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A Study on the EFDC Analysis of Tidal Current Energy
Resources and CFD Performance Analysis of a Tidal Current

Turbine

KIM, In Cheol

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In this paper, EFDC was used to analyse an area of interest for tidal
current power generation and the performance of a tidal current turbine
was done using CFD. Firstly, the water velocity distribution in the area
of interest was obtained using EFDC and a water velocity of 2.5m/s was
found. Secondly, the performance characteristics of the tidal current
turbine blade was compared using experiments on a scaled down tidal
turbine model and numerical analysis. The result of the numerical
analysis is in good agreement with the experimental results. From the
CFD analysis, the maximum efficiency obtained was 0.44 and a maximum
power output of 43.18W. The experimental results showed a maximum
efficiency of 043 and a maximum output of 42.38W. Finally, a 100kW
class tidal turbine was analysed using CFD and the maximum efficiency

obtained was 0.49 with a maximum power output of 119kW.

KEY WORDS: EFDC_Explorer; CFD; Tidal Current Turbine.
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Nomenclature

chord length
power coefficient
acceleration of gravity
total water level
model length
rotational speed
outout power
torque

fluid velocity

inlet velocity

tip speed ratio(TSR)
liquid density
blade twist angle

angular velocity

- viil -

[mm]

[m/s’]

[m]

[RPM]
[kW]

[N"m]
[m/s]

[m/s]
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Fig. 1.2 Potential sites of tidal, tidal current and wave

power in Korea

Table. 1 Current Scenario of Tidal Power Energy in Korea

X %7 Z 7 dl
o || w | 20| L aaaua | RN aveas
75 & Jd7E T=E
(m) (m) (kW) (kKWh)
(m/s) (m/s) (kW)

SEE 20 300 6.50 4.16 366,354 49,809 122,171,461
AErn 30 3,500 3.59 230 1,867,359 146,855 360,206,124
WETE 45 4,200 3.49 223 3,088,113 242,859 595,684,819
A E 30 2,000 2.50 1.60 360,352 28,339 69,510,390
= 15 250 2.50 1.60 22,522 1,771 4,344,399

SHA 5,971,700 469,634 1,151,917,193
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A 2 & EFDCE 53 A=A}

21 EFDC X2 3

2.1.1 EFDC9| 7| &

EFDC (Environmental Fluid Dynamics Code) X &2 Virginia Institute of
Marine Science( XYoo} & YF#eAF4)ol A John Hamrickol] o] 71 &

Nnom, 223+ F 339 s 2dolss AAY F A= "HT 73
W BEYo =z va 37 (Environmental Protection Angency)d Q0 E3 o]
o}.(Hamrick, 1992).

3 FF - FEFoR 2 2 3xAs7l &0]3HH, mass-conserving
schemes ©]-&38to] ol 3apA9] 3 A7t 7hsstes A oA

>‘—l
9
BN
Hu
:(é
it
9

o
%)
p‘L
X
ff

2~
T

EFDC RE&E2 o8& W, FA&AZS  WHer  Blumberg and
o

o] Chesapeake Bay R &I} frAlslH, &<}
SGEAA BE AL £ AeE st de oM 33 FFY, AR5
A, ¢ BT e Fu B3 4R EeodA, dR2o], ¢
Lol L2 T 8 F9gdHoer AFgd AFFEEUHANES Y, F
e ERF FEREAEC] Galperin's (1988)el <] 3| &

Yamada™¢] Level 2.5 turbulent closure scheme®] 7]%% o] Zo]€ch
EFDCE A9 o]F, 9% 2 2% 29 o= FHAH £ HFHAL 7+
=49 o]F, 29d Y o3t A, FILs 71H, 548 L9=2Y olF
/¥HE 59 Re7h sbsdith. 53] EFDC s & Zoel glojx | mE
PA FTY AF FERE MAERE ofy g FAlo] EE FA A F&/A
Z(wet/dry) @S 2T F o] AFHFA FAAY fr5s AT F A
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Fig. 2.1 Primary Modules of the EFDC Model

Hydrodynamics F
(]
Dynamics m = E Near Field . Lagrangian
(E, u, v, w, mixing) Dyell NGRRTTetIq sty Plume Eluie: Particle Tracking
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Fig. 2.2 Structure of the EFDC hydrodynamic model
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EFDCel o]&" $x 7|He Fig. 2383 o] = 2 A} (staggered
gird) v olgFAl AXKC gird) A9 22 FFEE ZE=(2nd  order
accurate) 3 AEHS ALEIG Rdo] AIHF RS YRAG EE Bl

Y E X (baroclinic mode)9} ¥ AF4H FHIY = HIZERZY R85 B

—

gots WiE-2F R EYAAE Zta e 22 Ag=E zte A3 39
(three time level)Z HE3= FIAEHS ARSI QR EE 3HS wk3-3

" (semi-implicit scheme, A3t 7FAS ZA & ALks A == W)
o, FHZHAMH (conjugate gradient procedure)C.E 23 FFS FAlo Al
ket

(up) Ui
(north) A v et )

z
X 0%, v, X 0)
&n 1) X
(x,y, 1) " e
(east) I . =0 U [
g 7 A ) P
e g . i+1
- Vi .
| euii_
Yuw” | o
/// W, vr, X, 0)s Xig o1 Dy,
Yo
>
7=-H Axy
(a) N

Fig. 2.3 Coordinate system(a) and Grid system(b)

R RE Fole MEE FHFE o8ty FAHAT HMEERY {F&ES
Ao zn Sddn. oF R wkEsHE FYAHE 8l (explicit
scheme)d] <FA7|E Ee HIAE 71&EFd dis] AH8EHE d9=E olF
(upwind advection scheme)ol] <]l x| gt A<}
sl&3th oF BE FolE 9% #¥ A2 2T
FAE, & Y939 54X (Bennett and Mcintosh, 1982), +&3}9] %}
WA (Bennett, 1976; Blumberg and Kantha, 1985) H+= <19]9]



