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Figure 1.1 Examples of various types of wave energy converter



Table 1.1 Summary of previous researches about the wave energy converter

Yu[l]

The oscillating surge wave energy converter was designed by using

WEC-Sim open source program.

Simmons|2]

The force of power take-off was experimently verified by using

WEC-Sim open source program.

Kim[3]

The absorption efficiency of floating body wave energe converter
is analyzed by using commercial progrma RecurDyn and Morison

equation.

Jeong[S]

A suitable mooring system is selected to apply on to a floating
wave energy system by studying the characteristics of its motion

and response using a numerical analysis.

Josh|[6]

This paper reviews the mathematical modelling of the mooring
systems for wave energy converters, detailing the relevant material
developed in other offshore industries and presenting the published

usage of mooring models for wave energy converter analysis.

Kang[7]

A numerical analysis of the full-scaled turbine for oscillating water
columns wave energy converter is conducted by CFD in order to
acquire its performance characteristics in various range of the flow
rate with different rotational speed of the rotor. CFD results are

verified by the experiment result.
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(a) wave interaction with a rubble mound breakwater

(b) 3-D nearshore circulations and trajectories under breaking waves
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7421: (Pa) | 3 Iv‘ E;‘:gntu 162"_'5 X

5417

3413

-595

(c¢) fluid—structure impact (d) scour by a ship propeller

Figure 1.3 Example of SPH applications



Table 1.2 Summary of previous researches about the SPH

Lucy[8]

A finite-size particle scheme for the numerical solution of two
and three-dimensional gasdynamic problems of astronomical

interest is described and tested.

Monaghan|[9]

To calculate the incompressible flow of the free surface, SPH
method is improved. This paper shows the free surface
simulations that are a dam-breaking, a bore, the simulation of a

wave maker, and the propagation of waves towards a beach.

Altomare[10]

The three-dimensional fluid-structure interaction for waves
approaching a rubble mound breakwater is presented by using

DualSPHysics.

Farahani[11]

A simplified bar/rip channel system on a beach is analysis by
using SPH. The results are compared with the previous laboratory

measurements and show good agreement.

Ulrich[12]

A numerical procedure based on the Lagrangian SPH is
developed. The developed program is applied to analyze the

induced scouring of the harbour bottom of ship.

Skillen[13]

Truly incompressible SPH technique is conducted to analyze the
free surface flows. the free surface boundary treatment is
improved. Wave-body impact problem is analyzed by using the

improved free surface boundary treatment.

Cummins &

Rudman([14]

A new formulation is introduced for enforcing incompressibility
in SPH. This paper shows good agreement with finite difference
solutions for a vortex spin-down and Rayleigh-Taylor instability

by SPH projection technique.

Lee[15, 16]

Truly incompressible SPH method is developed. This paper is
introduced the difference between ISPH and WCSPH through the

various examples.

Xu[17]

A new divergence-free ISPH approach is proposed which
maintains accuracy and stability while remaining mesh free
without increasing computational cost by slightly shifting particles

away from streamlines.




1.1.3. 94 3] 4] (coupled analysis)
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)4 AZEe wHE ohel 4 WY B sbsA FORM Thy
& 9% BAE 08 5+ A G0tk aFNME Ho] T b o]
Jsto] T BAl AL AF AT} o7t Ha 9

N Ff R BAALDY] BHAS HHS A YA

A
Fqe) Agay TR ARsanh 4495

FAEGs 7ol HEgH A8 Tzade gEFoz ABAQUSS
ANSYS Fluids Z12]3l Particleworks”} It 7|24 o2  ABAQUSS}
ANSYS+= Aol 7]Hbsle] f-A) 2 = oA 9 B 2Hy =

2agomy o dAMC 7uke 74 £33 TrxEe HS 9
A 55 AlFstal vk Particleworksi™ MPS(moving particle semi-implicit
method) 7| ©] &3 PA7|0ke] FAS|A Z2 ot sx|RF Al Z
233 BEF gEAlEsgst sy En FAZ e vdeAls e Alaw

o A4aHel ofdcke WAl ok WU gEH GRAFA

&% RecurDyn, ADMAS, DAFULF©] AARE frAlel o3 g5 a3t
Q 3}
o =

7] 981 A = Morison WA A3 e A0 gHoR FAHS A
ool gl AR Q) Sk AR ds EaAE new A4
o] oJgdt}. FH<tol= RecurDyn¥} Particleworkss ©|-&3%t Th&A]5 48y}
A5 AE S e] Ay o] TF5HER ClEso] A B3} GPGPUY)

vl MAPFE S ANsa ok oled 4§ TEaPwE o A

Yeylaghi[18]¢] 5% AFA] OpenMP7]%F 320 W& ISPH
of 22kl 2 3k AN AW F A AAEE AlEd o]



