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XELALE Faces of Fluid Mechanics

Tong University

Archimedes Newton Leibniz Bernoulli Euler
(C. 287-212 BC)  (1642-1727) (1646-1716) (1667-1748) (1707-1783)

Navier Stokes Reynolds Prandtl Taylor  Kolmogorov
(1785-1836)  (1819-1903)  (1g842.1912) (1875-1953) (1886-1975)  (1903-1987)




YELAAE Conservation Laws

Physical principles Mathematical equations

1. Mass is conserved e continuity equation

2. Newton'’s second law e momentum equations

3. Energy is conserved e cnergy equation

It is important to understand the meaning and significance of each equation
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@ Two ways of describing a fluid flow:

Lagrangian description, Eulerian description
B
A

L

Lagrangian description; snapshot ; i ; .
srang P d P Eulerian description; Cartesian grid
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D Do
= = iy vy
Dt g
H'F{ _'_{
Lagrangian Eulerian
DG aG i
= ~ + v VG
Dt ot hoe
T - Convective
Lagragian Eulerian
rate of change
rate of change rate of change
Dv ov
— = — — v Vo
Dt ot S——
-~ b ol Convective
Lagragian Eulerian .
acceleration

acceleration acceleration




Summary of GE




YFELArE Conservation form of GE

ao Tong University

LpID'J Lt()!bﬂ-ﬁ)V—HVI —T'VJ Lp{q+g-v;_’

Navier-Stokes equations in divergence form

DeR’, FPeR*®, QeR®

e representing all equations in the same generic form simplifies the programming

e it suffices to develop discretization techniques for the generic conservation law -



CFD

g 2 TR




€ VRLEST M.

Based Lagrangian description:
Messless Particle method, SPH, MPS
Based Eulerian description:

FDM, FVM, FEM....
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Introduction to

Solver Package naoe-FOAM-SJTU




@xﬁu% ~ CFD Package of naoe-FOAM-SJTU

Develop a CFD solver (naoe-FOAM-SJTU 1.0)
based on OpenFOAM to simulate ship motion flows
and other related ocean engineering tflows by the

combination of dynamic overset, level set, PISO and
RANS under the platform of OpenFOAM.

PISO(pressure-implicit split-operator)
I

: Level Set

GridGen I POV-Ray

Gambit Overset Tecplot

SST k— @ model




YEzd ¥ CFD Package of naoe-FOAM-SJTU

Shanghai Jiao Tong University




YELAAY Main Structure of naoe-FOAM-SJTU

l naoe-FOAM-SJTU I
|
Hierarchy of objects w
: |

e e

Turbulence




Y3 EDT Introduction to naeo-FOAM-SJTU

0 Tong University

The three module are coupled  6DoF motion module

NWT provide /

Incident wave

— s 2

\

Mooring lines




YEZALE CFD Package of naoe-FOAM-SJTU

Tong University

Numerical wave tank ]

For wave generating and damping

hd

[naoe-FOAM-SJTU >[6DOF motion module ]

For solving motion equations

Mooring system module ]

For modeling various kinds
of mooring systems
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6DOF #ith— RAIM kbR £ (Eulerfion i3k
) k= (%,,%,) = (%, Y.2.4.0.99)
- Earth-fixed system. v=(v,,v,)=(U,v,w, p,q,r)
« Body-fixed system. |

b,

(V1 :J1_1'771
) vV, = J;”?z
m=4J,v,
77, =d,0v,
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YFEZIrE naoe-FOAM-SJTU solver

B \ RANS /
- Governing ;
Equations / VOF&
\ Levelset /
/ 6DoF
. Motion )
\ solver /
f Body -""fl.)verset i
: grid
naoe-FOAM-SJTU /@' iimiauen/
Moving-
\ Uil / Regular
waves
Irregular
Wave: waves
7 Numerical >\~ \ Maker ' Focusing
wave tank waves
/ Wave .

\ damping . Solitary
e/ wave



}ﬁi@ﬂ? CFD Package of naoe-FOAM-SJTU

ong University

naoe-FOAM-S]TU:

* An efficient 3D RANS solver (naoe-FOAM-SJTU) to treat
hydrodynamic problems of naval architecture and ocean
engineering.