A7 F¥2(Volumetric flux)E #8371 918 Ad At xggo

EFDC ®do] i 5 WA ol ofF R e ARREAS F
st FHINE SFoR Frh EFF WHAEY WF BRE9 e 74
gie] AgEa rpREe FEE 74 Hol L, aAS uE F9Y 4EA
Abell 74 reghal gekgt dAjola, W RES AEo] A AS W
Ak, AIZE 3RA] AR o] AP 22 Ao AR 28] AlthelE
NDDAL FHoz AYsto g F3wd. & FEFDCEYL 22319 HwHo)

2.1.3 AujA 4

EFDCX. & 9] Hydrodynamic Modelol| %35 o] 9= Dynamics EE < A 4|
WA A2 AP Navier-Stokes W84S 74d-2A 0l % 2 7| (curvilinear
A2 2EAl(sigma  vertical

coordinate) 2 A&3dt] FEFH x, y WF LFFMe HJeonzg

o} [11,15-18]

orthogonal horizontal coordiates)®}  A] 717}

0 0 0
m (mlmyHu) + . (myHuu) + 6_y (mvau) 0 é% (ml,mywu) — feml,mva

P 8 b P P A,
= m H—(p+ +¢)+m (—z ' +2—H)—p+—(m.,
My Bx(p Patm ¢) my(axz +Zax )sz 62( Y H oz )

a m 0 o My
+ (L HA L)+ -2
ox m, ox oy m,

HAH%U) —m,m,c,D (u? +02)1/2u (2.1)

Yy p

o} o} o} o}
r (ml,mva) + o7 (myHuv) + B_y (mvav) + o (ml,mywv) + feml,myHu

8 & « 0 8 8 A, o
=—m H—I(p+ +o)+m (—z +2—H)—p+—(m,.
m, (9’y (p Patm ¢) m:L(ay <p < 8’y )sz 92 (mlmy H oz

7 HAH%U) —m,m,c,D (u? —H)Q)l/Qv (2.2)

Yy p
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o

=

sto} o

S
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=

=

2

=
3

0

m, +v—
AA =7

0
—y—
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L

L
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AH 2

0z
#olH, H

SEE

T zTyz

Z o
S|

._OL

oo
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)
£

AN

A7 petp,

(2.6)
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ox

(ml,myH )+

ot

N

(ml,mwa) 9 (ml,mywSCC)

oy
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th o]MY EdolM A, K+ dFRAE qof dFZ2o|2AY 1 A q, 1
< Richardson number R 7]Z3%Ht}.

A2 dHFHAH 2D 324 4E second moment turbulence closure model
S AHE3ste] AlLbEY, turbulence intensity(g), turbulence length scale(l),
Richardson number(Rq)Q]r g3 2o #AAE vEeEdTh

Av = ¢AAOql (28)

A7IM, ¢,9F A= T o] Foldh

i’ (1+R 'R)
A -1 -1
(1+R,'R)1+R,'R)
64, 1
AO—A1(1—3CI—?1)—W(2.1O)
64,
(B,—3A )(1—?) 3C (B, +64,)
—-1__ 1
R, '=3A, e 6A1)
1_3 1_?1
3271:9141142
R;'=3A,(64,+B,) (2.9)

A7NN ¢, K& &3 o] go| "}

K, = ¢ Kyl
1
%= (1+R,'R)
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6A
K = A,(1— ?1) (2.10)
1

__gHb 8 P
R == 7 0 i (2.11)
BAFEL GBS o] Fojxg M
A,=0.92, A,= 0.74, B,=16.6, B,=10.1, C,=0.08

GRAE qof dREeIAAY 12 T olFd gl o 2FH

;mquz —|——mHuq2 —|——ymqu2 mqu2

— 9 Ao 2)_9 Hq'

"oz T gy 1 g

S 2mom {A“ [(iu)2+(iv)2 + 10,0, (1 +v )3/2+gK—b} +Q, (2.12)
YL H | oz 0z o Yo '

0 oy, 0 2y, 0 N 2
p™ (ml,mqu 1)+ Py (myHuq 1)+ o (mIqu 1)+ ~ (ml,mywq 1)

:%(mxmy%é%qzl)—m %[HE(& P+E (W)Q}

A0 » 8 2 | 2\3/2
—i—ml,myEll{F[(gu) +( 2o >]+9K Dt D +1?) }+Q, (2.13)
Hrse thga gol Fojztt
E,=18, E,~133, E,=025
A71A qoF el digk ol sHg A Uehue AZEMAS A,=02¢, R °

Aol 0525t A75te] Galperin 5ol o8l ABHUE. +8 W i
AAAT Agsh SAAS Ko AHgAe] Aee] uhel Tgedst @
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22 EFDC 23 #+=

221 EFDC 28 F LS 3 AL A 74

EFDCe] ©lo]E] A2 Z 2l EFDC_Exploreri= EFDCE H A AR
g F e A-FA4E 7Hest =7 (tool)oltt. EFDC_Explorerd] 8 A2 7|
e AAYL FAYR UE F doen HAFH 75 SZE Singled T
Multiple@lgl 113;(1 H] EH H]g] l-ﬂ_/\]_g}_ B'Lﬂ-jl_‘:jl}. E]]o]E]Q] /‘g/‘é, y:j;gg] 7(:31
Azd AQ Tol e A2 7|52 EMF#HYA Y Tecplot #A = =9 3}7
U dHolge B AFRE E F e 7T Fol AUtk

2 A+ AH8-¥ EFDC_Explorer®] H-$*2] 7|52 Table 2117 2o},

Table 2.1 EFDC_Explorer process function

Pre-Processing Functions Post-Processing Functions
Single Cell Edits Export EMF Files
Multiple Cell Edits Export Tecplot Files
Cell to Cell Copy/Assign Time Series
Data Field Smoothing General Statistics
Bathymetry Comparison to Another Model Water Flux Tool
Creat/Assign/Edit Boundary conditions Animation of Results

3ttt EFDC 289 o] &5+ FX 23y

o A ARE FAASE e FAAE TE AAHE) gan, 1 3
AX
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Fig. 2.5 Revised numerical map




Fig. 2.6 Grid configuration of EFDC

Fig. 2.7 Grid by bed height
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Fig. 2.8 Grid by depth
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222 EFDC 239 94gA8 +4

EFDC A4S A% 45L& Table. 229 2o, 1% 72 45l o
g 9o obeel AHe stk

Table 2.2 Classification of functions by input file groups

File
Name

Group Type of Input Date

cellinp
celllt.inp |-Horizontal cell type identifier file.

