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ontact angle

[Ann. Rev. Fluid Mech., 45:269-292]
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m There are two main challenges in
large scale contact line modeling:

@ to describe flow close to contact
line

@ to match hydrodynamic part of
the problem to a microscopic
neighborhood of contact line
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Breakup of liquid filaments
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Contact line phenomena in complex flows

Increasing in length, 2L ~ 9 mm, 11 mm, 15 mm and 17 mm
from bottom to top. Oh =~ 17, Ry =~ 0.17 mm.

Afkhami et al., submitted: EPJ, 2018



Contact line phenomena in complex flows
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aser induced dewetting

Cu: hg = 15A, Ry = 150A

time 70ps 80ps 90ps
ejection velocity 0 0 119 ms—!

[Afkhami and Kondic, Phys. Rev. Lett., 2013]



Contact line phenomena in complex flows

Mahady et al., Phys. Fluids, 2015



etting of thin films due to van der Waals force

Break up of a perturbed thin film, Apax = 27/ kmax

Dispersion relation of linearized equation with wavenumber k and
growth rate w:
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ontact angle

solid

Equilibrium contact angle

For a static contact line, Young's relation holds:

7y cosle = Vsg — Vsl

Energy difference between wet and dry state - spreading parameter:

Seq = Vsg — (Vs1 +7) = (cos g — 1)



GGFFIS: [An accurate adaptive solver for surface-tension-driven interfacial flows, S. Popinet J. Comput. Phys., 2009.]

The volume of fluid method:
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eight-Function method: arbitrary contact angle

included:
@ an implicit (numerical) slip at the grid scale
@ well-defined static contact angle
not included:
@ dynamic angle model
@ microscopic physics: numerics is the microscopic physics
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[Transition in a numerical model of contact line dynamics and forced dewetting, S. Afkhami, J. Buongiorno, A.

Guion, S. Popinet, R. Scardovelli, and S. Zaleski, under revision, Journal of Computational Physics, 2018. ]



id /fluid /solid interactions

Potential (repulsive-attractive) on
particle of phase i per unit volume of
solid

o= (%5~ (%))

(p,q) = (12,6)

i = vapor,liquid

ps : particles density in solid

ojs : length scale determining
minimum potential

Kis : particle interaction strength
r =

o(r)/ K~
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o) = [ ; / Z / Z 1(x0) s dzsdys =

2mpsKisoy (0,_2)10,_3) <ins>p3 _(q—2)1(q—3) (O;S) q3>

where y is the height of the particle above the solid substrate.
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ennard-Jones and contact angles

Recall spreading parameter:

Seq = Vsg — (Vs1 +7) = Y(cosOeqg — 1)

apor' fC Energy difference between wet and dry state:

AE = / (¢vs - ¢Is)dy = Seq

prme S - 5

Sadl N o1 e\t
= (Kvs — Kis)h [m <5—0)

1 (h\"?
)
we refer to h* as the precursor

film thickness (1 — cosfeq) (M —1)(n — 1)
’Cvs - IC/S =
h* (m—n)

Letting 99 = h*:




olume-of-Fluid based Navier-Stokes solver

Method I: Body Force Method Il: Balanced Pressure
Formulation Formulation
p(Otu+u-Vu) = p(Otu+u-Vu) =
—Vp+ V-7 +ykdsn+ Fg(x) _vp*+v‘7ﬁ+7<ﬁ_ K¢;(y)>5sn
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— Nvls — Movs
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The discrete approximation of Fg(x) and K¢;(y) are implemented
in GERRIS (freely available at gfs.sf.net). [Mahady et al., Jcp, 2015]



ontact Angles, 0; = 0.4, v = 11
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Spinodal dewetting: 3D results, liquid copper,

feq = 0.4307, Oh = 0.487

4nm thick 8nm thick



nlinear film breakup: 3D results

h(t=0,x,z) = hO+C(x z),

Clx,y) =32, 3230 6y cos (2A ) cos <2§Jz> |
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odal dewetting: 3D results, liquid copper,
= 0.4397, Oh =0.487
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Spinodal dewetting: 2D vs 3D results,

Oh = pu/+/vpL = 0.48
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Dewetting transition: Landau—Levich—Derjaguin film
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Levich and Landau (1942). Acta Physicochimica
Derjaguin (1943). Acta Physicochimica