3L )= sphysics ZZAEQS] Q9 FEAATE T Sphysicsi= H| 9]
Johns Hopkins the}, =791 Vigo W 12|l =72 Manchester tf s}
ol F 1349 /EAtEe] F5SZ SPH d|A 22 13S /sl X
2 A Eo|ty, CPUZIRFY] &xF 34 &1 W olu]gt OpenMP$} GPGPU
714ke] CUDAE o] &3t ®ds|AS A Y3h= DualSPHysicsS #|93}al
21t} DualSPHysics: WCSPHZ]¥FO & 7jdts]al 9l 0w o}#7}%] ISPHY|
ko] EW = A YskA] 23 QUTh. DualSPHysicsE  ©]-83F Aol A
Verbrugghe[19]%] 682 OceanWave3D$} DualSPHysics 1|3l Pythons ©]
&5t OpenMPIZ Al £W7Fe] FAlS &3l &S Adstar 725749

EEEEDIEEE S

Table 1.3 Summary of previous researches about the coupled analysis

This paper presents a comprehensive modeling of
. landslide generated waves using parallel ISPH code. The
Yeylaghi[18] i #
results are compared with experimental data and show

good agreement.

This paper presents a two-way coupling methodology
for wave propagation and wave-structure interaction with
SPH. To analyze the coupling problems, DualSPHysics,
Verbrugghe[19] | OceanWave3D, OpenMPI and Python are used. The
coupling methodology proofs that it is able to propagate
waves and shows a good agreement with theoretical and

experimental results.
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Asge iy z2ads 242 st 7 sy 7ine] e <o

e NEsel  fAle wEAAsde A zZzasdl
FAMCAP(Fluid and Multibody Dynamics Coupled Analysis Program)= 7%
Stk MM e FAMCAP ZRI9S AL&ste] H44 weuansdg
vaesn FAsel Al dan Paa FRAN LY £5S
AgdolA itk A8 e Bal el AF D BRA] FEAG FA

of gk Al EdelAl 4 dyte] s AT sk
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2. YA A THE 34 2=

1. A LA TGS e

2.1.1. YA 3FA5 S BT

YA FAEAFe FAT QA wAHY Ao FA GAEL
A%, W, 4, S5 9w A5 ARES AUk ndEY A7
gagAstl N A9d RS A4E Fi e SE 9w
AA5 e BeBES o AQIAvE AN A5 S 9)
o pre Qelm REH YA AERTE FAYA BIFEL F4

Aol A ol dAleld makesl ek sbel fA Aol
YA RS AGA S BFe glole] ek Weh-rle ¥ ¥ (delta Dirac
distribution) Atelel el oA Ao, 9 rolA el Tl
A9 e g go] Fojutt

A(r) = fQZ(r/)S(r— r)dr’ (2.1)

ARl o= FA G99 FIon, ¢ 2 84 FIojth A2.1)004]
= $F<r(kernel function)® TAFSHE U AdpH o QAFehs)
Stoll A b= ghab = Adgee] A=l ofs) AAdAr 4
2.De] A5 HFHor 422 &l rol AT FAAA a2 B
A FHel AAF GRS S Fom ZAks "
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Alr,) =YV, Aw(r,) (2.2)

2l 22)°14 be UAF ool ol %3 JAES YHlEtH r, = AAF o8 b4}
o) AR ek WEolh v A 5o] FAIH my/p 2 ¥
dHTh A= Aol oA AtE YA v EFS vEth Ad
S wir,) 2(2.3)% o] xdH.

wtrg)= g2 23)

hd

A AHolA de Y Aol e AYL ¢atdololnt
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2.1.2. AYE g

=
o} A s 24 oA 02 TEEE G Bl A Ao

] 5 F7h wojof @t} @m
Heash 2ol $ael7t 002 7 W AW Wi v FE FFS 7}
] ot}
limwir—r") =8r—17r") (2.4)
h- 0
Hoael 9% wel A4S nesel Qoo BT AG)9 27
e} 344 A 8aw 4058 ol x@N.
Z(f)zzw—%. (—1") + O—1'12) 2.5)
21@2.5% Aol dgatd o3 2ol Al
Z(r):Z(r,t)/grw(r—r')d '—%- Qrw(r—r')(r—r')dr'—i— O(r—r'1*) (2.6)

