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Heaving amplitude [m]

Area [m?]

Maximum trailing edge amplitude [m]
Width on second moment of area [m]

Chord length [m]

Lift coefficient = Lift force/(1/2)0V oA

Cr Thrust coefficient = Thrust force/(1/2),/V°A

d Material incompressibility parameter [Pa™]

E Young’s modulus [Pa]

f Heaving frequency [Hz]

G Center of gravity [m]

h Thickness [m]

he Thickness of center of gravity [m]

I Second moment of area = Ih*/12 [m*]

Ig Second moment of area of center of gravity = Ihg®/12 [m"]
I First deviatornic strain invariant

Iy Local maximum of second moment of area [m"]
I, Local minimum of second moment of area [m"]

J Determinant of the elastic deformation gradient
k Initial bulk modulus [Pa]

K Bending stiffness coefficient [-]

| Span chord length [m]

N; Number of iteration

P Pressure [Pa]

Re Reynolds number [-]

St Strouhal number based on the trailing edge [-]

St e Strouhal number based on the leading edge [-]

t Time [s]

T Period of heaving motion [s]

u Velocity in x direction [m/s]

Ui Displacement [m]

U Velocity [m/s]

VElastic Elastic velocity, vrg-v e [M/5]

ViE Leading edge velocity [m/s]



VTE Trailing edge velocity [m/s]

Vo Main flow velocity [m/s]

W Strain enegy density function

X Streamwise position [m]

y Cross stream position [m]

y+ Wall distance [-]

Oleft Effective of angle of attack [deg.]

OlElastic Angle of attack by the elastic deformation [deg.]
Oltieaving Angle of attack at the leading edge [deg.]

o Angle of attack at the trailing edge [deg.]

p Dimensionless elastic velocity [-]

r Circulation [m?/s]

I’ Dimensionless circulation = 77/cVq

7 Phase difference of trailing edge displacement [deg.]
Mo Initial shear modulus of the material [Pa]

u Viscosity [Pa-s]

v Poisson ratio [-]

D Density of fluid [kg/m®]

Ds Density of solid [kg/m’]

c Stress [Pa]

v Dynamic viscosity [m/s]

i Phase difference of elastic deformation [deg.]
@ Vorticity [1/5]

@ Dimensionless vorticity = wc/Vg

LED Leading edge displacememt

TED Trailing edge displacememt

vi
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Fig. 1-1 Separation flow and Kutta condition of the unsteady moving airfoil (% k&, (1979)®)

(a) Heaving motion (b) Pitching motion

Fig. 1-2 PIV measurement of the pure heaving and the pure pitching airfoil (Fuchiwaki M., (2007)(3))

(a) Heaving motion (b) Pitching motion
Fig. 1-3 Dynamic behavior of the unsteady dynamic thrust acting on the pure heaving and the pure
pitching airfoil (Fuchiwaki M., (2007)®)
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(@) Numerical simulation (b) PIV measurement

Fig. 1-4 Fluid dynamics of pitching and plunging airfoil (Kang C., (2009)®)

Fig. 1-5 Propulsion of a flapping and oscillating airfoil (Garrick I. E., (1936)®)

Fig. 1-6 Effective of dynamic stall on propulsive efficiency and thrust of flapping airfoil (Isogai K.,
(1999)®)




o [deg]

(a) Transition of the effective of angle of attack at 0.15<St<0.75 in the pitching and plunging rigid
foil

(b) Wake structure in pure plunging motion  (c) Wake structure in pitching and plunging motion

Fig. 1-7 Effect of angle of attack profiles in flapping foil propulsion (Hover F. S., (2004)(7))
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Fig. 1-8 Aerodynamics of low Reynolds number rigid combination and flexible heaving airfoils
(Tang J., (2007)®)

Fig. 1-9 Flexible flapping airfoil propulsion at low Reynolds numbers (Heathcote S., (2007)(10))

