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A Swept area

a Axial flow induction factor
a Tangential flow induction factor
C Chord length
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C, Lift coefficient
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Co Torque coefficient
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Nomenclature

Mass

Mass flow rate
Number of blades
Power

Local pressure
Vapor pressure

Free stream pressure
Torque

Reynolds number
Turbine radius

Time duration

Design velocity
Blade tip speed

Upstream velocity
Relative velocity

Velocity
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Greek letters

Nomenclature

Angle of attack

Power train coefficient
Twist angle

Tip speed ratio

Local tip speed ratio
Normalized radius
Density

Solidity

Cavitation index
Inflow angle

Angular velocity

- viii -

Collection @ kmou



_*Oﬂl
Ho

o
Tor

o

it

M

o] wlthw S ol o

A

e

1

=

=

T

o] o

T

CRSEEA S B e

g0

AFAN A A

1

o] &¢

03
e

X

o]
fint

—

|

5

A 1xH oz oUAE W

o

o

B
ol

)

10

_ix_

Bo| oy gow v AR AGARE] X-Foild}

s}

"] =] NREL(National renewable energy laboratory)oll A

HlolH

T

3%

T

| N

(¢}

013
Aol A

b

=

°©

Collection @ kmou



FTHRH LR /A S814 I} S823 o] §3te] { EIRI AAE F9
STk, dAA oz 823 ¥ S814 S o]gte] 10WH FZFEWE
Edol=5 A AFtsted dAs o ddAde A Ay vl
AT, olAH R 10WE =FTAE Edols AAS AEow oY
S8145 o] &3 ¥ AHeiA AAE 7|veE I8 AIEH o] =(Blade
element momentum theory, BEMT)S ©]&3% My Z=FLHE& Edol=& 4
At o™ CFD A 7IHe &l AAE BNl 33 FEsids &3l
£ Op(Power Coefficient)=4, 934 & “=Estal A5 H7HskAd
o Eg, Edlols F4Y FeE5AR 2 8945 vl AEsSH] S8 &
A B Ee W (DS SAsRov Beolte zizte] FRelelA g
g7 S84 5S AESIYY. Dol o3t 7A4 HU=gEA5s A2
W B SEl 5o 276l 488 HEIRR Fauldl whE AR
AFMA(FSD = Tt =/Fdd Rl Egoj=o] tigh kg 2 <t
s AT

KEY WORDS: Tidal current turbine =€ ®l; Blade element momentum theory ‘&
NeaFFo]E; Tip speed Ratio E7l#E<4=H]; Fluid-structure interaction -+ -

Tz Q44 CFD 244428,

Collection @ kmou



BEMT Validation and Performance Analysis of Horizontal

Axis Turbine suitable to Domestic Tidal Resource

Choi, Hyen Jun

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The Korean peninsula coast, which is surrounded by the sea on three sides
are distributed, abundant in various marine energy, and can be utilized on a
large scale also installable sea area. In particular, tidal stream power
generation 1S an ocean energy resource using tide and current, and it is a
renewable energy in which the kinetic energy of seawater is converted into
rotational motion to generate electricity. Renewable energy such as wind
power, photovoltaic is difficult to predict accurately, and tidal current is
relatively accurate and predictable. Unlike the tidal «current power
generation, There is no need to construct a large structure such as dams and
seawalls, and it can be an environmentally friendly clean energy resource. In
the tidal stream power generation system, a turbine that primarily converts
energy is an important factor in determining overall system efficiency.

The tidal turbine design techniques are based on the fundamental wind turbine
theory, and must be considered the differences in the working fluid and the

Reynolds number.
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Since the airfoil that determines the cross—sectional shape of a turbine
blade 1is also developed for aircraft or wind turbine, 1t can be contained
errors such as the optimal angle of attack, lift, and drag coefficient in the
event that applied directly to the tidal current turbine. However, due to the
difficulty of the airfoil performance data securing, many researchers rely on
the two-dimensional performance prediction codes based on the panel method
such as X-Foil.

In this study, we design a tidal turbine using S823 and S814 airfoil
developed by the National Renewable Energy Laboratory (NREL) in the United
States for wind power generation.

Firstly, the blade for 10W class turbine tidal current turbine was designed
and manufactured using S823 and S814 airfoil, and the experimental results
and numerical analysis results were compared and verified.

