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Chapter 1 Introduction
1.1 Background

Experiment has been major method in ship and ocean engineering researches. Re-
cently, computational fluid dynamics (CFD) is widely used to study marine free interface
problems. A high-resolution mesh is required near the interface and structures to capture
boundary layers. However, in general, methods by solving the Navier-Stokes equation re-
quire a very high computational resource such as a long calculation time and an enormous
amount of money. In this study, we use the lattice Boltzmann method (LBM), which is
fast and suitable for parallel computing to increase the computation efficiency. In recent
years, research using the lattice Boltzmann method for free interface flow simulations has
attracted much attention. LBM, which solves the discretized lattice Boltzmann equation, is
not only easier to implement, but also has certain numerical advantages over conventional
methods such as the finite difference method and the finite volume method by solving the
discretized Navier-Stokes equations.

In the lattice Boltzmann method, as as other Navier-Stokes equation based meth-
ods, the development of turbulence calculation was accompanied by the improvement
of computer performance. Direct numerical simulation (DNS), which can calculate the
turbulent field with the highest accuracy, requires a huge number of lattice points that is
proportional to the 9/4 power of the kinetic viscosity. It is impossible to calculate real
turbulent flows by DNS due to limited computational resource. Therefore, in this study,
large eddy simulation (LES) is used in the LBM simulations. LES is considered to be
suitable to treat free surfaces and complex wall boundaries.

LBM has the advantage of easy parallelization and high computational efficiency
comparing to the Navier-Stokes equation base method. On the other hand, it also has
some disadvantages, such as difficulty in solving high Reynolds number flows, and insta-
bility in solving multi-phase flows. The LBM has been applied to various problems in
many research fields, and can successfully solve single-phase flows such as aerodynamic
problems. However, as mentioned above, the LBM is rarely used in the marine hydrody-
namic problems mainly due to its numerical instability. In LBM flow is assumed as a set
of virtual particles that stream and collide on a lattice point and the velocity distribution
function of virtual particles is solved. This will be explained in detail in Chapter 2. To
improve the stability, various collision models used for collision of virtual particles have
been investigated.

The most common collision model is the single relaxation time model (SRT), which
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Chapter 1. Introduction

uses one relaxation time coefficient for the collision term. This model has some limita-
tions, because the Prandtl number of the fluid is fixed at a constant value. Especially,
it has been revealed by several researches that it is difficult to analyze free surface flows
with good accuracy. Therefore it is necessary to improve the collision operator in order to
increase the accuracy of the free surface calculation. Various collision models have been
developed as techniques to stability of LBM. The multi-relaxation time model (MRT)[1, 2],
which converts the velocity distribution function into moments, has higher numerical sta-
bility than the SRT model. The MRT model is the first method for improved models
of collision terms. In the MRT model, the particle distribution function is transformed
into the moment space before relaxation[3, 4, 5]. In the past, the paper[6] have compared
and verified the SRT and the multiple relaxation time model (MRT), but the comparison
target is only about the waveform, and the pressure is not mentioned. The second is the
two-relaxation time model (TRT) [7]. It uses two relaxation times and adapts them to
the relaxation rates of the symmetric and antisymmetric components of the distribution
function. It is expected to have better stability than the SRT model if the free relaxation
parameters are chosen appropriately. Thirdly, a cascade model[8, 9] similar to the MRT
model was devised. Therefore in the cascade model, the relaxation parameters are adjusted
in a single way from low orders to high orders, and a non-commuting collision operator is
constructed. This is also more stable than the SRT model. In recent years, a new collision
model, the cumulant model[10] has been proposed and received much attention. Previous
studies have reported that the cumulant model is superior to the SRT model in numerical
stability for high Reynolds number flows. However, validations of the cumulant model for
free surface flows has not been sufficiently conducted.

1.2 Research Purpose
In our laboratory, wave impact problems in marine engineering researches are studied

by applying the lattice Boltzmann method. A free surface flow model has been developed
by using the cumulant LBM, which is successfully used in violent free-surface flow sim-
ulations. However, validation of the free-surface flow method with the cumulant model
has not been sufficiently conducted especially for the wave impact problem. The cumu-
lant model was developed to simulate turbulent flow with high accuracy and stability[10].
Therefore, in this study, an experimental problem, which was conducted in our laboratory,
is selected for validation of the proposed method. The experiment is on a dam break prob-
lem using a rectangular tank, which was conducted by Kamra et al[11]. This experiment
is designed for obtain a benchmark data for validation of computational fluid dynamics
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(CFD) methods in violent free surface flows. In the experiment, free surface shape and
pressure on the wall or object surface have been measured. The pressure and the free
surface shape obtained by the LBM simulation are compared to the experiment. In this
research, three cases are considered: no obstacle, square cylinder, and circular cylinder.
The LBM simulation is performed by using various models and different conditions. For
the case of no obstacle, the wall pressure and free surface shape are compared with the
experiment. For the case of square cylinder or circular cylinder, the object surface pressure
and wall pressure, as well as the free surface shape are compared with the experiment.
Numerical results by the SRT model and the cumulant model are also compared and their
performances are discussed.

1.3 Thesis Structure
The structure of this paper is as follows. First the background and purpose of this

research is described in Chapter 1. Then the calculation method of the lattice Boltzmann
method is explained in Chapter 2. Chapter 3 shows the simulation settings and the results
of the validation simulation against the experiments. Finally, Chapter 4 shows a summary
of this research.
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Chapter 2 Numerical Method
2.1 Lattice Boltzman Equation

In general numerical calculation of incompressible fluids, Navier-Stokes equation
by the difference method is used. In this method, it requires iterative calculation of the
matrix for the Poisson equation of pressure. Since the matrix size increases and the
convergence deteriorates at increasing the number of lattice points, the number of required
iterative calculations increases. In large-scale calculations, sparse matrix calculation of
Poisson’s equation becomes a bottleneck, and the calculation performance decreases.
The lattice Boltzmann method [12] is an incompressible fluid analysis method that does
not solve the Navier-Stokes equations, but calculates the time evolution equation of the
velocity distribution function of a virtual fluid particle group by a complete explicit
method. However, the lattice Boltzmann method is occured to numerical vibrations, and
the calculation fails. In this method, the time step size becomes small, and many time
steps need to be calculated to calculate the desired time. However, since the time required
for 1 time step is short, the overall calculation time is faster than solving the Navier-Stokes
equations.

2.1.1 Basic Equation
The lattice Boltzmann method is a method for solving the time evolution equation

of the velocity distribution function of a virtual particle by assuming a fluid as a virtual
particle that translates and collides on a lattice point as shown in Fig.(2-1). The velocity
distribution function of a virtual particle has a velocity that moves to an adjacent grid
point in one time step. In this study, we use the D3Q27 velocity model that discretizes the
velocity distribution function shown in Fig.(2-2) in the 27-direction velocity.

We will explain about an isothermal and incompressible single-layer fluid model as
a basic model of the lattice Boltzmann method. In the lattice Boltzmann method, the
fundamental equation is obtained by discretizing the Boltzmann equation that describes
the statistical behavior of the gas molecule group. The Boltzmann equation on continuous
space is represented

∂ f
∂t
+ ξ · ∇ f = Ω( f ) − a · ∂ f

∂ξ
. (2-1)
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Fig. 2-1: Collision and streaming of distribution functions.

a. D2Q9 b. D3Q27

Fig. 2-2: Discrete velocity model of Lattice Boltzmann Method.

f is the density function of gas molecules in the phase space, x is the phase space vector
in the phase space, ξ is the speed vector in the phase space and t is time. a = F /m is
acceleration caused by external force, and Ω( f ) is the collision term between molecules.

In the lattice Boltzmann method, first, the velocity in the phase space is discretized
into a finite number of elements cα (α = 0, 1, . . . ,Q − 1). There are 2-dimensional 9-
velocity model (D2Q9) and 3-dimensional 27-velocity model (D3Q27) shown in Fig.(2-2)
as cα.
When using D2Q9, cα can be indicated by

cα =


(0, 0) (α = 0)

(±c, 0), (0,±c) (1 ≤ α ≤ 4)

(±c,±c) (5 ≤ α ≤ 8)

. (2-2)
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When using D3Q27, cα can be indicated by

cα =



(0, 0, 0) (α = 0)

(±c, 0, 0), (0,±c, 0), (0, 0,±c) (1 ≤ α ≤ 6)

(±c,±c, 0), (0,±c,±c), (±c, 0,±c) (9 ≤ α ≤ 18)

(±c,±c,±c) (19 ≤ α ≤ 26)

. (2-3)

In this study, we will use D3Q27 model. c is a constant that depends on the velocity, and
defines the pseudo sound velocity of the lattice Boltzmann method

cs =
c
√

3
. (2-4)

By discretizing the velocity direction as above, Eq.(2-5) is obtained by

∂ fα
∂t
+ cα ·∇ fα = Ωα + Kα . (2-5)

Eq.(2-5) is called the discrete Boltzmann equation. fα is a density distribution of molecules
on discrete velocity. On discrete velocities, it is especially called velocity distribution
function, probability density function, or particle distribution function. Ωα is collision
term and Kα is external force term(term corresponding to −a · ∂ f /∂ξ).

Next, the discretization of space and time is performed. For the velocity constant
c, we set a constant grid width ∆x and time step ∆t that satisfy c = ∆x/∆t. Since the
advection destination at 1 time step is just the adjacent grid point, the following equation
can be obtained by applying the Lagrangian integral to the left side of Eq.(2-5)

fα (x + cα∆t, t + ∆t) = fα (x, t) +Ωα + Kα . (2-6)

Eq.(2-1) is called lattice Boltzmann equation. The collision term is described in the next
section.

2.2 Collision Model
In Boltzmann equation, the collision term can be expressed as

Ω[ f (ξ)] =
∫
ξ1

∫
σ
|ξ − ξ1 |

(
f (ξ) f (ξ1) − f (ξ′) f (ξ′1)

)
dσdξ1. (2-7)

This is a precise representation of the two completely elastic collisions. f (ξ) f (ξ1)is the
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collision where particles at the velocityξ, ξ1 collide and bounce at the velocityξ′, ξ′1(outgoing
event). f (ξ′) f (ξ′1) is the collision where particles at ξ′, ξ′1 collide and bounce at
ξ, ξ1(incoming event). dσ is effective collide area. This equation is the most accu-
rate collision term, but it requires complicated operations and is not suitable for numerical
calculation. Therefore, the SRT model is generally adopted.The collision term must pre-
serve the density and velocity of the fluid and describe the viscous dissipation that occurs
in the time interval [t, t + ∆t]. There are several types of collision term models. Next, the
collision models are explained.

2.2.1 Single Relaxation Time(SRT)

The single relaxation time (SRT) model has been widely used as the collision
operator of lattice Boltzmann method. SRT simplified the collision term to a linear
operator by

Ωα = −ω( fα − f eq
α ) = − fα − f eq

α

τ
, (2-8)

where ω = 1/τ is the relaxation frequency. τ is relaxation time and is given by the
following equation,

τ =
1
2
+

ν

c2
s∆t

. (2-9)

where ν is kinematic viscosity. f eq
α is a local equilibrium function, given by the Maxwell

distribution function of macroscopic quantities

f eq
α (ρ,u) =

ρ

(2πRT )d/2 e−
(ξ−u)2

2RT , (2-10)

where ρ =
∫

f dξ is the density, u is the fluid velocity, R is the gas constant, T is the
temperature, and d is the number of spatial dimensions. The Taylor expanded equation of
Eq.(2-10) with the quadratic flow velocity u is shown in
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f eq
α (ρ,u) =

ρ

(2πRT )d/2 exp
[
− (cα − u)2

2RT

]
= ρ

1
(2πRT )d/2 exp

(
− c2

α

2RT

)
exp

(
cα · u

RT
− u2

2RT

)
= ρ

1
(2πRT )d/2 exp

(
− c2

α

2RT

) [
1 +

cα · u
RT

+
(cα · u)2

2R2T2 −
u2

2RT
+O

(
u3

)]
≈ wα ρ

(
1 +

cα · u
c2

s
+

(cα · u)2 − c2
s |u|2

2c4
s

)
,

(2-11)

where cs =
√

RT is the isothermal sound speed and wα is the weighting coefficient in
each velocity direction. wα is defined that the summation calculation is equivalent to the
operation of integrating in the entire velocity direction of the topological space.
When using D2Q9, cα can be indicated by

wα =


4/9 (|cα | = 0)

1/9 (|cα | = 1)

1/36 (|cα | =
√

2)

. (2-12)

When using D3Q27, cα can be indicated by

wα =



8/27 (|cα | = 0)

2/27 (|cα | = 1)

1/54 (|cα | =
√

2)

1/216 (|cα | =
√

3)

. (2-13)

The density ρ and momentum of the fluid can be obtained from the sum of the velocity
distribution functions by

ρ =

Q−1∑
α=0

fα, (2-14)

ρu =

Q−1∑
α=0

cα fα . (2-15)
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2.2.2 Multiple Relaxation Time(MRT)
The multiple relaxation time (MRT) model [1] is the more advanced model. MRT

model is the first method in the improved model of collision term. In the MRT model, the
particle distribution functions are transformed into moment space before relaxation. The
moments m = M · f are labeled as

m =
(
ρ, e, ϵ, jx, qx, jy, qy, jz, qz, 3pxx, 3πxx, pww, πww, pxy, pyz, pxz,mx,my,mz

)T
, (2-16)

where m0 = ρ is mass density, m1 = e is the part of kinetic energy independent of
the density, m2 = ϵ is the part of kinetic energy square independent of the density and
kinetic energy, m3,5,7 = jx,y,z are the momentum, m4,6,8 = qx,y,z are related to heat flux,
m9,11,13,14,15 are related to the symmetric traceless viscous stress tensor, m16,17,18 are third-
order moments, m10,12 are fourth-order moments.
The MRT collision term by

Ω = M−1 · S · (M · f −meq) . (2-17)

where M is the transformation matrix from distribution functions to moments (m = M ·f
and f = M−1 ·m) and meq are the equilibrium moments (meq = M · f eq).