Translational

spring —__

Center of

rotation

Trailing edge
e displacement

Free stream

Fig. 1-10 Hydroelasticity modeling of flexible propulsors (Murray M. M., (2000)(12))
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Fig. 1-11 Data passing of bi-directional coupling problem in fluid structure interaction



Fig. 1-12 Optimization of Flapping Motion Parameters for Two Airfoils in a Biplane Configuration
(Mustafa K. et al., (2009)*®)

Fig. 1-13 Implicit LES Computations for a Rapidly Pitching Plate (Daniel J. G. et al., (2010)(18))

Fig. 1-14 Numerical analysis of active chordwise flexibility on the performance of non-symmetrical
flapping airfoils (Tay. W.B. et al., (2010)®)
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Fig. 1-15 Description of the bending stiffness in the square section

1-5 HMERS 2 EBEOEMH

AR, BRMEIRIZ, WFSE - BRFE SRR A 7o/ NMILEE AFRATIRIZAZR 415 MAVS, Micro flapping
robot 3 L OV NIERIKICHW LTV D, ZhubiE, EIRER, KB, (H22 - Bk
FONMREEDOTEH 2Ry & L TORBMAHFHFIN TS, Wy ERORMEB &
OIKIEEW O A 1 = XL ZFH LB To TR Y, ZomH#EH s 2k LT
W5, KRS, MEROBIRE, EEOAMOEREOBRENAS THY, TEHE 525
ZEzk Y, WA L ONERMTHEILTTN .

BT CIE, WMEEREZEBETLHZ LICLD, EBEICRHZEB L -eR Yy hOFIng-S
PHEINTEY, FMEICIE, ZE LR ZT O Hl T ae e AR~ OIS A3 R &
NTW5., T, HEETBEOFIEZ T T, TRICXDHIEIIENRER G IER
ICHEIZR D, ZblE, MHEROBEAPEERITH L TNESWHIRE <, 26 IZES)
BEHZDTEICK YL SE D 2 ENERNRBETH D, R, WEROBRIZEN
TIE, Ashraf MAA®Y 23, [l SEEIR O “ROTHAUCE W T, Bi%E &2 DA 30%LL T
DT AT MMETIHE, HEENTB L OZOENRELS DI EERALNILTND. £,
TEEN B O WML TE D EEME S EE G STV D 2 Lk § CNEIENE0ED - a3 2 Fus
HZ LR, @MURT a—F L0z, LeLaenb, EEOHSETIE, =Rk,
SWRTEHIREMEET &Y, RN R TR D - 02N 2 o @hrsEE) 248 2 6
52 LIFRETHL Z L biEMENTVEY, oz thh, BUEROBIKE ZDE
BORRIE, TOEDLY OWNIGIZBITHEERNRTFTA—FIThDH. Tobb, ZhET
IRARTZKEB LSt AN KENT A —Z (2 b B2 bND. AW TIE, KEBXUSt #E %+
DL & DBMREH ST 5 Z 2k v, TRV L ZomE) ZEEh 542 3 5
THZELEZEZRD. £lo, “IBR~ORERMLHEF L, WiEE2 A7 5EE)E O R
- MBS L ONEB SR OBREICEIRT 52 Z LB HREE B 2 D.

10



1-6  AHFZEDONESI

AWFZETIE, FAHICET S 2 HER £ b0 OGO S GEEKEICR VT, £
®ﬁ%%iM¢éN7%~&ﬂm%®&%&@Uﬂeﬁk#f&<,%@%@%%WﬁK
ZbdHdEEZ, TNOHOBRERAGLNCTH I & E Lz, FRZ, RO T ORHE L
HENCIXEERBRA DY, SHICTOEDLY OMTIUCHRS EBELE2 D B2 N5,
Thbb, WMOESERICE < WA AEET, S OERTTEROBEBCRICAR D Z LR TE
END. AEFETIE, 26D 3 DOFEELRT A= ERNT, BHRVA JVAELUT
DOFEIKIZ BT, B2 ES) - WA 2 3 2 #ERO kot s8Iz, oK
B RS R L, WAV L OISl < SRRV RED BN T A — 2 B BT 5.
Z D%, ZWITHTeEMETY & & L EESE b o X O U < IR FE
PEIZ DWW THRETT 5.

