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Fig. 3 Flapping turbine by mimicking a manta—ray [29]
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swing) #4< e} F4ol= dl 7HE %59 (hydrofoil) & 3 E Ad -2
S-A% 2 g ¥ (tandem flapping—foil hydrokinetic turbine, TFHT) A| A8 7/ja+S x5
st A ok a9l S Hrtshr] f8A, T A3 (wind tunnel test) & 18]
AqtE TFHT o thgk AFekS AA gtk o]& 2D AAFFA98E (computational fluid
dynamics, CFD) & AFg-sto] A& 574 o] 917448} o] A 2l & &1sh7] flaliA dapd o=

7l 24 (parametric analysis) & T3 3t} olu] =¥ a4 (power efficiency, 7)

ik oty el =9 W5 (power fluctuation, &) % &3t 3k o] A3 E v o ® S5
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)

12



1. 9% Ay Sd39-2d 5459 R (TFHT) A7

il
of

He

1. 2A 7Y S A

TFHT AFek @ A3 271[31, 3912 #=x3}o] Table 1 o A|AE A3} o] A A AHE
A7 33t}

Table 1 System information

Section profile NACAO0020
Chord length (c) 0.125m
Pitching axis (xp) 0.25¢
Flapping arm length (L) 2¢c
Heave amplitude (ho) lc
Flapping angle amplitude (¢) 30°
Pitching angle amplitude (8) 60,65,70,75°
Phase difforence Pitch and flapping (%) 90°
Front and rear hydrofoils (¢i-2) +90°
Reduced frequency (f*=fc/Usw) 0.1,0.12, 0.14, 0.16
Free stream velocity (Us) 0.9m/s
Reynolds number (Re) 125,900
Distance between the front and rear hydrofoils (L) 2,3,4,5,6¢
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90° W (5, ¢1-2=90° ) AHE 4 = (front—lead) 2} 3+, HZE 55 $4o]

90° WLE(F, ¢1-2=—90° ) AH = HZ ¢ = (rear—lead) 21l 3t}

@ Leading
hydrofoil

¢1-2 = 90° (Front lead)
I ¢1- = —90° (Rear lead)
|

@ Lagging s I
hydrofoil | | |

T 0 1/4 172

———————

Fig. 11 Example of front—lead and rear—lead

B A 2E M= ehF A A Atol 9] 1HA S A st ohE 59 Atol A (L) E
AR & vk A3 AFelMe F FF9 Aol Aol S 9.8¢ E AT dFE
UAARH27] A A A28l e] o7} o] AA g o] whe} Frhstn s o A& 6c = A8t
o7& A7 7509 ol MAE EUE HAhA = 2¢ ® AYsSivH2e, 311,

ol ZEuldo] A9 AwrAo® AMgEE NACA0012 2 NACAO0015 ©] ofdl
NACA0020 & AH&-#th. NACA0020 2] 7% NACA0015 Bt} 20% 1 -+ A RE frALSH

FAG A 542 2] wmol [64] AR 9o x4 AP S fla g3l

a
X388 A [39] 9 oA AF3E AF[39] & #1dte] ¥ X Z(pitch angle, 8)2 60 ~ 75°

21453+ (reduced frequency, f*x) = 0.1 ~ 0.16 H9 2 A A s}
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LANT= wgele g4 FHE <H(ilapping arm) 7
¥] % (pitching) & Yo z2 4

HS

) w300 513 £49

A (0() & =3} o] A

o(t) = { 0, sin(wt),

for front hydrofoils (1)
6y sin(wt—¢1_2), for rear hydrofoils
98 FA9 (¢ (D)2 vh7 2
(®) = { P sin(wt + W), for front hydrofoils (2)
v = Yo sin(wt + P—¢,_,), for rear hydrofoils