Secondly, based on the blade design of the 10W class tidal current power
generation, a 1MW class tidal current turbine blade was designed using S814
airfoil and the Blade Element Momentum Theory and were derived from the
three-dimensional flow analysis through CED the power coefficient curves,
characteristic curves of output etc., and power-performance was evaluated.
Also, In order to compare the flow characteristics and power performance of
the present blade shape, which was performed CFD according to the blade tip
speed ratio (TSR), and was examined pressure coefficient and power
performance at each locally positions of the blade. The mechanical maximum
power coefficient due to CFD is 48% under the condition where TSR 5, and
performed a fluid-structure interaction according to TSR, and was analyzed

for a safety and stability of the tidal current turbine blade.

KEY WORDS: Tidal current turbine =€ Wl; Blade element momentum theory &
MaAbIFEolE; Tip speed Ratio ﬂ%QE ; Fluid-structure interaction -##-
T2 A4, CFD dAH+-A 98
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Fig. 1.1 Marine energy installation status of major countries (Z+=rafj =212, 2017)
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Table 1.1 World ocean energy wealth (%=, 2006)

Ocean energy Energy reserves (TWh/year)
Tidal barrage 300

Wave 80,000
Tidal current 800

OTEC 10,000
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Fig. 2.1 Fluid flow through the rotor disk (Shirzadeh, 2015)
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o714 PE H[W], p= E29¢= [kg/nil, AR 289 FAAZ [nf], veE
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(Law of conservation of energy)el|l ¢Jste] EHIg AT H&o &£ 7Ha

ofF 3lH f&o] A= AL FYe Aol HRS Aol stEE T Ao

<7t th= Soltt. Fig. 2.2+ Fig. 218 =442 = Yehd Aot
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Fig. 2.2 Turbine characteristics in actuator disc theory (Wind energy
handbook, 2010)
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o A7 ZE Y200 HIsA HE w52 gdastal ol w2l Aty ol
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FAZ ZHU2A FF2 do5 Y9 dEs JEHL ARz os £5
S gastA =W 53 BEL el o) actuator di
of g9z Fjdn. webd 2HU2A AFA FAe EdUA HaE
AA HaL o]lF dF= Hulel okl 7] Az AaHAT. o Fe] AL
Betz¢] &&F clgoz 2 A € & 3dcd 2H Bdolt Aedes &&
of g /Mde AT olE 84t U Aoz 2#dT F Utk
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SAHER o] de S8 e ACeoEE 3¢ & & A4

Pextracted = 777,/(’01 U )’02 (26)

A9l F24@25)9 CHoZRE ZEUAINM #4 = U 2o A
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1.

§m(vf —vi) = n%(vl — 3 )0, 2.7
1
vy = E(Ul +v,)

Wetd ZHYZIANAY & o R FE 0,3 R

Ptk ZH U2AE FAHE FFS AR
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m= pAv, = % pA (v, +vs;) (2.8)
225 e Zo] 2RI FFF F UTh
Pe;ctracted 4 pA( )(Ul +U3) (29)

g AEYERH 2HO~AS Eree FA9 £ duAE g 2ol
o] At

1
P(‘m‘rem‘ 2 pUi)A (210)

Bl SHAST 8 FA7F 7HA= FdUA o tiste] EHlo] FEsid

T AT AU Y "z Foeta A@.1DH Zo] T 4 U

P
O, = —cxiraded l[l—(v3/v1)2][1+(vg/v1)] 2.1D

current 2

A EZ8 A4 Cu(Power Coefficient)= wv,/v, oA Hdhgk 16/27=0.593&
7HRY. ol 4 A4S FAISHAL o]EF O R EH Y2art fAlEFE #ot
W 2 9= A =go] $A7} NAE F dyA 9 593%2 UE 4 Qo=
e Yulsty o] H|=3HA o] ([Betz limit)et EHTH

2.1.3 &9 A4 (Power coefficient)

o H o ogo] sHsd YL 05030]A% EHOR o FHL FZ3
2 S Y fAY 550 HUS Ad © £FUA ] YR Erre] 2H
Age,

2ol oty AidEe AAl 892 FAldA ZHERS oUA ALaER

AAET. mebA ERlS o] &84 FAZRTEH FE8 € F As ¥ Hs
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(2.13), 2.10)} Zo] YeEpd & 9.