 Based on open source package OpenFOAM
* Written in C++ - Object Oriented Programming (OOP) :
Easy to: 1) modify and extend current methods

Capability of naoe-FOAM-SJTU:

« Simulating the 6DoF motions of bodies

 Wave generation & Wave damping

* Mooring line system

« Capable of Multiple objects

« Treat interaction between nonlinear waves and structure.

* Predict wave impact forces of highly nonlinear fluid
motions and nonlinear motions of structure due to mono-
chromatic incident waves or other violent incident-wavesS—  ——
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Numerical Examples




@xﬁm;ﬁf . Numerical Wave Tank
@ Numerical wave tank in naoe-FOAM-SJTU




@;M@,{g - Numerical Wave Tank

- Wave generation

* Piston wave maker
* Flap wave maker
 Wave making boundary

« Spinning dipole




YELAAE Numerical Wave Tank

Tong University

 Piston wave maker

. /\/ VT

h

(/e > X




YELAAE Numerical Wave Tank

Tong University

- Flap wave maker

>

y o Set)

f—— — — ‘

AV

h - !

h :
Y R




@;ﬁﬂg - Numerical Wave Tank

- Wave making boundary

sanh
wie, z) = B,z +Zﬂ Lﬂ:-i‘i__,l'iﬂ COoa J ke
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Numerical Wave Tank

* waveTheory

waveTankAlpha

wavelMaker

R ¥ ————____retumn alpha
objectReqgistry )= — — — — — waveTankVelocity [ return U
_w
T~ . _db().findObject<waveMaker>("waveDict”) _ _ — — -

waveMaker

(]

—

~autoPtr

wave [heory

stokesFirst

stokesFirstDeepWater

stokesSecond

solitary

focusingWave

irregularStokesFirstDeepwater




YELAAE Numerical Wave Tank

Tong University

* Wave specturm
whiteNoise

PM
oneParameterl TTC

wavespectrum |a—— twoParametersiTTC

JONSWAP
1S5C

GaussianDistribution




YELAAE Numerical Wave Tank

ao Tong University

Sponge layer shapes

Wave Damping (sponge layer)

Source Term:

X, start position of sponge layer
L, the length of sponge layer
a, maximum strength of sponge layer




Linear periodic waves

linear wave (piston)




Linear periodic waves




Linear periodic waves




YExdrf SOIItary wave

@ Solitary wave generated by piston-type wave-maker




Solitary wave

@mmz% B

on
L
i
l
i
i
-
l
-
i
i
l
L
|
i
i
i
l
|

erical result
tical soluti

n
.L
hy
:
i

04 b Y N

— Ny
* Ana

-

— —
s 3

0.6

N
-
Y/ H

16

14

12




;Max% ~ Numerical Wave Tank

* Flap-type

flap

kh[kd + sinh(kd) cosh(kd)]

2 sinh(kd)[khsinh(kd) —cosh(kd )+ cosh(k(d —h))]

. This method is effective when generating

waves in deep water




Y S EDT Freak Waves

Freak wave generated in experiment of Cox & Ortega
(2002)

« Displacement of the wave-maker

(A sin(w,(t—1)) 1 <t<1+2T,
x=1 A, sin(w,(t—1-2T))) 1+2T, <t<1+2T,+2.5T,
0 otherwise
0.12 ——T
0.08 r |
AZ0.04m  T=E10s w=2E = SOl
T 2 000 =]
A,=0.08m T,=15s a)zzz—” 0041
T2 -0.08 |
-0.12 |
0 5 10 15 20

t(s)



Freak Waves



YEzdr$ Freak Waves




Focused Waves




YFELALE Freak Waves
0.08 | | 1 |
Mesh | ——
Mesh Il -
0.06 - : Mesh IlI =
0.04 - -
0.02 F F'_ -
0 -~ |
.
-0.02 | 1 A
I
: !
-0.04 I -
-0.06 | | | |
-15 -10 -5 5 10

15




#xdr¥  Numerical Wave Tank

* |nlet wave boundary

Specify wave profile and water velocity at the

fixed inlet boundary

Linear wave

Stokes 2M-order wave

H H ~H _ coshkd
= —cos(kx — wt) +
1= cos(x =)+ (5 )

