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Motivation

Three-phase contact lines are everywhere 1n nature and industry.

Wetting phenomena play a major role in the dynamics of complex systems.
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Koos et. al, Science, 2014
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The crucial role of wetting
Understanding the dynamics on multiple scales

micro > macro
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Zylyftari et al. Chem. Eng Sci. 2013
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The crucial role of wetting
Understanding the dynamics on multiple scales

micro > macro
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The paradox of the moving contact line N

Huh and Scriven (1971) : classical hydrodynamic description breaks down at the
contact line

No-slip conditon ——»  Stress singularity

v(ex=0y=0)="

dv V Vs ,
—_~ 0 > 74
dy Ox > ‘

Solid at rest

v

Microscopic effects have to be included! Multiscale problem
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Overcoming the stress singularity

Main models 1n the hiterature

* Hydrodynamic theory

Slip condition near the contact line

Inner domain:
Navier shp

Classical
model

(Huh and Scriven, 1971, Dussan, 1976)

* Molecular kinetic theory
Attachment / Detachment process

NI

‘ ‘ Molecules
‘ ‘ jumping

(Blake, 1969)

e Diffuse interface modeling

Interface of finite thickness

Order parameter (e.g. composition ¢)

Energy based approach

(Rowlinson, 1979, Jacqmin, 2000)

Liquid 1 > v~y Liquid 2
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How does the DI model handle the stress singularity?

How to describe the capillary forces within the DI framework?
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Approach

I. Implementation and validation on a simple system
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‘.: f Numerical and analytical approaches
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Diffuse interface theory
Formulation

e (Cahn Hillhard model for bmary fluds

Helmbholtz free energy (Cahn and Hilliard, 1958)

F(c,Ve) = FYc) + g(Vc)2 fud1 NNy fuid2

Thermodynamic equilibrium \\\\\\\ \é\\

1°(c) — kV?c = cste Tn \\\\\:\t\t\\

e Three-phase contact line

Additional wall free energy ¥ (c)=> kn- Ve, = — Czl\fs (contact angle)
s

e Dynamics

% +V-(ve)=M \V& (MO — K,VQC) Cahn-Hilliard equation
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Lattice Boltzmann simulations
Test Case

* Discrete Boltzmann equation for Cahn Hilhard flud (He et al.,1998)

Ofa fo = 151 (ea—u)'F
—— t ey Ve =— ~— +
ot o Via A pc? Jeq
Intermolecular force: F = V,OC? — (Vp—CVu)
7 A
Dynamic pressure Generalized chemical potential

e Relaxation towards equilibrium

| Fixed . | Fixed | Liquid / liquid interface
C I Symmety
6;=90° E E - Oeq=45" Nyo hysteresis
| | | | | | No gravity
Fixed Fixed
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Lattice Boltzmann simulations
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Mechanisms

00— 6.

Boundary
Condition

Total pressure Pt/ sigma/R

20 r

Relaxation to

Total pressure Pt/ sigma/R

equilibrium

shape

Total pressure Pt / sigma/R

Moving contact line v/ Expected equilibrium v
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Capillary forces within the DI framework
Analytical Approach

Macroscopic description Diffuse mterface modeling  (Anderson, 1997)

| 1
| ry /6 R | ; T = [—po—l— §KI|VC|2] I—K/VC®VC
"’ Ible’ﬁc :

_ —Pt 0
- = ( 0 —Dt +/€|VC|2 >

=0

F

ERATIIII, d

<

Capillary forces
-
Fc=Fs;+Fp, Fc:/ T|s - ey dz
| =0
Normal component (y-direction): Macroscopic force 1s recovered with:
Fc,y = 2vysinf — 2RyAP 'Y:/ K,‘VCSFCZT

AP = e (Laplace)

T'm | Surface tension

12 19-Jun-18



Capillary tforces within the DI framework

Analytical Approach

Macroscopic description Diffuse interface modeling  (Anderson, 1

=

-

| R/ 111191111 d

<4

997)

| 1
[ ry /6 Re | ; T = [—po—l— §KI|VC|2] I—K/VC®VC
) ey, |

_ —Pt 0
0 —pt + /€|VC|2

Capillary forces
Macroscopic Diffuse interface Molecular theory
Fe I ‘ . Y= / K| Ves|?dr
' Surface tension
Laplace equation Capillary ) 1
stress tensor - nqrma stress
difference
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Capillary forces within the DI framework
Numerical Approach

gl

1. Pressure force: Laplace equation 1s recovered AP = ——
'm

2. Surface tension force (on the bottom plate):
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X - tanf., = |Fn/Fr|

