 600z 0804 0006
Ca

d)
Problem: Using=U_ => U,>U_!!

Idea: U =f(R) => U,sin¢g = U_(R=x)
et Uy,=U.(R)

-Critical speed Ca(1/R) ?=> calc. for « large » R
-> Snoeijer et al. Phys. Fl. 2005
-Other question: R(Ca)? Scaling laws for tip equilibrium



K (mm )

r

An open issue: divergence of 1/R

R

k=000 exp (1202Ck)
K=5712- W'6CAHIT

R

0.005

Ivo Peters

Adrian Daerr

1/R~Aexp(B Ca)

Similar to Lorenceau




Difficult to understand:

Feap~ LO%Y ~F ~L 1 (U/B) Log(R/a)

V1SC

-> 1/R ~(1/a) exp(63/Ca)

Toget /R ~(1/a) exp(Cal/6?)

One would need F . ~L n (U/0)/Log(R/a) ....

Visc



Discussion

 drops have singular shapes to avoid wetting

Inclined: reduces normal speed
curved: additional capillary forces

3D structure governed by similarity solutions.

*Matching with contact line (where the flow is
perpendicular) selects opening angle.

Matching becomes impossible above a critical
Capillary number -> pearling

*Behavior of 1/R at the tip remains to be
Understood...

Rio et al. PRL '05