(cosh 2kd + 2) cos 2(kx — wt)




@ rerint 2" order Stokes wave

Stokes 2nd-order wave




2nd order Stokes wave




Irregular waves
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@mmx% Irregular waves

wave elevation (m)
o

-0.01

_002 ] ] ] ] ] ] ] ] ]

— BtaE
o JIEiE

1.5F

S (m” )

|
0 ] 1 1 L = =1

0 0.5 1 1.5
frequency (Hz)




xﬁiﬂ»‘?ﬁ Multidirectional waves
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3D irregular wave (short crest waves)

Nt M,

n(x,y,t) = ZZaU— cos(kchosé?j + kiysin@j —wt +¢ij)

i=1 j=1

aij =3( fi)D(Hj)
Wave spectrum Directional spreading function
P-M
ITTC D(8;) =k, cos"(6,) \ej\s%
JONSWAP

...... n=2 kn=3
T

 Here JONSWAP spectrum 1s used .
* N; number of the wave frequencies,

* M, number of the wave direction.




@xﬁ@ Multidirectional waves

Multidirectional irregular wave

""\-._‘:

H,=0.1m.T,=12s. N, =21, M,=31



Multidirectional waves

—t

H,=0.6m, T,=1.1s, N, =22, M,=30 -



Multidirectional waves

Y S EPT

Wave spectrum Correction
— Uncorrected Input wave spectrum S,

— Target wave Spectrum S

— Measured wave Spectrum Sy,
Obtained with a wave probe at specified location.

— Corrected Input wave spectrum S,

20 T T . r T
————— Uncorrected
Corrected

S;,(w) = Sll(sa)i )(ZT §a)l) ol | o Target

S (mzs/rad)

By the wave spectrum correction , the
obtained wave spectrum is in accord
with the target spectrum finally, as

1 1.5 2 2.5
@, (rad/s)

shown in the figure.



By rFrict 3D Focused Waves

3D focusing wave

Nt M,

nxy,n= > 8 cos(ki(x— X¢|)cos &, +k;(y

-

Yi

i=1 j=1

» Focusing point (X; , Y;)

* Focusing time t;

)sind; —w,;(t+




Y@Eidr¥ 3D Focused Waves

a0 Tong University

focusing wave

H=0.06m, 7,=1.2s, Nf =21, M, =31

f =083, f . =1.25
Assumed focusing point (7, 0)

Assumed focusing time t=8s

Using the JONSWAP spectrum




Obligue Wave Tank




@ Oblique Wave Tank

Obllque wave (. 30 degree)




@;M@g - Oblique Wave Tank

Oblique wave (45 degree)




Obligue Wave Tank

H=8.0m, T=8.5s




Regular Wave propagation on Step




Regular Wave propagation on Step

naoe-FOAM-SJTU
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n (cmj

h(m)

2.948
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X=80cm

X=100cm

(c) x=80cm (d) x=100cm




The stack image of the wave profile evolution
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Ship wave-making and
Resistance in still water




Wigley Ship Motion in Still Water
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Y FEXALY Single Wigley motion in still water

Overset grid




XELAL¥ Single Wigley motion in still water

ong University




Single Wigley motion in still water

Wave profile on hull surface at Fn=0.289
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Ship hull optimization




YELAAE Main structure of OPTShip—-SJTU

[ OPTShip-SITU

{

[ Optimization ] —{msnipsrm}f
Y
| ! " ’;
Shifting RBF | Lackenby ! | | Wave Wetted Displace-
[Mcthod] {M:thod} Method | | O | IMOOGAT | p Surface ment
\ | \ '

Utility ]
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X

Y

&

% diff.