4] Fol 914 %

(pitching axis) & =341 H1A] (x (1), vy (1)) = oF et 2ot

x(t) = {xpf + [Leos{yp;(8)} — Leos(ypy)],

for front hydrofoils (3)
Xpr + [Leos{yp,.(£)} — Lcos(iPy)], for rear hydrofoils
Lsin t)i, for front hydrofoils
y(e) = | Lsinls(®)) ydrofe (4)
Lsin{y,(t)},  for rear hydrofoils
X, y e 9 VST E v A9 2
(6) { —L(O)sin{(t)},  for front hydrofoils (s)
x(t) = .
—Ly,.(t) sin{y,(t)},  for rear hydrofoils
)(6) = { Ls(t) cos{p;(t)},  for front hydrofoils (6)
Y Ly, (t) cos{y,.(t)},  for rear hydrofoils
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6y cos(wt), for front hydrofoils
Oyw cos(wt—¢,_;), for rear hydrofoils

é(t)={ (7)

2. X oY =4

1) CFD ZE % 78= A AHl (grid system) A H
Table 1 oA A A2~ JRE vtgoz 35 4 HAE 93 2D CFD i/l

A& gt =3, TFHT = Fig. 10 ¢ o] %3} 025 Afo]9] 74 Aol

S SO, FAETEE AA Z=(in—house code) & &35t} AHA Z=E
-84 AW (finite volume method, FVM) ¥ Z3tH 7 (transfinite interpolation) &
AT A2 s 7o R st B3 E 55 sk 7592 CFD &4+ S8 4
MY I+ FAAYHo] 785 e E5 72 (multi—-block—structural) Navier—
Stokes &W¢} Ao zg #Ari[55]. ol FHT ¢ #dd ofg] AFoA HASH
AH8EQITH[34, 35, 42, 56]. WFREEES ol AT [42, 56]°04 ZEEUN k—w
Wilcox—Durbin+(WD+) RE9& e, k-0 WD+ EEES dxt H317 (wall
spacing) ol @ W7shy, ok3l v A E o} M %= (nonlinear eddy viscosities) 2] A-$- 750l
Abgst A dolg e © & dAskal, A4 Bl & (computational cost)©] WU

APAFL[B7]E EUZE AASHA ok a8l 98 s A A (body —fitted mesh) 2+

ki
J

LWl AAF(domain mesh) AFolS] At &2 A7) &l ths AAF % (multigrid
method) ¢!  Chimera " (chimera method)o] A}&Ett,  AAZA (boundary
condition) < Fig. 12(1) A 7FAg e %2 d7-(nlet), L% =7 (oulet),

o= Y¥AY (far—filed) 272 7FA 3L ot th& CFD =75 ARE-SH Al + [10,
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471l = A (symmetry) 2710] F2 AFRHAA T, AAZEE AFE-sE A3 AT[55,
58lolM= dAR A& ARSI oR R olE Farste] AAZAE AT o174
AAY =42 w#(disturbance) & ¥<lo 2 HE He] Wojd 2AS Vel =0 AFEE |
ZES ditrow #dettt(uniform). 2B AAED Al A AATE=E AR
APAT& Faste] A4 sk th[34, 35, 42, 56]. Fig. 12(1) 9] w74 =wQl ARl x H
y BEOR 40c o A71E 7AW FA o R deE vt Skt 8= Al AE Y oA
Hht] gk AR 1A= ()0 vek dn o) BtE Ak ()% Zo] 59 BAE
2= Cd At HY Az ¥ %71 dlolo] (first layer) = 59 d U&=
mhet Aud S 2l le—4 9 A7]5 7HIY (4) = &% 7P A (leading edge, LE), (5)+=

H2Z 7142 (trailing edge, TL) & st 2455 Vehdth
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Fig. 12 Grid system

N

A<

o

2) 94 U 8 57

1

ot

AA| = (in—house code) 8] AAF W EE &21517] 98] A 714 & A A} U X (mesh
density) & AF&- 3t} (coarse mesh: 297x50 (14,504), middle mesh: 387x65 (24,704),
fine mesh: 477x80 (37,604)). o17]A] Azt @A 4= (number of time step) & & Y3+

A A EE ARRSE AAT[34] & Farste] 400 02 1173k
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Fig. 13 Convergence check of mesh size

1A Az AEE vas B3kS W 3% 3o Gy & YEl= Fig. 13(a) oA
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I
©
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>
1o,
o
24
rlr
M,
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)

A} (coarse mesh) 2] A% 0.82%, 53+ A A} (middle
mesh) 9 A% 0.09%%4S & 5 At} olg g A= A3t A A} (fine mesh) ol B3l
AUAog 22 @7 & YERATE (b) oA t/T=0.75 oA HZ% 599 C, & 5435t

