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Abstract

Blades of tidal stream turbines are suffered from many different loads during
operation in underwater environment thus, acquiring their structural safety is
a key issue. Some loads are imposed repeatedly, and some are given
impulsively. In this study, we concern an impulsive load due to wave orbital
motion and propose a load reduction method with a blade design. The flap of
an airplane wing is a famous structure for lift increase, and also it can
change load distribution on the wing by its deflection. For this reason, we
adopt a passive flap structure for the load reduction and investigate its
effectiveness by an analytical method based on the blade element moment
theory. Wave induced velocity to the blade is calculated by wave amplitude,
submerged depth, blade location etc., and the load is calculated with the
modified velocity profile by the induced velocity. For design of the passive
flap, flap torsional stiffness is obtained. Comparison between the blade with
flap and a fixed blade will show the effect of the flap on the load reduction

as well as on regulated power extraction in a high amplitude wave condition.



B Number of blade, £-#o]= 7|4

Cl Lift coefficient, 2 A4

Cd Drag coefficient, 33 74

Cm  Moment coefficient, =W E A4

Cmf Flap moment [ Nm ], =3 RWE
Cmfref Center of flap axis, Z#¢] 34 T4
Cmref Center of moment axis, W E° T4l
Cp Power coefficient, &2 Al

N Number of element, &2 7|4

R Turbine radius, E]¥l HFA] &

Rh Hub radius, & 2. 89X &

TSR  Tip speed ratio, ¥ 4% H]

WIL  Wave induced load [ N | 33 3 35
WIV  Wave induced velocity [ m/s 1 38
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figure 3 Onset flow experienced by a tidal turbine blade section [4]
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figure 5 AOA ( Angle of Attack )
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figure 6 Blade section
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figure 7 Airfoil section
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figure 9 NACAQ012 geometry (in Xfoil)
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Xfoil Matlab

cl 1.5944 1.5957
Cm 0.0104 0.0102
Cd 0.01617 0.0161

table 1 Xfoil vs. Matlab (NACAO0012, Re=6e6,
a=15)
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figure 12 Xfoil (NACAO0012 Re=6e6,a=-15)
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figure 13 Matlab (NACAO0012,Re=6e6,a=-15)
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figure 14 Flap moment reference position
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figure 15 Xfoil (NACA0012 Cmref, Cmfref position)
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0.75; % 4/ dasom - flap moment p.xcmfref
0.0; % 4/ dasom : flap moment p.vemfref

poacnfref
p.vemfref

figure 16 definition of Cmf reference
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ayf = (0.5+(p.y(ip)+p.y(i))-vfrefleca — (0.5+(p. x(iplep.xli})nfref)+sa;
ag = 0.5+(p.cpa2 + p.cpal); % 4/ dasom © flap Moment ayf
else
axf = 0.0:
ayf = 0.0;
end
wooA

figure 17 Cmf calculation(force)
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figure 18 Cmf calculation
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clear al
close al
cle

load nacalllz,dat
K=nacall20:.1);
Y=nacalll2(:,2);
RE=34689118;
MACH=0, 00138217
alpha=0:

i=0;

tic

for alpha = =30 - 1 : 30
[pl=ufail_flap(¥, ¥, alpha, RE, MACH) ;
i=i+1;
CLLi=p.cl;
COCid=p.cd;
CHEid=p . cms
CHiCil=p.cmf: ¥ A tlap moment

end

figure 19 print
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NACAQ012.dat=}
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1= i RN
A=

Eejot At A
of & Cl, Cd, Cm, Cmfgt& AA=

a1 Xfoil_flapgr=
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toc

A=(-30:1:30)":
Cl =CL";

Cd =CD ;

Cm =CM

Cmf = CMf" ;

T = table(4,Cl,Cd,Cm,Cnf);