212.6)14 12} A< SPH HAbs 47] faiA e o5 7 79 xxdo] =t
x| oo} gt}
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/w(r—r')dr'zl 2.7

o

/ wlr—r")r—r")dr'=0 (2.8)
o

227 ALY w=debold 3o, 228> Ad T A
ola, 0, Y FTAAA A ololof = S oW|FTE Figure
2.1 A YA} qoll W3t support domaind} FtsE THE = AL T

£ o FH oA A9t Ad vt TR oF e S4ES EAAHCR
Ho|ET Figure 215 B3l & 5= S50l atuke] A UAF aol thHet
E2] 2 support domaint o] FW FAl Gxpete] Aoy Al wakbA A
g 3o gal ATt 7k dALSTE 93 A ged AdE @
T 44 dHY3 SAES U5 f8iA gAY JHE 53 EHH,

oA FEol Ad dEe A9 2ol xdHTh

Influence for particlea

¥ Y X W it : Fluid particle

y 7 AThs o " Smoothing length
X

Figure 2.1 Support domain and kernel function of a particle
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—f( )

w(lr—71)
2.9)

_ =7l

e =Hekold A9 (normalizing constant) 24 22F, 32 Ao
gt e ks 7HH, flge A Felth & Aol 5% Wendland
AL} 52 B-spline A 2355 A3l

52} Wendland AY 59} 13 & 42 221003 A1) 22 4
ER AT

4
f(q)z{(l_%) ("SR g < 2 (2.10)
0 2< q
3
q
f'(q)z{_‘r’q(l_i) W 2.11)
0 2< q

27k 2 3ol M 9] el A g 2120 HEhigl

= o = 126_17T in Wendland kernel  (2.12)

5%} B-spline A3t
=

1

22133 Zow 1A wEdas A 2.14)9 &
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(B3—¢P—6(2—¢P+151—¢q)° 0< g< 1
— (3—¢q)P—6(2—¢)’ 1< g< 2 213
fla) (3—¢q) 2< g< 3 2.13)
0 3<q
B—¢)'—6(2—¢)'+15(1—¢)* 0< g< 1
") —— (3—q)4—6(2—q)4 1< g< 2
flg)==5 G—q) 2% g 3 (2.14)
0 3<q

52t B-spline A &9 =Heeld g fhe A@2.15) 2.

7
¥y = 4787’ B 1207

in B-spline kernel (2.15)

Figure 2.2} Figure 2.3 ZtZ} 52} B-spline®} 5% Wendland #Y =9}
12} w2l gk ghEs HolErh
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0.7 g ! T T
5t order B-spline
0.6 o FHRRUSRURRRONE SRRSP — — — 5th grder Wendland

Figure 2.2 Kernel of the 5th Wendland and the 5th B-spline kernels

0.8 ; ! :
j : 5t order B-spline
0.6 : Y — — - 5% order Wendland |

f(q)

Figure 2.3 First derivatives of the 5th Wendland and the 5th B-spline
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2.1.3. SPH gradient
221 AFAdA A oA dele] EE®E A9 gradientv 2

(2.16)7 ot

v Z(r):/ BA(T)w(r—r')dr' (2.16)
o or
YA ’ ’ ’ W aw(r_r,) ’
— [ A we—rmbas - [ AT g
900 0 On 0, or
o]71A, o= AAYGS e, ()= AAY] AdF o= Fate= HA
B2

HE, dS' an 29 ¥HR.AE Yeldt SPHYIHAA xHe] A
2 002 nHHI AGS AR o R giFo]7] wio] 2@2.17)% 2ol
gradient= & o] Hrh. weba A&HA 9 A5 9loje] EgF A o
3l gradientt= 2](2.18)°] ®U}. SPH gradient®] 1% H7FAo] A-33li= o

AbstE B7EAe 21(2.19)0] LERASITH

owy, (r—r") owy, (r—1) )
— = =B o (r— 1) 2.17)
or or

v A(r) :—/ QZ(T,)MCZT,:/ QZ(T’)V wlr—r)dr'  (2.18)

v aZb = Z ‘/IJZIJV w(rab) (219)
b

T

A@18)lA ry, = |r,—r,|olH, 459 gradient= 0°] ofyr] wjEo] =



v
it

SPH gradient 3£o] Zastth 2(2.20)0 thal] ¢l A A

AR S A A@221)0] YU gradient A= = F AU

iy
rlo

v A=—=[v (pA) — Av p] (2.20)

hs

_ 1 —
v a Ab = = p_lembAabv U)(rab) (221)

9 Aol A, =A4,—A,F v gt} kAR Navier-Stokes M4 2ol A ¢
g Aol gradient AT ALEE 7] wiEe], HeEHE RES T
gradient £ o] &gt} 2E-wkaE A= 9 A gradientES 278
7] witoll MZE SPH gradient= T 4(222)8 fri=dtel €2 + J2

w, 22.23)3 Zo] xdET

== A A
v A=pv (—)+—v 2.22
It e (2.22)
_ i A,
v (:FAIJ :pazmb( 2 + 21 )V w(rab) (223)
b P Py
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2.1.4. SPH divergence