The transformation matrix M in the D3Q27 model has been proposed in previous studies
[13] and is given as

M =

*.............................,

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 0 −1 0 0 0 1 −1 −1 1 1 0 −1 0 1 0 −1 0 1 −1 −1 1 1 −1 −1 1 0
0 1 0 −1 0 0 1 1 −1 −1 0 1 0 −1 0 1 0 −1 1 1 −1 −1 1 1 −1 −1 0
0 0 0 0 1 −1 0 0 0 0 1 1 1 1 −1 −1 −1 −1 1 1 1 1 −1 −1 −1 −1 0
−1 −1 −1 −1 −1 −1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 −2
2 −1 2 −1 −1 −1 1 1 1 1 1 −2 1 −2 1 −2 1 −2 0 0 0 0 0 0 0 0 0
0 1 0 1 −1 −1 1 1 1 1 −1 0 −1 0 −1 0 −1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 −1 1 −1 0 0 0 0 0 0 0 0 1 −1 1 −1 1 −1 1 −1 0
0 0 0 0 0 0 0 0 0 0 0 1 0 −1 0 −1 0 1 1 1 −1 −1 −1 −1 1 1 0
0 0 0 0 0 0 0 0 0 0 1 0 −1 0 −1 0 1 0 1 −1 −1 1 −1 1 1 −1 0
−4 0 4 0 0 0 −1 1 1 −1 −1 0 1 0 −1 0 1 0 2 −2 −2 2 2 −2 −2 2 0
0 −4 0 4 0 0 −1 −1 1 1 0 −1 0 1 0 −1 0 1 2 2 −2 −2 2 2 −2 −2 0
0 0 0 0 −4 4 0 0 0 0 −1 −1 −1 −1 1 1 1 1 2 2 2 2 −2 −2 −2 −2 0
4 0 −4 0 0 0 −2 2 2 −2 −2 0 2 0 −2 0 2 0 1 −1 −1 1 1 −1 −1 1 0
0 4 0 −4 0 0 −2 −2 2 2 0 −2 0 2 0 −2 0 2 1 1 −1 −1 1 1 −1 −1 0
0 0 0 0 4 −4 0 0 0 0 −2 −2 −2 −2 2 2 2 2 1 1 1 1 −1 −1 −1 −1 0
0 0 0 0 0 0 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 1 1 1 1 1 1 1 1 4
4 4 4 4 4 4 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 −2 1 1 1 1 1 1 1 1 −8
−4 2 −4 2 2 2 1 1 1 1 1 −2 1 −2 1 −2 1 −2 0 0 0 0 0 0 0 0 0
0 −2 0 −2 2 2 1 1 1 1 −1 0 −1 0 −1 0 −1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 −2 2 −2 2 0 0 0 0 0 0 0 0 1 −1 1 −1 1 −1 1 −1 0
0 0 0 0 0 0 0 0 0 0 0 −2 0 2 0 2 0 −2 1 1 −1 −1 −1 −1 1 1 0
0 0 0 0 0 0 0 0 0 0 −2 0 2 0 2 0 −2 0 1 −1 −1 1 −1 1 1 −1 0
0 0 0 0 0 0 1 −1 −1 1 −1 0 1 0 −1 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 −1 −1 1 1 0 1 0 −1 0 1 0 −1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 −1 1 −1 −1 1 −1 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 −1 1 −1 −1 1 −1 1 0

+/////////////////////////////-

.(2-18)

In the MRT model, turbulence can be calculated stably by setting the diagonal collision
matrix S = sα,α containing the relaxation parameters, which are partly related to the
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kinetic viscosity ν via the relaxation time τ

s9 = s11 = s13 = s14 = s15 = −
∆t
τ
, (2-19)

which is defined as

τ = 3
ν

c2 +
1
2
∆t. (2-20)

In this research, Suga’s matrix of relaxation factors S for the D3Q27 velocity model is
used, and S is empirically proposed and becomes

s0 = s1 = s2 = s3 = 0, s5 = s7 =
1
τ
,

s4 = 1.54, s10 = 1.5, s13 = 1.83, s16 = 1.4,

s17 = 1.61, s18 = s20 = 1.98, s23 + s26 = 1.74.

(2-21)

If all the relaxation coefficients are 1/τ, the calculation is equivalent to the SRT model.
If the relaxation coefficient other than s5 and s7 is 1, a very stable calculation can be
performed because many moments are in equilibrium in one step, and such a relaxation
matrix can be calculated in gas-liquid two-phase flow[14].

2.2.3 Cumulant
The Cumulant model[10] was proposed by Geier in 2015 as a collision model with

improved stability compared to the MRT model. Numerical stability is further improved
from the MRT model, and the MRT model can stably calculate the flow of extremely
high Reynolds numbers that would cause the calculation to fail. In the Cumulant model,
the central moment is used instead of the moment to make it a Galilei-invariant collision
term, and the central moment is further converted into a statistic called Cumulant to make
it a highly statistically independent collision term. As a result, the numerical stability is
greatly improved.

Next, we explain the detail. The discrete distribution function is denoted as fi j k

where i, j, k ∈ {−1, 0, 1} corresponding to D3Q27. It is can be written as a continuous
function of macroscopic velocity ξ = (ξ, υ, ζ ) using the Dirac delta function,

f (ξ, υ, ζ ) =
∑
i, j,k

fi j kδ(ξ − ic)δ(υ − jc)δ(ζ − kc). (2-22)
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Two-sided Laplace transform is performed to increase regularity, and the resulted distri-
bution function in frequency space Ξ = (Ξ,Υ, Z ) is

F (Ξ) = L
[

f (ξ)
]
=

∫ ∞

−∞
f (ξ)eΞ·ξdξ

=
∑
i, j,k

fi j kL
[
δ(ξ − ic)

]
L

[
δ(υ − jc)

]
L

[
δ(ζ − kc)

]
=

∑
i, j,k

fi j k eΞiceΥ jceZkc.

(2-23)

Eq.(2-23) is also called as moment generating function. The moments of discrete distri-
bution function fi j k can be obtained from the coefficients of the Taylor expansion of the
moment generating function,

mαβγ =
∂α∂ β∂γ

∂Ξα∂Υβ∂Zγ
F (Ξ,Υ, Z )

�����Ξ=Υ=Z=0
=

∑
i, j,k

(ic)α ( jc) β (kc)γ fi j k, (2-24)

where subscripts α, β, γ ∈ {0, 1, 2}.

When the set of discrete velocities is shifted with the local velocities (u, v,w), the
central moment generating function can be similarly defined as

F̂ (Ξ) = L


∑
i, j,k

fi j kδ
(
ξ − (ic − u)

)
δ
(
υ − (

jc − v)) δ (
ζ − (kc − w)

)
=

∑
i, j,k

fi j kL
[
δ
(
ξ − (ic − u)

)]
L

[
δ
(
υ − (

jc − v))] L
[
δ
(
ζ − (kc − w)

)]
=

∑
i, j,k

fi j k eΞ(ic−u)eΥ( jc−v)eZ (kc−w) .

(2-25)

The central moments are

kαβγ =
∂α∂ β∂γ

∂Ξα∂Υβ∂Zγ
F̂ (Ξ,Υ, Z )

�����Ξ=Υ=Z=0
=

∑
i, j,k

(i − u/c)α
(
j − v/c) β (k − w/c)γ fi j k .(2-26)

In order to find a group of statistically independent and Galilean invariant quantities,
the coefficients of the Taylor expansion of the logarithm of the moment generating function
are considered. This yields the cumulants
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Cαβγ =
∂α∂ β∂γ

∂Ξα∂Υβ∂Zγ
ln [F (Ξ,Υ, Z )]

�����Ξ=Υ=Z=0
. (2-27)

The Maxwellian equilibrium can be easily written in the appropriate form as

ln
[
Feq(Ξ)

]
= ln(ρ) + Ξu + Υv + Zw +

c2
s

2
(Ξ2 + Υ2 + Z2). (2-28)

And the collision term of the cumulant model is

C∗αβγ = Ceq
αβγωαβγ + (1 − ωαβγ)Cαβγ, (2-29)

where the asterisk (∗) indicates the post-collision cumulant, Ceq
αβγ is the equilibrium value

of the cumulant and ωαβγ is the relaxation frequency.
Geier, who proposed the cumulant model, set the relaxation factor appropriately in

2017 [15] and realized the calculation of the fourth-order accuracy. However, in terms of
computational stability, the relaxation factor proposed in 2015 is excellent. In this study,
ωαβγ = 1/τ is set for off-diagonal second-order cumulants, and ωαβγ = 1 is set for other
cumulants so that the local equilibrium is relaxed in one step. After calculating the collision
process, the cumulant C∗ is inversely transformed into the velocity distribution function
fi j k The collision process at high moments acts like numerical viscosity, which stabilizes
the calculation even in the calculation of high Reynolds numbers, and the calculation dose
not break down.

Next, Fig.(2-3) shows the difference in the calculation process between the SRT
model and the Cumulant model. As can be seen from Fig.(2-3) , in the SRT model, only
one distribution function is calculated as the procedure between streaming and collision,
but there is a big difference in the Cumulant model that the distribution function, moment,
and cumulant are used in the calculation.

2.3 Boundary condition
2.3.1 Halfway bounce-back

Halfway bounce-back condition is widely used as a boundary condition for non-slip
walls. As the distribution function fα that flows from the wall to the fluid, the value of the
distribution function that has the opposite velocity at the lattice point on the fluid side is
substituted by

fα (x, t + ∆t) = f ∗α (x, t), (2-30)
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a. SRT model
b. MRT model

c. Cumulant model

Fig. 2-3: Calculation process about collision model.

where α is the velocity direction that satisfies cα = −cα. Fig.(2-4) shows a schematic
representation of this scheme.

Fig. 2-4: Halfway bounce-back scheme.

The velocity distribution function is reflected by the wall due to its particle behavior and
returns to the original lattice point at the opposite velocity. The Bounce-back condition
can handle not only stationary walls but also moving walls. An external force term such as
the following equation is added to the distribution function reflected by the moving wall
so that the flow velocity at the wall surface position matches the moving speed of the wall,

fα (x, t + ∆t) = f ∗α (x, t) + 2wα ρ(x, t)
cα · uwall

c2
s

(2-31)

where uwall is the moving velocity of the wall surface. The boundary condition of the
sliding wall can be given by setting uwall = u(x, t).
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2.3.2 Interpolated bounce-back
Halfway bounce-back boundary is a very simple scheme. However it has the problem

of poor accuracy when expressing complicated shape objects because it can only handle
walls at the distance of ∆x/2 from the lattice points. In order to improve the accuracy of
boundary conditions, Bouzisdi [16] has proposed interpolated bounce-back which incor-
porates an interpolation function into bounce-back. Interpolated bounce-back is simply
shown in the Fig.(2-5).

Fig. 2-5: Interpolated bounce-back scheme.

The vertical direction represents the coordinate position. The solid circles indicate the
values on the lattice points or the values to which the values have been advected, and the
dashed circles indicate the values obtained by interpolation. The dashed arrow indicates
the interpolation operation, and the start point shows the value used for interpolation and
the end point shows the value obtained by interpolation. In the Interpolated bounce-back,
the processing differs depending on whether the distance between the lattice point and
the wall is smaller than half the grid width or larger. When q < 1/2, the distribution
function of the position that moves to the lattice point through the reflection from the wall
is obtained by spatial interpolation, and by advection it is advected in the direction of the
fluid from the wall. Find the velocity distribution function. When q ≥ 1/2, the advection
function is first advected, and the advection function is spatially interpolated to obtain the
advection function. These are expressed by equations as follows,
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fα (x, t + ∆t) = 2q f ∗α (x, t) + (1 − 2q) f ∗α (x + cα∆t, t) + 2wα ρ
cα · uwall

c2
s

(
q <

1
2

)
,(2-32)

fα (x, t + ∆t) =
1
2q

f ∗α (x, t) +
2q − 1

2q
fα (x, t) +

1
2q

(
2wα ρ

cα · uwall

c2
s

) (
q ≥ 1

2

)
.(2-33)

q (0 < q ≤ 1) is a variable related to the distance between the lattice point of the fluid
and the wall surface, uwall is the moving velocity of the wall, and fα is the value of the
velocity distribution function given by the interpolated bounce-back boundary condition.

2.3.3 Free-surface Boundary Condition
In the calculation of this study, the region where the phase field variable ϕ is 0.5 or

more is the liquid phase, and only the flow field in the liquid phase region is solved by the
lattice Boltzmann method, and the free interface flow is calculated by giving the boundary
conditions at the interface. At the boundary of the free interface, the velocity distribution
function (black arrow in Fig.(2-6)) advected from the gas phase region is unknown as
shown in Fig.(2-6), and the condition of the free interface is given to the distribution
function[17].The velocity distribution function advected from the lattice points in the gas
phase region is calculated by

fi j k (x, t + ∆t) = − fi j k (x, t) + f eq
i jk (ρb,u) + f eq

i jk
(ρb,u), (2-34)

where subscript i j k indicates the velocity distribution function in the opposite direction
and ρb is the density at the free interface.