= 'CICACnCmf . xlsx";
"CICACnCmf " ;
writetable(T,filenane):

filename
sheet =

open CICdACmCnf ., xlsx

to excel



A Cl Cd Cm Cmf

-10 -1.123138042 0.00972654 0.001403344 0.003344344
-9 -1.000812371  0.008787468  -0.001489922 0.002479678
-8 -0.884225412  0.007999057  -0.002846938 0.001923308
=7 -0.778746097 0.00732617  -0.001452164 0.001903561
-6 -0.670771875  0.006775795 -0.00051567 0.001794272
-5 -0.560639601  0.006339574  -3.06039E-05 0.001575297
-4 -0.449732435 0.00592879 0.000243193 0.001282798
-3 -0.333078469 0.00558729 0.000340239 0.000946204
-2 -0.225846166  0.005307866 0.000310907 0.000633829
-1 -0.11303371  0.005137994 0.000176535 0.000317974

0 6.01655E-08  0.005081537 6.4532E-09  -1.6566E-09
1 0.113035544  0.005137918  -0.000176877  -0.000318043
2 0.225851851  0.005307805  -0.000312156  -0.000634062
3 0.338090591  0.005587293  -0.000343024  -0.000946714
4 0.449754603  0.005928824  -0.000248287  -0.001283723
5 0.560675019  0.006339684 2.24599E-05  -0.001576768
6 0.670826266  0.006775624 0.000503425  -0.001796465
7 0.778816213  0.007326405 0.001436135  -0.001906425
8 0.884305526  0.007999205 0.002828795  -0.001926505
9 1.000905084  0.008787533 0.001469059  -0.002483299
10 1.123242937  0.009726568  -0.001426825  -0.003348376

table 3 Matlab CICACmCmf (A=-10:1:10)

e HFAES AA Xfoil#} Matlabs AF-§-3te] aca] Wsle] w2 Cl, Cd, Cm
a#3 Cmf e DA o] AR5 Aol A& Edol=d A= 3%
AZYst7] flskel Aag dAe sAelrh. ofw Cl, Cd, Cme] aca - 90914 90
A el AR7F Ao sy Xfoildol e /= g W Be Ad3E 7] ¢
al, Matlablell A= Algte] U o Atk EA7F AT o] #AH

Ast7] ¢33k Weto g MewE Fo] Javafoil ZZ13 o]t}

o

il

o

2. Javafoil
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Fa siM et ZEaFolrh

Ol

Javafoile  Xfoil¥} wpR7FA 2 airfoil S A A
Javafoilo] A = airfoil?] ARE 7HX 1 AAZHAES vuA7PEA Cl Cd, Cm3he

Aag & vk

B JavaFoil — ] x

Geometry | Modify | Desion | WVelocty | Flowfield | Boundarylayer | Polar | Aircratt | Options

irfail Geometry

e NACA D012 Creats an Aol

. [1.00000000 0.00000000 A ) -
Cooranates: |1, 00000000 o pooonse Famiy. NACA &-digh (e.9. 2412)
0.99545857 0.00021800 &)
CLEAR 0.99653423 0.00045961 Number of points: |— H
039584417 000086820
099039754 0.00135215 12
decimaldigis: (023053281 i Thickness tic il v (%
5 0.98122762 0.00262738
0.87552626 0.00341331 1]
098003857 000423331
095193977 000576550 Camber fic o 4| ¥ (%
0.95407159 0.00632450
0.91550326 0.00736647 . il
0 S3RmaE00 0\ 008EA4 Camber location xfic: | ¥ (%]
0, 32652008 000395182
091573451 0.07134605 %1
0.90450850 0.01277464
0.8928584 1 0.07425268 ¥ Modify NACA section to have closed trailing edge
0.86020298 0.01560500
n N Tl T
0.83340037 002070568
0.52472402 0.02241276 2 Craate irfoil |
HACA 0012

For later analysis the traiing edge should be closed.