SPH divergence:™ v - A9 420 2R ¥ SPH gradient®} SAMSHAl
=%, SPH divergence2} ThE T+ #dQ A weof o AL &= 7t

7} 2)(2.24), 21(2.25) 1%

H
l\.)
1
e
o

‘DaAb Z ‘/I;Ab v w ra,b> (224)
v (; =10 _Zmb ab’ w<rab) (225)
v = pa;mb i v w(rab) (2.26)
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22, WEEA AR SSHAF

Q2NNeZ %

S X
T

2 w#57] W %R

PN
A

1
s

ﬁ

A = "=

S

RS

(2.27)

=
=]

Ad=E T 9

il
S

Alell A

u* S 2](2.28)F 2](2.29)% ALttt}

(2.28)

v u")+F

uF—u"
At

(2.29)

(vv u") +F)At

u* =u"+(v -
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n+1 *
u_ U Lo+t
N LT (2:30)
At
u' T =ur——v p ! (2.31)
P

FTEE e 232)9F Zeo]l b &% A (divergence-free  velocity

%)
field)?} W3] A k= (curl-free pressure gradient field) o= F9 2 4 9

(2.32)

W w1 Akl A e] el p e vl AN dEe el

iv)
3

_|_
—
>
B
2
2
lo,
jincs
L)
rlo

2@232)04 v . Tt =0& FATFoEH
21(2.34)9] ¢FH-xZols WA A (pressure poisson equaton, PPE)S. = A& ¥

ct.

1 n—+1 1 *
vV - —V = —V . 2
(p P =V (2.33)
v 2 nt+1 _ P % 2.34
N A .39

22349014 v 2= gEEhAleh dababolth. kel $AE= 22359 ¢
o] ntlo Ao &o] AZHAFTOZ ALbE T
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(2.35)

rn+un+1At

un+1
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Al ol A
(2.36)
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(2.37)
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=
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e 47 Atole] 7

%HL

golt}. r,°]

)
il

]

)
ojo

AEgerE A

(2.38)

A eshdol ol A o

3|

i Akl o

1
s

S SR

3

[e)

o]

3

o] 4ol a7, 4239 HEhd Hdy AAAE ol

(2.39)
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PR SR Wi e AR FA Gl R ol ibsh g A2 Cleary<}

v (v ou,)= ZmbS 7 - 5V a(r,) (2.40)
D

I/ .
% 21 (Xm8 Ep ’ Zv wiry) +F)  (241)
b

| SHAl M= TSR ofERE oy} TS| divergence = 2] (2.42)

vV o uts ——Zmbuab- v aw(rab) (2.42)

HQ242)L H-Eobs WA L8 For AgH
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223. 4 Fold A2

2 AT = 2(2.43)2] A BFEEAIRE A4 (approximate Laplacian
operator)[15]5 AF&3te] tElS AFERGIth o] Qo xobd WAAE
Arrel= W Eo] 58 Cumminss[22]©] exact projection operator2}

approximate projection operators A Fa} .

1 2 PaTap V W (Ta,b)
Vo (vp)s S m (2:43)
Pa Po b Ta11+77
Po =P~ p % SUIETL FE-Fols BRAS AQads ol TAN,

AP=DB¢ 7 AaguAxor 89 4 9l A= <tdo 3 A4
o] PHol B FHEE uwr9] divergence®|™, P& UAE<S = H

o]t}

(2.44)

v i dEeIeh dabaelth A4l A4 A4 77 g9
alo] AalshA 2(2.45)7F ®Th

Z Pafap- V w(ra,b)

1
=——) mu, Vv aw(rm) (2.45)
.5 ab +77 At %3 b ab L
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2.24. FARAGAY o]itsHg 2

0
E_]_

A,

)‘\l_

e gradient= 2(2.46)3% o] 7|

(2.46)

jv awry,)

n+1
a

Pa

n+1

b

2
b

du,

dt

du,
dt
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2.25. ZA=A
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Figure 2.4 Truncation of the kernel support at the wall
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(@) (b) (0)

Figure 2.5 Sketch of three main techniques for wall boundary model. (a)

Boundary forces; (b) Dummy particles; (c) Mirror particles

Figure 2.6 Particle arrangement at the edge



7HAAl =™ Dirichlet 235 W5A7]7] f18|M AFme A s 9
Ase] s 0o® AAT dart o AReus wEsy] 9l

