A Contact Angle Model for the
Parallel Free Surface Lattice Boltzmann
Method in waLBerla

Stefan Donath
(stefan.donath@informatik.uni-erlangen.de)

Computer Science 10 (System Simulation)
University of Erlangen-Nuremberg
Germany
www10.informatik.uni-erlangen.de

July 15, 2010

; Frictriei-Ricronder-Unirersii
" stefan.donath@informatik.uni-erlangen.de 'M@
' LEHRSTUHL FOR INFORMATIK 10 (SYSTEMSIMULATION) 1 -I




Outline

 Free-Surface LBM
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» Gas volume pressure
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» Curvature computation for surface tension and contact
angles

i Validation
= Microdrops
= Capillary
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Free-Surface LBM

Cell types and gas phase model

i Free surface” is ,two phase®, however:
= Compute only liquid phase

*= Model gas phase by ideal gas equation
(no flow but only pressure is modeled)
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Free-Surface LBM

Fraction of fluid volume in Interface cells

i Interface cells store fluid fraction (similar to VoF)

# Fluid advection:
= Mass transfer between interface and liquid cells

* Mass is conserved
[ 0 for (x+4¢) < cC
Ami(x,t) = F(x+¢,t)—F(xt) for (x+¢)eCF
1 Ho(xt) + @(x+ ¢, t)] [F(x + ¢, t) — Fi(x,t)] for (x+¢;) €
- For two interface cells a weighting factor depends on the fill
levels
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Free-Surface LBM

Interface boundary condition

2 Simplification of stress tensor at interface
= Navier-Stokes for incompressible fluid

pd: i+ p(ii - V)il = Vo

= with stress tensor
o = —pa(Z,t)dir + pr(dpu (Z,t) + diur (X, t))

» Treating gas as inert phase with vanishing density reduces
stress to sole influence of pressure

PG = PV T D~y
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Free-Surface LBM

Interface boundary condition: gas pressure

# (Gas volume pressure
= |nitial state with initial gas volume

= Tracking gas volume changes in all interface cells leads to
current volume

» Pressure is ratio of current volume to initial volume

V’init
%0

pv

» Remarks:

« Tracking gas volume changes throughout a parallel simulation involves
means of all-to-all communication

» Gas pressure depends on accurate mass tracking in interface cells
» Supports continuous inflation of bubbles
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Free-Surface LBM

Interface boundary condition: surface tension

# Surface tension
= Energy balance relates pressure to surface tension:

py-dV =v-dA

* Young-Laplace equation (for 3 dimensions)

* Takes only mean curvature into account, which is the mean
value of the two principal curvatures
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Free-Surface LBM

Interface boundary condition in LBM

:* Reconstruction of distribution functions at interface

= Simplified stress tensor means in LBM:
» Velocity of liquid and gas phase have to be equal at interface
» Force of the gas has to be balanced with force by fluid

= Reconstruct distribution functions pointing in opposite
direction of surface normal

Iy, 9 '| F " I"] I W I Y 7 N i v .,,3 - F W o
Fl(x—ci,t) =F'(pg,v) +F(pg, v)—F(xt) , xeC'Al[(x—¢)eC®Ve nlxt) <0
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Free-Surface LBM
Wetting Phenomena Theory

#* Always tries to minimize overall energy

min £ = s Asp + s Asc + 0L AL + Epor

# Neglecting gravity, this leads ultimately to _
,,YOU ng‘S LaW“ 004-002 0 002 II:.III--l 0.06

OsL —TFsG + 0L COsH = 0
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Free-Surface LBM

Capillary force and contact angles

# Different approaches: Contact Angle

= Define additional “pressure”
depending on contact angle
Pa = Ppv + P~ + Do

"+ Introduce additional force based on Young’s equation
F,=0, cos(&d )—- o cos(é’eq)

= Enforce a curvature at triple line by manipulating curvature
computation

* Introduce additional force depending on surface energies

\ F= TsG — 057) I X ds
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S. Donath, to be published 2010, http://www10.informatik.uni-erlangen.de/
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Free-Surface LBM

Surface curvature computation

# Calculating the surface curvature
= Needs information of a 5x5x5 neighborhood

= For parallelization: Split in 3 parts:
« Surface normal
» Reconstruction of surface point
» Surface curvature

= Only one layer has to be communicated for parallelization
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Free-Surface LBM

Surface curvature computation

¢ Calculating surface normal
= Treat fluid fraction of cells as scalar field
= Compute the gradient and its normal by Parker-Youngs

approximation

Y. — Wiy dydz Prdx,y+dy,z4dz (dx,dy,dz)

===
dx,dy,dz € [-1,0,41]