2.4 Interface Capture Method
In the analysis of the flow including the free interface, it is necessary to express

the interface that is deformed, coalesced, and split by the flow field. A method for
generating a lattice that matches the interface shape [18] and a method for tracking marker
particles placed at the interface [19] have also been developed, but complicated processing
is required for the phenomenon of interface splitting and coalescence. On the other hand,
the volume of fluid(VOF) method[20], the level set method[21], the phase field method[22],
etc. are methods that implicitly express the interface on the lattice, and can be easily applied
to the problem of complicated interface deformation. In these methods, a function that
implicitly expresses the interface is defined, and the interface is tracked by advection of the
profile according to the flow field. The level set method expresses the interface using the
level set function that expresses the distance from the interface. Geometric information
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Fig. 2-6: Unknown distribution functions from lattice points of the gas phase.

such as the normal vector and curvature of the interface can be calculated accurately, but
there is a problem that the mass of each phase is not preserved. The VOF method uses
the proportion of fluid in each calculation cell to represent the interface, and the interface
is where the proportion of fluid is 50%. Although it has excellent volume preservation,
the interface diffuses due to the numerical viscosity of the advection calculation. The
phase-field method introduces an order parameter that distinguishes phases and assumes
that the interface has a finite thickness. In addition to the advection calculation, the
interface thickness can be kept uniform by calculating the diffusion and back diffusion of
the interface.

In this study, the phase field method is used as the interface capture method, and this
section describes the calculation of interface capture by the phase field method.

2.4.1 Interface Capture by Phase-Field Method
The phase-field method is a mesoscale model, but applies to macroscale problems to

capture interfaces. An order parameter ϕ that implicitly expresses the interface is defined,
and as shown in Fig.(2-7), the liquid phase is ϕ = 1, the gas phase or solid phase is ϕ = 0,
and the interface takes a value of 0 < ϕ < 1. ϕ changes rapidly at the free interface,
and the interface is resolved with a thickness mesh. The time evolution equation of the
interface uses the Allen-Cahn equation[23], which can keep the thickness of the interface
uniform even in a violent flow field,
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Fig. 2-7: Free surface represented by the phase-field model.

∂ϕ

∂t
+ ∇ · (uϕ) = ∇ ·

M
∇ϕ − 1 − 4

(
ϕ − ϕave)2

W
n

 , (2-35)

where M is mobility, W is interface thickness, n is interface normal vector, ϕave is mean
value of ϕ in the liquid phase and gas phase. The left side of the Allen-Cahn equation is
the conservative equation of ϕ, and the right side is the diffusion term and inverse diffusion
term of the interface. The thickness of the interface can be kept constant by the diffusion
term and the back diffusion term. the conservative Allen-Cahn equation is solved by the
finite volume method.

2.4.2 Level Set Function
The expression of the interface by the phase-field method is excellent in volume

preservation and prevents excessive diffusion of the interface. However, since the profile
of the phase-field variable changes rapidly at the interface, it is difficult to calculate
geometric information such as the normal vector and curvature of the interface with high
accuracy. Therefore, the level set function ψ, which represents the distance from the
interface, is used to calculate the normal and curvature to improve the accuracy of the
geometric calculation.
The level set function is

|∇ψ | = 1, (2-36)
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where the interface is represented by the isosurface of ψ = 0, the liquid phase region is
represented by ψ < 0, and the gas phase region is represented by ψ > 0.
The level set function ϕ from field variables is calculated by

ψ = δ

(
1
2
− ϕ

)
. (2-37)

Appropriate level set function can be calculated for the region of 0 < ϕ < 1 which is the
diffusion interface, but the region of ϕ = 0 and ϕ = 1 have the values of ψ = δ/2 and ψ =
−δ/2, and the distance from the interface cannot be calculated appropriately. Moreover,
the property |∇ψ | = 1 is not satisfied the region far from the interface. Therefore, the
level set function is reinitialized [24] to modify the level set function in the region away
from interface. A virtual time step tψ , which is unrelated to the fluid calculation, is set
and repeatedly calculate

∂ψ

∂tψ
= −S(ψ)( |∇ϕ| − 1), (2-38)

S(ψ) =
ψ√

ψ2 + |∇ψ |2∆x
. (2-39)

The level set function is modified by∆tψ in the 1 step calculation, and is set as∆tψ = 1/2∆x

in this calculation. In this research, the number of reinitialization is set to 1. In addition,
the level set function is created from the phase-field variables at each step of the fluid
calculation. The interface normal vector n is calculated from the level set function ψ by

n =
∇ψ
|∇ψ | . (2-40)

2.4.3 Velocity Extension Method
In order to solve the Allen-Cahn equation, a velocity field is required in the gas phase

region near the interface, but in this study, only the velocity field in the liquid phase region
of ϕ > 0.5 is calculated from the viewpoint of calculation stability. Therefore, the velocity
field of the liquid phase region is extrapolated to the gas phase region using the velocity
extension method[25], and the time evolution of the phase field variable of the gas phase
region is calculated using the velocity field. The velocity component u is extrapolated to
the gas phase region by iteratively calculating the following equation,
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∂u

∂tψ
= −S(ψ)

∇ψ
|∇ψ | · ∇u, (2-41)

S(ψ) =


0 ψ < 0

1 ψ ≥ 0
. (2-42)

The extrapolated velocity component u satisfies and becomes a constant velocity in the
normal direction of the interface,

∇u · n = 0, (2-43)

where n is the unit normal vector of the interface. If the virtual time step width tψ is
set to tψ = 1/2∆x and 1 step is calculated, the velocity field is extrapolated by half a
grid in the gas phase region. In this study, the number of iterations is set to 1 and the
velocity is extrapolated to the region of 0.5 mesh from the interface to the gas phase side.
The first-order center difference is used for spatial discretization, and the first-order Euler
method is used for time integration.

2.5 Large Eddy Simulation (LES)
In a three-dimensional calculation of a turbulent flow with a high Reynolds number,

the number of grid points required to capture Kolmogorov scale fluctuations increases in
proportion to the 9/4 power of the Reynolds number. Therefore, it is not realistic to carry
out direct numerical simulation (DNS) from the viewpoint of computational resources.
It is necessary to introduce a turbulent flow model, but in this study, we use a Large
Eddy Simulation (LES) model. In LES, fluctuations equivalent to the grid resolution
(Grid Scale; GS) are calculated directly, and only fluctuations below the grid resolution
(Sub-Grid Scale; SGS) are modeled. LES has the advantages of high calculation accuracy
because model errors are not mixed in the GS component, and it can capture temporal
fluctuations because it is essentially a non-stationary analysis.

2.5.1 Filter Theory
In the numerical calculation method called the lattice Boltzmann method or other

lattice methods, the physical space is discretized with a certain lattice width. When
discretized without a model, only the physical quantities averaged by the spatial lattice
width are calculated. Therefore, the SGS component is ignored and mixed into the
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discretization error. To model the SGS component, the interaction term between the GS
component and the SGS component is derived by filter theory. For a certain physical
quantity f (x), we introduce the following filtered physical quantity f̄ (x),

f̄ (x) =
∫ ∞

−∞
f (y)w(x − y)dy, (2-44)

where w(x) is a filter function. The form of the filter function is arbitrary, but typical
examples include a top hat filter,

w(x) =


1
∆

(
− 1

2∆
≤ x ≤ 1

2∆

)
0 (otherwise)

, (2-45)

a Gaussian filter,

w(x) =

√
6

π∆
2 exp *,−6x2

∆

2+- , (2-46)

and a spectrum cut filter,

w(x) =
2 sin πx

∆

πx
, (2-47)

where ∆ is the filter width, and in LES it is common to set ∆ = ∆x. Assuming that only
the GS component is extracted from the true value by filtering, the physical quantity of
the SGS component can be obtained from the difference between the true value f and the
GS component f̄ ,

f ′ = f − f̄ . (2-48)

Consider a filtered system of equations. When filtered, the continuity equations of the
governing equations for incompressible fluids and the Navier-Stokes equations are,

∂ūi

∂xi
= 0, (2-49)

∂ūi

∂t
+
∂ūiū j

∂x j
= −1

ρ

∂ p̄
∂xi
+ νt

∂2ūi

∂x j∂x j
, (2-50)

where τi j is a term (SGS stress term) that expresses the effect of fluctuations in the SGS
component on the GS component, and is defined as follows,

20



Chapter 2. Numerical Method

τi j = uiu j − ūiū j, (2-51)

and uiu j can be expanded as follows,

uiu j = (ūi + u′j )(ū j + u′j ) (2-52)

= ūiū j + ūiu′j + u′iū j + u′iu
′
j . (2-53)

As a result, τi j is transformed as follows,

τi j = Li j + Ci j + Ri j, (2-54)

Li j = ūiū j − ūiū j (2-55)

Ci j = ūiu′j + u′iū j (2-56)

Ri j = u′iu
′
j (2-57)

where Li j is called the Leonald term, Ci j is called the Cross term, and Ri j is called
the Reynolds stress term. Since these terms cannot be obtained directly from the GS
component, it is necessary to introduce a model.

2.5.2 Smagorinsky Model

The Smagorinsky model [26] is a widely used model for the SGS stress term. The
following model equation is substituted for the SGS stress term by assuming that the
filter operation approximately satisfies the properties of the Reynolds mean and that the
Reynolds stress acts in the same way as the stress due to molecular viscosity,

Li j ≈ 0,Ci j ≈ 0, (2-58)

Ri j −
1
3
δi j Rkk = −νSGS S̄i j, (2-59)

where S̄i j is a strain rate tensor and is defined as follows,

S̄i j =
1
2

(
∂ūi

∂x j
+
∂ū j

∂xi

)
. (2-60)

In addition, νSGS is a vortex viscosity coefficient that represents the effect of fluctuations
in SGS component, and is given as follows,
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νSGS = C∆̄2 ���S̄��� , (2-61)���S̄��� = √
2S̄i j S̄ji, (2-62)

where C is the model coefficient and ∆̄ is the filter width.Applying the Smagorinsky model
to the filtered continuity equation and the Navier-Stokes equation, Eq.(2-49) and Eq.(2-50)
are rewritten as,

∂ūi

∂xi
= 0, (2-63)

∂ūi

∂t
+
∂ūiū j

∂x j
= −1

ρ

∂ p̄
∂xi
+ νt

∂2ūi

∂x j∂x j
. (2-64)

νt is the kinematic viscosity coefficient with the SGS stress term added, and is given by
the sum of the kinematic viscosity ν without the model and the vortex viscosity coefficient
νSGS,

νt = ν + νSGS . (2-65)

Comparing these equations with the equations without a model, the only difference is
that the physical quantity is filtered and has only the GS component as the value, and
that the vortex viscosity coefficient νSGS is added to the kinematic viscosity. In terms of
implementation, it is only necessary to obtain the vortex viscosity coefficient and add it
to the molecular viscosity, and LES can be introduced with only a slight change in the
calculation code.

2.5.3 Coherent-structure Smagorinsky Model (CSM)
The model coefficient C in the Smagorinsky model is a problem-dependent constant

or variable coefficient. Constant model coefficients can be set for problems that do not
include object boundaries, such as uniform isotropic turbulence. However, when the
object boundary is included, it is necessary to introduce a wall function or set a variable
model coefficient. It is easier to set a variable model coefficient since it is difficult to
define the wall function for an arbitrary complex object. There are several methods
for determining the model coefficients. In this study, we use the Coherent-structure
Smagorinsky Model (CSM)[27], which has high computational locality and is suitable for
large-scale calculations. In CSM, the model coefficient C is calculated by the following
formula,
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C = CCSM |FCS |
3
2 , (2-66)

CCSM =
1
20
, (2-67)

FCS =
Q
E
, (2-68)

Q = −1
2
∂ū j

∂xi

∂ūi

∂x j
, E =

1
2
∂ū j

∂xi

∂ū j

∂xi
. (2-69)

Next, we explain about the introduction of LES into the lattice Boltzmann method. In
the Lattice Boltzmann method, LES can be introduced by replacing the relaxation time
coefficient τ that appears in the collision term with the following τt ,

τt =
1
2
+

νt

c2
s∆t

, (2-70)

where νt is the kinematic viscosity coefficient with the SGS stress term added, and is
defined by the Eq.(2-65). Moreover, in the lattice Boltzmann method, the strain velocity
tensor can be obtained by using the velocity distribution function instead of using the
spatial difference of the flow velocity. The relationship between the strain velocity tensor
and the velocity distribution function is derived from the Chapman-Enskog expansion as
follows,

Si j = −
1

2ρc2
s τ∆t

Q−1∑
α=0

cαicα j
(

fα − f eq
α

)
(2-71)

2.6 Sunmmary
In this chapter, the models and methods related to the lattice Boltzmann method,

which is the simulation method of this study, are explained. First, the basic idea is shown
together with the basic formula of the lattice Boltzmann method. Second, three types
of collision models used in particle collision calculation are shown, and each model is
explained in detail. Third, the boundary conditions are explained. Here, the boundary
conditions for solids and the method of interfacial capture of multi-phase flow are ex-
plained. Finally, we explain large-precision simulation with high calculation accuracy
in three-dimensional turbulence calculation, and introduce a model that introduces them.
These can significantly reduce the calculation cost, and can directly calculate vortices up
to the grid resolution. The Coherent-structure Smagorinsky Model compensates for the
weaknesses of the Smagorinsky model that cannot handle vortex viscosity properly at the
wall boundary. These models have been used to validate the wave impact problem.
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Chapter 3 Simulation of Dam Break
3.1 Outline of Numerical Simulation

The impact of waves on large offshore structures, breakwaters, and closed dams with
vertical planes along the coast and coastal engineering areas can lead to structural damage.
Therefore, researchers need to carry out extensive research to investigate the effects of
wave loads on vertical structures. Aside from experimental studies, computational fluid
dynamics (CFD) techniques have been shown to be very interesting at present. Researchers
find that it is important to find the best numerical approach to these problems by putting
more effort into developing models such as nonlinear flow phenomena. This chapter details
the implementation of numbers and the validation of dam break. The three-dimensional
numerical simulation of free surface lattice Boltzmann method (LBM) with no obstacle,
a square cylinder or a circular cylinder are validated by comparing the surface shape and
pressure of the experimental measurements in previous research. In previous research,
A dam break experiment using a rectangular tank is being conducted by Kamra et. al in
my laboratory [11]. It is chosen for a benchmark problem. The results will be used to
validate the applicability of computational fluid dynamics (CFD) in violent free surface
flows. The experimentally measured free surface shape and pressure on the wall or object
surface. In this research, this experiment is reproduced by simulation and performed
under various models and conditions. In addition, the validity is examined by comparing
with the experimental results. Based on the experimental conditions, we will perform a
simulation with and without obstacles. In this chapter, the details for the simulation are
described. Comparison between LBM simulation and experiment has been made and the
performance of LBM for free surface flow impact problem has been discussed.