Update View || Copy (Text) || Paste (Text) || O || compare }

Ready

figure 20 Javafoil

WA Javafoil S AF&-38l7] 984 Xfoil for Matlabg o] &3+ A3} gk} W]

Btk 4 48 e TLA7I7] fsiA Xfoilo| A AL geometry HO|E &

Javafoilel] Y3 #o|m=49) nlebE BUAZ e AFE v uE Y]
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Xfoil for Matlab

Alpha Cl Cd Cm Cmf
-15 -1.5637  0.018447  -0.01446  0.003269
-14 -1.48507  0.016508  -0.01045  0.003269
-13 -1.39829  0.014789  -0.00733  0.003241
-12 -1.30609  0.013308  -0.00477  0.003202
-11 -1.21224  0.011994  -0.00209  0.003229
-10 -1.12193  0.010938  0.001751  0.003483

-9 -1.01666  0.009916  0.002486  0.003209
-8 -0.8901  0.008925  -0.00129  0.002195
-7 -0.76811  0.008051  -0.00383  0.001433
-6 -0.65944  0.007331  -0.00308  0.001318
-5 -0.55287  0.006683  -0.00177  0.001306
-4 -0.44444  0.006125 -0.0009  0.001185
-3 -0.33473  0.005672  -0.00036  0.000949
-2 -0.22398  0.005339 -85E-05  0.000618
-1 -0.11222  0.005148 -1.7E-06  0.000307
0 2/75E-08  0.005102 1.056E-08 -8.3E-10
1 0.112217  0.005148 1.36E-06  -0.00031
2 0.223982  0.005339 84E-05  -0.00062
3 0.334748  0.005672 0.00036  -0.00095
4 0.444468  0.006125  0.000894  -0.00119
5 055291  0.006683  0.001764  -0.00131
6 0.659499  0.007331 0.00307  -0.00132
7 0.768162  0.008051  0.003817  -0.00144
8 0.890177  0.008924  0.001275 -0.0022
9 1.01675  0.009916  -0.00251 -0.00321
10 1.121821  0.010937  -0.00173  —0.00348
11 1.212268  0.011993  0.002084  —0.00323
12 1.306245  0.013308  0.004734  —0.00321
13 1.398537 0.01479  0.007279  -0.00325
14 1.485444  0.016509  0.010375  —0.00328
15 1.564269  0.018448  0.014346  —0.00329

table 4 CICACmCmf from Xfoil for Matlab
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Javafoil

Alpha Cl Cd Cm
-15 -1.5638 0.01845 -0.0144
-14 -1.4851 0.01651 -0.0104
-13 -1.3984 0.01479 -0.0073
-12 -1.3061 0.01331 -0.0048
-11 -1.2122 0.01199 -0.0021
-10 -1.1219 0.01094 0.0017
-9 -1.0166 0.00992 0.0025
-8 -0.8901 0.00892 -0.0013
=7 -0.7681 0.00805 -0.0038
-6 -0.6595 0.00733 -0.0031
-5 -0.5529 0.00668 -0.0018
-4 -0.4445 0.00612 -0.0009
-3 -0.3347 0.00567 -0.0004
-2 -0.224 0.00534 -0.0001
-1 -0.1122 0.00515 0
0 0 0.0051 0
1 0.1122 0.00515 0
2 0.224 0.00534 0.0001
3 0.3347 0.00567 0.0004
4 0.4445 0.00612 0.0009
5 0.5529 0.00668 0.0018
6 0.6594 0.00733 0.0031
f 0.7681 0.00805 0.0038
8 0.8902 0.00892 0.0013
9 1.0168 0.00992 -0.0025
10 1.1218 0.01094 -0.0017
11 1.2123 0.01199 0.0021
12 1.3062 0.01331 0.0047
13 1.3985 0.01479 0.0073
14 1.4854 0.01651 0.0104
15 1.5641 0.01845 0.0144

table 5 CICdCm from Javafoil
7} aoagtel W& Cl, Cd, Cm gtE°] "W FAgE Aoz 2
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g}A Xfoil for Matlabollq 7] & HY 2 Cl, Cd, Cmate JavafoilS ©] &3}
of 8k &= . Javafoildl A= - 9094 9071#¢] Cl, Cd, Cm#e =93k,
Xfoil for Matlabol| Al &= - 300 A] 307}#] W9le] Cmfgts ZEsle] So Azt
S 233 Cl, Cd, Cm, Cmf & 94& 5 Utk olwf 31« &2 W9 Cmf

2 002 Frh 974 AL HolH e Eyol=e] stFALte 98] AFgET

3. BemBo

1) BemBo#?