OPTShip-SJTU for ship hull optimization

|11

dap R

F=0.3




Individual Num: 10

OPTShip-SJTU for ship hull optimization

lllllllll




Two Wigley Ships Passing Each Other




Y#ELALE Two Wigleys Passing Each Other

Overset grid




Two Wigleys Passing Each Other




YELArE Two Wigleys Passing Each Other

ghaiJiao Tong University

bdbbboppoooooo
BEgsEssggIae™
¥iL.
bdbbbopoooooo
BEgEEmsggIae™

=
x

(1) t=5.50 (2) t=6.23 (K1)

¥iL

bdbbboppoooooo
BEgEEmsggIze™
¥iL.
bdbbbppopoocoo
BEgEEmegEza™

L L i i
] E] [] - E] ] 4
L L

(3)t=6.37 CE®&) (4) t=10.00

Fres suface at Fn=0.30, D=0.5L




YFEZALE Two Wigleys Passing Each Other

Difference of Drag Force Coefficients

% 0.001

ao Tong University

—0L =—10L == 05L

1.50

1.00

0.50

0.00

-0.50

-1.00

-1.50
400 450 500 550 600 650 700 750 800 850 9.00

time(s)

Force in X Direction




Two Wigleys Passing Each Other

15f, ====-10L — —0.5L

T M N 4 O = &N M <
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uoI3Ip
A UISIUBII}}907) 22104 JO 32U3134410
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time(s)
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High Speed Boat in Still Water




YEZdrE High Speed Surface Boat




YEZALY High Speed Surface Boat

ghai Jiao Tong University




High Speed Surface Boat




YEZALY High Speed Surface Boat

ghai Jiao Tong University
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Ship Motion in Waves




DTMB 5415 Ship Motion in Waves




@nghai Jiao Tong University

Ship is
induced

to move
under

coming
waves.
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Green Water for DTMB 5415 Ship
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N Location of points for pressure measurement
YEZALY
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vorticiy_x (1/s) vorticiy_x (1/s)
. T e -10 op i o B
=10 0 -1& 15

A 5 A@lircle bilge LA A




YEZAL -
Roll motion

vorficity_x (1/5) vorficity_x (1/5)
o NTOTRE, O i
-18 15 -10 10
| |
W=5.2745rad/s W=10rad/s
vorticihy_x {1/s)
-10 0 (LA
| AN |
=15 15

W=15rad/s
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Roll motion
vorticty_x (1/5) vortichy_x (1/5)
=10 1] 1a =10 1] 1a
=15 15 =15 15
Rad=0.15rad Rad=0.2rad
vortictty_x (1/5)
10 0 10
| SR |
-15 15

Rad=0.25rad
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Calculation of derivative hydrodynamic coeff

0.04
0.3517
1.1627
99.206

150.431




@ DTMB pure sway
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@ DTMB 5415 pure yaw




Pure Yaw Motion




YEzd ¥ Flow field information

gl Jiao Tong University

@ Wave pattern

Free surface of w=0.76 for pure yaw in deep water at sequential motion phases

f=0.125H2 f=0.125H%

nace-FOAM-SJTU naoce-FOAM-SJTU

f=0.125Hz f=0.1250z

naoe-FOAM-SJTU naoe-FOAM-5JTU
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Lateral forces during one period for pure yaw at different frequencies
in deep and shallow water




YFEZIrE

Turn moments during one period for pure yaw at different frequencies
in deep and shallow water
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LNG Tank Sloshing
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Y IEVT Geometry of LNG tanks

0 Tong University
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incident waves

(a) head wave (b) beam wave
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Propeller Flows and

Self-Propulsion of Ship Motion
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@;ﬁg;;“ _ Rotating Propeller in Open Water
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1.0_.

® ® EFD

—— Single-run (overset)
- = Single-run (Non-overset)
O O Single-point (Non-overset)

|A A Single-point (overset)




Self-Propulsion of Ship Motion




3y 3EPT Self-Propulsion of Ship Motion
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@xmu% Self-Propulsion of Ship Motion




Self-Propulsion of Ship Motion
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3y 3EPT Self-Propulsion of Ship Motion
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HSVA KCS Model
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3y 3EPT Self-Propulsion of Ship Motion

ao Tong University

10}
Propeller
il
speed 3 .
a
< 4 — Instantaneous RPS |
. --+ Experiment
0 1 2 3 45 6 7 8 9 1011 12 13 14 15 16
2.198 i R M=
2.197}
 2.196
, £ 2.195
Ship speed 72194
Egigg — Ship Speed |
2191} --- Target Speed |.
3351 23 4 5 6 7 8 9 101112 1314 15 16