3.2 Simulation Setup
In this study, a simulation is performed using the ITO supercomputer owned by

Kyushu University. This time, we use NVIDIA GPU and use CUDA in an integrated
development environment that extends C language. Next, Table(3-1) shows the computing
specifications of the ITO supercomputer. The program code used is in-house code.
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Table 3-1: Hardware Specifications(ITO super computer)

Model name Fujitsu PRIMERGY CX2570 M4
CPU Intel Xeon Gold 6140 (Skylake-SP)

(2.3 GHz (Turbo 3.7 GHz), 18 core）
× 2

GPU NVIDIA Tesla P100 (Pascal) (1,328
- 1,480 MHz, 56 SM (3584 CUDA
core)) × 4

Theoretical operation performance CPU 2,649.6 GFLOPS (Double preci-
sion)

GPU 5.3 TFLOPS (Boost clock conver-
sion) (Double precision)

Memory DDR4 384 GB
HBM2 16 GB

Memory bandwidth DDR4 255.9 GB/sec
HBM2 732 GB/sec

CPU-GPU connection PCI-Express Gen.3 x16 (16GB/sec)
GPU-to-GPU connection NVLink (20GB/sec × 1or2)

As shown in Fig.(3-1), the geometry dam break tank is used the previous experimental
setup by Kamra et. al at the Research Institute for Applied Mechanics (RIAM), Kyushu
University [11]. The geometries of tank is 800mm × 600mm × 200mm. And the water
column size is 200mm×200mm×200mm. The simulation time is 1.2s, which is the same
as the experiment. The pressure measurement points are the same as the experimental
measurement points, and are shown in Fig.(3-2) with red points on the wall surface and the
surface of the object. The position of the sensor on the surface of the object is 4mm, and the
position of the sensor on the wall is 11mm from the bottom. All boundary conditions were
performed under the non-slip condition. The gravitational acceleration was calculated
assuming that it was constant at 9.8m/s. In the experiment, a water column is created
using a gate and slides upward as the measurement starts. However, in the simulation,
since the gate is set to disappear when the measurement starts, the arrival time to the wall
surface on the opposite side arrives earlier than in the experiment.
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a. No obstacle

b. Circular cylinder c. Square cylinder

Fig. 3-1: Schematic drawing of the problem of dam break against no obstacle, a circu-
lar cylinder and a square cylinder(top, bottom left and bottom right respectively), (all
dimensions are in mm).

Fig. 3-2: Schematic diagram of pressure measurement points in the dam break problem
(all dimensions are in mm).
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3.3 Validations of Dam Break Flows
3.3.1 Moving Average

Moving average is taken from an equal number of data on either side of a central value.
In this study, the vibration is suppressed by using a moving average for the simulation
results. The pressure value shows the result of applying the simulation result and the
moving average. The formula of the moving average calculated this time is expressed as
follows,

P̄i =
1

M + 1

i+M/2∑
i−M/2

Pi, (3-1)

where Pi is i-th time series point value, P̄i is i-th moving average and M is half range
to take average. This is a method of obtaining a series of "local representative values"
by calculating the average around the point i of interest while moving it. The range of
averaging for each condition is shown in the Table(3-2).

Table 3-2: The range of average.

Resolution ∆t[s] Average range [s]
100 × 75 × 25 4.8 × 10−5 1.632 × 10−3

200 × 150 × 50 2.4 × 10−5 1.584 × 10−3

400 × 300 × 100 1.2 × 10−5 1.608 × 10−3

8.0 × 10−6 1.600 × 10−3

600 × 450 × 150 4.0 × 10−6 1.600 × 10−3

2.0 × 10−6 1.600 × 10−3

800 × 600 × 200 6.0 × 10−6 1.596 × 10−3

3.3.2 Comparison of Collision Model
First, we will compare the collision models. The number of grids is 400× 300× 100,

which was used in the numerical simulation of the dam break problem performed by
Nik[28], and 600 × 450 × 150, which was set by ourselves. The kinetic viscosity is set
to 1.0 × 10−6 m2/s, the number of iterations (level set) is set to 15, and mobility is set to
0.05. Mobility is a numerical value that determines the size of the water droplets that are
generated. The larger the value, the larger the water droplet, and the smaller the value,
the smaller the water droplet. Let t = 1.608 × 10−3 s at 400 × 300 × 100 lattice points,
t = 1.600 × 10−3 s at 600 × 450 × 150 lattice points be the time to apply the moving
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average. For the collision model to be compared, the SRT model introduced in Chapter
2 and the Cumulant model are compared, and the effectiveness of the newly developed
Cumulant model is confirmed. Here, the pressure results are output in 20 steps, and the
range of moving average is different from the above, and the results of moving average
calculation in 3.2 × 10−2s are shown.

3.3.2.1 No Obstacle

First, we discuss about no obstacle condition. Fig.(3-3) and Fig.(3-6) show a com-
parison of the experiment with the SRT model and cumulant model. First, the result of the
number of lattices of 400×300×100 is described. As mentioned in Section3.2, the arrival
time to the wall surface should be faster than the experiment due to the simulation settings,
but as can be seen from the Fig.(3-3), the arrival time is slower than the experiment in
the SRT model. In addition, it can be confirmed that the free surface is disturbed when
compared with the cumulant model. It can also be seen that the height of the free surface
after reaching the wall surface is insufficient. However, it can be seen that the cumulant
model is considerably more accurate than the SRT model. We can expect the cumulant
model to be applicable.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. SRT model at t = 0.348 s d. SRT model at t = 0.552 s

e. Cumulant model at t = 0.348 s f. Cumulant model at t = 0.552 s

Fig. 3-3: Comparison between numerical simulation and experimental measurement no
obstacle perspective view with SRT model and Cumulant model (400 × 300 × 100 lattice
points).
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g. Experiment at t = 0.749 s h. Experiment at t = 0.949 s

i. SRT model at t = 0.744 s j. SRT model at t = 0.948 s

k. Cumulant model at t = 0.744 s l. Cumulant model at t = 0.948 s

Fig. 3-3: Comparison between numerical simulation and experimental measurement no
obstacle perspective view with SRT model and Cumulant model (400 × 300 × 100 lattice
points).

From the above results, the spatial profile of the pressure of the SRT model and the
cumulant model is shown in the following Fig.(3-4). The white line in the figure shows
the free surface. As can be seen from the figure, in the SRT model, considerable pressure
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oscillation is generated inside. On the other hand, it can be confirmed that the pressure
oscillation is considerably suppressed in the cumulant model. Therefore, the cumulant
model turns out to be useful.

a. SRT model b. Cumulant model

Fig. 3-4: Comparison between SRT model and cumulant model no obstacle profile at
t = 0.552 s.

Next, the pressure values of each collision model are compared with the experimental
results. Fig.(3-5) shows the result. The vertical axis represents the pressure value [Pa]
and the horizontal axis represents the time [t]. The red line shows the simulation value.
The black line shows the experimental value and the error value. The results of the SRT
model cannot be compared with the experimental results because the pressure oscillation
is too large. Oscillation could be suppressed by applying a moving average, but the peak
of the first impact was lower than the experimental value, and the second impact did not
appear. On the other hand, the cumulant model is dramatically closer to the experimental
value than the SRT model. By using the moving average, the oscillation around the first
impact can be suppressed.
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. 3-5: Time history of pressure on the wall with no obstacle with SRT model and
Cumulant model (400 × 300 × 100 lattice points).

Next, a simulation at 600×450×150 lattice points is performed to confirm the consistency
of this result. Fig.(3-6) shows the result. The higher resolution has the effect of making the
liquid phase expression finer than before. Similarly, when the simulation is performed this
time, the result that the free surface shape is disturbed in the SRT model can be obtained.
In the cumulant model, many water droplets were scattered, but it became more similar to
the experiment than before.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. SRT model at t = 0.348 s d. SRT model at t = 0.552 s

e. Cumulant model at t = 0.348 s f. Cumulant model at t = 0.552 s

Fig. 3-6: Comparison between numerical simulation and experimental measurement no
obstacle perspective view with SRT model and Cumulant model (600 × 450 × 150 lattice
points).
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g. Experiment at t = 0.749 s h. Experiment at t = 0.949 s

i. SRT model at t = 0.744 s j. SRT model at t = 0.948 s

k. Cumulant model at t = 0.744 s l. Cumulant model at t = 0.948 s

Fig. 3-6: Comparison between numerical simulation and experimental measurement no
obstacle perspective view with SRT model and Cumulant model (600 × 450 × 150 lattice
points).

The pressure value was almost the same. It can be seen from Fig(3-7). that the width of
the pressure vibration has increased due to the increased resolution, but it is considered
that there is no problem because the moving average is closer to the experimental value.
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It can be seen that the results in the absence of obstacles are not largely dependent on
resolution, but are influenced by the collision model.

a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. 3-7: Time history of pressure on the wall with no obstacle with SRT model and
Cumulant model (600 × 450 × 150 lattice points).

3.3.2.2 Square Cylinder

Second, we discuss about a square cylinder condition. The calculation conditions are
the same as when there are no obstacles. As you can see from the Fig.(3-8), in the SRT
model, water droplets are scattered considerably after reaching the square cylinder. Also,
the cumulant model is quite similar to the experimental results.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. SRT model at t = 0.348 s d. SRT model at t = 0.552 s

e. Cumulant model at t = 0.348 s f. Cumulant model at t = 0.552 s

Fig. 3-8: Comparison between numerical simulation and experimental measurement a
square cylinder perspective view with SRT model and Cumulant model (400 × 300 × 100
lattice points).
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g. Experiment at t = 0.749 s h. Experiment at t = 0.949 s

i. SRT model at t = 0.756 s j. SRT model at t = 0.948 s

k. Cumulant model at t = 0.756 s l. Cumulant model at t = 0.948 s

Fig. 3-8: Comparison between numerical simulation and experimental measurement a
square cylinder perspective view with SRT model and Cumulant model (400 × 300 × 100
lattice points).

Fig.(3-9) shows the pressure on the surface of the square cylinder, and Fig.(3-10) shows
the pressure on the wall. As you can see, both pressure values are quite close to the
experimental values. It can be seen that the case of a square cylinder can be significantly
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improved by introducing the cumulant model. The result of a square cylinder with
600 × 450 × 150 lattice points is shown in AppendixAppendix A.

a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. 3-9: Time history of pressure on the surface of a square cylinder with SRT model and
Cumulant model (400 × 300 × 100 lattice points).
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. 3-10: Time history of pressure on the wall with a square cylinder with SRT model
and Cumulant model (400 × 300 × 100 lattice points).

3.3.2.3 Circular Cylinder

Finally, we discuss about a Circular cylinder condition. The calculation conditions
are the same as when there are no obstacles. From Fig.(3-11) In the case of a circular
cylinder, the SRT model shows a tendency similar to the other two conditions, but the
cumulant model shows different behavior.

39



Chapter 3. Simulation of Dam Break

a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. SRT model at t = 0.348 s d. SRT model at t = 0.552 s

e. Cumulant model at t = 0.348 s f. Cumulant model at t = 0.552 s

Fig. 3-11: Comparison between numerical simulation and experimental measurement a
circular cylinder perspective view with SRT model and Cumulant model (400×300×100
lattice points).
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g. Experiment at t = 0.749 s h. Experiment at t = 0.949 s

i. SRT model at t = 0.756 s j. SRT model at t = 0.948 s

k. Cumulant model at t = 0.756 s l. Cumulant model at t = 0.948 s

Fig. 3-11: Comparison between numerical simulation and experimental measurement a
circular cylinder perspective view with SRT model and Cumulant model (400×300×100
lattice points).
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Fig.(3-12) shows the pressure on the surface of the circular cylinder, and Fig.(3-13) shows
the pressure on the wall surface. As mentioned in the free surface shape, the pressure value
cannot be obtained well even if the cumulant model is used. The cause is that the behavior
around the circular cylinder is different from the experiment. This is probably because the
location where the liquid phase separates from the circular cylinder is different. Also, in
this simulation, since the grid points use a straight grid, the curved surface of the circular
cylinder cannot be accurately represented. Therefore, it is predicted that it will be improved
by increasing the resolution. The result of a circular cylinder with 600× 450× 150 lattice
points is shown in Appendix A as well as a square cylinder. In conclusion, there is no
significant difference due to changing the resolution. Therefore, it was confirmed that the
Cumulant model is working well, assuming that there is no effect due to the resolution and
that the effect is due to the SRT model, which is a conventional collision model. From
here on, the simulation is performed using the cumulant model.

a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. 3-12: Time history of pressure on the surface of a circular cylinder with SRT model
and Cumulant model (400 × 300 × 100 lattice points).
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. 3-13: Time history of pressure on the wall with a circular cylinder with SRT model
and Cumulant model (400 × 300 × 100 lattice points).