Ak gHe] WA gk olge] AfH AE AR U

V=), v aliry,) (2.47)
b

{ % Kernel radius
@ Free surface particle

® Fluid particle Smoothing length

Figure 2.7 Searching of free surface particles
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A =219 Jhetdth ISPHE semi-implicit WP o2 o Swheh &
Al olaja fAle] Aol AQH. LR2IRL AA Al 71H BHE
2 pAEEd, GUl wale AAE, o doE olgd &a 4w,
OpenGLS o] 43 FHglolt), £ =FolAe= dAAel7ler 7)ol u
g Ao Agrsla sjA] &w BEuk AAE 71Edch EE ISPH S

A ZRage g e Adst

N

| AAsiA ARgE e, sg Ad
| 2kek 21 84 AlRbS e w sh] Wil B
< AAte daw dn 3Y AF"EE ofdd AMANTE Ed
I w3k Y &R B opyel

"

=
9 ARDL 48] WE Aol s 4 o

O

Table 2.1 The development environments for parallel processing

CPU
0S Window 10 Pro
Processor Intel(R) Core(TM) i7-3770K @3.50GHz
Memory 16.0GB
System type 64 bit processor
GPU
Product Nvidia Tesla k20c
Cores 2496
Memory 5.0GB
Bandwidth 208 GB/s
Clock speed 706 MHz
FP performance 3,524 GFLOPS(float), 1,175 GFLOPS(double)
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23.1. v 454 dALFATIS dudF
Ay EWolMs Aold A el theiM dAAE ABAdstal o]k

DAEe AL ASUANAE Py Qe 9@ v
o
=

‘ Define the geometry ‘
v

‘ Define the initial condition ‘

v :
Time loo
‘ Search for the neighboring particles }‘7. %

Prediction step

¥

‘ Predict the acceleration ‘

v

‘ Predict the temporal velocity ‘

I
¥

‘ Solve the pressure poisson equation ‘

Correction step

‘ Correct the acceleration ‘
v

‘ Correct the velocity ‘

I
2

‘ Update the position of particles ‘

l

‘ Carrect the positon and velocity by shifting }7
Figure 2.8 Flow chart of ISPH
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3 AelA N Yrpel

g v}

Initialize the variables

=b,— Vp]

a
20
a

3
=a=8

a

m*{ﬂ)ﬂ

Ma D

I

Define the vector 7},
v'=(Ferdt)

B = (},Efyi—l]{a!ywz—l]

o= ri 4 Bl - i)

L i=i+1

Define the residual s,

(o= Lug
g_};”f(-]aJ )
Sy —:rE 1—&(21

= Ls,
w! _(taJ )/ (tatg)
PL=py  tapt+e's,

Update the pressure pi !

(2.50)

Update the residual r},

_]E

=5, —cut

Figure 2.9 Flow chart of unpreconditioned Bi-CGSTAB
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2.3.3. Neighboring cell &18&

SPHOl A stuto] A Al disiA] gkstdo] ol Sl 593
et FFS aEst7] s FHYA Tl neighboring cell il
A&ttt Figure 2.109] €%ol= Zhz; of2i7fe] Az vrolxdl 234
el dAbseo] fAleta e Ae BT low, LEF Hols
2 QATE ARSI U= cell] AH2E HoFrh Q2% Ho|EA
PAFe] dEl=eh A fAstAL A= cell®] ¥ E AESkal cell
Aoz i LEgAco® A HW 7 cellell #X|skal A=
2ke] QY x9k NFE L F At shhe] Aol $IXg A= GH
S SlA FAIYA a7t EIEO U= AS VIR T Add L3y
o] A UAE bekel AYE ALkstal 1 gro] ¢hshdolEn 2o A

9858 B3 U4 bste] T ANk

o
mlN
o

% o o o of

|

Particle index cell index

1 6

TN A~ 2 7
o [+] [=]

2 8 %{ 3 7

o Q 0 4 9

12 \.?L-/ \11 }/ 5 13

=, 6 16

o ) o 7 23

VN | (% 8 9

Ko sV 9 19

10 20

11 9

cellSize 12 6

Figure 2.10 Index table of neighboring cell searching
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Figure 2.11 Flow chart of ISPH solver with parallel computing
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Figure 2.12 Computational time of CPU and GPU
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U = 2/ H, (2.55)
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Figure 2.13 Schematic of 2D dam breaking model
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Developed program(ISPH) ABAQUS(WCSPH)

LT

(a) Velocity contour of Developed program and ABAQUS at 0.19(s)

(b) Velocity contour of Developed program and ABAQUS at 0.28(s)
|

(c) Velocity contour of Developed program and ABAQUS at 0.65(s)