—Horizontal cell type identifier file for saving mean
depth.inp |mass transport.

-File specifying depth, bottom elevation, and bottom
roughness for Cartesian grids only.

Horizontal grid | dxdy.inp |-File specifying horizontal grid spacing or metrics,
specification files depth, bottom elevation, bottom roughness and
vegetation classes for either Cartesian or
curvilinear—-orthogonal horizontal grid.

Ixly.inp |-File specifying horizontal cell center coordinates and
cell orientations for either Cartesian or curvilinear—
orthogonal grid.

—Master input file.
-File controlling screen print of conditions in
specified cell during simulation runs.

General data and| efdc.inp
run control files | show.inp

Time series
forcing and gserinp |-Volumetric source-sink time series file.
boundary files

1899t F cellinp 392 19 Fig. 2.9 o] %7(]’94
gdoltt £} 5= AAddow ®@ B AS Jehyd,

2 9= FA 9 A BASelE AL & ¢ e, A 02 FA Aot
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C Cell.ino
C  123456789012345678901234567890123456 7890123456 789012345678901234567890123456 7890123456 78901234

94  0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

93 ( )00000000000000000000000000000000000000000000000000000000
92 ( )000000C )00000000000000000000000000
91 ( )000000C )00000000000000000000000000
90 ( )00000000000000000000000000
89 ( )00000000000000000000000000
88 ( )00000000000000000000000000
87 ( )00000000000000000000000000
86 ( )00000000000000000000000000
85 ( )0000000000000000000000000! )00000000000000000000000000
84 ( 0C )00000000000000000000000000
83 ( JOC )00000000000000000000000000
82 ( J0C )00000000000000000000000000
81 ( )0C )00000000000000000000000000
80 ( )OC )00000000000000000000000000
79 ( )000C J00000000000000000000000000
T8 ( )00000000000000000000000000
T7 C )00000000000000000000000000
76 ( )00000000000000000000000000
75 ( )00000000000000000000000000
T4 )00000000000000000000000000
T3 )00000000000000000000000000
T2 00000000000000000000000000
1 J00C 00000000000000000000000000
70 ( 00000000000000000000000000
69 0000000C 00000000000000000000000000
68 0000000 ) 00000000000000000000000000
67 0000000C ) 00000000000000000000000000
66 0000000C 00000000000000000000000000

65 000000000 )

64 0000000000000000000000000(
63 0000000000000000000000000C
62 0000000000000000000000000C
61 0000000000000000000000000C
60 0000000000000000000000000C
59 0000000000000000000000000C )00000000000000000000000
58 0000000000000000000000000C )00000000000000000000000
57 0000000000000000000000000000C )0000000000000000000000000000000000000

00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
J00000000000000000000000
)00000000000000000000000

56 00000000 )0000000000000000000000000000000000000
55 0000000
54 0000000000000000000000000000000000000955555555555555555900000000000000000000000000000000000000
53 0000000000000000000000000000000000000955555555555555555900000000000000000000000000000000000000
52 0000000000000000000000000000000000000955555555555555555900000000009999990000000000000000000000

51 00000000000000000000000000000( )00000009! 90000000000000000000000
50 00000000000000000000000000000( C )00000009! 90000000000000000000000
49 0000000000000000000000000000000000000000000955555555555599000000009555590000000000000000000000

00000000C H00000C )000000000000000000000

00000001 0000C 1000000000000

00000001 0000C
0000C
0000C
0000C
0000C
00000

000000000C I0C 0!
18 0000000000000000000000000000000000000000000000000000000000000000000000095599555555555580000000
17 00000000000000000000000000000000000000000000000000000000000000000000000955995555565655539009990
16 0000000000000000000000000000000000000000000000000000000000000000000000095555555556565559009590
15 00000000000000000000000000000( 000000000000000000C )

14 0000000000000000000000000000000000000000000000000000000000000000000000009995555555555555555590
13 0000000000000000000000000000000000000000000000000000000000000000000000000995555555555555655590
12 0000000000000000000000000000000000000000000000000000000000000000000000000955555555555555555590
11 0000000000000000000000000000000000000000000000000000000000000000000000000955555555555556655590
10 0000000000000000000000000000000000000000000000000000000000000000000000000955555555555555555590
9 0000000000000000000000000000000000000000000000000000000000000000000000000999555565565555555590

0000000000000000000000000000000000000000000000000000000000000000000000000009995555555555555590

HO0000000C
)O0000000C

1000000000
)000000000(

)
)
)
)

000000000000000000000000000000C )000000000000000000000000000000000000000( )
0000000000000000000000000000000000000000000000000000000000000000000000000000000999999999999990
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Fig. 2.9 cellinp
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efdcinp #d2 FYE FI=ZA F 9079 card imageZ FAH ] Aot
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nel 4y 9% ZALES AFH £ FEHOR BE card image RE
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image card 9 = Axfell I ALt dHs= 7h=olt) o] Altbe] ALE-
AZE 94x94 TAH slew, BAsE = A= 2501706 AAlol 7] wE
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C9 SPACE-FELATED AHD SMOOTHIWG PARAMETERS

KC: HUMBER OF YERTICAL LAYER

IC: HUMEER OF CELLS IN | DIRECT[ON

JC: MUMBER OF CELLS IN J DIRECTION

LC: HUMBER OF ACTIYE CELLS IN HORIZONTAL + 2

LYEC: HUMBER OF ¥ARIABLE S51ZE HORIZOWTAL CELLS

[SC0: | FOR CURWILINEAR-ORTHOGOMAL GRID (LVC=LC-2)