Egol=9 3stas Axtetr] 98] AFgg 2 13le BemBoo|th. BemBoi=

BEMTE Abgste] vkt dejo Edol=s e o 2ad Aas 4 -

0
rlr
[
fr
]
i)
o
£ 9

Function for twist angle

e m e e m o -
g 1 Read Type of Function

: Function for chord length

1

: Fitting Process :
1 - Fit chord length |
: .Fit twist angle :
1 1
1

1

Second Stage

Final geometry

: Calculate CP, CT, CM Process :
: Elementith: ri, ci_8i TSR, V i Third Stage
\ |

]

Calculate CP, CT, CM Process

Fourth Stage

figure 21 Main flow chart of the BEMT program[13]
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figure 22 Blade element

o] 2] g3t 75 FolA BEMTE o]&3ste] Egol=eo 5 ALt
3t “Calculate CP, CT, CM Process”Z o]83k Fo|t}, o] HAo A= &
o2  Geometry.geo, Inputinp, CICdCm#*propmtd-E& ALkl o 7] A
CICdCmx*.propatd & 135 107FA (ex. CICACml.prop) 1077} Z L3t} o] AL

eril CICACme] dleo|E &Rt 3t5& ALtsty] 98] dasgh gtolth o 94 s
7} A) 3 ClaculatCpCTCM.m=<- 2 &) & BEMTEZ o] g3k EIRa|
BladeElement.mS- o] &3} 5 S AArgtth 3149k BemBoi= dutd oz FH
Bl Sdlol=9] afAo] AREHER o dAgtolA dagk WILS @3F& ALked
T Aok webA Xfoildh wpvbA R o] Fastth o] kg

I
o)
lo
R
i
rlr

o
o2
odk
o
do
r o
et
-
facs
k
Jh
4>
o
ol
32
=
.

Ac)
k!

2
o%
re
-
~
oo
L
2
2
i
)
o
il

oo A RE AA e 20%%EEo ZAH&stal, AAZE= WIV(wave induced
velocity) 7} &0l =9] Aol #&epAt WILS 4§ 83 v7iAz €9

oAl 20%w 2g-gcka 7hge Aotk

2) BemBo 3= 44
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FEE F£AS7] Ao 4H doly FoA Inputinp® Geometry.geoE st

7 W3 Inputinps AREE EIRIY] #3F HolEE WERUM, o 7] A=
&= V=2m/sol A &% 140kWS 2t 10m 27 9] ZFENH HolHE AHE
Atk EJ BemBow & FHdA HAH FAARE =Fshe ZROYOE,
A dato] Geometry.geo ddof] AGETE o] AfoA= Edol= QAT

QL N=d0o] tjst H% FAAnE A,

“I inputinp - M2 - [m] x
oErm BEE MU0 2NV EERH
R Rh B Rho V N MinTSR MaxTSR Maxlter Tol 2
10 1 3 1020 2 40 4.5 4.5 200 le-6

figure 23 information of Input.inp

]| Geometry geo - HEF - O *
oEFR BRE MY0) 27V =8EH)