Figure 2.14 Velocity of 2D dam breaking
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(c) Pressure contour of developed program and ABAQUS at 0.65(s)

Figure 2.15 Pressure of 2D dam breaking

48



9 2o Al Egol e 329 RelC Figure 2.16014 Feld £ glow,
225501 o Hl A S5 24ms)E ARtEAaL, 52 FH
A S 10912 24(m/s)E ARSI 3k EROA 2=7] 4R} gF
& smm)E e, F FA4 A & 24,00070 019, ISPHE] S
AL A= 13,4697 LE]al Hu|J4A7E 2960270 = A E vk A A
=24 2dy FUF le-6(m?s )E AHEEATE 349 W ) A
olMel &m d ote wa AIE Figure 2.177 Figure 2.189] YERSL
o, 32 | B3 AlEdel AR AIZPE FA9 9 2 £ BEE
- FARSE 29E Bolon, ¢E Exe 2ad W By AlEHo
nZ7EA 2 ABAQUSS] WCSPHeOl A §Fe wo]=7F HAst A8 gjled
T ATh

o, i :‘0

"
-
rok

-
N

=]

“

0.2 (m}

Figure 2.16 Schematic of 3D dam-breaking model
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Developed program(ISPH) ABAQUS(WCSPH)

(b) Velocity contour of Developed program and ABAQUS at 0.28(s)

(c) Velocity contour of Developed program and ABAQUS at 0.65(s)

Figure 2.17 Velocity of 3D dam breaking
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(b) Pressure contour of developed program and ABAQUS at 0.28(s)
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(c) Pressure contour of developed program and ABAQUS at 0.65(s)

Figure 2.18 Pressure of 3D dam breaking
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Table 2.2 RMS errors of developed program for lid-driven cavity flow

H. velocity

V. velocity

Pressure

RMS errorn(%)

1.6

2.9

4.7

ANSYS Fluent

e

(b) Contour of vertical velocity at 52(sec)

Developed program

——— T

gl

Figure 2.20 Velocity of lid-driven cavity flow simulation
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Figure 2.22 Numeric results of lid-driven cavity flow simulation
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QBT(pj, sj/) 2D(s r

j2 i)+ 2B (p;; s

21(3.42)014 W4 C=

=T 4 Atelel 14 AYE dEhlle g,
HEahe (BAS jEA AGss A BA A Do) P
faagoln, 4G4s)t A jRAC Ages B3} A e
Aol e asgolt),

Aoz &
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‘ Define the initial condition ‘
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Correction step
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| Solve the equation ? |
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Ne - Yes
Residual <= tol
Yes ..
[ Finish ]

Figure 3.2 Flow chart of multibody dynamics solver with HHT
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Multibody dynamics solver Simulation

Multibody model

Force elements Constraint elements Body elements
Spring-damper-actuator - Revolute - Rigid body
- Translational axial force - Translational
Rotational axial force - Spherical
- Universal
- Cylindrical
- Fixed
- Distance

- Gearfonly 2D)

Figure 3.3 Diagram of multibody dynamics program
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oW==fdl (3.53)
F=k(—l)+cl+F (3.54)
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T
djd‘,

Qg = C% [_Ia _B(piaslia I, B(pja slj)] (3.70)
, didl , ,
Qflv - CB(pi7S z) l2 [—I, _B(pias P Ia B(pja S J)] (371)

Figure 3.4 Schematic of revolute joint
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al joint

Figure 3.5 Schematic of univers

1 joint

Figure 3.6 Schematic of translationa
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Z

Figure 3.7 Schematic of translational spring-damper-actuator
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3}
5)

A EAEAS M EME AT HsEA 4E dEATY
A =213l F /A o](Function Bay)®l 27 th$l(RecurDyn)s AF-&-
o S 98l F3F &2loly-A 2 A(spatial slider-crank) 225 A}

ak3lem, Figure 3.8° &4 RElS =4How yehfilen, 4 =49

ol
il

o

Aok BARUE 83 7] YA E Table 3.19] YEHHA L, +5 24
of ek AdFFZA N XE Table 3.20] YEFHATE Table 3.1 4]
P lnertiaL I:]:L_L’ Iyy’Izz] S. 1nertla-‘E [Im]a Iyza IZL]‘O/] %)\_% ‘O/]U]é‘l']:]’ »/—\—_‘:L_‘_%]—