3.3.3 Comparison of Resolution
We compare the resolutions and examine the appropriate accuracy of the simulation.

The resolution to be compared depends on the number of grid points in the x, y, and
z directions. The calculation is performed using a direct grid. The resolutions to be
compared are summarized in Table(3-3). ∆t indicates the time step. Average time
indicates the time averaged by moving average. For other conditions, the kinetic viscosity
is set to 1.0 × 10−6 m2/s, the number of iterations (level set) is set to 15, and mobility is
set to 0.05. We set 5 resolutions and each is compared with the experimental results.
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Table 3-3: Simulation condition (resolution).

Resolution No. x y z Node ∆t[s] Average time[s]
Resolution1 100 75 25 187500 4.8 × 10−5 1.632 × 10−3

Resolution2 200 150 50 1500000 2.4 × 10−5 1.584 × 10−3

Resolution3 400 300 100 12000000 1.2 × 10−5 1.608 × 10−3

Resolution4 600 450 150 40500000 8.0 × 10−6 1.600 × 10−3

Resolution5 800 600 200 96000000 6.0 × 10−6 1.596 × 10−3

3.3.3.1 No Obstacle

First, Fig.(3-14) and Fig.(3-15) show the comparison between the simulation and
the experimental results with no obstacle. The time showing the experimental re-
sults is t = 0.349 s, 0.549 s, 0.749 s, 0.949 s and the time of the simulation is t =

0.348 s, 0.552 s, 0.744 s, 0.948 s. As can be seen from Fig.(3-14) and Fig.(3-15), the
representation of the liquid phase and the free surface depends on the resolution. From
the free surface shape, it is considered that the required Resolution3 or more.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. Resolution1 at t = 0.349 s d. Resolution1 at t = 0.549 s

e. Resolution2 at t = 0.349 s f. Resolution2 at t = 0.549 s

Fig. 3-14: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at Resolution1 and Resolution2.
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g. Resolution3 at t = 0.349 s h. Resolution3 at t = 0.549 s

i. Resolution4 at t = 0.349 s j. Resolution4 at t = 0.549 s

k. Resolution5 at t = 0.349 s l. Resolution5 at t = 0.549 s

Fig. 3-14: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at Resolution3∼5.

46



Chapter 3. Simulation of Dam Break

a. Experiment at t = 0.749 b. Experiment at t = 0.949

c. Resolution1 at t = t = 0.744 s d. Resolution1 at t = 0.948 s

e. Resolution2 at t = 0.744 s f. Resolution2 at t = 0.948 s

Fig. 3-15: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at Resolution1 and Resolution2.
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g. Resolution3 at t = 0.744 s h. Resolution3 at t = 0.948 s

i. Resolution4 at t = 0.744 s j. Resolution4 at t = 0.948 s

k. Resolution5 at t = 0.744 l. Resolution5 at t = 0.948

Fig. 3-15: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at Resolution4∼5.

The result of wall pressure is shown in Fig.(3-16). We will examine from the
pressure value. Under the condition that there is no obstacle, Resolution1 could not be
expressed well even with the cumulant model. However, Resolution2 and Resolution3
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are quite similar to the experimental values. Furthermore, oscillations due to pressure
waves caused by sound waves appear large as in Resolutions4 and Resolution5, but at
Resolution4, the peaks of the first impact and the second impact become considerably
closer to the experimental values by moving average. On the other hand, at Resolution5,
it can be seen that when the moving average is performed, a good value is obtained for the
first peak, but a large value is obtained for the second peak. It is concluded that under this
condition, a Resolution3 or higher is required from the results of the free surface shape
and pressure value. Also, Resolution4 is the most desirable.
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a. Resolution1 (100 × 75 × 25)

b. Resolution2 (200 × 150 × 50)

c. Resolution3 (400 × 300 × 100)

Fig. 3-16: Time history of pressure on the wall with no obstacle with each Resolution1∼3
(left: original, right: moving average).
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d. Resolution4 (600 × 450 × 150)

e. Resolution5 (800 × 600 × 200)

Fig. 3-16: Time history of pressure on the wall with no obstacle with each Resolution4
and Resolution5.

3.3.3.2 Square Cylinder

Second, it is a condition that there is a square cylinder. Fig.(3-17) and Fig.(3-18)
show the results of comparison of free surface shapes. It can be seen that Resolution1 and
Resolution2 cannot be used because the shapes are quite different from the experimental
results. The Resolution3 is closer to the experimental result, but the Resolution4 and the
Resolution5 are more accurate. It can be seen that the higher the resolution, the more
accurate the representation of the free surface shape under the condition of square cylinder.
Next, the required resolution is determined by comparing the pressure values.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. Resolution1 at t = 0.349 s d. Resolution1 at t = 0.549 s

e. Resolution2 at t = 0.349 s f. Resolution2 at t = 0.549 s

Fig. 3-17: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at Resolution1 and Resolution2.
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g. Resolution3 at t = 0.349 s h. Resolution3 at t = 0.549 s

i. Resolution4 at t = 0.349 s j. Resolution4 at t = 0.549 s

k. Resolution5 at t = 0.349 s l. Resolution5 at t = 0.549 s

Fig. 3-17: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at Resolution3∼5.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. Resolution1 at t = 0.756 s d. Resolution1 at t = 0.948 s

e. Resolution2 at t = 0.756 s f. Resolution2 at t = 0.948 s

Fig. 3-18: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at Resolution1 and Resolution2.
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g. Resolution3 at t = 0.756 s h. Resolution3 at t = 0.948 s

i. Resolution4 at t = 0.756 s j. Resolution4 at t = 0.948 s

k. Resolution5 at t = 0.756 s l. Resolution5 at t = 0.948 s

Fig. 3-18: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at Resolution3∼5.

Fig.(3-19) shows the comparison of the pressure value on the surface of square
cylinder, and Fig.(3-20) shows the result of the comparison of the pressure value on the
wall surface. The pressure on the surface of the object shows a large initial impact at
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all resolutions. It is possible to suppress the peaks of Resolution2, Resolution3, and
Resolution4 by using the moving average. Resolution1 cannot be expressed in detail
because the resolution is too rough, and it is thought that the peak is high as a result. Next,
a comparison of wall pressure is described. There is a marked difference in wall pressure.
Resolution1 and Resolution2 cannot be used because they are quite different from the
experimental values. At Resolutions3∼5 value that are fairly close to the experimental
values can be obtained. Also, the peak values are quite similar to experimental results by
using the moving average. Therefore, it seems reasonable to conclude that Resolution3∼5
is required under the condition that there is a square cylinder.
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a. Resolution1 (100 × 75 × 25)

b. Resolution2 (200 × 150 × 50)

c. Resolution3 (400 × 300 × 100)

Fig. 3-19: Time history of pressure on the surface of square cylinder with each
Resolution1∼3 (left: original, right: moving average).
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d. Resolution4 (600 × 450 × 150)

e. Resolution5 (800 × 600 × 200)

Fig. 3-19: Time history of pressure on the surface of square cylinder with each Resolution4
and Resolution5 (left:original, right: moving average).
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a. Resolution1 (100 × 75 × 25)

b. Resolution2 (200 × 150 × 50)

c. Resolution3 (400 × 300 × 100)

Fig. 3-20: Time history of pressure on the surface of square cylinder with each
Resolution1∼3 (left: original right: moving average).
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d. Resolution4 (600 × 450 × 150)

e. Resolution5 (800 × 600 × 200)

Fig. 3-20: Time history of pressure on the surface of square cylinder with each Resolution4
and Resolution5 (left: original, right: moving average).

3.3.3.3 Circular Cylinder

Finally, the result is shown under circular cylinder conditions. Fig.(3-21), Fig.(3-
22) show the comparison results of free surface shapes. The simulation calculation of
Resolution5 is validated by the result up to Resolution4 because the program stopped in
the middle under the condition that there is circular cylinder. It dose not found why the
simulation did not work. As shown in 3.3.2, the result around the circular cylinder is
different from the behavior of the liquid phase in the experiment. The same applies to
Resolution1 and Resolution2. At Resolution4, the behavior of the liquid phase around the
circular cylinder is closer to the experimental value than at other resolutions.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. Resolution1 at t = 0.349 s d. Resolution1 at t = 0.549 s

e. Resolution2 at t = 0.349 s f. Resolution2 at t = 0.549 s

Fig. 3-21: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at Resolution1 and Resolution2.
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g. Resolution3 at t = 0.349 s h. Resolution3 at t = 0.549 s

i. Resolution4 at t = 0.349 s j. Resolution4 at t = 0.549 s

Fig. 3-21: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at Resolution3 and Resolution4.
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a. Experient at t = 0.75 s b. Experiment at t = 0.95 s

c. Resolution1 at t = 0.756 s d. Resolution1 at t = 0.948 s

e. Resolution2 at t = 0.756 s f. Resolution2 at t = 0.948 s

Fig. 3-22: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at Resolution1 and Resolution2.
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g. Resolution3 at t = 0.756 s h. Resolution3 at t = 0.948 s

i. Resolution4 at t = 0.756 s
j. Resolution4 at t = 0.948 s

Fig. 3-22: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at Resolution3 and Resolution4.

Next, the pressure values are compared. Fig.(3-23) shows the result of the pressure
on the surface of the cylinder, and Fig.(3-24) shows the result of the wall pressure. The
results of Resolutions1∼3 are quite different from the experimental values similar to the
comparison result of free surface shape. Resolution4 is quite similar to the experimental
value by using the moving average. However, the pressure value appears a little larger
after the first peak of wall pressure. The probable cause is that the accuracy of expressing
the curved surface of the circular cylinder is low because the direct grid is used for the
calculation as described in 3.3.2. In addition, since the curved surface cannot be expressed
well in the part where the pressure value is large, it is considered to be the influence of
the flow separation caused by the different positions of the peeling points around the
circular cylinder. As a result, it can be seen that a Resolution4 is required under the
circular cylinder condition. In conclusion, comparative validation was performed using
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five resolutions under three conditions. As can be seen from the results, LBM simulation
is highly dependent on resolution. Based on the validation, Resolution4 is sufficient to
obtain the required accuracy using the LBM with cumulant model. Therefore, in this
study, we will improve using Resolution4.
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a. Resolution1 (100 × 75 × 25)

b. Resolution2 (200 × 150 × 50)

c. Resolution3 (400 × 300 × 100)

d. Resolution4 (600 × 450 × 150)

Fig. 3-23: Time history of pressure on the surface of circular cylinder with each
Resolution1∼4 (left: original, right: moving average).
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a. Resolution1 (100 × 75 × 25)

b. Resolution2 (200 × 150 × 50)

c. Resolution3 (400 × 300 × 100)

d. Resolution4 (600 × 450 × 150)

Fig. 3-24: Time history of pressure on the wall with circular cylinder with each
Resolution1∼4 (left: original, right: moving average).

67



Chapter 3. Simulation of Dam Break

3.3.4 Comparison of Kinetic Viscosity
Next, we compare kinetic viscosity by ν = 1.0 × 10−5 m2/s, 1.0 × 10−6 m2/s. Kinetic
Viscosity may be set higher than the actual water to stabilize the LBM calculation. In
addition, ν = 1.0 × 10−2 m2/s, 1.0 × 10−3 m2/s, 1.0 × 10−4 m2/s simulation is also
performed, but the results do not need to be compared, therefore they are summarized in
Appendix B. The calculation conditions are a resolution of 600 × 450 × 150 and a time
step ∆t = 8.0 × 10−6 s.

3.3.4.1 No Obstacle

Fig.(3-25), Fig.(3-26) shows the results of the free surface shape with no obstacle. As
you can see from the results, the shape of ν = 1.0 × 10−5 m2/s is quite similar to the
experimental results. It can be seen that ν = 1.0 × 10−6 m2/s does not stick to the
wall surface much after the wall collision, but ν = 1.0 × 10−5 m2/s sticks to the wall
surface in the same way as in the experiment. Furthermore, as can be seen from the
comparison result of Fig.(3-27) pressure value, the ν = 1.0 × 10−5 m2/s result is quite
close to the experimental value. However, there is a problem that the first peak is quite
large. As mentioned earlier, the reason why the numerical values start to appear early is
the difference between the gates of the experiment and the simulation.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. ν = 1.0 × 10−5 m2/s at t = 0.349 s d. ν = 1.0 × 10−5 m2/s at t = 0.549 s

e. ν = 1.0 × 10−6 m2/s at t = 0.349 s f. ν = 1.0 × 10−6 m2/s at t = 0.549 s

Fig. 3-25: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at ν = 1.0 × 10−5 m2/sand 1.0 × 10−6 m2/s.
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a. Experiment at t = 0.749 s at t = 0.744 b. Experiment at t = 0.949 s at t = 0.948

c. ν = 1.0 × 10−5 m2/s at t = 0.744 d. ν = 1.0 × 10−5 m2/s at t = 0.948

e. ν = 1.0 × 10−6 m2/s at t = 0.744 f. ν = 1.0 × 10−6 m2/s at t = 0.948

Fig. 3-26: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at ν = 1.0 × 10−5 m2/sand 1.0 × 10−6 m2/s.
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a. ν = 1.0 × 10−5 m2/s

b. ν = 1.0 × 10−6 m2/s

Fig. 3-27: Time history of pressure on the wall with no obstacle with each ν = 1.0 ×
10−5 m2/s and 1.0 × 10−6 m2/s (left: original, right: moving average).

