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3 COMPLEX TWO-PHASE FLOW SIMULATION (@) SSGhapH 2023

Challenging task...

1. needs high resolution, small timesteps
2. requires dynamic boundary conditions
3. real water/air density ratio is ~1000

4. often involves high Reynolds number
(i.e., turbulent flows with little viscosity)

5. huge variety of visual behaviors
« from bubbling, wetting...
« to waterspouts...
« and stone skipping!
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3 TWO-PHASE FLOW SIM STILL BRITTLE, THOUGH... (@) SiSgrapH 2023

Kinetic single-phase solvers made great progress...

now support turbulent flows

as well as static and dynamics solid coupling

o . "2 .
Kinetic two-phase solvers lag behind & : ,:J{,‘
often require local dampening to prevent blowups Li et al. 2020 (SIGGRAPH) V//4

handle dynamic one-way coupling with solid objects only for slow speeds

Lyu et al. 2021 (SIGGRAPH ASIA)

Can we remove this limitation?

Li et al. 2022 (SIGGRAPH)



3 KINETIC TWO-PHASE FLUIDS (@) SSGhapH 2023

dp
T +V-(pu) =0
d(pu) B . .
ar TV (ouww) = ViV A E+F Equationsof-fluitPmotion
V-u=20

[ F, = —p*cZVp]
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3 KINETIC TWO-PHASE FLUIDS (@) SSGhapH 2023

dp
— 4 V. =0
Pyl (pu)

d(pu)
ot

+V-(puu) =—-Vp+V-II+F,+F,

V-u=20

ot 3

a—¢+V-(q5u) =V- [M(Vcl)—fqb(l—(/))n)]



3 KINETIC TWO-PHASE FLUIDS (@) SSGhapH 2023

G : i" k /EL
pT(xt) = ZQ:‘(X, ) Pas=—
| TN
F(x, 1) cowl /- ’_;2'9&\___ /
w0 = ) gkt it = gix+c,t+1) — gi(xt) = 0/ (x,t) + G;(xt) : ¢
D3Q27
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3 KINETIC TWO-PHASE FLUIDS (@) SSGhapH 2023

pr(xt) =) gi(x.1) e
i .

C \\’-\\
F(X, t) ; k C W/
u(xt) = Zgi(x’ fei+ 2 gi (X + Ci, [ W 1) — Yi (X, t) T ‘Q‘? (Xr t) + Gi (X, t) ¢ < ¢

X i 1 i=6
ST hi(x+d;,t+1) —hi(x,t) = QF(x,t) + H;(x,t) pox) = ), hilx D)
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3 KINETIC TWO-PHASE FLUIDS (@) SSGhapH 2023

gix+c,t+1)—gxt)=0/(x1t)+ G(x1t)

-
{9, p,W|F, h, ¢, Vo}

hi(X —+ di,t + 1) — hi(X, t) = .Q?(X, t) + Hl'(X, t)




3 EARLY TESTS ON ONE WAY COUPLING (@) SSGhapH 2023

Simulation time: 3.6 min/frame Simulation time: 3.6 min/frame

Regular propeller Twisted propeller

Simulation time: 3.6 min/frame Simulation time: 3.0 min/frame

- Off-centered propeller Wheel _



3 EARLY TESTS ON ONE WAY COUPLING (@) SSGhapH 2023

Lessons learned (i c: o 2022;

3 Numerics of ¢ and its gradient V¢ crucial
o In particular, fine phase field better

o Spurious approximations of V¢ deadly
a Unstable moving boundary treatment




» CONTRIBUTION 1 )

Enhanced evaluations of ¢ & Vg



2 FINER RESOLUTION FOR PHASE FIELD EQUATION @ i i

Phase field grid twice finer than flow grid

and staggered for increased accuracy

gix+c,t+1)—g;(xt) =0/ (xt) +G(xt)

{9.|p,u, F)




2 FINER RESOLUTION FOR PHASE FIELD EQUATION @ i i

Simple interpolation to get values across grids

¢
o

On the flow grid:




2 FINER RESOLUTION FOR PHASE FIELD EQUATION @ i i

Simple interpolation to get values across grids

On the flow grid:

-

Interpolate u from phase grid through bilinear weights



2 FINER RESOLUTION FOR PHASE FIELD EQUATION @ i i

Time integration driven by the flow, in three steps

®

Flow field gn gni1

Phase field h,, h,.

1
2

tn tn—l—l




2 IMPROVING (UN)NORMALIZED PHASE GRADIENT @ i i

a9

Interface normal in phase equation: —+V:-(pu)=V- [M <V¢> — gd)(l — ¢ n)]

ot
Two very different evaluations:

isotropic LBM finite difference

V[an]¢ = Z 3Wici¢i(x + Cj, t)
i

0.2
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oi1- )
Two very different evaluations:

isotropic LBM finite difference

V[znd1¢ = z 3Wici¢i(x + Cj, t)
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Directly through central first-moment e

n*‘xzhi(u_di)
i
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2 IMPROVING (UN)NORMALIZED PHASE GRADIENT @ i i

d¢

dt

Interface normal in phase equation: —+V:-(pu)=V- [M <qu — gc;b(l —¢ n)]

Two very different evaluations:

isotropic LBM finite difference

V[znd1¢ = z 3Wici¢i(x + Cj, t)
i

0.2

Directly through central first-moment fed

n*‘xzhi(u_di)
i

Vo
Vol

N

V[an] ¢

=(1-9¢) |V |

+¢n’

Hence our new approach:

0



2 IMPROVING (UN)NORMALIZED PHASE GRADIENT @ i i

Cross section, |u

Cross section, ¢ and sphere

w/o new normal




2 IMPROVING (UN)NORMALIZED PHASE GRADIENT @ i i

V¢ = z 3Wici¢i(x + Ci,t)