10,000(N/m)°l™, WFAGE= 10N s/m)
L AWAY] A FE YA 2 F WIHFoE

f
S
lo
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p
o
=3
do
_Orh
32
£ 4

revolute

spherical

universal

Figure 3.8 Schematic diagram of spatial slider-crank model
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Figure 3.10°| 4 Figure 3.187}4] crank, rod, slider®] 9%, &%, 745 %2E
We A eglon, mE Avl deld A e Ee s
A EWM7E FE SIAZ=Z%2 RecurDyndt #2 AYE Hole= A
Selstgon, Ay GEAEGS A et Az B4 A
= Z AlAtskeE AE Flskalth

Table 3.1 Property of rigid bodies

Crank Rod Slider
Mass
() 7.7 22 4.11
g
P. inertia
. ) [0.162, 0.162, 2.4e-3] | [1.842, 7.355, 9.193] [4.1e-3, 4.1¢-3, 4.1e-3]
Cm
S. inertia
(. ) [0.0, 0.0, 0.0] [0.0, 0.0, 0.0] [0.0, 0.0, 0.0]
Cm
Position
(m) [0.0, 1.0, 0.25] [1.0, 0.5, 0.5] [2.0, 0.0, 0.5]
m

Table 3.2 Location of kinematic joints

Location(m) Base body Action body
Revolute [0.0, 1.0, 0.0] Ground Crank
Spherical [0.0, 1.0, 0.5] Crank Rod
Universal [2.0, 0.0, 0.5] Rod Slider
Translation [1.0, 0.0, 0.5] Ground Slider

80



1% ; ‘ 0.3 :
* & 0.2 % f i
0.95 ® ] '
% 5 O O® ~ 01 o i
= o
Eos @ % s £, % &
£ o) ] éD 2 ®
Zoss o o 1 =04 % o
? O * O = o]
e ~
~ % * © % 0.2 M
0.8+ @ g * 03 ‘
% £ o ;
‘ ‘ T I : ‘ : ‘
0.75 02 04 06 08 1 %% 02 04 06 08 1
time(sec) time(sec)
(b) Results of position z axis

(a) Results of position y axis

Figure 3.9 Position of the crank (%

: RecurDyn, O : House code)

2 3 ‘
= o
) 2|
O
ol XY Iz x %
£ ONGRY FT 2 %%
£ o " Q z Qéﬁgg | 0
Ehoo $ %%&@
) v 1
A W & O > o
c & -2/ ®O &
‘ ‘ L . | .
% 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time(sec) time(sec)

(a) Results of velocity y axis

(b) Results of velocity z axis

Figure 3.10 Velocity of the crank (% : RecurDyn, O : House code)
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Figure 3.11 Acceleration of the crank
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Figure 3.14 Velocity of the rod (% : RecurDyn, O : House code)
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Figure 3.16 Acceleration of the rod (% : RecurDyn, O : House code)
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Figure 4.2 Definition of body in SPH
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Table 4.1 Amplitude and frequency of a wave maker

Wave Period(s)

height 1.0 1.2 1.4

(mm) | Amp.(m) | Freq.(s') = Amp.(m) Freq.(s') =Amp.(m) | Freq.(s")
50 0.0162 6.282 0.0192 5.341 0.0239 4.565
80 0.0254 6.390 0.0310 5.353 0.0374 4.574
100 0.0311 6.472 0.0366 5.404 0.0374 4.571

Figure 4.12 Tracking points for the wave maker behavior measurement
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Table 4.2 Experimental results according to the wave conditions

Case i Avg. wave height (mm)
Wave height (mm) Period(s)
1 50 1.0 51.97
2 50 1.2 52.58
3 50 1.4 51.08
4 80 1.0 83.03
5 80 1.2 84.78
6 80 1.4 80.61
7 100 1.0 100.51
8 100 1.2 101.41
9 100 1.4 99.88
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Figure 4.26 Equipment for pendulum motion
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Figure 4.27 Schematic for the measurement of pendulum motion
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Table 4.3 Measurement results of pendulum motion

Wave condition Measurement result
Case
Wave height(mm) | Period(s) Amplitude(degree) Period(s)
1 50 1.0 4.5759 1.0
2 50 1.2 5.1603 1.2
3 50 1.4 5.2054 1.4
4 80 1.0 7.6152 1.0
5 80 1.2 7.6152 1.2
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Table 4.4 Comparison between experiment and simulation

Wave condition Wave height(mm)
Case | Wave height Error(%o)
Period (s) | Experiment Simulation
(mm)
1 50 1.0 51.97 52.085 0.2
2 50 1.2 52.58 51.349 2.3
3 50 1.4 51.08 51.868 1.5
4 80 1.0 83.03 83.197 0.2
5 80 1.2 84.78 84.056 0.9
6 80 1.4 80.61 85.246 5.7
7 100 1.0 100.51 101.547 1.0
8 100 1.2 101.41 103.636 2.2
9 100 1.4 99.88 101.828 2.0
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Table 4.5 Comparison of pendulum motion angle.