AL AR AR A9 8.43%, F7+ AR B 1.20%% vl AT ARl v]8] F7+ A A

A% Aah AogoR A AY 2 9 ol Bl FA 2T A%E A1 Yk
webd] £ AIE 10l T A% A2 A2 WA § 24S Aol 27 £ FL

A3ttt olu Al 7F A 4= 300, 400, 500 0% & 3 7} Z71o|t}h
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2 B . N

S front (Kinsey & Dumas) *\_

3 ko ;o rear (Kinsey & Dumas)
Sxg e’ — — — - rear
AF ——— front

-5 L L L
0 0.25 05 0.75 1
t/'T

Fig. 15 Cy comparison of front and rear hydrofoils

0

Fig. 16 Force of right swing type

rhe

=9 A& (power performance, 7)¥ % W-&(power fluctuation,

Aol A b 842 Elule] ]3] Fee] Mgl ¥ FHT o 54



of
o
ol
ol
2
oX,
ofr
ftlo
e
o
ol
ol
~
1o
—_(’)1:5
i

o] X5 A 3 (single performance indicator, ¢)%

g8k
WA Q8% A~ (right swing) #Al&8S 712 FHT o 283+ 32 Fig. 16 °f %A & o]
ATt 3714 On &= 592 Z#3 = (flapping axis), L & 29 ¥HE S Vel = =3 o

Zo] (flapping arm length), ¢+ Z#F 7} (flapping angle) & 2lv|gtt}, =3t #7599
3] 2] % (pitching axis, X,) & THC=Z y Woz zZgsl= kg (lift force)S Fy,

Wk o 2 2835k &9 (drag force) & Fy, % Bl E (pitching moment) & M, 18] 1L

>

FZoo A~Y AZ Hete= WEgFo g Agst= del HAY (tangential force) S Fr &
UEdT) ol & viE o7 S8 §82 vt} go] FoHt.

C, 2 770w ot 48 (F) S e 2ol mdd,

Fy(t) = —C,pbcU* (8)

1
F,(t) = EcprCUZ (9)
Cog 7o R 394 59 BHlE M) & tha3t 2ol Aitdd
1 2772
M(t) = ECmpbc U (10)

w2 &= =9 (power, P) & thS-3F o] A o=},
23



P(t) = F()x(t) + Fy()y(t) + M ()8(t) = Pr(t) + Py(t) + P,(t) (11)

B 92 v WS AFE-sto] Ak

_ 1 (T

P= ?fo [Px(®) + Py(t) + P,(t)] dt (12)
=9 A& (power efficiency, 7) &4% 9% J% 599 H+ =89S ¢t & 1

8-S AF8-715 3 =9 (available power, P,) &2 Fo] AlARSC]

=5 = (13)

A71M AHE 7hsd 29 (Po) 2 v 3t 2ol d ot

P, =0.5pU3 bd (14)

WSt Fig. 17 o] =A ¥ vt} o] b = 542 A#M(span) dol& UEM AL d = 3]H

2219 (heave motion) & H o ~¢Y Azl (swept distance) & LEFWITEH
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Fig. 17 Swept area of the flapping hydrofoil
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o= (fixn)+(=f2x§), wheref, +f,=1 (16)

F7Ho® A9 9)/datk(global phase difference, @1-2)& ©lg3te] HA AR
AAstgleh. AYAT10, 391 wEw, Z&S Ao AT 547 ~252° W |

Hage] =g = glom Hogh oF 907 oA yEhd T

L
global phase difference(®,_,) = 360° X % + P12 (17)
3. TFHT Of7ffHs 2AM A=l
1) olAdAAZ (Lo ¥ 13 (pr-2)
Table 2 Initial parameter sets
case $1-2C ) Lx/c 6C) £ D1-2C )
RL_2c¢_60° _0.1 -90 2 60 0.1 162
RL_3c_60" _0.1 -90 3 60 0.1 198
RL_4c_60°_0.1 -90 4 60 0.1 234
RL_5¢_60°_0.1 -90 5 60 0.1 270
RL_6¢_60°_0.1 -90 6 60 0.1 306
FL_2c_60° _0.1 90 2 60 0.1 342
FL_3c_60° _0.1 90 3 60 0.1 18
FL_4c_60°_0.1 90 4 60 0.1 54
FL_5c_60°_0.1 90 5 60 0.1 90
FL_6c¢_60°_0.1 90 6 60 0.1 126