3.3.4.2 Square Cylinder

Unlike the case where there are no obstacle, the comparison of square cylinder shows
no significant difference from Fig.(3-28), Fig.(3-29) as a result of the free surface shape.
Therefore, comparison is performed using Fig.(3-30), Fig.(3-31). Fig.(3-30) shows the
pressure on the surface of the square cylinder, and Fig.(3-31) shows the result of the
wall pressure. From Fig.(3-30), the pressure on the surface of the square cylinder is
quite good in ν = 1.0 × 10−5 m2/s. However, from Fig.(3-31), it can be said that the
ν = 1.0 × 10−5 m2/s result shows that the pressure is low at the first peak, but the
ν = 1.0 × 10−6 m2/s is almost the same.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. ν = 1.0 × 10−5 m2/s at t = 0.348 s d. ν = 1.0 × 10−5 m2/s at t = 0.552 s

e. ν = 1.0 × 10−6 m2/s at t = 0.348 s f. ν = 1.0 × 10−6 m2/s at t = 0.552 s

Fig. 3-28: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at ν = 1.0 × 10−5 m2/sand 1.0 × 10−6 m2/s.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. ν = 1.0 × 10−5 m2/s at t = 0.756 s d. ν = 1.0 × 10−5 m2/s at t = 0.948 s

e. ν = 1.0 × 10−6 m2/s at t = 0.756 s f. ν = 1.0 × 10−6 m2/s at t = 0.948 s

Fig. 3-29: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at ν = 1.0 × 10−5 m2/sand 1.0 × 10−6 m2/s.
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a. ν = 1.0 × 10−5 m2/s

b. ν = 1.0 × 10−6 m2/s

Fig. 3-30: Time history of pressure on the surface of square cylinder with each ν =
1.0 × 10−5 m2/s and 1.0 × 10−6 m2/s (left: original, right: moving average).
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a. ν = 1.0 × 10−5 m2/s

b. ν = 1.0 × 10−6 m2/s

Fig. 3-31: Time history of pressure on the wall with square cylinder with each ν =
1.0 × 10−5 m2/s and 1.0 × 10−6 m2/s (left: original, right: moving average).

3.3.4.3 Circular Cylinder

As can be seen from Fig.(3-32), Fig.(3-33) as a result of the free surface shape under
the condition of circular cylinder. The height of the liquid phase along the surface of
the circular cylinder after hitting it is not enough. Very good pressure results cannot be
expected from the free surface shape. The pressure results are shown in Fig.(3-34) and
Fig.(3-35). From Fig.(3-34), both ν = 1.0 × 10−5 m2/s and ν = 1.0 × 10−6 m2/s appear
lower overall than the experimental values. The first impact is not bad. In Fig.3-35, both
the ν = 1.0 × 10−5 m2/s and ν = 1.0 × 10−6 m2/s results show that the first peak is lower
than the experimental value. Therefore, it can be seen that it is not possible to improve the
result by changing the kinetic viscosity in circular cylinder.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. ν = 1.0 × 10−5 m2/s at t = 0.348 s d. ν = 1.0 × 10−5 m2/s at t = 0.552 s

e. ν = 1.0 × 10−6 m2/s at t = 0.348 s f. ν = 1.0 × 10−6 m2/s at t = 0.552 s

Fig. 3-32: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at ν = 1.0 × 10−5 m2/s and 1.0 × 10−6 m2/s.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. ν = 1.0 × 10−5 m2/s at t = 0.756 s d. ν = 1.0 × 10−5 m2/s at t = 0.948 s

e. ν = 1.0 × 10−6 m2/s at t = 0.756 s f. ν = 1.0 × 10−6 m2/s at t = 0.948 s

Fig. 3-33: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at ν = 1.0 × 10−5 m2/s and 1.0 × 10−6 m2/s.
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a. ν = 1.0 × 10−5 m2/s

b. ν = 1.0 × 10−6 m2/s

Fig. 3-34: Time history of pressure on the surface of circular cylinder with each ν =
1.0 × 10−5 m2/s and 1.0 × 10−6 m2/s (left: original, right: moving average).
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a. ν = 1.0 × 10−5 m2/s

b. ν = 1.0 × 10−6 m2/s

Fig. 3-35: Time history of pressure on the wall with circular cylinder with each ν =
1.0 × 10−5 m2/s and 1.0 × 10−6 m2/s (left: original, right: moving average).

3.3.5 Comparison of Large Eddy Simulation (LES) Model
This simulation is performed using turbulent flow models. The model used are

the Smagorinsky Model and Coherent-structure Smagorinsky Model (CSM) described
in 2.5.2 and 2.5.3. CSM is an improvement of the Smagorinsky Model. the accuracy
is considered to be higher than that of the Smagorinsky Model. The results are shown
below. The common conditions are resolution of 600 × 450 × 150, kinetic viscosity of
1.0 × 10−6 m2/s and time step 8.0 × 10−6 s.

3.3.5.1 No Obstacle

The result of the free surface shape is shown in Fig.(3-36) and Fig.(3-37), and the result
of the pressure value is shown in Fig.(3-38). In the Smagorinsky Model, the water mass
part sticks to the wall surface, but when the liquid phase becomes thin, it tends not to stick
to the wall. Therefore, the behavior is slightly different from the experiment. Unlike the
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Smagorinsky Model mentioned earlier, even if the water mass becomes thin, it tends to
stick to the wall. Moreover, the results are quite similar to the experimental results.

a. No turbulent model b. No turbulent model

c. Smagorinsky Model d. Smagorinsky Model

e. Coherent-structure Smagorinsky Model f. Coherent-structure Smagorinsky Model

Fig. 3-36: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at Smagorinsky Model and Coherent-structure Smagorinsky
Model (left: t = 0.349 s, right: t = 0.549 s).
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a. No turbulent model b. No turbulent model

c. Smagorinsky Model d. Smagorinsky Model

e. Coherent-structure Smagorinsky Model f. Coherent-structure Smagorinsky Model

Fig. 3-37: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at Smagorinsky Model and Coherent-structure Smagorinsky
Model (left: t = 0.744 s, right: t = 0.948 s).

Fig.(3-38) seems to be almost equal to the experimental value, but it is strange that the
first numerical value starts to appear because the gate where the water mass starts to move
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is different from the experimental value. From this result, it can be seen that the viscosity
of the liquid phase is increased by introducing the Smagorinsky Model. In addition, when
there is no turbulence model, pressure oscillation appears first, but it is not seen in the
Smagorinsky Model. We think this is a pretty good trend. In CSM, it can be seen that
the oscillation before colliding with the wall surface is considerably suppressed compared
to the case without the Coherent-structure Smagorinsky Model. The shape is also very
close to the experimental value. However, there are some concerns about the high pressure
value at the second impact and the subsequent behavior. However, the fact that there is no
pressure oscillation for the first impact is considered to be a fairly good result.

3.3.5.2 Square Cylinder

Fig.(3-39) and Fig.(3-40) show the results of comparison of free surface shapes, and
Fig.(3-41) and Fig.(3-42) show the results of comparison of pressure values. Unlike the
case where there are no obstacle, the introduction of the Smagorinsky Model results in
worse results than when there is no Smagorinsky Model. The shape of the square cylinder
surface is perfect, but the shape after the collision is strange. In CSM, we cannot find
much noteworthy points. Therefore, we compare Fig.(3-41) and Fig.(3-42).

82



Chapter 3. Simulation of Dam Break

a. No turbulent model

b. Smagorinsky Model

c. Coherent-structure Smagorinsky Model

Fig. 3-38: Time history of pressure on the wall with no obstacle with Smagorinsky Model
and Coherent-structure Smagorinsky Model (left: original, right: moving average).
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a. No turbulent model b. No turbulent model

c. Smagorinsky Model d. Smagorinsky Model

e. Coherent-structure Smagorinsky Model f. Coherent-structure Smagorinsky Model

Fig. 3-39: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at Smagorinsky Model and Coherent-structure Smagorin-
sky Model (left: t = 0.35s, right: t = 0.55 s).
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a. No turbulent model b. No turbulent model

c. Smagorinsky Model d. Smagorinsky Model

e. Coherent-structure Smagorinsky Model f. Coherent-structure Smagorinsky Model

Fig. 3-40: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at Smagorinsky Model and Coherent-structure Smagorin-
sky Model (left: t = 0.744 s, right: t = 0.948 s).

From Fig.(3-41), it can be seen that the peak of the first impact is considerably large when
the Smagorinsky Model is inserted. It is thought that the reason why it does not decrease
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even if the moving average is used is that the value is quite large. In addition, the wall
pressure is not reproduced at all in Fig.(3-42). Therefore, it is judged that the Smagorinsky
Model cannot be used under the condition that there is a square cylinder. As a result of the
surface pressure of the square cylinder in CSM, pressure oscillation has occurred before
the collision by introducing the turbulent flow model. Therefore, it was stated that the
oscillation is suppressed without any obstacles, but it can be seen that it depends on the
conditions even if the CSM is used. Next is the wall pressure in Fig.(3-42). As with the
surface pressure of the object, oscillation has occurred before the collision. Furthermore,
the peak value of the first collision is not as high as the experimental value. It is concluded
that the CSM is not very effective for the square cylinder.
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a. No turbulent model

b. Smagorinsky Model

c. Coherent-structure Smagorinsky Model

Fig. 3-41: Time history of pressure on the surface of square cylinder with Smagorinsky
Model and Coherent-structure Smagorinsky Model (left: original, right: moving average)
.
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a. No turbulent model

b. Smagorinsky Model

c. Coherent-structure Smagorinsky Model

Fig. 3-42: Time history of pressure on the wall with square cylinder with Smagorinsky
Model and Coherent-structure Smagorinsky Model (left: original, right: moving average).

3.3.5.3 Circular Cylinder

Fig.(3-43) and Fig.(3-44) show the results of comparison of free surface shapes, and
Fig.(3-45) and Fig.(3-46) show the results of comparison of pressure values. A tendency
similar to that of prisms was also seen in cylinders. Furthermore, in the case of a cylinder,
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it can be seen from Fig.(3-43) and Fig.(3-44) that the tendency of the liquid phase around
the circular cylinder is also different from the experimental value. The CSM is introduced
for the circular cylinder, but no significant changes are seen. It can be said that it was a
problem for circular cylinders. The behavior around the circular cylinder has not improved.
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a. No turbulent model b. No turbulent model

c. Smagorinsky Model d. Smagorinsky Model

e. Coherent-structure Smagorinsky Model f. Coherent-structure Smagorinsky Model

Fig. 3-43: Comparison between numerical simulation and experimental measurement cir-
cular cylinder perspective view at Smagorinsky Model and Coherent-structure Smagorin-
sky Model (left: t = 0.35 s, right: t = 0.55 s).
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a. No turbulent model b. No turbulent model

c. Smagorinsky Model d. Smagorinsky Model

e. Coherent-structure Smagorinsky Model f. Coherent-structure Smagorinsky Model

Fig. 3-44: Comparison between numerical simulation and experimental measurement cir-
cular cylinder perspective view at Smagorinsky Model and Coherent-structure Smagorin-
sky Model (left: t = 0.744 s, right: t = 0.948 s).

Since the tendency of Fig.(3-45) and Fig.(3-46) are similar to that described in the square
cylinder, it is considered that the circular cylinder cannot be used. In CSM, no major
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change was seen and it did not improve.

a. No turbulent model

b. Smagorinsky Model

c. Coherent-structure Smagorinsky Model

Fig. 3-45: Time history of pressure on the surface of circular cylinder with Smagorinsky
Model and Coherent-structure Smagorinsky Model (left: original, right: moving average).
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a. No turbulent model

b. Smagorinsky Model

c. Coherent-structure Smagorinsky Model

Fig. 3-46: Time history of pressure on the wall with circular cylinder with Smagorinsky
Model and Coherent-structure Smagorinsky Model (left: original, right: moving average).

3.3.6 Comparison of Time-step
Next, the calculation is performed by changing the Time-step used in the simulation
calculation. The speed of sound changes by changing the time-step. Three Time-steps to
be validated use 8.0 × 10−6 s, 4.0 × 10−6 s and 2.0 × 10−6 s. Other common conditions
are resolution 600× 450× 150 and kinetic viscosity 1.0× 10−6 m2/s. The speed of sound
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values for each time are shown in Table(3-4) below.

Table 3-4: Sound speed at each time step.

∆t[s] Sound speed [m/s]
8.0 × 10−6 96.2250
4.0 × 10−6 192.4500
2.0 × 10−6 384.9002

3.3.6.1 No Obstacle

Fig.(3-47), Fig.(3-48) show the free surface shape, and Fig.(3-49) shows the pressure
value. As can be seen from Fig.(3-47) and Fig.(3-48), the smaller the time step width,
the more similar the free surface shape of the experiment tends to be. However, while the
calculation time for ∆t = 8.0 × 10−6 s is about 11 hours, for ∆t = 4.0 × 10−6 s it takes
about 43 hours and for ∆t = 2.0 × 10−6 s it takes about 87 hours. Therefore, it is not
always appropriate to reduce the timeout width.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. ∆t = 8.0 × 10−6 s at t = 0.349 s d. ∆t = 8.0 × 10−6 s at t = 0.549 s

Fig. 3-47: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at time step.
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e. ∆t = 4.0 × 10−6 s at t = 0.349 s f. ∆t = 4.0 × 10−6 s at t = 0.549 s

g. ∆t = 2.0 × 10−6 s at t = 0.349 s h. ∆t = 2.0 × 10−6 s at t = 0.549 s

Fig. 3-47: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at time step.
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a. Experiment at t = 0.749 s b. Experiment at t = 0.949 s

c. ∆t = 8.0 × 10−6 s at t = 0.744 s d. ∆t = 8.0 × 10−6 s s at t = 0.948 s

Fig. 3-48: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at time step.
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e. ∆t = 4.0 × 10−6 s at t = 0.744 s f. ∆t = 4.0 × 10−6 s at t = 0.948 s

g. ∆t = 2.0 × 10−6 s at t = 0.744 s h. ∆t = 2.0 × 10−6 s at t = 0.948 s

Fig. 3-48: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at time step.