!
‘ ‘ ]t-l-"l'ﬂli-: ‘ ‘

1 for ||(dx,dy, dz)]|

1
v dydz = § 2 for ||(dx,dy,dz)| \.E
1 4 for ||(dx,dy,dz)| V3

= Similar to Center-of-Mass method as used in VoF, but with
coefficients different from 1
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Free-Surface LBM

Surface curvature computation

# Calculating the surface point

= For simplification: Surface fraction in a cell is assumed to be
planar, fulfilling two requirements:
* Plane’s normal is equal to surface normal
» Plane bisects cell into two volumes corresponding to fluid fraction of cell
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Free-Surface LBM

Surface curvature computation

# Calculating the surface curvature
(of 3x3x3 neighborhood’s interface cells)

= Select appropriate subset of neighboring surface
points (to avoid degenerated triangles)

Local triangulation of chosen surface points and
calculation of surface curvature

(similar algorithm as described in: G. Taubin. Estimating the Tensor of Curvature of a Surface from a
Polyhedral Approximation. In Proceedings of the Fifth International Conference on Computer Vision, pages
902-905, 1995)
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Free-Surface LBM

Curvature manipulation for contact angles

= Create virtual wall points and normals to reproduce desired curvature
by constructing circular surface fulfilling the requirements

= Same incline at surface point
= Targeted contact angle at wall
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Validation
Microdrop on plate

## Drop on Plate
= Defined volume, prescribed contact angle, measure height

o

\\

©=30°, h,=6.86, h=7.05 (3%)  ©=90°, h. =15.12, h=15.04 (1%)  ©=150°, h . =22.49, h=21.72 (3%)
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Validation
Capillary rise and depression

water in a 2mm tube with theta=65 degrees

= Capillary rise of water with 65°

error = 10%

RS ST

stefan.donath@informatik.uni-erlangen.de l —

20

LEHRSTUHL FOR INFORMATIK 10 (SYSTEMSIMULATION)




Validation
Capillary rise and depression

= Caplllary rise and depression under influence

of gravity: , _ 201G cosd
| p8r

Capillary rise of water in a lmm tube with theta=85 degrees Capillary depression of water in a Imm tube with theta=95 degrees

0.008 T T T T 0.008

error = 8%
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Validation
Capillary rise and depression

= Caplllary rise and depression under influence

of gravity: , _ 201G cosd
| p8r

Capillary rise of water in a lmm tube with theta=89 degrees Capillary depression of water in a lmm tube with theta=91 degrees

0.003

error = 12%

error = 11%

| | | . | |
0.1 0.15 0.2 0.2

Time

] Frictriei-Ricronder-Unirersii
stefan.donath@informatik.uni-erlangen.de lm.@
LEHRSTUHL FOR INFORMATIK 10 (SYSTEMSIMULATION) 22 -I




Validation
Possible error sources

2 Number of points taken into account in
curvature computation
= Direct influence on accuracy

 Influence of collision model

= Up to now only SRT, have to use small T

i Influence of domain/boundary

= \Width of domain restricts volume of available water, thus
forces outside of capillary influence rise behavior

= Distance of capillary to tub ground limits amount of water
that can flow in/out

= Capillary has same wetting behavior on outside wall,
forcing water against the flow
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Validation
Possible error sources

= Influence of tub size

2% of tub volume 16.9mm? 1% of tub volume 32.4mm

Capillary depression of water in a Imm tube with theta=91 degrees Capillary depression of water in a Imm tube with theta=91 degrees

0.003 T T T T T T 0.003

error = 12%
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Application

» Liquid Water Management in Fuel Cell
(Derive input values for Darcy-like evaluatlons)
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Application

» Liquid Water Management in Fuel Cell
(Derive input values for Darcy-like evaluations)
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Application

» Liquid Water Management in Fuel Cell
(Derive input values for Darcy-like evaluations

¥
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Conclusion

# Free-Surface Method

= Parallel
Surface Tension
Capillary Effects
Satisfying accuracy
Enables large scale real-world applications

# Compared to other methods (like Shan-Chen)

= Explicitly modeled to enable direct transition from real to
lattice values

= Viscosity, surface tension and contact angle configured
separately

] Friedriei-Ricsander-Univershiit
" stefan.donath@informatik.uni-erlangen.de IM.Q
i LEHRSTUHL FOR INFORMATIK 10 (SYSTEMSIMULATION) 28 -I




= Further Validation

= Study of dynamic behavior, compare to
Washburn’s equation (1921)

:* Further models

= Model based on wetting force (constant force
depending on material properties)
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