\]
(@)}



A7 W52 A4 7] 9149 Table 1 o A48 Welo] we} 92743} FA Q5042 27}

H2ZH(0=60" , f*=0.1) 0. & 1A 35}7L ©]

)

Aot YRS MFE Fol mizi S sl S
F-3 3o}, Table 2 ollA+= 2c, 3¢, 4c, 5c, 6¢ o] o]AAZ 9} 90° (%% 2=, front—lead,
FL) 9 —90° (F1% ¥ &, rear—lead, RL) 9] 1425 @83t 10 714 Al (case) =

43k,

M

2) ¥ X7t (pitch angle, )% F2+F3 (reduced frequency, f*)

FAAFIAE VAol WE P Golur] 93| Table 3 3 2ol

o,
o
-3
rlr
I+
O
<
1o,
o,
o
)
BN
By
=2
X
o
DX
o
i
N
AU
i
(\o]
@]

o
=
o
)
A
AU
i
(@)}
o

Hl
i
o
3%
o

Table 3 Parameter sets

case ¢p1-2 () Lx/c 6(C) f* 01-2C )
RL_2c¢_65°_0.1 -90 2 65 0.1 162
RL_2c¢_70°_0.1 -90 2 70 0.1 162
RL_2c¢_75°_0.1 -90 2 75 0.1 162
FL_2c_65°_0.1 90 2 65 0.1 342
FL_2c_70°_0.1 90 2 70 0.1 342
FL_2c_75°_0.1 90 2 75 0.1 342
RL_6c¢_65°_0.1 =90 6 65 0.1 306
RL_6¢_70°_0.1 =90 6 70 0.1 306
RL_6¢_75°_0.1 -90 6 75 0.1 306
FL_6c¢_65°_0.1 90 6 65 0.1 126
FL_6¢_70°_0.1 90 6 70 0.1 126
FL_6¢_75°_0.1 90 6 75 0.1 126
RL_2c¢_60°_0.12 -90 2 60 0.12 176.4

Do
3



case $1-2 C ) L./c 6C) f D1-2C )

RL_2¢_60°_0.14 —90 2 60 0.14 190.8
RL_2¢_60°_0.16 —90 2 60 0.16 205.2
FL_2c_60°_0.12 90 2 60 0.12 356.4
FL_2c_60°_0.14 90 2 60 0.14 10.8
FL_2¢_60°_0.16 90 2 60 0.16 25.2
RL_6c¢_60°_0.12 -90 6 60 0.12 349.2
RL_6c¢_60°_0.14 -90 6 60 0.14 32.4
RL_6¢_60°_0.16 —90 6 60 0.16 75.6
FL_6c_60°_0.12 90 6 60 0.12 169.2
FL_6c¢_60°_0.14 90 6 60 0.14 212.4
FL_6c_60°_0.16 90 6 60 0.16 255.6
4. Zit 8 =9

44 8l Table 4 9 34 7b4) Ab#le] st wiAwS 24 o 1 AHow mEaT
449 Az Agar) 98 o AAY, FAATIE, A2, A4 5 2 Wl o

dlolE 2 ¥ wah gl

Table 4 Results of parametric analysis

case 01-2C ) 7 son(%) 7 (%) & (%) o (%)
RL_2c_60°_0.1 162 21.07 40.89 31.34 33.67
RL_3c_60°_0.1 198 22.44 40.36 44.76 31.85
RL_4c_60°_0.1 234 23.41 39.38 58.68 29.57
RL_5c¢_60°_0.1 270 24.25 39.64 61.92 29.48
RL_6c¢_60°_0.1 306 24.29 40.16 41.40 32.00
FL_2c¢_60°_0.1 342 24.50 39.16 38.15 31.43
FL_3c_60°_0.1 18 25.06 41.63 51.88 32.28
FL_4c¢_60°_0.1 54 25.03 45.31 58.63 34.92
FL_5¢_60°_0.1 90 24.98 47.82 43.79 38.66
FL_6¢_60°_0.1 126 24.67 47.73 56.02 37.35
RL_2c¢_65°_0.1 162 22.89 40.88 31.58 33.63
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case @1-2C ) 7 tront(%) 7 (%) & (%) o (%)