(2.13)

Cypv*A

1
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L=

(2.14)

1
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2.1.6 F8A 4 (Thrust coefficient)

Holg} sty ZE o
239 A= ¢H

o2 Yet & ¢ 9l + A@2.15% Zol
e d o Sl

T=pAv(v, —v,) (2.15)
2Q2.9NA 1HHAL

Frol A FFe} R ¢

1
= EpA(vf—vg)

(2.16)
w2} A

SYAFCeF AR =2

osle]  FaY F9
coefficient) = 2](2.17)3} o] Yeld 4 Qlt}

d  FHA(Thrust

1 2.17)
§PA’U%
o714 T HRlo 28

S RGN
2.1.7 E3A4 (Torque coefficient)

Buel Ede FHE gule] F5 Beole] HAMA WAFE ¢
ol AQAF o F

T EHES|y &

o] g RelEo|th

Bl e Beol

=9 3%

UEtE= 2 ERldA 5
83 o] 840ty EIE 4 Fol dEle AEgye ALts) A7
HZol o ABS A4 & F Aok wHA FAd AFEA BEIASFC,
Torque coefficient)= th2 2](2.18)3 o] Yel ¥ 4 At}
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C,=—9 (2.18)

%pARU%
4714 QE FAEAWN)E Uehi At 2H dxa9 dAF(m), Re 2
B wAme Jehd

2.1.8 €2t ¥ (Solidity)

Hulel 452 B4 3t 20 EAASRA £TE Holt Hule =
HEddde g3 2y Beols d Fguze) nwA Ho| A 127 H

=
wlel TSRE &evEleh 4% JuaAst Aok s ok 4 (219,
2 5

(2.2003 7o) uEb .
BS (=
o= (59F) (2.19)
(4&‘1‘) (2.20)

s
&,

o7]oA4 RS EFol=e WY, S 3= Efol=e F9YHZE, B
Iz

olz9 7, Ce FA=FlA Edlol=9

2.2 ¥l AA 0|

A4 28 A AL A% 29 L A A4S T 5 e P
o g0l Bastt sdele) e A olge A F AR

bl stues 5T olEolH E OE stue /a4l ol
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= THSIEA dF dUA= HHlo| FEHA oE FHY Fo £EE 2F
oA 9] ZAAE o2 ZH&HEAT o|uf Actuator disk AFNA EEEHZ QI
st Aol &I bEAst P—PrE s oA EMo] We FH¥o
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24 HE2Fo] A &5F oJEoE2HYH taH Zo] ALE + Utk

. Po CONTROL VOLUME
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Fig. 2.4 Idealized flow through an actuator disk (Kim, 2011)

E]Wlo] = F(Thrush)s e xtel] 93] HAYsts= Fojmz
T=(P,—P,)A 2.2
o)1 ®WlZ%o] AHElE Disk AFT9 FAL upe} LA A

1 1
P0+§p1/()2=P3+5pu2 (2.22)

Collection @ kmou



P+ %qu =P+ %puf (2.23)
A9 F 22.22), 2.2 Austd v 2ot

1
(Py=Py) = 5 plu; = V5) (2.24)
we} 4] Disk7} whe 3ee

T=pAld— V}) (2.25)

olth. Fig. 2.4°014 #Adell thste] AL 4= A 838t Stream tubeol] st

of SHE T ol&S A&t A A&st= dHe thad 2ol T+
g AT
T=pAu(u, — V) (2.26)

Aol £52E T3] flste] (2.25), 2.260)04 = AH&3t
1
u=5(V+u) 2.27)

A@2De® Ur @ 5 Atk ol §7eh EFoIA
9. 8w ARZe &% o@ HWWUe E

A Al4+(Axial flow induction factor, a)g} &taL o]&=

a=—r— (2.28)
21(2.28)3} o] HolstH AR SFoANAY SE=
=V, (1—a)

u, = Vy(1—2a) (2.29)
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= 5,014 V034a(1 —a)?