DM - HUMBER OF DOMAINS FOR HORIZOMTAL DOMAIN DECOMPOS|TION

{ HOM=1, FOR WODEL EXECUTION ON A SIHGLE PROCESSOR SYSTEM OR
NOM=MM=NCPLS, WHERE MM |5 AN INTEGER AND WCPUS |5 THE WUMEER
OF AWAILABLE CPU'S FOR MODEL EXECUTION ON 4 PARSLLEL MULTIPLE PROCESSOR SYSTEM
LDH: NUMEER OF WATER CELLS PER DOMaIN (LDM=(LC-2)/HDM, FOR MULTIPE YECTOR PROCESSORS,
LOM MUST BE &N INTEGER MULTIPLE OF THE VECTOR LEWGTH 0
STRIDE MYEC THUS CONSTRAIMING LC-2 TO BE AM |WTEGER MULTIPLE OF HYEC )
[SHASK: 1 FOR MASKING WATER CELL TO LAND OH ADDING THIN BARRIERS
USING INFORMATION IN FILE MASK. [N
[SPGHS: 1 FOR |MPLEMEWT ING & PERIODIC GHID IN COMP N-5 DIRECT |OW CR
CONNECT ING ARBITRATY CELLS USING INFOD IN FILE MAPPGNS, INP
MEHMAK - MUMBER OF DEPTH SMOOTHING PASSES
MEBMAX - MUMBER OF IMITIAL SALINITY FIELD SMOOTHING PASSES
WEMH: DEPTH SMOOTHING WEIGHT
WsME: SALIMITY SMOOTHING WEIGHT

CICTH & & s s # % % % % % 3 3 s % % & % % s+ kb ¥

9 KC JC LC LYC ISCO HOM  LDM  [SMASK  ISPGHS  NSHMAX  HSBMAX WEMB
1 Bd 54 2501 2493 |1 1 2459 a ] a o o 05250 D 06250

Fig. 2.10 image card 9

image card 162 7R AS t3 A =2 FZH| 29749 BAE UHE
Qo EZ, Fig. 2119 2o] Y

H
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16 SURFACE ELEYATION OR PRESSURE BOUMDARY COWDITION PARAMETERS

C

*

+  NPBS: NUMEER OF SURFACE ELEYATION OR PRESSURE BOUWDARY CONDITIONS

* CELLS OM SOUTH OPEW BOUWDARIES

+  NPEW: NUMBER OF SURFACE ELEYATION OR PRESSURE BOUWDARY CONDITIONS

* CELLS OW WEST OPEW BOLNDARIES

+ NPBE: NUMEER OF SURFACE ELEYATION OR PRESSURE BOUWDARY CONDITIONS

* CELLS OW EAST OPEW BOLMDARIES

+  HPEBMN: NUMEER OF SURFACE ELEYATION OR PRESSURE BOUWDARY CONDITIONS

* CELLS OM WORTH OPEW BOUWDARIES

+ NPFOR:  HWUMBER OF HARMOMIC FORCINGS

+ NPFORT: FORCING TYPE, O=COWSTAWT, 1=LINEAR, 2= UUJADRATIC YARIATION

+ NPSER:  WUMBER OF TIME SERIES FORCIHGS

+ POGIMIT: ADD THIS COMSTAMT ADJUSTMEWT GLOBALLY T THE SURFACE ELEYATIOM
*
C

16 NPBS NPEW NPEE NPEW  HWPFOR HNPFORT  WPSER PDGIWIT
0 a 0 29 0 0 29 2.0

Fig. 2.11 image card 16

C21 PERIODIC FORCING (TIDAL)Y SURF ELEY OR PRESSURE OW NORTH OPEN BOUNDARIES

+ |PBN: SEE CARD 13

+  JPBN:

+ | 5PBN:

+  MPFORN:

+  NPSERN:

+  TPCOORDN -

*

C21  IPBN JPEN  ISPEM  NPFORN - NPSERM TPCOORDM
7 92 a 1] 1 1]
g 92 1] 1] 2 1]
9 92 a 1] 3 1]
10 92 1] 0 4 1]
11 92 ] ] 5 1]
12 92 a 1] 5] 1]
13 92 a 1] 7 1]
14 92 1] 0 5] 1]
15 92 a 1] g 1]
16 92 a 1] 10 1]
17 92 1] 0 11 1]
18 32 a 1] 12 1]
19 92 a 1] 13 1]
20 92 a 1] 14 1]
21 92 a 0 15 1]
2e 92 a 1] 16 1]
23 92 a 1] 17 1]
24 92 1] 0 18 1]
25 92 a 1] 19 1]
26 92 a 1] 20 1]
27 92 1] 0 21 1]
28 92 a 1] 22 1]
29 92 a 1] 23 1]
a0 92 a 0 24 1]
3 92 a 0 25 1]
32 92 a 1] 26 1]
33 92 a 1] 27 1]
34 92 1] 1] 25 1]
35 92 a 1] 239 1]

Fig. 2.12 image card 21
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image card 18~212 7t= 3 AT &, A, &, ES AW EA L] AR £ =
A 23S dEske Jh=oln, HF Y shl7lel 2™ Fig 2129} Zo] 9
3Tt IPBN, JPBN Zxke} I, ] W&7} o|w], NPSERNS 7477 <

My am

Hol =t
image card 47~512 939 FL=AAXY, 52~562 XS FEAAZXY,
57~61 = TEAAZA, 62~662 B FEAAZHS
, BET 489S 37 wFEol 62~66¥ image cardE ¢

2.13~173} o] yEhf St

CE2 LOCATION OF CONC BC'S ON NORTH BOUMDARIES AND SERIES |DEMTIFIERS

+ |CBM: | CELL IMDEX

+ JCBN: J CELL |MDEX

+ MNTSCRAN: NUMBER OF TIME STEPS TO RECOVER SPECIFIED YALUES OM CHANGE

* TO IMFLOW FROM OUTFLOW

+ MNSSERN: NORTH BOUWDARY CELL SALIMITY TIME SERIES 1D MUMBER

+ NTSERN: NORTH BOUWDARY CELL TEMPERATURE TIME SERIES 1D NUMBER

+ NDSERM: NORTH BOUNDARY CELL DYE COMNC TIME SERIES 1D NUMBER

+  NSFSERN: NORTH BOUNDARY CELL SHELLFISH LARYAE TIME SERIES |D NUMBER

+  NTRSERN: NORTH BOUMDARY CELL TOXIC COMTAMINANT CONC TIME SERIES ID NLM.
+  NSDSERN: NORTH BOUMDARY CELL COHES|VE SED CONC TIME SERIES |D NUMBER