RL_2c_70°_0.1 162 24.71 40.86 31.70 33.60
RL_2c¢_75°_0.1 162 26.63 41.08 36.64 33.31
FL_2c¢_65°_0.1 342 25.37 40.74 38.98 32.77
FL_2c_70°_0.1 342 23.57 39.29 42.86 31.07
FL_2c¢_75°_0.1 342 20.01 30.75 60.03 21.67
RL_6c¢_65°_0.1 306 28.24 42.68 44.98 33.92
RL_6¢_70°_0.1 306 31.34 45.26 52.93 35.44
RL_6¢_75°_0.1 306 32.69 44.05 77.31 31.92
FL_6¢_65°_0.1 126 25.26 45.15 25.75 38.06
FL_6¢_70°_0.1 126 23.36 41.44 41.21 33.17
FL_6c¢_75°_0.1 126 19.79 35.98 60.62 26.32
RL_2c_60°_0.12 176.4 25.49 48.59 32.37 40.50
RL_2¢_60°_0.14 190.8 26.34 50.80 48.17 40.90
RL_2c_60°_0.16 205.2 26.32 51.83 69.33 39.72
FL_2¢_60°_0.12 356.4 28.32 44.54 46.83 35.40
FL_2c¢_60°_0.14 10.8 30.12 39.20 57.23 29.55
FL_2c_60°_0.16 25.2 31.46 45.31 105.18 30.26
RL_6¢_60°_0.12 349.2 28.62 45.88 41.64 37.13
RL_6¢_60°_0.14 32.4 29.18 46.52 50.80 36.79
RL_6¢_60°_0.16 75.6 28.72 47.49 79.14 34.82
FL_6c¢_60°_0.12 169.2 29.11 50.46 25.53 42.86
FL_6c_60°_0.14 212.4 30.59 51.34 36.07 42.60
FL_6c_60°_0.16 255.6 31.32 49.74 79.91 36.77

1) 712 23 AEA o] AA e o 917t G &

WA, W Fel 4 9K 2} a7

-
i
i)

A2k (60=60" , f+=0.1) 02 §A|3HHA
T FE0] Arol ] fdakst o] AA g Tt EE el WA & P S AT o)A A== 2¢ oA
6c & 1c X 587be 92 g & (front—lead, ¢p1-2=90° ) 9} F1Z & & (rear—lead, ¢1-2=—

90° )= vt
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(@) go i i (b) ¢

—m— front lead

60 . ] -20 L - rear lead
[ ey args 4531 47.82 47.73 ] i -31’.34
9 - ' : ] = | -41.40
Sap| % DA S0 [ 4476 43797
= F | “
39.16 40.36 3938 39.64 40.16 e
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————— +----- rear lead
0 -80
1 3 5 7 1 3 5 7
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© go
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3 L 38.66 3735
s 40 +  33.67 3208 34.92
b -
;;;;;;;;; -‘77777777 e
L 31.43 31.85 2957 29 48 32.00
20 ¢ ) ’
0 .
1 3 5 7
L/c

Fig. 18 Power performance results of basic sets (a)efficiency, (b)fluctuation,
(c) single performance indicator

Fig. 18(a) & W, H% 2=& BE olAA gl A4 39.38~40.89% Aol a&4&
QA A A= A G, U= g == 2c oA 39.16%, 6¢ oA 47.73% = F7}V8}o]
Ao WE a8 S7HE HoFY. Ho a8 W% (average efficiency sensitivity,
|4 7/4L/c) )2 1.38 2 ARtk &% 2j=2] F9 A 9743 (P1-2) = Table 4
FAE A3} 2ol 342° 18, ° 54,° 90° W 126° % F7}eto] AEE oA nEE
o] (54~252° ) FAHE o]Fsith W= ¥% 2l=o] A A 9dA7F 1627 1987,