Critical issue: V¢ evaluation in forces

F; = X¢V¢
v yiendl gl in cut-cell nodes
= k2
(1= §)Fg 4 gTE0914]  otherwise. Fp = —p"c"0)
\ ‘ [F# = v[Vu + (Vu)T]V,D]




% CONTRIBUTION 2 )

Stable boundary treatment



3 FLUID-SOLID COUPLING (@) SSGhapH 2023

Momentum-based distribution moving bounce-back scheme [Ladd 1994]

fi(xp, t+1) = fir (xp, t) + 6 Wi pus - cf




3 FLUID-SOLID COUPLING (@) SSGhapH 2023

Velocity-based distribution moving bounce-back scheme
_f
9= %

I Jr(xp, t + 1) :[gk’ (xp, t)] + 6 W]i, Us - C

X} ﬂ

‘. (1-ap) grr (Xp, 1) +atp f;q(u&)

26
p(xp) = ) Wi p(xp +cist)
i=0




3 FLUID-SOLID COUPLING (@) SSGhapH 2023

Resulting forces and torques on solids
Momentum exchange in Ck’ direction

p(xp, 1) |grr (xp. 1) + g (xp, £+ 1) | g

Xp Fp = Zﬁ(Xb,t) Z crr |grr (X, £) + g (xp, t+1) |
Xp

g = Zﬁ(xb: t)(xp — xc) X Z ckr | gk (Xp, 1) + gie (xp, t+1) |

{1 Ebe




3 FLUID-SOLID COUPLING (@) SSGhapH 2023

Resulting forces and torques on solids

Fg = Zﬁ(Xb,t) Z cx |9k (Xps t) + gre (xp, t+1) |

{’kGbe
I
Xb T8 = y:ﬁ(xb, D)(xp, — x¢) X Z ckr |9k (Xp, ) + gie (xp, t+1) |
Xp ﬂ i’kebe
lk’ Xs 26
’/ p(xp,t) = Z wi (Bi p(xp +cit) + (1= Bi)p(xp, t))
i=0

| {ﬁz =1 if[|¢(xp + i) — (xp)] < 0.25
with

Bi =0 otherwise;




3 CUT-CELL UPDATES (@) SSGhapH 2023

Treatment of cut-cells dependent on obstacle covering nodes or not

based on link intersection, can classify cut-cell nodes asjunchanged, dead, or fresh

t t OR A -1
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Treatment of cut-cells dependent on obstacle covering nodes or not

based on link intersection, can classify cut-cell nodes as unchanged, dead] or fresh
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Treatment of cut-cells dependent on obstacle covering nodes or not

based on link intersection, can classify cut-cell nodes as unchanged, dead, orfresh
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3 CUT-CELL UPDATES (@) SSGhapH 2023

Treatment of cut-cells dependent on obstacle covering nodes or not

based on link intersection, can classify cut-cell nodes as unchanged, dead, or fresh

updates of cut-cell nodes are then simple:

unchanged: do usual bounce-back (be it inside or outside obstacle) .
conservative

fresh: do usual bounce-back

dead: set phase distribution to zero, then do usual bounce-back . )
lose a little volume in phase

thin shell’s fresh and dead: set phase distribution to zero, then do usual bounce-back
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Results
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® CARINAFLOOD (@) SSGhapH 2023

Car in a flood

Flow resolution: 1120=140=336

Phase resolution: 2240x280x672
Simulation time; 2.22 minfframe
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2 WATER FROTHING

Frother propeller
Flow resolution: 456x190%x456

hase resolution: 912x380%912
lation time: 1.84 min/frame




3 AIR-DRIVEN EDDIES (@) SSSRARH 2023

Air-driven eddies

Flow resolution: 560x160x560
Phase resolution: 1120x320x1120

Simulation time: 2.42 min/frame




3 SPACESHIP SURFACING FROM UNDERWATER (@) SSGhapH 2023

Spaceship surfacing
Flow resolution: 360%x240x360
_ Phase resolution: 720x480x%720
BSinulation time: 3.95 min/frame
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2 ONION THROWING
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Thrown onion

Flow resolution: 360%x260x360
Phase resolution: 720x520x720
Simulation time: 1.60 min/frame




2 FLOATING PAPER BOAT i i

44



3 STONE SKIPPING (@) SSGhapH 2023

Stone skipping
Flow resolution: 720x144%x216

Phase resolution:1440x288%432
Simulation timg;f,lﬁlz min/frame




3 DISK SLIDING (@) SSSRARH 2023

Disk Sliding
Flow resolution: 560x112x420

Phase resolution:1120x224x840
Simulation time: 1.35 min/frame




3 NOZZLE CLEANING (@) SSGhapH 2023




2 TOY WARRIORS

Toy warriors

Flow resolution: 420x180%420

Phase resolution:840x360%840

°'i ( l l ! '&" Simulation time: 1.50 min/frame

@
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Comparisons



3 COMPARISON WITH [LI ET AL. 2022] (@) SSGhapH 2023

Well-aligned propeller

Ours [Li et al. 2022]

Flow resolution: 400x180x200 Flow resolution: 800x360x400
Phase resolution: 800x360x400 Phase resolution: 800x360x400
Simulation time: 0.81 min/frame Simulation time: 3.6 min/frame
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2 COIN TOSS IN WATER

Fluttering

A
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Coin toss in water
Flow resolution: 180x600x150
Phase resolution:360x1200x300
Simulation time: 0.95 min/frame

Tumbling

\

N

N,

N,
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Coin toss in water
Flow resolution: 180x600x150
Phase resolution:360%x1200x300
Simulation time: 0.95 min/frame
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