Time (s)
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m,ux;f

Self-Propulsion of Ship Motion

Experiment Present Work % error Igvlifg?]glé)s_)
C; 3.942 X107 3.840 X103 -2.586% 4.011 X103
K+ 0.17 0.1682 -1.061% 0.1689
Ko 0.0288 0.0290 0.863% 0.02961
1-t 0.853 0.8857 3.838% 0.8725
1-W, 0.792 0.7815 -1.326% 0.803
Mo 0.682 0.6785 -0.507% 0.683
MR 1.011 0.9811 -2.955% 0.976
J 0.728 0.7363 1.142% 0.733
n 9.5 9.3231 -1.862% 9.62
n 0.74 0.7545 1.963% 0.724
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Self-Propulsion of Ship Motion
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Wave Run-up and impact




Wave Run-up on Cylinder




Wave Run-up on Cylinder
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Wave conditions

3 periods, 4 wave hieghts
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YFExArE Maxium values of wave runup
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Wave Run-up on four Cylinders
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Violent Wave Impact on Cylinders
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Violent Wave Impact on Cylinders




Violent Wave Impact on Cylinders




Wave Run-up on Fixed Platform
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Floating body and mooring system
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Numerical simulation of Spar VIM
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Offshore Wind Turbine Flows




;g,{g;z - Two Blades of Wind Turbine
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Three Blades of Wind Turbine
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YFiArE Wind Turbine with supporting Tower
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Flow visualization Wind speed = 5 m/s
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Wind Turbine with supporting Tower
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YELALE Wind Turbine with supporting Tower
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Variation of blade pitch angle Variation of blade pitch angle
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Floating offshore wind turbine
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Floating offshore wind turbine
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Water Entry and EXxit for Balls
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A ball drops into calm water
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A ball drops into calm water
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@;Hug . Two balls drop into calm water
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Introduction to
Meshless Solver: MLParticle-SJTU
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SPHiHH45 % (Ihmsen, 2010)

Toon Lenaerts and Philip Dutre Katholieke Universiteit Leuven - ACM SIGGRAPH 2008
!__J_F_,-f':——-'“- -

A A thin elastic bowl (5,300 particles) containing water (48,000 particles) is dropped.



TS ENEDE I e e/ TR N ETF
1. R JUAIR 2 4%
2. HLF
3. HHMAEK

5T e R RL 52 B B AR SO DA B P A48




@ rriict - KR EEMREA T A

TV RL T2
(Smoothed Particle Hydrodynamics, SPH)

L.B.Lucy 1977
R.A.Gingold 1977

2 AR S S e
(Moving Particle Semi-Implicit, MPS)
S.Koshizuka 1996
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- Explicit scheme

SPH : Predictor-Corrector scheme

A

. Leap-Frog scheme

MPS : Projection scheme
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Monaghan. Fluid Motion Generated by Impact. Journal of Waterway, Port,
Coastal, and Ocean Engineering, 2003
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Figure 19 Ship hull impact process
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® Smoothed

P
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Particle Hydrodynamics (SPH)

L.B. Lucy(1977), R.A. Gingold(1977)

® Moving Particle Semi-Implicit (MPS)
S. Koshizuka (1996)
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Kernel function

(T

- -1 O<r<r
W(r)=1< r °

\O rL<r

where: 1, is radius of interaction area.

In particle methods, differential operators are
modeled by integration of values at particles
and kernel function. In MPS method, the kernel
function plays a role of weight function.
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Particle number density

<n>i - ZW(‘rj _riD

J#i

o) =) fury




@xﬁu MPS Method

Gradient model

<V >i=%z¢j 4

2
j#i rij

(ry—ri)-W(r)

P.+P
<VP>= d >y 1

n° |r r|2(rj_ri)'W(|rj_ri|)
[ Y




@ rriint MPS Method

Laplacian model
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iﬁiﬁx%@ MPS Method
Projection method
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Compute temporal velocity , ,
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Meshless Solver: MLParticle-SJTU
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ML Particle-SJTU solver

MLParticle-SJTU : Meshless Particle at Shanghai Jiao

Tong University

ML Particle-SJTU
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