234° , 270° , 306" A adEE A Aas Yo =w olFst Aol qlo] A
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Fig. 19 Comparison of power curve between 4c and 5c conditions in the basic sets

F7HAQ1 iR BAS f8] A gdAE 245 Aes S e 20
AAd o sk, FIHAZ(3,4,50)F AASAL olAA- 2¢ o LHAAHAA HEF

H=(dd As AE(0)=33.67)F, 6¢c o 7 11 el &= 2 =(0=37.30)F
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Fig. 20 Power performance results with pitch angle change (A: efficiency, B:
fluctuation, C: single performance indicator)

=
i’l
N
=2
>
Ao
&
ok
|
o
415
IR
)
I
=2
>
D
©
(@)}
\o]
N
A
IR
i)
I
=
=
ﬂ
~
wW
—
X
il
i
ful
i
=

]|
)

34



3) F2AF 3 (reduced frequency, f*) <&k
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Fig. 21 Power performance results with reduced frequency change (A: efficiency,
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THAA HEE 98l 'RL_2c_60° _0.12° ¢+ ‘FL_6c_60° _0.12" =il dist ok
ul H& =50 A9 o (pressure) 2 9} (vortex) 5324 (contour) ©] U}l = Fig.
23 & ¥4 FL_6c_60° _0.12° 9] FF% 5o o wddls 4% 7HEAte
9} (leading edge vortex, LEV)7}F AAHTE t/T=0.4 oA WAooz ZAH v
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Table 5 Additional condition sets
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30.65
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Fig. 24 Results of additional condition sets (a: power efficiency, b: power
fluctuation, c: single performance indicator)
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Fig. 28 In—phase and out—of—phase cases
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293k
2D AALFAG S AEH oINS A% A2w AR 2 2% Yui= Table 6 o) 2.0k

Uk A3 A5[10, 37, 39, 41, 4315 F& HAZA(9)> 700 = AAAAL,
A () ] M9l= 0.1~0.14 = AR HTE k5 FF50] Alo] o]AAZ (L) <]
Z¢-ol= A8 A7[10, 28, 37, 39, 47, 64] A AWkF o2 B4 ¥ 3.6~7.5¢ Alo] M=
AP, 5 A75(0.9m/s) I L5 (1.2m/s) o F 7HA 207 Yrglon, 1o

upe} glo]x = 4= (Re) 7} 242} 201,440 ¥} 268,587 = A A =t}
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Table 6 System specifications and operational information

Section profile NACAOQOO15
Chord length (c) 0.2m
Pitching axis (xp) 0.25¢
Flapping arm length (L) 2¢
Heave amplitude (ho) 1c
Flapping angle amplitude (¢ ) 30°
Pitching angle amplitude (8 ) 70°
Pitch and flapping (%) 90°
Phase difference Front and rear hydrofoils (¢1-2) 90°, 180°
Right and left hydrofoils (¢ = 1-2) 0, 180 -
Global phase difference (®,-2=360° Xf Ly/Uwx+ ¢1-2) ~ 90°
Reduced frequency (f*=fc/Uxw) 0.1 ~0.14
Free stream velocity (Uw) 0.9, 1.2
Reynolds number (Re) 201,440, 268,587
Distance between the front and rear hydrofoils (Ly) 3.6 ~7.5¢

check) S 2t} =HA &l 93l A4 U= (mesh density) & A ZF @A 4= (number
)

of time step) &
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Table 7 Information of mesh cases for convergence check

mesh Body fitted mesh Number of time steps 7 (%) 47 (%)
1 387 x65 400 28.47 2.08
2 597 x 100 400 27.89 0.00
3 687x115 400 27.87 0.07
4 597 x 100 300 29.04 4.12
5 597 x 100 500 28.03 0.50
6 597 x 100 600 28.21 1.15

o] Alyg] oA fx k2 0.12 22 TAAFH O & W= Table 7 o AAE AFFS
AbE3E], T o] Z2AAMA HE3 Y Table 7 2 mesh 1 #F mesh 3 & mesh 2 9

