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Chapter 4

2D-3D Hybrid Model Using
Overlapping Method

4.1 Introduction

In order to make timely prediction for issuing tsunami warnings and to clarify the
fluid force acting on the structures around coastal area, the purpose of this study is
to develop a 2D-3D hybrid tsunami model using the overlapping method based on the
stabilized finite element method. This model simulates the tsunami wave propagation
from the wave source area to the offshore area by 2D analysis that aiming for reducing
the computational burden, and the area around the structures is simulated by 3D
analysis that aiming for computing the fluid force precisely.

In this chapter, the overlapping method based on arbitrary domain coupling 2D
and 3D analysis model by satisfying the conservation and compatibility conditions
between 2D and 3D is introduced. Several numerical examples are performed to

investigate the validity and efficiency of the hybrid model.
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Figure 4.1 Overlapping method

In the previous study, the 2D-3D overlapping method [80] based on structured grid
have been presented. For the overlap domain, the border is shared by the 2D domain
and 3D domain, so that special treatment should be taken to generate the meshes for
complex geometry. This results in the limited application. In this study, we develop
the 2D-3D overlapping method into arbitrary grid, the definition is shown in Figure
4.1. In this method, the computational domain is separated into a 2D domain and a

3D domain. A overlap domain for the 2D and 3D domains is set. The domains and
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the meshes of 2D and 3D can be arbitrary. Then the inner boundary of the 2D domain
is defined as a 2D connection boundary, while the outer boundary of the 3D domain
is defined as a 3D connection boundary. At the 2D connection boundary and the
3D connection boundary, the nodes of 2D and 3D can be located at different places.
For the computation, the flow velocities and the water depth computed from the 3D
domain are used as the boundary conditions of the 2D connection boundary. As the
same, the flow velocities and the water depth computed from 2D domain are used
as the boundary conditions of the 3D connection boundary. For the computation of
real terrain tsunami simulation, the 3D domain can be chosen anywhere we want to
compute precisely. Because of the place for the nodes of 2D and 3D is different, the
boundary condition of 2D/3D connection boundary should be computed by making
interpolation.

The details of the computation for the boundaries are presented in the following

sections.
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Figure 4.2  Flowchart for 2D-3D overlapping method

The flowchart of the 2D-3D overlapping method is shown in Figure 4.2.

Firstly, to approximate the flow velocity u?“ and the phase function qﬁ?“ of n+1
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Figure 4.3  Cross sectional view at the 2D connection boundary

step for the 3D domain using the following equations.

3 1

up = 5’&? - 5“?_17 (4.1)
3 1 n—1

f o Cgn — Zgnl, 4.2

¢Z 2¢l 2¢Z 7 ( )

up Tt 2uy — uf (4.3)

¢p TI207 — 97, (4.4)

where u}, ¢; are approximated by the second order accuracy Adams-Bashforth
method.

Secondly, to compute the boundary conditions of the 2D connection boundary
by using u; and ¢;. Figure 4.3 is a cross sectional view of the 2D connection
boundary. In this figure, auxiliary nodes S; are set above the nodes of 2D boundary

in the same distance. Then to find the auxiliary nodes belong to which elements.

n+1

The values of the phase function qﬁgfl and the flow velocity w;¢ ™" of the auxiliary

nodes are computed out by making interpolation in the tetrahedron elements using
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Figure 4.4  Flow rate preservation condition at the 2D connection boundary

the following interpolation equations,

¢ (2, y, 2 ZN@ ,y,2) R, (4.5)
4
witt (2, y, 2 Z (z,y,2)pltt. (4.6)

Then to substitute the values of the auxiliary nodes into the following integral
equations, the boundary conditions of the 2D connection boundary can be obtained

(see Figure 4.4).

= [ o) (47)
n+1 Un+1Hn+1 /¢n+1 n—l—l(z)dz. (48)

Then to compute the 2D domain by using the the boundary conditions of the 2D
connection boundary.