283 SEAR(C)E AQR3DF o] yE @ 4 gl

Cp= r =4a(1—a)? (2.31)

1
5 P4 v

ol2d Hul HH m&S Tt fEA FHAFC)E = DAAT (@A
wato] mEstH avh 13¥w E¥Ass Horb H9W 1w AT
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2.2.3 Zt %% ©]& (Angular momentum)
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ROTOR DISK —=

ELEVATION VIEW CROSS SECTION IN
ROTOR PLANE

Fig. 2.5 Annular steam tube (Kim, 2010)
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dT= pu2mr(u, — V,)dr (2.33)
dQ= rmudr

= r(pAu)udr

= pu2nrwdr

flo] ¥ 2e 233297 23.3.30% ol &sH v =1-a)V,olT w=a2Q
olm g

dT= 47rp I/ga(l —a)dr (2.34)

dQ=4mr*p Vod(l —a)Qdr

2 2d Jbestt. =% ooz HHloRRE de g A H2 9%
Mg g £9& sJBAA el 714 &S slo|ln=
P:/QdQ (2.35)

2/47r7°3,01/0d(1—a)§22d7“

oA A3+ TSR(X= —) = F-TSR( —)E B d —ld E—E
olm= 2235 U o] A4kE 4 Utk
X P
P:f 47rpl/05§a(1—a)dx (2.36)
X,

AmpVER? X,
= 72 f a(l—a)x’dx
X X,

w3 2EASE HQ3DT 2o £d 715t
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1—a)
0. (C,cos®+ Cpsind) ( ;L)
sin“®

a  0,.(Ccosd+ Cpsind)
l—a 8sin’®

2o MO HuoM Yoo vy et

5
B
A
B>

g o]

, 1 .
47’ p Vya(l —a) Qdr = BCE,O W*(C;sind— Cpcos®)rdr

BeWA(C,sind— Cp,cos®)r

all—a)= 877 1,
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Fig. 3.3 Profile of blade S823

_43_

Collection @ kmou



Table 3.1 NREL’ S S-Series airfoil families (NREL, 1995)

Blade length Airfoil family
Category .

(meters) (root tip)
1~3 Thick S835 S833 S834
5~ 10 Thick S823 - S822
Thin S804 S801 S802
Thin S804 S801 S803
10 ~ 20 Thin S807 S805 S806
Thin S807 S805A S806A
Thin S808 S805A S806A
Thin S821 S819 S820
Thick S811 S809 S810
20 ~ 30 Thick S814 S812 S813
Thick S815 S812 S813
- S814 5825 S826
20 ~ 40 S S815 S825 S826
- 5 - 5829
30 ~ 50 Thick S818 S816 S817
Thick S818 S830 S831
15 ~ 25 Thick S818 S830 S832
Thick S818 S827 S828

ction @ Kmou
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Table 3.2 Blade design parameter

Design parameters Values
Prated: Rated power 10 W
Cp: Estimated power coefficient 0.45
7 Estimated drive train efficiency 0.9
Vrated: Rated stream velocity 0.8 m/s
o Sea water density 1024 kg/m3
A Tip speed ratio 3
D: Diameter 0.25 m
N: Blade number 3
w: Rotational speed 183.35 rpm

Fig. 3.4 3-D modeled 10W HATT rotor blade (S823)
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Table 3.3 Configuration design result of the blade

Station Section Chord Twist Hydrofoil
no. [r/R] [mm] [°] [-]
1(root) 0.00 - - cylinder
2 0.05 56.98 12.23 S823
3 0.10 54.88 22.64 S823
4 0.15 52.78 25.24 S823
5 0.20 50.68 24.49 S823
6 0.25 48.58 22.50 S823
7 0.30 46.48 20.15 S823
8 0.35 44.38 17.83 S823
9 0.40 42.28 15.66 S823
10 0.45 40.18 13.70 S823
11 0.50 38.07 11.94 S823
12 0.55 35.97 10.36 S823
13 0.60 33.87 8.95 S823
14 0.65 31.77 7.67 S823
15 0.70 29.67 6.49 S823
16 0.75 27.57 5.40 S823
17 0.80 25.47 4.37 S823
18 0.85 23.37 3.35 S823
19 0.90 21.27 2.30 S823
20 0.95 19.16 1.13 S823
21 1.00 17.06 1.13 S823
- 47 -
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Table 3.4 Blade design parameter