Wave condition Avg. amplitude
error(%o)
height(mm) Period(s) | Experiment Simulation
50 1.0 4.5759 4.7796 4.45
50 1.2 5.1603 5.4596 5.8
50 1.4 5.2054 5.7229 9.9
80 1.0 7.4047 8.1741 12.2
80 s 7.6152 7.9425 6.97
:_6'\,,

/

p

£Z

Figure 4.38 Definition of pendulum motion angle
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Table 5.1 Position data of analysis model

Buoy position(m) [ 5.0, 1.0, 0.0 ]
Pulley point 1 ¢, [ 3.0, 0.0, 0.0 ]
Pulley point 2 ¢, [ 7.0, 0.0, 0.0 ]
Buoy fixed point p,; [ 4.5, 0.75, 0.0 ]
Buoy fixed point p, [ 5.5, 0.75, 0.0 ]
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Abstract

Main objective of this study are as follows;

(D To carry out the coupled analysis between ISPH and MBD.

@2 To define the computational method of interaction between particle
based fluid and floating body.

@ To develop the coupled analysis program of ISPH and MBD.

@ To introduce the developed program by applying the behavior analysis
of floating-type WEC in wave conditions.

In this study, ISPH method was emplyed to calculate the motion of the
fluid. GPGPU based parallel ISPH solver was developed to decrease the
computational time. When the number of particles is about 100,000, the

parallel process is faster fifty times than sequence process. To wverify the
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ISPH analysis solver, the SPH tool of ABAQUS and ANSYS Fluent were
used. The dam-breaking and lid-driven cavity flow simulation are carried out
to verify the developed code. In the dam-breaking simulation, the shape of
free surface, the velocity and the pressure of fluid are compared with
ABAQUS. The shape of free surface and the velocity of fluid show good
agreements. Regarding the pressure fields, the pressure noise is verified with
ABAQUS result, on the other hand, ISPH significantly reduces the pressure
noise in comparison with ABAQUS.

Multi-body dynamics program is developed to analyze the dynamic behavior
of the multi-body system. Cartesian coordinates and Euler parameters are used
to define the translational motion and the rotational motion. RecurDyn which
is a commercial multi-body dynamics program developed by FunctionBay is
used to verify the MBD solver. Result of MBD solver show a good
agreement with RecurDyn. The computational algorithm for the coupled
analysis is defined, and FAMCAP(Fluid and Multi-body dynamics Coupled
Analysis Program) that is in-house program was developed. The fluid-body
interaction technique is developed at the acceleration level to solve the
coupled problem. The fluid force is calculated from the acceleration of rigid
particles and it is applied to the rigid body as the external force. The
coupled analysis- between ISPH and MBD is carried out by using this
technique.

For an application of the developed program, the dynamic behavior of
floating-body type wave power generation system is considered. A numerical
wave maker based on the linear wavemaker theory and the wave absorber
using an exponential function to remove the reflected wave from the opposite
boundary are used. The experiment is carried out to verify the wave motion
reproduced by ISPH and the pendulum model is used to verify the simulation
of fluid-body interaction. The wave height, wave period and the pendulum
motion of a body were compared with experiments. The wave motion for
nine wave conditions is compared, and the pendulum motion for five wave
conditions of rigid was compared. In the case of wave motion, simulation

results show a good agreement with experiments. In the case of pendulum
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motion of body, R.M.S. error of the amplitude for each period is calculated
and showed an error of maximum 12.2%.

The dynamic behavior of floating type wave energy converter(WEC) is
analyzed. The WEC system used in this study consists of the hydrodynamic
subsystem and the power take-off(PTO) subsystem. A rectangular shaped
floating body is considered. The regular and irregular wave conditions are
considered for the motion of floating type WEC system. The irregular wave
is reproduced by the superposition of two or more wave conditions based on
the linear wave maker theory. The motion of a floating body shows the
tendency similar to the wave motion. When the floating body pulls and
releases the rope, the rotational motion of generator shows a distinct
difference.

As a mentioned, the rotational velocity of the generator is decreased when
the rope pulls the floating body. Since the power of the generator is
determined by the rotational velocity of the generator, the same tendency is
verified. The FAMCAP can be utilized not only in the modeling of the
particle-based fluid and the multi-body system but also the coupled analysis
between ISPH and MBD. The efficient computing is possible by using the
NVIDIA's CUDA. As a result, It is considered that the FAMCAP can be
applied to the problem of the coupled analysis of fluid and multi-body

system.
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