Radius ChordlLength PitchAngle 2

1.7708 2.6000 26.0121
1.9775 2.6000 26.0121
2.1842 2.5097 24.2208
2.3908 2.4189 22.5841
2.6042 2.3271 21.0830
2.8125 2.2417 19.7012
3.0208 2.1626 18.4250
3.2292 2.0837 17.2428
3.4375 2.0064 16.1446
3.6458 1.9332 15.1217
3.8542 1.8617 14.1666
4.0625 1.7905 13.2728
4.2708 1.7231 12.4346
4.4792 1.6590 11.6470
4.6875 1.5981 10.9055
4.8958 1.5401 10.2062
5.1042 1.4849 9.5455

figure 24 information of Geometry.geo

o 48 AL ClICdCm*.prop o€ ]t} Xfoil for Matlab¥} Javafoil &
2 Cl, Cd, Cm, Cmf Hlo]Ex= o] 7)1A AFRHET WA 7|&£9 HUdd

o
ofo
Ot
o
s
n2
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S ClICACmCmf*propH el & WA s, Cmizks F7Fsk)

ol ZHE HEAI

7] 98l A ClICACmCmfl.propol A CICACmCmi8.propZ7tA &= 7]&2] airfoil & g 91
NACAQQI20] 4] & HolEe & AFE3slal, 20%E A 5t ClICACmCmi9.prop2}
o] Holy & AM&stth

ClICACmCmf10.prop= Z=HS 2 E-3

7l clcdcmi prop - HEA

OHaF EEE AMHN0 27V =ES2H)

Alpha ClI

-90 -0.079
-89 -0.067
-88 -0.067
-87 -0.067
-86 -0.067
-85 -0.068
-84 -0.068
-83 -0.068
-82 -0.069
-81 -0.069
-80 -0.07
-/9 -0.071
-/8 -0.071
77 -0.072
-/6 -0.073
-/5 -0.074
-74 -0.075

Cd
0

T Y Y Y N S SR

.65513
.5528
53091
91179
.50838
.945
.92579
.5084
.94745
.952956
.951313
4979
.48367
.92551
.951142
.49843
.4865

SO OO OO OO o

|
O

=]

.001
.001
.002
.003
.003
.004
.005
.005
.006
.006
.007
.008
.008
.009
.009
.01

figure 25 CICdCm*.prop

dE tolE e FAS AR Hele
o]E &
o] =M= 15E 107449 CICACmCmf dlolE Apele] F7t & A7
st BR7FS AFgEt= #AR o] Solz7itt
o] 83} 9Atole] HolHE RS atd ¢F HEE if

gH4=¢l BladeElementmoll 4 CmfH|

N

o)
2] i

123l BEMTE o] &3t 71E€9 CmAlM &

&} 3

- 25

Matlabol] A4
Al

>
ot

-

1
FAW o ATNAE EAL A g3



ifirBar == 0.8) % flap

Cldatalnfilel);
Cddatalnfile):

CL
CD

else

Cl=interplipos(:),Cldatal:), rBar);
CO=interplipos(:),Cddatal:), rBar);

end
n 4
4 %
dCMff = 2+Cmff+(1-a)"BP+signar+rBar+chord/RB/(sPhi"2)+dr/R; % Cmff flap moment dasom
% %

figure 26 BladeElemet_cmf.m

mpAj ko 2 A utdel CalculateCpCTCMm#t & 748tk o714 = WILE

AZFst7] A ifEs AbEste] 2713 S whEolsth Edlel= 24 ATt 40

-

it

o

Molmz 20%5 A &at7] Sair s whA U] 87/ e o] el Aokt
oA VEer £71E da vt AEHE REdE 71EY Hx VA
WIVE yell= Vwaved B3 Vnewrl &5 o] AXHEE FATh ALt
of gr¥Y HFHow WIVZ A89E wo} S A8H3e W Adis

170

Al = g H o
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Vnew =V + Vwave

CICACmCmi* prop ey, |75 deFlement_cmfm

figure 27 Flow chart of CalculateCpCTCM_wave.m
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Thrust Power
230000 300000
‘)/"4—0\,
200000 et 250000 /
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figure 29 WIV effect
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figure 30 flap hydrofoil effect
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figure 34 other condition thrust
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figure 35 other condition power
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figure 36 other condition Cmf
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