Design parameters Values
Prated: Rated power 10 W
Cp: Estimated power coefficient 0.45
n: Estimated drive train efficiency 0.9
Vrated: Rated stream velocity 0.8 m/s
o Sea water density 1024 kg/m3
A: Tip speed ratio 6
D: Diameter 0.35 m
N: Blade number 3
w: Rotational speed 264.85 rpm

Fig. 3.5 3-D modeled 10W HATT rotor blade (S814)
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Table 3.5 Configuration design result of the blade

Station Section Chord Twist Hydrofoil
no. [r/R] [mm] [°] [-]

1(root) 0.00 5.19 - cylinder
2 0.05 5.19 - cylinder
3 0.10 transition transition transition
4 0.15 transition transition transition
5 0.20 15.51 20.20 S814
6 0.25 14.92 15.52 S814
7 0.30 14.33 10.62 S814
8 0.35 13.75 10.32 S814
9 0.40 13.16 8.47 S814
10 0.45 12.57 6.97 S814
11 0.50 11.98 5.73 S814
12 0.55 11.40 4.69 S814
13 0.60 10.81 3.81 S814
14 0.65 10.22 3.04 S814
15 0.70 9.63 2.37 S814
16 0.75 9.04 2.23 S814
17 0.80 8.46 1.78 S814
18 0.85 7.87 1.32 S814
19 0.90 7.28 0.90 S814
20 0.95 6.69 0.62 S814
21 1.00 6.11 0.00 S814
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Fig. 3.6 Schematic of the experimental set-up
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(b) rotor blade turbine

Fig. 3.7 Experimental equipment
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Model
Capacity

Fig. 3.9 Powder brake
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Fig. 3.10 Digital multi meter and tension controller

Fig. 3.11 Data logger
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Fig. 3.12 Rotor blade shape
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Table 3.6 Describes detailed specifications of major equipment

Item Specification

Type: Centrifugal pump
Motor: HIGEN KMI-02HKI
Power: 1.5kW (2HP)
Revolution: 1730min/1
Capacity:901
Efficiency:80%

Circulationg Pump

Flowrate Controller Model: iG5A variable frequency drive

Model: SENSTECH SDSA-20K(SP)
Torque Transducer Capacity: 20kgf.cm
R.O: 1.5380 mV/V

Monitoring Unit Model: SENSTECH DI-130

Resistance Controller Model: PORA PMTC-01A

Model: JDC Flowatch
Range: 0.3 to 51+km/h

Fl t
owmeter Temperature: -30° C to +50° C
Accuracy: +2%
RPM Senser Model: ONOSOKKI MP-981
Powder Brake Model: PORA PRB-0.3YA
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Table 3.7 Calculation conditions of S823

Case U [m/s] RPM TSR
1 122.23 2
2 183.35 3
3 0.8 244.46 4
4 305.58 o
5 366.69 6

Table 3.8 Calculation conditions of S814

Case U [m/s] RPM TSR

1 2.4
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0.8
0.69
0.6
0.53

264.85
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(a) S823 domain mesh

e\

(b) S814 domain mesh

Fig. 3.13 Computational mesh of domain
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(a) S823 near the blade

(b) S814 near the blade

Fig. 3.14 Computational Mesh of rotor blade
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Fig. 3.15 Boundary condition for CFD analysis

_61_

)Collection @ kmou



3.5 ¥ S823 As3y At

o2 ™ (Pressure

& 29 (Suction side)3}

me

o
N

Fig. 3.16

He

s 2

A
i

o}
H

A7} =k Corten, 2001).

= 9

7F A EA 9lott TSR 25-E] TSR 3o A

NARE ©7hA AR A H o] Aol

TSR 4%-E] TSR 643

%

+

L

___OE

o7
o

11
—

A=]

—_
fi%e)

o
N

2 &2 (Hydrodynamics

fel3
ol

o) He| 59

-
) .

3}

o 2y 7HEA oA

o=

-
-

characteristics)& YEM

o] FEJA ®H7IA E#HolE Wb 35%, 55%, 75%, 95%

oy

Fig. 3.17% £ o]

T—
T

o] YeRHATE TSR29} TSR3

& EdI™ dX|(Trailing edge)Zol| 4 H}g](Separation)”}

Fsi e TSR4o|A TSR62 Ed o= HF&ol

S

Ay

0
o

S
N

Fig. 3.18 ~ Fig. 3.22

ERol Ao FAAR(CIRE FEuI(Tip

Egol=

_62_

tion @ Kmou

Qr"—
i

Coll



Speed Ratio, TSR)EE Fslo] Ut eH Ce F=4o], X& dlof=xde A
Ao A FE FA7FA dololtt. tEAT= 4 (3225 ©]§ 3tAT

C;)T‘essure = 1 p_poo (3'22)
5 Peo (V2 + (rw)?)