Thirdly, to compute the boundary conditions of the 3D connection boundary.
Figure 4.5 shows how to compute the phase function at the 3D connection boundary.
We compare the water depth Hsp with those of the nodes at the 3D connection
boundary, then they can be separated into four cases in Figure 4.5. In the figure,
Zp,, is the coordinate value in the vertical direction of node P3p. d is the distance

from node P3p to the wave surface of 2D. h, is the representative length of the
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tetrahedron element. About the flow velocity for the 3D connection boundary, the

average flow velocity computed by 2D is used (see Figure 4.6).

ultt = Ut = 1,2, (4.9)

(3

us ™t = 0. (4.10)

Finally, to compute the 3D domain by using the boundary conditions of the 3D
connection boundary and the 3D numerical model, to output the results and to do

the time loop.
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For the large-scale simulation, it may take a lot of computational time for wave
propagation from source area to an target 3D area, such as a real terrain tsunami
simulation. In order to increase the efficiency by reducing computational memory and
computational time, a switch model is presented in this section. Figure 4.7 shows
the conceptual diagram of the switch model. In this model, the water depth H,; is
checked at the 3D connection boundary by every step, before the wave coming to the
3D connection boundary (H; = Hy), all the target computational area is computed
by the 2D model. When the wave reach the 3D connection boundary (H; # Hy), the
target computational area is separated into 2D and 3D domain and computed by the
2D-3D hybrid model. Then the flowchart is changed into Figure 4.8. However, for

the small computational area, we can just adopt the flowchart shown in Figure 4.2.
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4.5 Numerical Examples

4.5.1 Dambreak with Structures

Figure 4.9 shows two computational models to test the performance of the 2D-
3D hybrid model. In order to increase the efficiency of the 2D-3D hybrid model,
both of the computational models are computed by the 2D at first before the wave
propagating to the 3D domain. Then when the wave reaches the 3D domain, the
hybrid model begins to work. For the Case B, the 3D domain rotates 45° from Case
A to show the possibility that the wave can propagate from different directions. For
the computational conditions, the mesh size of the 2D domain is 0.1m and the mesh
size of the 3D domain is 0.05m, The coupling domain is set to be 0.4m (see to Figure
4.10). The time increment is 0.001s and the boundary condition is slip condition.
Several snapshots of surface profiles are shown in Figure 4.11. From these figures,
we can see from t = 0.80s to ¢ = 2.25s, the 2D analysis model changes into 2D-3D
hybrid model when the wave reaches the 3D domain. We can also confirm that the
2D-3D hybrid model solve this computational problem stably. Figure 4.12 shows
the time history of water depth variation at P(12.5, 0.0), we can see both the results
are almost the same. The arbitrary choices of the 3D domain and the grids have been

shown.
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Figure 4.12  Time history of water depth variation at P(12.5, 0.0)
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4.5.2 Runup of Solitary Wave Problem
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Figure 4.13  Computational model

The runup of a solitary wave problem shown in Figure 4.13 is simulated to in-
vestigate the applicability of the 2D-3D hybrid model (using the VOF method) for
structure mesh and unstructured mesh. Besides, the comparison between using the
VOF method and the PFM is made. The results are compared to the experimental
results [81], results of the 2D and 3D analysis models. For the initial conditions, the
initial wave height is set by the following equation,

0 gech? 3—(33—%), (4.11)

((x,tzO):ES m

the ratio of the wave height ¢y and depth h is set to be 0.3. xg is the location of wave

crest. The initial flow velocity is set by the following equation,
u(z,t =0) =((z,t =0)/=. (4.12)

The wave crest is located at the half solitary wave length from the front end of

| 4h [ 1
L = 3—C0arccosh( m) (4.13)

Figure 4.14 shows the meshes around the connection boundary, the mesh size is

the slope.

set to be 0.05m, the width of the overlap domain is set to be 0.2m (4 elements) in this
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Figure 4.14  Mesh around the connection boundary

case. Structured mesh and unstructured mesh are used in 3D domain for comparison.
The slip boundary condition is applied for the wall and the bottom. The kinematic
viscosity coefficient v, is set to be 1.0 X 1072m? /s, the Manning coefficient n is set
to be 0.01s/m3 for the 2D analysis.