Local distribution of the tension force directly incorporated n the code
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Test case

Discussion
Fixed
— |
\“: 9
[ |
Fixed
Moving contact line Description of the capillary forces
- Implementation of the LB model - Surface tension = excess energy mn the interface
- Validation - Volumetric force directly in the code
- Mechanisms

> Role of wetting phenomena in the dynamics?
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Towards more complex systems

Motivation
Fixed
— |
Yo
Test Case ‘-,
[ |
/ e \
Moving contact line Description of the capillary forces
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Couette geometry
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Couette flow with a hiquid bridge

Ca =0.03,1/p2 =1,Cn = 0.04,05 = 90
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Couette flow with a hiquid bridge

1. Realistic mterface thickness — not computationally feasible

Composition Chemical potential

2. Role of mobility parameter

% + V- (ve) =IMN? (po — kV?¢)

=> Mapping from molecular dynamics simulations

Koplik, J., Banavar, J. R., & Willemsen, J. F, Physical Review Letter, 1988
Qian, T., Wang, X. P., & Sheng, P., Physical Review E, 2003
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Cox-Voinov law:

9(app) = 9(0r) + Caln(x/Ls)
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Conclusion

A computational tool to understand the role of wetting
m the multiscale dynamics of three-phase systems
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Macroscopic Diffuse iterface Molecular theory

Fc > T > ’y:/ K| Ve |2dr

Moving contact lines and capillary forces

Ongoing work - Towards multi body systems
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Couette flow with a hiquid bridge

What 1s driving the contact line?

Role of mobility parameter? % + V- (ve) =|M|V? (,LLO — H;VQC)

Contour lines of the generalized chemical potential

06 S “ 1 . C —>
The “diffusion region” scales as: l ——
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IF'xtension to more complex systems
Mult1 body systems

* Networks of particles formed because of capillary forces

Granular
material

Increasing
fraction of solids

Increasing fraction of
preferentially wetting liquid

02 : ’ _0‘ i"liPendular {77 Spherical {7 Bijel i_liPickering i Capillary
Preferentially wetting liquid state agglomeration emulsion state

E Koos. Capillary suspensions: Particle networks formed through the capillary force. Current opinion
in colloid & interface science, 19(6):575-584, 2014

* Connecting the bulk stress with the capillary forces

Oy Yield stress

Impact on the rheological properties? oy = f (@) —26

r ® Particle vol. frac.

r  Particle radius
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Dimensionless numbers & parameters

Relevant dimensionless numbers

2
Re = M, Ca = “—U, BozgépL :
H Y v
inertia/viscous viscous / interfacial buoyancy / interfacial

Surface tension v~ 25 to 500 mN m~! (water/air: ~ 70 mN m™* ) M/T2
Viscosity o~ 107% — 10° Pa s M/(LT)

Re simulations <<'1

Time scales ty, = ,0L2/,u t, = ,OULz/’}/

Numerical lmitations: density ratio / Viscosity ratto => Mach number
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Nawvier slip condition

Top wall velocity U
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Navier slip
condition
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Slip length vs.
diffusion length

Connection with
molecular theory
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Cahn Hilhiard vs. van der Waals

e (Cahn and Hilliard extended the van der Waals theory to bimary mixtures (1958)

Van der Waals Cahn-Hilliard

Order parameter density p composition ¢
K
Helmbholtz free energy | F(p, Vo) = F*(p) + g(Vp)2 F(e,Ve) = F(¢) + 5 (Ve)®

Equilibrium condition | p°(p) — kV?p =cste | u°(c) — kV?c = cste

Cahn-Hilliard equation
Mass conservation (mass diffusion)
Out of equilibrium de 5 2
. — =DV — kY
Capillary Stress tensor | dt (1o = 5V7¢)
+ Capill. Stress tensor
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More details on the LB method

* Intermolecular force: pressure form vs. potential form

F = V(pc2 — po) + pxVV?p

F = Vpci — pV (1o — £V7p)

T Lee and PF Fischer. Eliminating parasitic currents in the lattice boltzmann equation method for

nonideal gases. Physical Review E, 74(4):046709, 2006.

* Boundary conditions: have to reflect the macroscopic BCs

On grid bounce-back (no slip)

Normal gradient free on p and y
(no unphysical mass transfer)

Wwal

L

p-- oo / ----- .

A\
dps

> Applied on V?p

KN - Vg

T Lee and L Liu. Wall boundary conditions in the lattice Boltzmann equation method for nonideal gases.

Physical Review E, 78(1):017702, 2008
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