°
y
H
b
rU.'.
o
ot
ot

O
Y
&
rr
H
)

s
e}
3
L
ot
™
3
4
b
o
o

S| Wste] WE Edol= IR A 5%olA bEA Gl Holvt st
Al ZpolE Hola Qo EFeolt HA 5% AANA M Be EHolE &

AA A TSR3 Fig. 3.192 r/R=0.55~0.952] }&HAF FEx= 72 Hl=
g FHE Hola v &0 o] HFaFulY W o=m Qs ¢

Fig. 3.232 F&udE

R frgol M9l7h 84 f5uT Ee ghe 7HA

2 Q&) gEAFe] Buol AA¥EY WA degz o

ol

Fig. 3.24= CFD&} A3 S S3llA doxl 10Ww ZRFEINY 93-S UE
Wi gk 82 TSR20IA Edo|=o BAYst= Loz Q3] e &3
< Holal glon HAIHQ TSR3NAH HuEHS Hola HAH 9] 1
oMAl= Ae & 4 AT Fig. 3.252 =9
of e} F7istth 183.35rpmell A HEHA+E Holi AAH o]F rolx
0 & 4 Atk CFD+ 6.06We &8 47%9 EHATHE 45 F U

oo NG
o

o

_63_

Collection @ kmou



R Adgoll= CFDeF A ¥ Hola e A=

BEMToll °|& =FER E£dcl=e AA= w¢ w&stt=

2)th. Table 3.99} Tabel 3.10= CFDa| A3} = &2 o] A
Bl St

_64_

Collection @ kmou



Pressure
BLADE

l 1.4e+003

2.1e+002
-1.0e+003

-2.2e+003

-3.4e+003
[Pa] Flow

(a) Suction side 122.23rpm (TSR2)

Flow
Pressure
BLADE

l 1.4e+003

2.1e+002

-1.0e+003

-2.2e+003

-3.4e+003
[Pa]

(a) Pressure side 122.23rpm (TSR2)
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Fig. 3.17 Sectional streamlines (35%, 55%, 75%, 95%)
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Fig. 3.18 Pressure coefficient curve at 122.23rpm (TSR2)
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Fig. 3.19 Pressure coefficient curve at 183.35rpm (TSR3)
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Fig. 3.20 Pressure coefficient curve at 244.46rpm (TSR4)
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Fig. 3.21 Pressure coefficient curve at 305.58rpm (TSR5)
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Table 3.9 Results of the power and power coefficient from CFD

RPM P [W] G,

122.23 4.923 0.383

183.35 6.048 0.470

208.40 5.786 0.450

305.58 4.864 0.378

366.69 2.726 0.212
~ 79 -
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Table 3.10 Results of the power and power coefficient from experiment

RPM P [W] G
208.40 5.804 0.451
211.77 5.722 0.445
217.08 5.751 0.447
223.19 5.656 0.440
229.92 5.634 0.438
228.69 5.635 0.439
239.63 5.634 0.438
249.35 5.478 0.426
258.46 5.427 0.421
264.14 5.421 0.412
270.56 5.128 0.398
279.05 5.202 0.404
286.33 5.055 0.393
289.38 4.821 0.375
293.66 4.859 0.378
300.93 4.648 0.361
308.21 4.460 0.347
307.53 4.570 0.355
306.98 4.587 0.357
317.31 4.350 0.339
318.84 4.124 0.321
321.59 4.072 0.317
325.26 3.883 0.301
326.42 3.685 0.286
330.70 3.681 0.286
333.14 3.534 0.275
334.30 3.375 0.262
341.57 3.237 0.251
348.91 3.117 0.242
347.69 2.949 0.229
352.51 2.787 0.217
353.98 2.958 0.230
355.57 2.722 0.211
361.62 2.621 0.204
366.51 2.525 0.196
367.98 2.401 0.187
376.10 2.387 0.186
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Fig. 3.26 Surface pressure overlapped with streamlines on pressure and