Dewetting transition: Landau—Levich—Derjaguin film

v, Fluid 2, py, 1y
he g
\\\\ l
hy B S &
T t— oo
v Fluid 1,p, \ Ca=0.022
1.4 T T T T T T
1.3 5 E
12 F g
<~ M- E
TGN S ]
's 09 |+ -
=
S| i
0.7 |- B
0.6 |- 0,=90° |
0.5 L L L L L L . . e
0.01 002 008 004 005 0.06 007 Can we numerically predict the transition?
Ca=pu1Vs/o =0.04 Is this transition universal?

le = +/o/[(p1 — p2)g]



Motivation: nucleate boiling, microlayer formation

[A. Guion, S. Afkhami, S. Zaleski and J. Buongiorno, under revision, IJHMT]



Lubrication approximations,

inner region: @ = L
O 9x3 T (W2 + 3)h)
A is slip length

outer region: Kk = zg — X

_ [Cacr]1/393 B
Cacr = (63/9) [In (181/37T[Ai(5max)]2\/§)‘)]
Oapp — 0,k = V2

[Chan, Snoeijer, Eggers, Phys. Fluids 24 (2012).]



Hydrodynamic theories of the dynamic contact line and the

dewetting transition; Cox’s theory [R. G. Cox, JFM 1986].
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Accuracy of Direct Dynamic Contact Line Simulations

ear the Forced Dewetting Transition

o A distinguished feature of proposed numerical model is
consideration of large contact angles (> 90°) and arbitrary
viscosity ratios, in contrast to available asymptotic models.

o First time showing logarithmic dependence of interface slope
on distance to contact line using direct numerical simulations.

o First time characterizing the implicit numerical slip length.

@ Results (probably) depend on the exact numerical method
used.



Numerical setup

Stable Meniscus
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Results
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Numerical verification of the theory of Cox

0(r) = G 1 [G(6a) — Caln(r/(B/¢))]. q=1, 6a=110°
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Numerical verification of the theory of Cox

0(r) = G 1 [G(6a) — Caln(r/(B/¢))]. q=1, 6a=110°
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Numerical verification of the theory of Cox

0(r) = G 1 [G(6a) — Caln(r/(B/¢))]. q=1, 6a=110°
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Numerical verification of the theory of Cox

0(r) = G [G(Ap) — Caln(r/(A/9))], q=002, 6x=090°
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Numerical verification of the theory of Cox

0(r) = G [G(Ap) — Caln(r/(A/9))], q=002, 6x=090°
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0(r) = G71[G(6a) — Caln(r/(A/9))],

Numerical verification of the theory of Cox
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Numerical verification of the theory of Cox

0(r) = G1[G(6a) — Caln(r/(A/¢))]. q=1, 0a=40°

Glo(r)

G(6s)

0. 15
R 0.0
L
0.025 4 15
+ 3.0
0.020 N
45
—6.0
0.015 3
< s
* 9.0
0010
-105
0.005 —12.0p+
-13.5
0. -15.
0.000 0.005 0010 0015 0.020 0.025 0.030 .00 025 050 075 .00
Ca In(}) &/l

¢ =2.42,A\/I. = 0.008, Ca = 0.008

0, (deg)



Numerical verification of the theory of Cox

0(r) = G71[G(6a) — Caln(r/(A/9))],

g =0.02, 60 =140°
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Numerical verification of the theory of Cox
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onclusions

@ The results serve as an indirect verification of the Cox theory.
@ Our numerical procedure can be thought of as a way to
achieve mesh independent contact line simulations.

o Future work: extend the study to various scenarios, such as
drop spreading, micro-layer formation, etc., to confirm the
universality of the numerical procedure.



symptotic matching solution

R. G. Cox [JFM (1986)]:

G(Oout) = G(0in) + Caln(e™1) + O(Ca)

f(97 q) =
25sin 0{q?(0% — sin0) + 2q[0( — 0) + sin® 0] + [(7 — 0)? — sin? 0]}
q(62 — sin? 0)[(7 — 6) + cosfsin 0] + [(7 — )2 — sin0](0 — cos O sin H)

o As Ca,e — 0, Ooyr — 0; if Caln(e™) — 0.
@ £ = rpy/r is not uniquely defined.

o Effect of corresponding small scales can be summarized with
fin and the microscopic length scale rp,.