+  NSNSERN: NORTH BOUNDARY CELL MON-COHESIWE SED CONC TIME SERIES 1D NUMBER
C

B2 | BEN JBENEETSCHN NSSERN NTSERN NDSERN NSFSEHH NTXSEHN NSDSEHN NSHSEHN

0 0 0
8 592 360 0 0 D D D D 0
9 892 360 0 0 o 1] 1] 0 0
10 92 360 0 0 0 1] 1] 0 0
11 92 360 0 0 0 1] 1] 0 0
12 92 360 0 ] ] 1] 1] 0 0
13 92 360 ] 0 1] 0 1] 1] ]
14 92 360 1] a ] ] 1] 1] 0
15 92 360 0 0 0 1] 1] 1] 0
16 92 360 1] ] ] 1] 1] 1] ]
17 92 360 1] 1] o 1] 1] 1] ]
16 92 360 1] ] a 1] 1] 1] ]
19 92 360 1] 1] o 1] 1] 1] 1]
20 82 360 1] ] ] 1] 1] 1] ]
21 892 360 1] ad o 1] 1] 1] ad
22 92 3560 1] ad a 1] 1] 1] ad
23 592 360 1] a a 1] 1] 1] a
24 92 360 1] a a 1] 1] 1] a
25 82 360 1] a a 1] 1] 1] a
26 52 360 0 ad 1] 1] 1] 0 ad
27 92 560 1] a a 1] 1] 1] a
28 92 560 1] a a 1] 1] 1] a
23 52 360 1] a a 1] 1] 1] a
30 92 360 1] a a 1] 1] 1] a
3 52 360 0 ad 1] 0 1] 0 ad
J2 52 360 1] d 1] 1] 1] 1] d
d3 92 3560 1] d a 1] 1] 1] d
34 592 3560 1] d o 1] 1] 1] d
J5 82 360 ] a a 0 0 ] a

Fig. 2.13 image card 62
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CE3 TIME CONSTAWT BOTTOM COWC OM MORTH CONC BOLUNDARIES

*
+ SAL: LLTIMATE INFLOWING BOTTOM LAYER SALINITY

+ TEM: ULTIMATE INFLOWING BOTTOM LAYER TEMPERATURE

+ DYE: ULTIMATE IWFLOWING BOTTOM LAYER DYE COMCEWTRAT ION

+ SFL: ULTIMATE INFLOWING BOTTOM LAYER SHELLFISH LARYAE CONCENTRA|CH
+  TOX: NTOX ULTIMATE INFLOWING BOTTOM LAYER TOXIC CONTAMINANT

* COMCENTRAT IONS NTOX WALUES TOXCH), N=1,NTOX

*

C

53 SAL TEM DYE SFL T

COo00O000000000000000000000000
o e s e e e s e s  w  w w
COCOODOOOO0D00OD00N0000000000
e SRS SIS Sl
5OCOCDO0000n000000S0000000050

Fig. 2.14 image card 63

CE4 TIME CONSTAWT BOTTOM CONC ON MORTH CONC BOUNDARIES

*

+ SED: NSED ULTIMATE IWFLOWIMG BOTTOM LAYER COHESIVE SEDIMENT

* CONCENTRA IONS  FIRST MSED YALUES SED(M), H=1,HSND

+  SND: NSHD ULTIMATE [MFLOWING BOTTOM LAYER WON-COHESIVE SEDIMENT
* CONCENTRATIONS LAST NSND YALUES SNDCHY, H=1,NSHD
*
C

54 SED& SHD1 . SHD2 SHD3 SgDﬂ { IDSEDS + 4 BHDS )

o e e s e e e
e I s s e e e o e e e e e e e e
L L [ e [ =
e s s s e o e
s O e e s e o

Fig. 2.15 image card 64
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CEE TIME COWSTANT SURFACE CONC ON NORTH CONC BOUWDARIES

*
+ SAL: ULTIMATE INFLOWING SURFAC LAYER SALINITY

+ TEM: LLTIMATE INFLOWING SURFAC LAYER TEMPERATURE

+ DYE: LLTIMATE INFLOWING SURFAC LAYER DYE CONCENTRATION

+ SFL: ULTIMATE INFLOWING SURFAC LAYER SHELLFISH LARVAE CONCENTRA|ON
+  TOX: NTOX LULTIMATE INFLOWING SURFAC LAYER TOXIC CONTAMINANT

* CONCENTRATIONS MTOX WALUES TOX(N), N=1,NTOX

*

C

65 SAL TEM DYE SFL TOKX1

CODO00N00DODO0DO0000000000000
COOOOOOO0DODO00o0000000000000
HOOO0O0NO0DODODDD00D0000000000
COOOOONO0DODO00D00D0000000000
HODO00000DOD00D00000000000000

Fig. 2.16 image card 65

CEE TIME CONSTANT SURFACE CONC ON NOHTH CONC BOUNDARIES

SED: NSED ULTIMATE INFLOWING SURFAC LAYER COHESIVE SEDIMENT
CONCENTRATONS FIRST NSED VALUES SEDCN), N=1.NSND

SND: NEND ULTIMATE INFLOWING SURFAC LAYER NON=COHESIVE SEDIMENT
CONCENTRATIONS LAST NSND VALUES SND(NJ), N=1,NSND

B6 SED SHD1 SNOE DSNDS SHDA ([ 1DSEDS + 4 BNDS )

D+ = ®= = =

COCO0DOO0D00DN0D00000DO00000
S
COOO000D00D00D00D000000000000
COODDOD00D00DD0D000000000000
L

Fig. 2.17 image card 66
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Fig. 3.1 Circulating Water Channel
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Fig. 3.2 Measuring section

Fig. 3.3 Operation panel
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Fig. 3.4 Differential pressure gauge

Fig. 3.5 Pitot tube
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313 EZAA ¥ 3¢ B oA