Hlwskd B84 LF7F 2.08%14] 0.07%= 7HAs 21& & & Adth AlZE 1+

o
a0
1
ok

A, mesh 4 o= 257580 4.12%°] A% mesh 5 &} mesh 6 oA 2} o] A7k 71+7 9]
500 ¥ 600 <91 Ao+ 22 0.5%% 1.15%% #A3sk. Fig. 29 ¢ 8 2xoAM C, &

MR opre] Aol 9 AALEE JejE malch ofo] whe A AL 1 stol

(A) 4 ® 4
casel case4
3 case2 1 A I case2
——— case3 § | | caseb

———- caseb

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
t/'T t/T

Fig. 29 Results of convergence check

51



W
=
1o
vl
AU
N
)
30
rr
N
Uit
i
Aoy
o
|
=<
s
Jo
_—>‘4_vg
oft
Eiv
)
=3
Mo
T
02
o)
Co
=2
>,
_>JL[4
fal)
o,
R
=)
to
ru
R

Fig. 16 oA Z&3 7]zt FoF H A9 (tangential force, Fr) ol 7]o3&}#] 9= F, 9 F,
Ao w 4708 FFelo] 9l TFHT & A%

|
e = stFol 12k &4 stzol v ¥ Aol Eul ZAo 7t A= Fafel] tf gt

Uw
Load
; : | Ef = FE(1 — |siny(0)])
Right side | 72 S| B =E U~ lcosp(0))
,,/'/ Moment
x 7 4
: / DR, =M
= ‘ /S, =42c | i
:" i / N \: / i
Left side | c="v 7 S o
(L Xp1 /———fl Xp3 | : Z(FxL)i (S = Mgl;
5 =1

Sii= i%Lx —2¢|1 —cosy(t)|
Fig. 30 Position of 4—hydrofoils

52



axis, xp) = AAsk A9 o

i
N
o
o
>
N

Sx&zWEAY S, = tw BEA o2 YERdH

1
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Se=1 1 (18)
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2
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TSk Fr 7] &5 A9 et wAlofl 7l A= s tha3 2
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o ATelMe 2 Zy v R ¢EF 4ol 28 Ao mAle 9%
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olAA Y (Ly) ¢ #1782 (p1-2) 5 At 2= HxERE 3t k5 13k (¢i-2) = Fig.

28 oA & 4= %ol A 20 (1-2=180" ) A 2 (¢1-2=90" ) 2.2 1

ot e A5-[10, 391 A AltE A LAgAH(Dr-2) & HZ MLl (eF 90" )= & Aol

Table 8 Analysis conditions

case p1-2 C ) Uw (m/s) f* Ly/c @1-2(C )

OP_L_0.10 90 0.9 0.1 5 90

OP_L_0.11 90 0.9 0.11 4.5 88.2
OP_L_0.12 90 0.9 0.12 4.2 91.44
OP_L_0.13 90 0.9 0.13 3.9 92.52
OP_L_0.14 90 0.9 0.14 3.6 91.44
IP_L_0.10 180 0.9 0.1 7.5 90

IP_L_0.11 180 0.9 0.11 6.8 89.28
IP_L_0.12 180 0.9 0.12 6.3 92.16
IP_L_0.13 180 0.9 0.13 5.8 91.44
IP_L_0.14 180 0.9 0.14 5.4 92.16
OP_H_0.10 90 1.2 0.1 5 90

OP_H_0.11 90 1.2 0.11 4.5 88.2
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case p1-2 C ) U (m/s) f* Ly/c @1-2(C )

OP_H_0.12 90 1.2 0.12 4.2 91.44
OP_H_0.13 90 1.2 0.13 3.9 92.52
OP_H_0.14 90 1.2 0.14 3.6 91.44
IP_H_0.10 180 1.2 0.1 7.5 90

[P_.H 0.11 180 1.2 0.11 6.8 89.28
[P_.H_0.12 180 1.2 0.12 6.3 92.16
IP_H_0.13 180 1.2 0.13 5.8 91.44
[P_H_0.14 180 1.2 0.14 5.4 92.16