In addition, it can be seen from Fig.(3-49) that fine pressure oscillation are generated as the
time step is reduced. This pressure oscillation is generated by the sound wave caused by the
increase in the speed of sound as the time step decreases. In the case of ∆t = 2.0× 10−6 s,
the pressure oscillation at the time of the first collision is suppressed, but it is considerably
disturbed after the second collision. In comparison, ∆t = 4.0 × 10−6 s has the advantage
that the initial pressure vibration is suppressed more than ∆t = 8.0 × 10−6 s.

98



Chapter 3. Simulation of Dam Break

a. ∆t = 8.0 × 10−6 s

b. ∆t = 4.0 × 10−6 s

c. ∆t = 2.0 × 10−6 s

Fig. 3-49: Time history of pressure on the wall with no obstacle with time step (left:
original, right: moving average).

Next, the results of each time step are summarized in Fig.3-50 .At the same time, the time
history expanded from time 0.6 to 0.8 is also shown. It can be seen from Fig.(3-50) that
the frequency of pressure oscillation increases as dt decreases (sound velocity increases).
Since the frequency of pressure oscillation changes when the speed of sound changes,
it can be seen that the pressure wave due to the weak compression approximation is the
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cause of the pressure oscillation.

a. Time history of each time b. Enlarge the part from time 0.6 to 0.8

Fig. 3-50: Time history of pressure on the wall with no obstacle at each time.

3.3.6.2 Square Cylinder

In the square cylinder, Fig.(3-51) and Fig.(3-52) show the free surface shape, and Fig.(3-
53) and Fig.(3-54) show the pressure value. The conditions of the　 square cylinder
showed the same tendency as when there were no obstacle. The smaller the time step, the
more similar the experiment tends to be.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. ∆t = 8.0 × 10−6 s at t = 0.348 s d. ∆t = 8.0 × 10−6 s at t = 0.552 s

Fig. 3-51: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at time step.
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e. ∆t = 4.0 × 10−6 s at t = 0.348 s
s

f. ∆t = 4.0 × 10−6 s at t = 0.552 s

g. ∆t = 2.0 × 10−6 s at t = 0.348 s h. ∆t = 2.0 × 10−6 s at t = 0.552 s

Fig. 3-51: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at time step.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. ∆t = 8.0 × 10−6 s at t = 0.756 s d. ∆t = 8.0 × 10−6 s at t = 0.948 s

Fig. 3-52: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at time step.
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e. ∆t = 4.0 × 10−6 s at t = 0.756 s f. ∆t = 4.0 × 10−6 s at t = 0.948 s

g. ∆t = 2.0 × 10−6 s at t = 0.756 s h. ∆t = 2.0 × 10−6 s at t = 0.948 s

Fig. 3-52: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at time step.

The tendency of the pressure value shows a different result from the tendency of no
obstacle. In Fig.(3-53), no different results appear except that ∆t = 4.0 × 10−6 s causes
pressure oscillation. The peak value of the wall pressure in Fig.(3-54) differs from the
experimental value under two conditions other than ∆t = 8.0 × 10−6 s.
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a. ∆t = 8.0 × 10−6 s

b. ∆t = 4.0 × 10−6 s

c. ∆t = 2.0 × 10−6 s

Fig. 3-53: Time history of pressure on the surface of square cylinder with time step (left:
original, right: moving average).
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a. ∆t = 8.0 × 10−6

b. ∆t = 4.0 × 10−6 s

c. ∆t = 2.0 × 10−6 s

Fig. 3-54: Time history of pressure on the wall with square cylinder with time step(left:
original, right: moving average).

3.3.6.3 Circular Cylinder

Fig.(3-55) and Fig.(3-56) show the results of comparison of free surface shapes, and
Fig.(3-57) and Fig.(3-58) show the results of comparison of pressure values. It is expected
that the condition of the cylinder could be improved by reducing the time step as in the
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above two conditions, but the conclusion is that it does not improve much. In order to
improve the behavior of the liquid phase around the circular cylinder, the resolution must
be increased or the boundary conditions must be able to express curved surfaces.

a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. ∆t = 8.0 × 10−6 s at t = 0.348 s d. ∆t = 8.0 × 10−6 s at t = 0.552 s

Fig. 3-55: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at time step.
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e. ∆t = 4.0 × 10−6 s at t = 0.348 s f. ∆t = 4.0 × 10−6 s at t = 0.552 s

g. ∆t = 2.0 × 10−6 s at t = 0.348 s h. ∆t = 2.0 × 10−6 s at t = 0.552 s

Fig. 3-55: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at time step.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. ∆t = 8.0 × 10−6 s at t = 0.756 s d. ∆t = 8.0 × 10−6 s at t = 0.948 s

Fig. 3-56: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at time step.

109



Chapter 3. Simulation of Dam Break

e. ∆t = 4.0 × 10−6 s at t = 0.756 s f. ∆t = 4.0 × 10−6 s at t = 0.948 s

g. ∆t = 2.0 × 10−6 s at t = 0.756 s h. ∆t = 2.0 × 10−6 s at t = 0.948 s

Fig. 3-56: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at time step.

Fig.(3-57) shows a tendency similar to that of a square cylinder. A little pressure oscillation
appears in ∆t = 4.0 × 10−6 s, and the others are considered to be quite close to the
experimental values. In Fig.(3-58), ∆t = 4.0 × 10−6 s and ∆t = 2.0 × 10−6 s have a
little more pressure oscillation, but it seems that the values are relatively close to the
experimental values.
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a. ∆t = 8.0 × 10−6 s

b. ∆t = 4.0 × 10−6 s

c. ∆t = 2.0 × 10−6 s

Fig. 3-57: Time history of pressure on the surface of circular cylinder with time step (left:
original, right: moving average).
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a. ∆t = 8.0 × 10−6 s

b. ∆t = 4.0 × 10−6 s

c. ∆t = 2.0 × 10−6 s

Fig. 3-58: Time history of pressure on the wall with circular cylinder with time step(left:
original, right: moving average).

3.3.7 Comparison of Mobility
Finally, the simulation is performed by changing the value of mobility. Mobility is a value
that changes the size of a water droplet. The smaller the value, the smaller the water
droplets, and the larger the value, the larger the water droplets. The value of mobility is
0.01 and 0.1. The common conditions are resolution of 600× 450× 150, kinetic viscosity
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of 1.0×10−6 m2/s and time step 4.0×10−6 s. We also simulated with∆t = 8.0×10−6 s, but
there are many conditions that dose not work, so we post the results of ∆t = 4.0 × 10−6 s.

3.3.7.1 No Obstacle

Fig.(3-59), Fig.(3-60) show the free surface shape, and Fig.(3-61) shows the pressure
value. From Fig.(3-59) and Fig.(3-60), it can be seen that there is a difference in the size
of the water droplets generated depending on the mobility value. Furthermore, it can be
seen that the behavior at the interface is different. However, since we cannot tell whether
the result is good or bad from the free surface shape, we move on to the comparison of
pressure values.

a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. M = 0.05 at t = 0.349 s d. M = 0.05 at t = 0.549 s

Fig. 3-59: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at mobility.
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e. M = 0.01 at t = 0.349 s f. M = 0.01 at t = 0.549 s

g. M = 0.1 at t = 0.349 s h. M = 0.1 at t = 0.549 s

Fig. 3-59: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at mobility.
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a. Experiment at t = 0.749 s b. Experiment at t = 0.949 s

c. M = 0.05 at t = 0.744 s d. M = 0.05 at t = 0.948 s

Fig. 3-60: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at mobility.
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e. M = 0.01 at t = 0.744 s f. M = 0.01 at t = 0.948 s

g. M = 0.1 at t = 0.744 s h. M = 0.1 at t = 0.948 s

Fig. 3-60: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at mobility.

From Fig.(3-61), the pressure of M = 0.01 is large at the first impact and the second
impact, but the pressure vibration is suppressed more than M = 0.05. M = 0.1 tends to
have a considerable pressure value after the second collision.
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a. M = 0.05

b. M = 0.01

c. M = 0.1

Fig. 3-61: Time history of pressure on the wall with no obstacle with mobility(left:
original, right: moving average).

3.3.7.2 Square Cylinder

Only the results of M = 0.05 and M = 0.1 are shown because the calculation cannot
be done well with M = 0.01 with a square cylinder. Fig.(3-62) and Fig.(3-52) show the
free surface shape, and Fig.(3-53) and Fig.(3-54) show the pressure value. Under this
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condition as well, changes in water droplets due to changes in mobility can be confirmed,
but there is not much change in the rough free surface shape.

a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. M = 0.05 at t = 0.348 s d. M = 0.05 at t = 0.552 s

e. M = 0.1 at t = 0.348 s f. M = 0.1 at t = 0.552 s

Fig. 3-62: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at mobility.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. M = 0.05 at t = 0.756 s d. M = 0.05 at t = 0.948 s

e. M = 0.1 at t = 0.756 s f. M = 0.1 at t = 0.948 s

Fig. 3-63: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at mobility.

In the pressure comparison, M = 0.1 causes a little pressure vibration in Fig.(3-64). Also,
in Fig.(3-65), the peak value of M = 0.1 is shifted.
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a. M = 0.05

b. M = 0.1

Fig. 3-64: Time history of pressure on the surface of square cylinder with mobility (left:
original, right: moving average).
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a. M = 0.05

b. M = 0.1

Fig. 3-65: Time history of pressure on the wall with square cylinder with mobility (left:
original, right: moving average).

3.3.7.3 Circular Cylinder

Fig.(3-66) and Fig.(3-67) show the results of comparison of free surface shapes, and
Fig.(3-68) and Fig.(3-69) show the results of comparison of pressure values. From Fig.(3-
66) and Fig.(3-67), it can be seen that the behavior around the circular cylinder is different
under each condition. Check if the difference in behavior affects the pressure value.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. M = 0.05 at t = 0.348 s d. M = 0.05 at t = 0.552 s

Fig. 3-66: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at mobility.
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e. M = 0.01 at t = 0.348 s f. M = 0.01 at t = 0.552 s

g. M = 0.1 at t = 0.348 s h. m = 0.1 at t = 0.552 s

Fig. 3-66: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at mobility.
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. M = 0.05 at t = 0.756 s d. M = 0.05 at t = 0.948 s

Fig. 3-67: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at mobility.
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e. M = 0.01 at t = 0.756 s f. M = 0.01 at t = 0.948 s

g. M = 0.1 at t = 0.756 s h. M = 0.1 at t = 0.948 s

Fig. 3-67: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at mobility.

There is no difference in Fig.(3-68) except that fine pressure vibration is generated. In
Fig.(3-69), the pressure value fluctuates after the second impact in M = 0.1. From this, it
is considered that mobility cannot be used because unpredictable results appear when the
value is increased. In addition, M = 0.05 and M = 0.01 have visually different results,
but there is no significant difference in pressure value, so it is better to use the one you
like.
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a. M = 0.05

b. M = 0.01

c. M = 0.1

Fig. 3-68: Time history of pressure on the surface of circular cylinder with mobility (left:
original right: moving average).
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a. M = 0.05

b. M = 0.01

c. M = 0.1

Fig. 3-69: Time history of pressure on the wall with circular cylinder with mobility (left:
original right: moving average).

3.4 Summary
This chapter explains the setting of the simulation for the wave impact flow and the

result of the simulation. First, the moving average performed on the result of the simulation
is explained. The collision model is compared. The Cumulant model tends to be much
better than the SRT model. Second, Explains the comparison with respect to resolution. It
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can be seen that the smaller the mesh, the finer the resolution can be expressed. However,
since the pressure value does not change significantly at a Resolution4 or higher, it can
be seen that the resolution required for simulation is 600 × 450 × 150 or higher for the
dam braking problem flow. Third, a kinetic viscosity comparison is made to investigate
the effect of kinetic viscosity. There is no significant change in the free surface shape.
The pressure value of the higher viscosity is the worse result. Fourth, a comparison is
made with the Large Eddy Simulation (LES) Model. The pressure value is not accurately
expressed in the Smagorinsky Model, but the Coherent-structure Smagorinsky Model,
which compensates for the weaknesses of the Smagorinsky Model, gives the same results
as the experiment in both the free surface shape and the pressure value. However, there is
no tendency to improve by having LES. Fifth, time-step comparison is performed. It can
be seen that by reducing the time-step, the speed of sound becomes faster and fine pressure
vibrations occur. Furthermore, at ∆t = 4.0 × 10−6 s, it is quite close to the experiment.
Finally, the mobility is changed and the comparison is performed. If the water droplets
are large, the pressure value will be different from the experimental value. Therefore, the
mobility needs to be 0.05 or less. A summary of these results will be explained in the next
chapter.
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Chapter 4 Conclusion
In this study, LBM is applied for numerical simulation of the wave impact phenomena,

which is an important problem in ocean engineering researches. A dam break experiment
is chosen for validation of the numerical method based on LBM. The study is summarized
as follows.

• The experiment of the dam break problem conducted in our laboratory is selected for
the LBM simulation. Three cases of the experiment, no obstacles, square cylinder,
and circular cylinder, are considered in the numerical simulation. For the numerical
results of the pressure, a moving average procedure is used for the pressure results
in order to remove the numerical fluctuations.