F21e] 5848 APF o2 JHRFE EF 2 RPMS 3L 93 E=y)
B9} -9t B elag Aok gt} Fig. 3.6 SENSTECHAFY] SBB-2K &
d=2 E=9 RPMS sAld 548 & 5 e 2dS A4 sy, Fig 3.7&
PORA A} PRB-YFEEZ o] Ry g2 vy 2y olas Y, &

A3l B¢ Fig. 383 o] Wjdrolz EAV|HE 4 dlen, Holy
o golE 218 E35td JguU gt AMAe £3e ¥ 313 2.

i

Table 3.1 Specifications of the measuring equipment

Measuring Parameter Measuring Range Measuring Instrument

Torque 072 kgf-m Torque meter
RPM 010,000 RPM Magnetic type rotation
detector
Brake 50 Nm Powder type

Fig. 3.6 Torque meter and RPM sensor
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Fig. 3.7 Powder brake

Vi 7

Fig. 3.8 Measurement system
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314 tl°o]E ZHA
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Etl, AAZE dHolB et HoHolHE Htz A 3l b9AE Ze 3dF output

Atk 3 FHE LEE S F s AHES 7H volHEA .

mgL

Fig. 3.9 Data logging system

_32_



315 Edoj= & U

ZFERIAA A5 Mg o FES =dol=E F&o]la, Fig. 3108 £
Ao AHEE BHol=e EFolth. Y/ wig= 3ujolH, F4 & 05m o]t
HHle dA 32 Table. 328 2th oo]Xd2> NACA-63421 AHE-3}3 S

W, ZFEE AN Table. 330] Lhehich

Fig. 3.10 Rotor Blade

Table 3.2 Design parameters

Parameters value
Designed Power 40 W
Number of blade 3

Blade profile NACA-63421
Rated water velocity 1 m/sec
Tip speed ratio 5
Diameter of roter 500 mm
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Table 3.3 Specification of blade

Local Position 6 Position [mm] | C [mm| disf?l‘l.'l’;‘:;ilon
0.05 23 12.5 15 Cylinder
0.1 23 25 15 Cylinder
0.25 18.529 62.5 52.365 NACA-63421
0.3 15.524 75 50.158 NACA-63421
0.35 13.055 87.5 47.951 NACA-63421
0.4 11.028 100 45.744 NACA-63421
0.45 9.35 1125 43.537 NACA-63421
0.5 7.948 125 4133 NACA-63421
0.55 6.764 137.5 39.123 NACA-63421
0.6 5.756 150 36.916 NACA-63421
0.65 4.893 162.5 34.709 NACA-63421
0.5 7.948 125 4133 NACA-63421
0.55 6.764 137.5 39.123 NACA-63421
0.6 5.756 150 36.916 NACA-63421
0.65 4.893 162.5 34.709 NACA-63421
0.7 4.153 175 32.502 NACA-63421
0.75 3.523 187.5 30.295 NACA-63421
0.8 2.998 200 28.088 NACA-63421
0.85 2593 2125 25.881 NACA-63421
0.9 2353 225 23.674 NACA-63421
0.95 2113 2375 21.467 NACA-63421

1 1.873 250 19.261 NACA-63421
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Fig. 3.11 Flow level
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0.6m/s 1.0m/s 1.4m/s 1.8m/s

Fig. 3.13 3-D Streamlines near the blade
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Fig. 3.14 Suction side surface streamlines
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412 o5t

Fig. 419 UEd £AEE dubhel sl8:AE dedt, ez e
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Initialise Solution Fields and Advance in Time / False Time

) Solve Mesh Displacement (Transient Only) |

Solve Wallscale

—-| Solve Hydrodynamic System |

L]

‘ Solve Volume Fractions ‘
/te ratE)n:\er\ ‘ Solve Additional Variables ‘

\the Trmesrtep/ []

A ‘ Solve Radiation ‘

~Advance Advance i,
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‘ Solve Turbulence ‘

¥
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Fig. 4.1 General process of computational fluid dynamic
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CEXE olitstd Ay wWAga A2"s £7] 93] multigrid accelerated
Incomplete Lower Upper (ILU) &3l 7|&S AH&gtth o] 2 wHEA L W
HogH dde wEALMS F3 FF o =gst= Wyolt. o]itstd
WA APsE A~"e dubdoz 2@d4)et o] PP FEE I

T St

9 gL Zake f(n)ollA AFste], f(n)g o438 FAAYFL S8 ¢
e a2l f(n+1)E Tt ¢de wEage Ea) T £ ok

Ag' =" (4.6)

Aol Haste Aol ok 28y, thF A A (multigrid) 71HS HEFOR
Aol 7o Hee ATl FAE Ao 8BS REARAEY e

TAHAATIHEE AT 2N FEAE F vk asAA7IE S 28 A2 (fine
mesh)ol| Al Z7|AFS Fsta JHoz2 71de] 4704 A (coarse mesh)ll

AHHE @2 AR 7HA order] FHolE zt
A Zolth, webA, Bt g2 3g abe ofF
HZ719 AFE e LAE AMAA S

AalE Al 71 Azl est. GEAANEE o] BAE A4 4R
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oo 2 e A o &2 sl Md UEuESs dde AUAAE
= Ao EHN $3How ATt Hr & AR HAES AR
S AT 8 E glal7] 98, CFX-13® U4 93847 |1HS AL
U5 A 2K (Algebraic multigrid)= ZEAX} WA 2 9] S o] g3l 43142} A
o] o|iE A S FASH wEbA, REEANNY S AAAY P =
o) 8}(virtual coarsening)?} &g FE A
re-refining)©] dojdth o] 7L FHEAS dASA FFAIA FH, HAY
gAY oliksrE @A THE 2hE Azl dis T 7] WEdd o
gE=Ax7Mud AxHolegts Fdo]l Atk CEXE %7} 174 (additive
correction)°]2til EZ & tF AR 553 WS AMESTh o] WHHE o]gh
s} g ale] Ao AHe| A REF #¥S Yeidts 4
o B2, CFX-Solvers} o]z oz AFdL. AR W2
AXH O Z AfAZANA Ao AAAAES FHo2ZHA ws F SUTh

ru

CFX+= WAl &8 7]¥H(implicit pressure based) WH-& AMg-3tH, oJ7]x A}
T8 SHHTES (P, uyp H)olth d¥tzo = Bf A83cs

s S FdstH, ol dFoNA dHtH oz HU3d| = HYFA
f410] &olst7] wjwolth.