Table 8 & "7 E4 AlglE Ko=) 20 719 AbdlE 5 £719] 0.9, 1.2m/s,

o

yx74o] 707, £+7F0.1~0.14 M flefl 3= w DA L7d=2H7E 907 ol 77k ol AA = =1

I

A AA AT B4 27 (5.40~7.50) ol B8l 91914 27 (3.6c~50) ol 4] okE 1l

Szo) Aol 9] o] AAe|7t B FHe Ao b,
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Table 9 Results of power performance
case T o oL WY G T® G @
OP_L_0.10 90 0.9 0.1 5 90  28.94 42,5 54.74 32.77
OP_L_0.11 90 0.9 0.11 4.5 88.2 28.03 42.73 82.92 30.17
OP_L_0.12 90 09 0.12 4.2 91.44 2571 43.81 104.80 28.95
OP_L_0.13 90 0.9 0.13 3.9 9252 2297 45.99 127.76 28.62
OP_L_0.14 90 09 0.14 3.6 91.44 2403 48.05 117.04 31.54
IP_.L_0.10 180 0.9 0.1 7.5 90  29.35 42.67 127.63 25.64
IP_L_0.11 180 0.9 0.11 6.8 89.28 31.19 47.83 121.64 30.88
IP_.L_0.12 180 0.9 0.12 6.3 92.16 30.62 52.73 119.08 35.55
IP_.L_ 013 180 0.9 0.13 58 91.44 23.70 44.65 211.78 19.01
IP_.L_0.14 180 0.9 0.14 54 92,16 24.68 46.88 237.03 18.49
OP_H_0.10 90 1.2 0.1 5) 90  29.12 50.36 63.75 38.94
OP_H_0.11 90 1.2 0.11 4.5 88.2 28.60 45.18 68.51 33.81
OP_H_0.12 90 1.2 0.12 4.2 9144 26.45 50.82 85.43 37.19
OP_H_0.13 90 1.2 0.13 3.9 9262 23.6 47.68 1249 30.42
OP_H_0.14 90 1.2 0.14 3.6 91.44 24.93 53.27 105.04 37.44
IP_H 0.10 180 1.2 0.1 7.5 90  29.84 47.65 106.99 32.18
[P_.H_0.11 180 1.2 0.11 6.8 89.28 28.93 42.38 147.07 23.43
IP_.H_0.12 180 1.2 0.12 6.3 92.16 29.43 52.08 129.89 33.88
IP_H 0.13 180 1.2 0.13 5.8 91.44 23.06 46.69 238.17 18.21
IP_.H_0.14 180 1.2 0.14 5.4 92.16 25.25 56.89 208.32 30.36
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Fig. 36 Pressure and vortex contour of in—phase conditions (t/T=0.3~0.4)
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Abstract

Flapping—foil hydrokinetic turbine (FHT) are inspired by nature and have recently
been presented in various forms. In this study, a parametric analysis was performed
to design a tandem hydrokinetic turbine with four hydrofoils mimicking a quadruped
aquatic animal and its movements. A Navier—Stokes—based computational fluid
dynamics (CFD) code was used as the analysis tool, and the performance in terms
of power and load was compared and analyzed by varying the pitch angle, reduced
frequency (f*), separation distance, and phase difference of each hydrofoil.

In the first parametric analysis, the pitch angle and dimensionless frequency were
set to the smallest values in the given parameter range, focusing on power efficiency
and fluctuation. Then, based on the proposed performance metrics and the room for
improvement, additional parametric analyses were performed by selecting the 90°
front—lead condition for the longest distance of 6¢ and the 90° rear—lead condition

for the shortest distance of 2¢c. The subsequent parametric analysis showed that the
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90° front—lead with a pitch angle of 70° , a reduced frequency of 0.12, and a
distance of 4c¢ was the final optimal condition in terms of system length and power
balance, with an efficiency of 59.48% and fluctuation of 55.44%.

Next, the performance of each hydrofoil was compared and analyzed in terms of
power and load under in—phase and out—of—phase conditions. After optimizing the
reduced frequency and separation distance, the out—of—phase condition showed
superior characteristics in terms of power, with similar efficiency and lower
fluctuations compared to the in—phase condition. As for the loads on the system body,
the load level remains lower in the out—of—phase condition compared to the in—
phase condition, which is favorable for the design of the structure supporting the
turbine. Therefore, the FHT proposed in this study can utilize three or more
hydrofoils similar to a conventional rotary turbine, and the performance of the FHT

can be improved by phase control between the hydrofoils.
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