The comparisons of the surface profiles at different non-dimensionalized times
(t' = t\/% = 10,15,20,30) are shown in the Figure 4.15. In the figure, Exp.
denotes the experimental result, S.W.E. denotes the result by solving the 2D shallow
water equations, N.S.E. denotes the result by solving the 3D Navier-Stokes equations,
S.W.E.+N.E. denotes the result by using the 2D-3D hybrid model. From the figure,
we can see the results of 3D is the best agree with the experimental results. The
results of the 2D-3D hybrid model show better agree with the experimental results
than the results of 2D. And the difference can be ignored between using the structured
mesh and the unstructured mesh for the 2D-3D hybrid model.

From the Figure 4.16, the peak value of the result by using the PFM is better
agree to the experimental result than using the VOF method at ¢’ = 20. Figure 4.17
shows the free surface near the overlap domain at ¢ = 4.0s. From the figure, we can

see the surface is more smoothly connected by using the PFM.
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(A) 2D-3D Hybrid Model using VOF method

(B) 2D-3D Hybrid Model using PFM method

Figure 4.17  Free surfaces near the overlap domain at ¢t = 4.0s
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4.5.3 Wave Problem Around a Breakwater
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Figure 4.18  Computational model

In order to investigate the influence of the width of the overlap domain for the 2D-3D
hybrid model, the wave problem around a breakwater (Figure 4.18) is simulated. In
this problem, a wave maker is set on the left side of the model. Two cases of Cnoid
wave are applied. For the case A, the wave height is 0.05m, the period is 2.0s. For
the case B, the wave height is 0.075m, the period is 1.0s. The mesh size of 2D domain
is 0.01lm. About the 3D domain, the mesh around the breakwater is 0.01m and the
other place is 0.02m (see Figure 4.19). The slip boundary condition is applied for
the wall of the aquarium, and the time increment is 0.001s.

Figure 4.20 and Figure 4.21 show the time history of water level variation of the
wave gauge for the two cases. In the figures, the circle line denotes the experimental
results [72], each solid line shows the result by changing the width of the overlap
domain. For the case A, we can see all the analysis results are in good agree with the
experimental results. For the case B, we can see the results of the overlap domain
that more than 0.04m (4 elements) are in better agree with the experimental results
than the results of 0.01m (1 element) and 0.02m (2 elements). In conclusion, for the

width of the overlap domain, it is better to set more than 4 elements, but considering



91

4.5 Numerical Examples

Y
Wy

ST TATAVAVAVA

Pararrg

k, AT
P = svvat Favag s Wt 0 TN g gy &

VAT g Ve AV VAR v AV AV A A VAT A VAV VAV by S rAVAVAVA Vs S Var
H.PANUAV.J A.»um.ltl_ﬁ»ﬂﬂhrﬂvéﬂﬂﬁihnhaF-h.whﬁ.bﬁqbibfsrﬂqvﬁﬂFﬂqbﬂr‘»quﬂﬁﬂvn
e B e e

Sy Favy VAT v VAVAY. v
rdr‘mm.ra.bdk‘mwmrtﬁmuF.&»ﬁ*&.ﬁ»ﬂﬂwgnﬁ.ﬂﬁbﬂﬂmmmwmw,vurﬂﬁnvwhhﬂﬂaﬁbﬂﬂm
PAVA Y SVAVAWAYS 4 AVAY.TAVAN FAVAN LAY R 5 AV VAV, ATV i b P S0 SN B v WAV AN A A VA VAV ALYy
VAT OAVAW > 2 A VAVAVATAT A I A VAV AW IVATATRVAVAVA Y S Vi i v S g AVANATAY, 2 AV AT AT
O L g 2 e N g 0 AW g VAV AN AT AW AN e VAN Ly W AV LVAVANEY v VvV
R e S AT A A A W‘%ﬁﬂ«.‘»ﬁi}ﬂiﬁﬁhv KA
e e R s A SO LA SO

Fa i Lo
S S B e S e e
AN 5 A AT A L L S

Wﬁdhhhmmwnmwbﬂmrﬂbﬂkm.w@ o
S AW ATV AN AT A VAN by WAV, TN
RSSO N A A AR AR AL
VAN AV S AVAVAY, AYAVA T

i)