suction side of the blade
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(@) 2.4m/s (TSR2)
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(b) 1.6m/s (TSR3)
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(©) 1.2m/s (TSR4)
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(d) 0.96m/s (TSR5)
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(e) 0.8m/s (TSR6)
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(f) 0.69m/s (TSR7)
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(g) 0.6m/s (TSR8)
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Fig. 3.27 Sectional streamlines (35%, 55%, 75%, 95%)
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Fig. 3.28 Pressure coefficient curve at 1.6m/s (TSR3)
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Fig. 3.29 Pressure coefficient curve at 0.96m/s (TSR5)
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Fig. 3.32 Pressure coefficient curve at r/R=0.75
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Fig. 3.33 Comparison of the power from CFD
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Fig. 3.34 Comparison of the coefficient from CFD

Table 3.11 Results of the power and power coefficient from CFD

Case U [m/s] P [MW] Cp
1 2.4 54.83 0.08
2 1.6 65.40 0.33
3 1.2 33.36 0.40
4 0.96 18.30 0.42
5 0.8 10.15 0.41
6 0.69 5.64 0.35
7 0.6 3.23 0.30
8 0.53 1.95 0.27
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Fig. 3.35 Comparison of the coefficient between S823 and S814
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Table 4.1 Blade design parameter

Design parameters Values
Prated: Rated power 1,000 kW
Cp: Estimated power coefficient 0.45
n : Estimated drive train efficiency 0.9
Vrated: Rated stream velocity 2.5 m/s
p: Sea water density 1024 kg/m?
A Tip speed ratio 6
D: Diameter 19.8 m
N: Blade number 3
w: Rotational speed 14.5 rpm
N
™ —— ,.// g ;;
—— o /

Fig. 4.3 3-D modeled IMW HATT rotor blade
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Table 4.2 Configuration design result of the blade

Station Section Chord Twist Hydrofoil
no. [r/R] [mm] [°] [-]

1(root) 0.00 594 - cylinder
2 0.05 594 - cylinder
3 0.10 transition transition transition
4 0.15 transition transition transition
5 0.20 2098 23.7 S814
6 0.25 2008 20.0 S814
7 0.30 1918 17.1 S814
8 0.35 1828 14.8 S814
9 0.40 1738 13.0 S814
10 0.45 1648 11.5 S814
11 0.50 1558 10.2 S814
12 0.55 1468 9.2 S814
13 0.60 1378 8.3 S814
14 0.65 1288 7.6 S814
15 0.70 1198 6.9 S814
16 0.75 1108 6.3 S814
17 0.80 1018 5.8 S814
18 0.85 928 5.2 S814
19 0.90 838 4.7 S814
20 0.95 748 4.0 S814
21 1.00 658 4.0 S814
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(a) domain mesh.

(b) near the blade.

Fig. 4.4 Computational Mesh of rotor blade
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Fig. 4.5 Computational domain of rotor blade

Table 4.3 CFD calculation conditions

Case U [m/s] RPM TSR
1 7.5
5

3.75
3

2.5

2.15

1.88

1.67

14.45

0N || TN
O 0 | N | | g b |w N
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(a) Pressure side 7.5 m/s (TSR2)
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Flow

(b) Suction side 5 m/s (TSR3)

(b) Pressure side 5 m/s (TSR3)
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Flow

(d) Suction side 3 m/s (TSR5)

Flow

(d) Pressure side 3 m/s (TSR5)
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(f) Pressure side 2.15 m/s (TSR7)
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(h) Pressure side 1.67 m/s (TSR9)

Fig. 4.6 Surface pressure overlapped with streamlines on pressure and suction

side of the blade
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(d 3 m/s (TSR5)
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(e) 2.5 m/s (TSR6)
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(f) 2.15 m/s (TSR7)
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(g) 1.88 m/s (TSR8)
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(h) 1.67 m/s (TSR9)

Fig. 4.7 Sectional streamlines (35%, 55%, 75%, 95%)
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Fig. 4.8 Pressure coefficient at TSR5
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Fig. 4.10 Comparison of power coefficient between BEM and CFD
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Fig. 4.11 Comparison of power between BEM and CFD
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Table 4.4 Results of power and power coefficient from CFD