Fig. 42014 Ado= yehd A2 drbFe=r dex A= AApoln. A4
=

o

do &
off 4

rr

o 2
ol

_l_L,

ol

1
o7 yed ARE B vro] FHe® FHH 51984 (sub-element)E T
sty Ao He g9og Yehd BEy o] ==(node)E EHA IR
AEE TFAHMY, hexa, tetra, wedge, pyrimds EE S 4(element) FE|o] U
st sYstA AHE&HY EE WE gF FA EAXE o == AFH
o},
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First coarse mesh (virtual)

<>\/>© Next coarse mesh (virtual)

Fig. 4.2 Multigrid method process
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FAH N HAYEE == Fgog H#
(fluxes) #E59 A= o3 ZAAT. AL
of A= AR, WA FE, gikd, dE g 59 o
Aol Aol syt sie] +u) s o= o webx, a4 W
3= A7) H8l #3848 3 ES(finite element shape function)”} AH8-%
o} o] gt W24S FEM based FVM =2 element based FVMeo|2} gttt} Fig.
453 o] Aol AAWMAA Y AR Ngrt 22k A5 d¥HE <] FVM
o] 47fo wia) 8/HE 2vj7F W2 AES & F Utk 3D F¥A AAY BF 6
ol M 2470 =, APHA S F-F 470 °ﬂ A e 607 E A fo] BWolxERE A
WA 7 Aztell e o] HE=T Hold Aol Ut

B

Q.
i

Control Volume

\ T Node at
; Element Vertex

Integration \ -+ ]
Points (IP) \

Fig. 4.3 Mesh arrangement and terminology for dual mesh
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TEE, 2T o|A @A Wk ik AR 24(48), 449), A

pVI p;tp )+ 2o Any);, =0 o
ip
U- U T S,
= AN 5.2
pV( At )+§mlp(“z)lp %:(P nl)lp+§(M6ff( 8xi+ 8%) nJ)ZP+S“V
(4.9)
H—P/o)—(F'— PO orT r<a
ip P L
(4.10)

g2 Hstrl #ske]  implicitstAl  ThEojAH, HIAZY FFel= 1zkek 23
backward Euler ®7g2o] AREHT 42 @ 438 (element shape
function)®] PIEFEE Zt HEA ] AAAAN FHiAFE ANFoEZN A
9ot 7% Upwind, Quick 5 RH 7I¥el ols] B7tE 4 oy, 712
AAE 711 18]/ % (high-resolution) 71H & AF&-$T}h. A8 =

Fael it 23 A ¥ =9 upwind biased approachdl 7]%3+ 7]|*He]™ Barth
$} Jespersonoll oj&l 7j=® W I fFAFSkaL A (4.11)3 2T

by = bpt B(AD), AT, (4.11)

21(4.12)9} #Zo] divergence FENA EE FEof thsl] ATF divergence &

i
o

U9se OE Ui FAE AT AEE 7]

g3t 2(4.13)7 2ol
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iy =ppt B(Ap);, Ar (4.13)

o] upwind biased B7}= &5 FH ANUA BAHA Y & dFZFH vzt
AR frEo] AWs d=AHolox: HFHoIH, 2z HIEE pXIh
Implicit HHAA T3 AL pue] AEFslolty. WA pus Newton-Raphson
AR st o5 A E

(pu) = p"u’+ p'u" — p'u’ (4.14)

A7 A-A ne MZL F (implicit)S Ju|st 02 oA (AAF )
Alztg o)t o]y g AEs= A Gl AP vt A e FHEHe
=R e

o) oz 74

rlo

PRARF e 2, 2(4.15)%F Zo] "EC e AdEEA A

H p"d implicit £d& 27] fst AEEHH A ATH AN
_, 0p _

MEG D & A

] op = A
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413 d7x4d
dfF mde BEYEY WEYES = "
(transport equation)?] 3|E F3}7] 913 Folt}h dE 59, & ve HT

AE T o Aztel e AEAE «2 UE 5 A

U= Utu (4.16)
_ 1 t+ At
o 7] A, =7 / Udt 4.17)
t
Ate 70 HE scalelth GiHoz Z A7 scaleo] A, AN S F=
AA ATFETE A2 ATF scaleo]th o] FEA Aol AR FE =

g Wdstd 2418, 2419, 24200 2> Reynolds Averaged

%w . (pU) =0 (4.18)
%ﬁ Y+ (pURU) =V '+ (1= pu®u)+ Sy (4.19)
%Jrv » (pUg) =V + (I'V¢=pug)+ 5 (4.20)

it

=

ZHEH yedo. o] 352 turbulent velocity fluctuationd] 9]¢+ tHf{F+=

molecular levelo] 41 2] thermal fluctuation®] &3] °oF7|¥H = ETdHY ¢ =

v AMES Uehdth 31 #ols =S A, turbulent velocity fluctuation

thermal fluctuation®] T A-f74Z (mean free path)Bth &R & Zo] 27
=3

de et wEA, 3R /FE5E2 £4 fHFEG 48 A d9. Reynolds
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Averaged Energy 7822 2)(4.21)7 .