T SVAVAYL 97 v, g LVAVAT VA AT A A

FaN,

5L

AN AN AN AT SO

I
& 5
A VAVAY T S TAVAVATAVAT AV A
m&-ﬂ»ﬁ»ﬂ»ﬁa“wﬁﬁﬁﬂ»ﬁ!hvd.
R XA AT AR AL
v e i
HAOSACEIEE RIS,
PV ST AVAVAV v v o2 A B
ey S s
e
DA I RO AT
R A o e
1 e
s R
PSSR RSO0
)

L
SRS SRR
S vav e AVAY 1 g S TS
e YAV S b

TAVARTAVAWGR Pt g (g
A VA VATAVAA Y VA T AV i
eAvavavivia gt S vyt
VAT A AT A AT AT,
ATAWAY vﬂﬁﬂgﬂﬁﬂﬂ.ﬂn

7l

ALY
AR
RYAVAYL v,y TAVAY.S YAVAY.:
SAVAVAY,y AVATAVAVAVAY,Tivy oy SYAYAS
FATAVAVAVoe A0S AWAVAVAY S gy a2
ﬂr4b1b<b<ﬂhﬁﬂ—mrlhﬁ»§1bf < F
A VAVAVAVAVL VA% o VAV TAVavaN Eawar
AR SO T
v
I ARIGIIS RIS

i
7
fa
5
)
1Y
X

)
i
:4
-
Yy
grat.
X
o5
i
K
7
&)
o

!
K
00
0
2
V)
g
&

.
]
Kt
A% vy
)
SR
v
A
K
i

B
5
5
H
T
TAYAY;
A
£

1A
-
VAVAN
AAAS
AANK]
AVAY,

7
V4

s

E:

L
4%

i
i
K
5
)
)
o
FAAY
171
iy
<]

Y
2
G
ool
A
S
vg?.

N
i
<
K
~
%)
)
OF
1

sl
i
il

]

g
<
val)
-
o
5
K
FAY
N
5

¥
o
¥4

)
%
%
i

w

7
ﬂé'

Yy
K

ISR
AR TAVAY e

L O R
M.V{VAVA!mhb . Wmaﬁh,.vuv

%

KX

i
=

)
&
]
[
[
it
¥a)
VAT
"avy

g
1>
</
B
P
s’
TAVAYA i

g
Ll
KLk

5
K]
W4}
N
o
X
V)
YAV
TAYAVAv,
o
Favirg
Bad
N
e
Y

IED
i A £
YAV ANTVAVAN S 4 By A TAVAVAVAVAVAW
RO OO0 KR
BTN VAT VATAVATAVANAVAVAS A CAVA Y.
SISO VAVA Py, A VAVAV ATV AVAY;
YA SV AVAN S AV AV W CAVAV AN

B SiATAvaaAYAv T
x¥i

EERER]
TSR
vy RNAvLTAvAYATL
g AN A ATAVAY
eSS
AN CTATAYATAY,
PERSEIA

i
| AYAD
A
e
Rt
<A

1A
Ay,
A0
Tard
K
i
v
a
%)
g
K
£
Iy

kA
A%i#i%fv
Navalr
AVa)

a¥a

-

G

;e

it

XS
RV vaW SR
VAV buv] (FAVa
BT AYav N AVAVAVATAVAVAY, .
VA S AN A VAYA VS

\/

]
2
5
T

AV
ral
%
o

Mesh around the breakwater

Figure 4.19

about the computational cost, 4 elements can be good.
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4.6 Chapter Summary

In this chapter, the 2D-3D hybrid tsunami model using the overlapping method based
on an arbitrary mesh is developed. Several numerical examples have been tested, and

the following remarks can be concluded:

e From example of the dambreak with structures, the options for choosing the 3D
domain have been shown. And the computation is stable for the wave propagating
from bidirection of 2D domain and 3D domain.

e From the runup of solitary wave problem, the results of the 2D-3D hybrid model
show better agree with the experimental results than the results of 2D. The 2D-
3D hybrid model is suitable for using structured mesh and unstructured mesh.
And the 2D-3D hybrid model using the PFM shows better results than the one
using the VOF method.

e From the wave problem around a breakwater, to choose the width of overlap

domain for about 4 elements can give a reasonable result.

From the above remarks, the effectiveness of the present 2D-3D hybrid model has

been confirmed.