TSR U [m/s] P [MW] Cp
2 7.5 8.63 0.130
3 5 7.85 0.397
4 3.75 3.80 0.456
5 3 2.05 0.482
6 2.5 1.13 0.458
7 2.15 0.68 0.433
8 1.88 0.41 0.392
9 1.67 0.24 0.332

Table 4.5 Results of power and power coefficient from BEMT

TSR U [m/s] P [MW] Cp
2 7.5 13.6 0.205
3 5 8.20 0.416
4 3.75 3.96 0.462
5 3 2.03 0.476
6 2.5 1.14 0.462
7 2.15 0.68 0.435
8 1.88 0.43 0.406
9 1.67 0.25 0.351
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Fig. 4.12 Fluid-structure interaction
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Hlt=A HAFA+= o3 Navier-Stokes WA 21& ALE 4oz 2 (4.3)3

puy A+ plu, —w ), + P, — plu, +u, ) =0 (4.3)
o] wf Az BE YAHAL 2(4.4)9 2o

u, =0 (4.4)

7] A

u = fluid velocity

u = element’s advection velocity
P = pressure

p = density

p = fluid’'s viscosity coefficient

el ol diste] = (penalty) F24s HAHS =Yt IwrAH1 Glaerkin

=
A48 A4S me 24 AN e 4dHeE YERd & Ut

{Z}z {;} (4.5)

o b e o
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7] A

= mass matrix
convection matrix

= viscosity matrix

N = =2 =
Il

= pressure matrix

A (45e YwskE R 4 (1469 Lol UEhd % Ak

[ Hal+ [ Huy={f}

7] A

F = fluid area
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Start from Journal concentric location,

set journal's rotation and translation.
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Fig. 4.14 A fully coupled fluid-structure interaction for the tidal current turbine
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Table 4.6 Mode shapes and frequency

Mode no. Natural frequency [Hz] Mode shape
Ist 9.62 Flap wise, Edge wise
2nd 18.00 Flap wise, Edge wise
3rd 26.87 Flap wise, Cord wise, Twist
4th 43.18 Flap wise, Cord wise, Twist
5th 50.83 Flap wise, Cord wise, Twist
6th 68.43 Flap wise, Cord wise, Twist
7th 76.31 Flap wise, Cord wise, Twist
8th 82.18 Flap wise, Cord wise, Twist
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(@) 7th: 76.311Hz

(h) 8th: 82.177Hz

Fig. 4.15 Modal shapes and frequency: 1st ~ 8th
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Table 4.7 General specification of modelled blade

Parameter Value
Length of blade 9907 mm
Maximum chord length 2098 mm
Minimum chord length 658 mm
Surface area 26,383,577 mn
Angle of attack 4° ~ 23.7°
Airfoil cross section type S814
Thickness variation of blade
surface from root to tip(z=distance) 120 =5 mm
Thickness of shear web 50 mm
Root diameter 594 mm

Table 4.8 Properties of glass-polyester (Shah and Tarfaoui, 2014)

Properties Value
o (kg/m3) 1960
El (GPa) 48.16
E2 (GPa) = E3 (GPa) 11.210
Nul2 0.270
Nul3 = Nu23 0.096
G12 (GPa) = G13 (GPa) 4.420
G23 (GPa) 9
Xt (GPa) 10.213
Xc (GPa) 0.978
Yt (MPa) 29.5
Yc (MPa) 171.8
St (MPa) = Sc (MPa) 35.3
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Fig. 4.18 Pressure distribution on blade FE model imported from CFD analysis
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Table 4.9 Max. Equivalent stress and safe factor of the blade

Maximum equivalent
TSR(Vel, m/s) Safe factor | Mode shape
stress[MPa]
2 (7.50) 133.61 2.39 Flap-wise
3 (5.00) 125.23 2.55 Flap-wise
4 (3.50) 84.18 3.80 Flap-wise
5 (3.00) 61.97 5.16 Flap-wise
6 (2.50) 46.18 6.92 Flap-wise
7 (2.15) 36.79 8.69 Flap-wise
8 (1.88) 35.16 9.10 Flap-wise
9 (1.67) 35.13 9.10 Flap-wise
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(c) TSR4 (3.5m/s)
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(g) TSR8 (1.88m/s)
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Fig. 4.23 Equivalent stress distribution on shear web
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