• Two collision models, the SRT model and the cumulant model, have been compared.
• In order to check the mesh convergence performance, five meshes with different

resolutions are used.
• To investigate the influence of Reynolds number, 5 kinetic viscosity are considered

in the numerical simulations.
• Two types of turbulence model, the orginal Smagorinsky model and the Coherent-

structure Smagorinsky model, are applied and their performances are studied.
• The influence of time step on the pressure prediction is investigated by the numerical

simulation.

Main conclusions obtained from this research are summarized as follows.

• By using the moving average procedure, the pressure fluctuation could be sup-
pressed, and can be easily compared with the experiment.

• The numerical results by the SRT model and the cumulant model are compared
with the experiment. It is found that besides the pressure oscillation, free surface
can not be well predicted by using the SRT model. However, by using the cumulant
model, the pressure vibration can be significantly suppressed. Therefore, it can be
concluded that the cumulant model is suitable for the wave impact problem in ocean
engineering field. It is also found that the prediction of the free surface is more
accurate than the SRT model.

• From the results of the resolution investigation, it is found that a grid resolution
of (600 × 450 × 150) or higher is required to accurately simulate the free surface
shape as the experimental results. However, considering the CPU time which is
about 11 hours for Resolution (600 × 450 × 150) and about 51 hours for Resolution
(800 × 600 × 200), we chose the previous grid for all the other simulations.
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Chapter 4. Conclusion

• There is no significant difference in the change in free surface shape due to the
difference in kinetic viscosity. When there are no obstacles, the result is quite
similar to the experimental value at ν = 1.0 × 10−5 m2/s. However, it is found that
the kinetic viscosity of 1.0 × 10−6 m2/s should be used for the case with obstacles.

• The use of Smagorinsky Model can not improve the accuracy of the LBM simula-
tion on dam break problem. For the case of no obstacles, the pressure values are
relatively in agreement with the experimental values, but for the case with obstacles,
the pressure values on the wall surface are considerably lower than the experimen-
tal values. Therefore, it is difficult to use the Smagorinsky Model in LBM for
such violent flow simulation. Furthermore, using Smagorinsky model delays the
arrival time to the vertical wall surface. On the other hand, the Coherent-structure
Smagorinsky model predicts a free surface shape that is in good agreement with
the experiment except for the circular cylinder case. However, pressure fluctuation
can be found. Generally, results by Coherent-structure Smagorinsky model are
considerably improved compared to the Smagorinsky model.

• If the time step is set smaller, the free surface shape can be predicted in considerable
detail manner. There are also disadvantages mainly on the free surface predictions.
Therefore, we conclude that ∆t = 8.0 × 10−6 s is suitable for such problems.

• The size of water drop changes by changing the mobility, which is a parameter
related to the size of water drop. but if it is made larger than the standard value of
0.05, the result of the pressure value will react in a reaction that does not appear in
the experiment, therefore the mobility value is It should be 0.05 or less. The results
of 0.05 and 0.01 were not significantly different in terms of pressure value, and both
experimental values were quite good. The value of mobility is 0.05 or less, and it
should be used only when visually determining the size of water drop on the free
surface shape.

From this study, it can be concluded that for numerical simulation of the dam break
problem by using the Lattice Boltzmann method, the cumulant model is a better choice
as the collision model, the resolution requirement is 600 × 450 × 150 lattice points. For
other recommanded parameters, the kinetic viscosity is 1.0 × 10−6 m2/s, the time step is
∆t = 8.0 × 10−6 s, and the mobility value is 0.05 or less. In addition, when applying to
structures including curved surfaces, it is found that to set a suitable boundary condition
is difficult.
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Appendix A Comparison of Collision Model
The results of the square cylinder and circular cylinder described in 3.3.2 are shown.

Appendix A.1 Square Cylinder
Fig.(A-1) shows the result of free surface shape, and Fig.(A-2) and Fig.(A-3) show

the result of pressure comparison. There is no need to compare, and the simulation using
the SRT model shows strange behavior.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. SRT model at t = 0.348 s d. SRT model at t = 0.552 s

e. Cumulant model at t = 0.348 s f. Cumulant model at t = 0.552 s

Fig. A-1: Comparison between numerical simulation and experimental measurement a
square cylinder perspective view with SRT model and Cumulant model (600 × 450 × 150
lattice points).
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g. Experiment at t = 0.749 s h. Experiment at t = 0.949 s

i. SRT model at t = 0.756 s j. SRT model at t = 0.948 s

k. Cumulant model at t = 0.756 s l. Cumulant model at t = 0.948 s

Fig. A-1: Comparison between numerical simulation and experimental measurement a
square cylinder perspective view with SRT model and Cumulant model (600 × 450 × 150
lattice points).

In addition, it can be seen from the pressure comparison graph that there is considerable
pressure oscillation. You can see the usefulness of the cumulant model.
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. A-2: Time history of pressure on the surface of a square cylinder with SRT model
and Cumulant model (600 × 450 × 150 lattice points).
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. A-3: Time history of pressure on the wall with a square cylinder with SRT model and
Cumulant model (600 × 450 × 150 lattice points).

Appendix A.2 Circular Cylinder
Fig.(A-4) shows the result of free surface shape, and Fig.(A-5) and Fig.(A-6) show

the result of pressure comparison. Circular cylinders have the same tendency as square
cylinders. Therefore, detailed explanation is omitted.
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a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. SRT model at t = 0.348 s d. SRT model at t = 0.552 s

e. Cumulant model at t = 0.348 s f. Cumulant model at t = 0.552 s

Fig. A-4: Comparison between numerical simulation and experimental measurement a
circular cylinder perspective view with SRT model and Cumulant model (600×450×150
lattice points).
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g. Experiment at t = 0.749 s h. Experiment at t = 0.949 s

i. SRT model at t = 0.756 s j. SRT model at t = 0.948 s

k. Cumulant model at t = 0.756 s l. Cumulant model at t = 0.948 s

Fig. A-4: Comparison between numerical simulation and experimental measurement a
circular cylinder perspective view with SRT model and Cumulant model (600×450×150
lattice points).
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. A-5: Time history of pressure on the surface of a circular cylinder with SRT model
and Cumulant model (600 × 450 × 150 lattice points).
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a. SRT model b. Cumulant model

c. SRT model (moving average) d. Cumulant model (moving average)

Fig. A-6: Time history of pressure on the wall with a circular cylinder with SRT model
and Cumulant model (600 × 450 × 150 lattice points).
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Appendix B Comparison of Kinetic viscosity
The result of ν = 1.0 × 10−2 m2/s, 1.0 × 10−3 m2/sand1.0 × 10−4 m2/s are shown

here as shown in 3.3.4. Resolution is 600 × 450 × 150 and time step is ∆t = 8.0 × 10−6 s.

Appendix B.1 No Obstacle
First, the results when there are no obstacles are shown in Fig.(B-7) and Fig.(B-8)

for the free surface shape and Fig.(B-9) for the pressure value. ν = 1.0× 10−2 m2/s is too
viscous to reach the wall in 1.2 s. ν = 1.0× 10−3 m2/s reaches the wall but does not jump
at all. And ν = 1.0 × 10−4 m2/s is better than the other two, but far from the experiment.

a. Experiment at t = 0.349 s b. Experiment at t = 0.549 s

c. ν = 1.0 × 10−2 m2/s d. ν = 1.0 × 10−2 m2/s

Fig. B-7: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at ν = 1.0 × 10−2 m2/s(left: t = 0.349 s, right: t = 0.549 s).
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e. ν = 1.0 × 10−3 m2/s f. ν = 1.0 × 10−3 m2/s

g. ν = 1.0 × 10−4 m2/s h. ν = 1.0 × 10−4 m2/s

Fig. B-7: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at ν = 1.0 × 10−3 m2/sand 1.0 × 10−4 m2/s(left: t = 0.349 s,
right: t = 0.549 s).
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a. Experiment at t = 0.749 s b. Experiment at t = 0.949 s

c. ν = 1.0 × 10−2 m2/s d. ν = 1.0 × 10−2 m2/s

Fig. B-8: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at ν = 1.0 × 10−2 m2/s (left: t = 0.744 s, right: t = 0.948 s).
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e. ν = 1.0 × 10−3 m2/s f. ν = 1.0 × 10−3 m2/s

g. ν = 1.0 × 10−4 m2/s h. ν = 1.0 × 10−4 m2/s

Fig. B-8: Comparison between numerical simulation and experimental measurement no
obstacle perspective view at ν = 1.0 × 10−3 m2/sand 1.0 × 10−4 m2/s (left: t = 0.744 s,
right: t = 0.948 s).

The wall pressure results appear to be fairly close to the experimental values, but the
initial impacts cannot match due to the different mechanisms of the gate in front of the
experimental and simulated water mass.
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a. ν = 1.0 × 10−2 m2/s

b. ν = 1.0 × 10−3 m2/s

c. ν = 1.0 × 10−4 m2/s

Fig. B-9: Time history of pressure on the wall with no obstacle with each ν = 1.0 ×
10−2 m2/s, 1.0 × 10−3 m2/s and 1.0 × 10−4 m2/s (left: original, right: moving average).

Appendix B.2 Square Cylinder
Fig.(B-10) and Fig.(B-11) show the results of free surface shape, and Fig.(B-12)

and Fig.(B-13) show the results of pressure value. The same is true for square cylinders.
Therefore, I do not explain in details.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. ν = 1.0 × 10−2 m2/s d. ν = 1.0 × 10−2 m2/s

Fig. B-10: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at ν = 1.0 × 10−2 m2/s (left: t = 0.348 s, right:
t = 0.552 s).
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e. ν = 1.0 × 10−3 m2/s f. ν = 1.0 × 10−3 m2/s

g. ν = 1.0 × 10−4 m2/s h. ν = 1.0 × 10−4 m2/s

Fig. B-10: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at ν = 1.0 × 10−3 m2/sand 1.0 × 10−4 m2/s (left:
t = 0.348 s, right: t = 0.552 s).
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. ν = 1.0 × 10−2 m2/s d. ν = 1.0 × 10−2 m2/s

Fig. B-11: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at ν = 1.0 × 10−2 m2/s (left: t = 0.756 s, right:
t = 0.948 s).
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e. ν = 1.0 × 10−3 m2/s f. ν = 1.0 × 10−3 m2/s

g. ν = 1.0 × 10−4 m2/s h. ν = 1.0 × 10−4 m2/s

Fig. B-11: Comparison between numerical simulation and experimental measurement
square cylinder perspective view at ν = 1.0 × 10−3 m2/sand 1.0 × 10−4 m2/s (left:
t = 0.756 s, right: t = 0.948 s).
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a. ν = 1.0 × 10−2 m2/s

b. ν = 1.0 × 10−3 m2/s

c. ν = 1.0 × 10−4 m2/s

Fig. B-12: Time history of pressure on the surface of square cylinder with each ν =
1.0 × 10−2 m2/s, 1.0 × 10−3 m2/s and 1.0 × 10−4 m2/s (left: original, right: moving
average).
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a. ν = 1.0 × 10−2 m2/s

b. ν = 1.0 × 10−3 m2/s

c. ν = 1.0 × 10−4 m2/s

Fig. B-13: Time history of pressure on the wall with square cylinder with each ν =
1.0 × 10−2 m2/s, 1.0 × 10−3 m2/s and 1.0 × 10−4 m2/s (left: original, right: moving
average).

Appendix B.3 Circular Cylinder
Fig.(B-14) and Fig.(B-15) show the results of free surface shape, and Fig.(B-16)

and Fig.(B-17) show the results of pressure value. The same is true for square cylinders.
Therefore, I do not explain in details.
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a. Experiment at t = 0.35 s b. Experiment at t = 0.55 s

c. ν = 1.0 × 10−2 m2/s d. ν = 1.0 × 10−2 m2/s

Fig. B-14: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at ν = 1.0 × 10−2 m2/s (left: t = 0.348 s, right:
t = 0.552 s).
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e. ν = 1.0 × 10−3 m2/s f. ν = 1.0 × 10−3 m2/s

g. ν = 1.0 × 10−4 m2/s h. ν = 1.0 × 10−4 m2/s

Fig. B-14: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at ν = 1.0 × 10−3 m2/sand 1.0 × 10−4 m2/s (left:
t = 0.348 s, right: t = 0.552 s).
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a. Experiment at t = 0.75 s b. Experiment at t = 0.95 s

c. ν = 1.0 × 10−2 m2/s d. ν = 1.0 × 10−2 m2/s

Fig. B-15: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at ν = 1.0 × 10−2 m2/s (left: t = 0.756 s, right:
t = 0.948 s).
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e. ν = 1.0 × 10−3 m2/s f. ν = 1.0 × 10−3 m2/s

g. ν = 1.0 × 10−4 m2/s h. ν = 1.0 × 10−4 m2/s

Fig. B-15: Comparison between numerical simulation and experimental measurement
circular cylinder perspective view at ν = 1.0 × 10−3 m2/sand 1.0 × 10−4 m2/s (left:
t = 0.756 s, right: t = 0.948 s).
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a. ν = 1.0 × 10−2 m2/s

b. ν = 1.0 × 10−3 m2/s

c. ν = 1.0 × 10−4 m2/s

Fig. B-16: Time history of pressure on the surface of circular cylinder with each ν =
1.0 × 10−2 m2/s, 1.0 × 10−3 m2/s and 1.0 × 10−4 m2/s (left: original, right: moving
average).
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a. ν = 1.0 × 10−2 m2/s

b. ν = 1.0 × 10−3 m2/s

c. ν = 1.0 × 10−4 m2/s

Fig. B-17: Time history of pressure on the wall with circular cylinder with each ν =
1.0 × 10−2 m2/s, 1.0 × 10−3 m2/s and 1.0 × 10−4 m2/s (left: original, right: moving
average).
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