0phy, oP
3; "+ (pUhy, +puh—AV T) = — (4.21)
714 Hd A dEye= 2]4.22)9 2ol Fo3g.
1
b =h+ 5 Uk (4.22)

Mg H(total enthalpy)= H+&NHA (mean kinetic energy)$} W%
& ol A|(turbulent kinetic energy)E X33t}

3714 dREEAUAE 4 (4.23)3 Lol FelHrh

U (4.23)

0
3—g’+v - (pU)=0 (4.24)
SEF P4
3PU ’ T
TV (pURU) =V ¢ (V) =V +V o (u VU +B

(4.25)

714 BE body force®| olil, L ys=s 193 & AAolg. 1
23, pe A@26)s 2ol FAHE #YH Tt

Fl



, 2
p =p+ gpk (4.26)
Zero- 44 B} Zol, k—e 22 oA el 723
(4.27)

Mherr = KTy

A7l = R/ HAAH ke EES WR HAAS dF +FAUAY
A

hE S ol &3t thga ol 7HA S
k?
= Cup— (4.28)

k) L G (U =« [t 2K £ B pe @29

™

———"4V « (pUk)=V [(M+%)v8]+%(cglpk—cﬁpg) (4.30)

A7IM C,, C, o EANTOIY Pv A4 Fgd e dFAA4
olm, 24.31)F Zo| FHATH

2
P.=p, VU - (VU+AU1§—§V « UBu,v « U+pk)+P, (4.31)

od3tA] Zeth 4EFAH 59 A V o Us shocke] AetE ool Ant

FZ HEA FAHHS 93 dFREIL Menter®?'e] 7. SST Ui =
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g8 A3t d¥bE 0 2 Wilcox modeld] ©H o &2 2o W7kt 2
#E Hole AL & F A= CEXAA = ol @& Hebsio] HadA
o= 7. EEE AEsa vgEe 7. EdS AMS-3t= BSL(Baseline
Model)¥} SST(Shear Stress Transport) 23 X dstt). 2de] & & 4
A2 G4A AsAel ¥ A2l ¥ (automatic wall treatment)Z &7Fo] 7}53dlth=
Zoltt. ol 7hegr AAY of F#atA sel Hg

o]t} EF viscous sub-layer model E°] BH W3S Hg3] 34357
<1 el o] FE5 &7ste vAAEHHEAY Y A3 HE A4RE
Ag & e AFel Aok . SST RdEe dRIAEeHY F
(transport) <= o gHFHol o8] TSt FsHte] 271
A A S AT o
& BSL &de] JHEs
7l gk ZEet o

T
ot
>

Aot Wilcox =23 g
u, mizie e o] HAske
st ol#g Al i FAE HES
Menter®] -2 3] 1 71€50] Atk 71 T8 dJo=A] ojde]
FRELIELS EF drdaed e 5 dizt 18E kA &7 wWEelH,
3 A3 eddy-viscositydl] tF AT A SS SkAH. FEFE A (4.32)9 #ol
eddy-viscosity FE| ] WA o] g Ao w dojd + Ut

o g
2 |o

o

A

ol

2
e

(4.32)

o 7|14, , tblending function, S=strain rate

Blending function2 @RE99 d&3 #s v T3 2i0lg. o w
dAe Fele 1WA 7P TPk Aot fERSFE VIvew o
(4.33)

(4.34)
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714, & HHoRRE /G b EAAY AE udth & 5
Aol

(4.35)

— (4.36)

(4.37)

SST Edojy BSL 2d2 7 F  7_ Alo]¢] blendings #3] ®HY 7}
A 7ME A X3 =9 AYAHRE gz st} Wall scale A2
2 24387 72 @ FH Y Ao ZHE 7T 4 Urh

— (4.38)

o714, = wall scale #= om[gty. HAHAZE 2 439)°] 5] wall
scaleZ 5-E] ALt

Wall Distance = (4.39)
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42 A AA E BAAZRA

2 dAFdAMe FAEY 40W ZFERIS CFD #4E& st FAERIY
1, 100kWH ZFERS CFD a4 S35tk gule] )
5 & Sm/si A A
o} Fig. 44= CFD Altto] AH8® AAE Hola 9len, ICEM-CFD Ver.13&
0|3l Hexa meshE A4 3tAoH, T =5 Fv FAEF o] 4,130,600 =
T FE A8 sgen, 100kWE = 8,386,336 T2 AlL3}Y
A st AAE AT
turbulence model2 k—w SST &
A8 AW HFHE AHE ST

BAZAL Fig. 459 2o] AT
<]

S 5olstE WA AN sger
9 A Tk Al AR AFEE

averaged static pressure =715 = 93k
& F7] A preiodic £S5 Fo AT 2H EH=EHE AT
A Ade ZH A7 38, sido= 5 o=z 7ujE R on, A
3 2dE Fo s AAlEA2 Table. 4100 898 stioh
Table 4.1 Simulation conditions

TSR water speed(m/s) rotating speed(RPM)

6.3 2.4 60

58 2.6 60

5.3 2.8 60

5.0 3.0 60

4.7 3.2 60

3.8 4.0 60

34 45 60

3.0 5.0 60
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(1) Near by the rotor

(2) Outer domain

Fig. 44 Computational grids
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431 ol ¥ 5E

57
Fig. 45 ~ Fig. 4117} 2 By o= FH2 2= 3319 f5dY 5
of A3t olslE Hsl A7 Hxof Wstel wel FUWY #W F4A3% &4
ol=9] 3a S YEATH

fr&0] 32m/s 7HAE wSzto] Wl Zol
Elers e

7 A9 dEhda 1A

A

(1) 3D Streamline

(2) Suction side surface

Fig. 4.5 Streamline - Uin=2.4 m/s
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(1) 3D Streamline (2) Suction side surface

Fig. 4.6 Streamline - Uj,=2.6 m/s
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(1) 3D Streamline

(2) Suction side surface

Fig. 4.7 Streamline - U;j,=2.8 m/s
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(1) 3D Streamline (2) Suction side surface

Fig. 4.8 Streamline - Uin=3.0 m/s
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(1) 3D Streamline (2) Suction side surface

Fig. 4.9 Streamline - Ui,=3.2 m/s
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JOF]

(1) 3D Streamline (2) Suction side surface

Fig. 4.10 Streamline - Ui,=4.0 m/s
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(1) 3D Streamline (2) Suction side surface

Fig. 411 Streamline - Uiy=4.5 m/s
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(1) 3D Streamline (2) Suction side surface

Fig. 4.12 Streamline - Ui;=5.0 m/s
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oX,

432 & 49 &9 &
Fig. 4120 47 #F%¢f ®s] w&g =
o]F2 Fgo] olXE A& APV WE A1
¥ &mo] wel £ FUF AT B8 32m/sHE Ay AFE)
[e]
=

At Hd &84 0] 3m/sol Y EHS 119kW ol &

24 26 28 30 32 40 45 50
U [m/s]

Fig. 4.13 Comparison of the power
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Fig. 4.14 Comparison of the coefficient of power
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