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Large-Scale Simulations for Free-Surface Flows with Objects by Lattice Boltzmann Method

o B H;oOA B2 B/ B OR™
WATANABE Seiya AOKI Takayuki HASEGAWA Yuta
R = s A oAt
KAWAHARA Jun HASHIMOTO Hirotada

Abstract  Numerical simulations are powerful tools to study tsunami impacts on building
structures. We have developed a CFD code for free-surface flows interacting with floating debris
by using Lattice Boltzmann Method (LBM) and Discrete Element Method (DEM). Both methods
are suitable for GPU computing and large-scale simulations because they are explicit time-
integration schemes. In order to improve the accuracy and the stability of flow computation, the
cumulant LBM model has been employed and coupled with the conservative Allen-Cahn equation
for the purpose of free-surface capturing. A moving boundary approach based on the interpolated
bounce-back scheme is utilized at liquid-solid interfaces. Rigid body dynamics of floating debris is
computed by using DEM. A model constructed by multiple small spheres represents complex shapes
of debris. We measure the weak scalability on multiple GPUs of the TSUBAME3.0 supercomputer,
and the code achieved 83.4% parallel efficiency when scaled 16 to 256 GPUs. As a test case, we
demonstrate a tsunami flow with driftwoods using 200x600x3000 lattice nodes and 24 GPUs Tesla
P100, and the simulation has completed within 24 hours. The impact force of the driftwoods acting
on the wall is about 15 times larger than only water. It shows that effects of driftwoods are important
to evaluate the tsunami damage on building structures.

Keywords: Tsunami, Large-scale simulation, GPU, Free-surface flow, Fluid structure interaction,
Lattice Boltzmann method
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Fig. 1 Extrapolation of the velocity field using the
velocity extension method (left: before, right:
after). The liquid is represented by black and
the gas by gray. The arrows show the velocity.
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Fig. 2 Multiple sphere model.
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Fig. 3 Simulation results of the breaking dam
simulation (upper:t =0.0s, lower:t =0.6s).
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Fig. 4 The time history of the water height.
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Fig. 5 The time history of the pressure on the object.
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Fig. 6 The time history of the position of the cylinder.
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Fig. 7 Multiple GPU implementation using 2-d
domain partitioning.
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Fig. 8 Weak scaling results. Data labels indicate the
parallel efficiency.
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Fig. 9 Simulation results of the tsunami with 18
driftwoods at 6 physical time instants
t=0,24,48,7.2,9.6and12.0s (from the

upper panel to the lower panel).
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Fig. 10 Tsunami wave forces acting on the right wall.
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Fig. 11 Impact force of driftwoods acting on the right
wall.
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Nomenclature

f : distribution function [kg/m®]
C, : sound speed [m/s]
w : weight coefficient [-]
u : fluid velocity [m/s]
p : pressure [Pa]
C : cumulant [-]
M : mobility [-]
w : interface width [m]
n : normal vector of interface [-]
h : distribution function of phase-field [-]
F : force [N]
T : torque [N-m]
L : angular momentum of object [N-m-s]
| : inertia tensor of object [Kkg- m?]
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MLUPS : mega lattice update per second [1/s]
Greek letters

é : microscopic velocity [m/s]
T : relaxation time [-]
v : kinematic viscosity [m?/s]
P : density [ kg/ms]
= : wave number [-]
a) : relaxation frequency [-]
@ : phase-field variable [-]
Ty : relaxation time of phase-field [-]
v : level-set function [m]
Subscripts

ijk : direction of distribution function

eq : equilibrium

a, B,y :order of cumulant

ave : averaged value

fluid : fluid

| : [-th object

i : i-th particle
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