1-7 ABEHFEOBEW

AWFFETIE, b—tr ZERd 2R E b ORISR 1 O FE AR AT &
1TV, BPEEEN R O dh ITRIME A2 B8 L 7o & 0K IR EE o T 52 L2 H
&35, FrZ, b— B 7ER)S 2RI H < FFEF IR &2 £ DL ERI 7287 A —
B LEZ LNDHIEENSME(S ), A ORIERe )8 L OIFHIEK)Z AVWT, Zhb &
OEMRZHAOLMCTHZ L2 RKBENET D, TNEERTDHEDICLLTD 4 2EZHL,
W29 5.

@©  #TEIYE K OWRE
ZHVE TER STl FHIME K omE A& 290k T 5. KRS, HMEROdh
FEAANER T D W2 — R TRWRRISE LT, ihiFHIE K 2 E#£T 5. &
“IRTTHNCEMEETE 2§ 2 /R I8N TH 20 liFHIMES AW 6D K9
2, INETICHM AN R S TER S VK —RE— AV P2k T 5.

hlt.,

@  KomnGE~DHE Bk - EH, K OEDEY, Re#)
SRIEBL DR « R DRI & 2 AU < TR I ~DZREZ A ST 57289
(2, NACA0010 B X OVEHEIR &2 FIVC, AR, EEi#E £ b0 O
L OEDWMET 2T~ 5.
K OEWZ L B HEEE RS L OWNG & EOWE N2l L0295, £7-, Re
BOFNH~OREEZTIN, K OBEEEEZHLMNICT 5.

11



B TEEN 8 < AR ) O KB & 2R B R T A —H
BRMEEENE I < IR O St BB IO K OBREZH ST HZ L2k,
TR OEEIRRT A—=FHHLNT 5.
StHB LUK & Z0WAT) & ORREH LML, MER R B AR 5 =
LY, HEMEEIRICE  RIKNOKE T A — X FHLNICT .

ZIRTTIAR~D B
ZIRTCHIC MR TE S 2 EE 3 £ oV Ot G X OE I < WK &
BINCT DT LIZRY, BEEROMNREH SN D.
TWRoTE BN OO B 72 E ) o L OMEMEATZ I L7 i EIME K &2 =kocHy
IRV TE 23 D EE I RBA T 5. RS, =RonRICER T D Wi ke —
AV MEREL, MITHIMEK Z2E#£T 5.
i HIME K &R E D D Ot K OZ OWE N FHEICHSOWTRE 2.

12



2. BMRERIE T DO OWhG
2-1 BMEESHE T DY ORNBOERTE

BEEBIE E D) OV, FEETNTHY, BHORBERICLY, ZONRS
FO#BCIEEE LI, BRI ETERT 5. ARRTIE, 20k 5 R —HiiHo
BYEERVR £ ) DA RS LT BIo0, REDIFT R R EEE, RIEREK
KRS LA/ VRBERC D, $1, BMIOICEDT 2 EHROELOHE RIS,
EE R SE O KIERE AL Li- 2 r I L 0 EHRT 5 (R(Q2-2). & kg
(3, TSI D EBEEORE SITHYTOBWRTHTH S, &I, #WIEEROWmEmO
12 < & 2 T HITEEE, REI)RT WAL E S OB KkE— A2 FBEY
L & o T3 ST 5 ©u0a2e0).

%:ﬂﬁ (2-1)
1%

gt  2bf 2-2)
VO

K = LZ?, (2_3)
0.5p,V,C

2-2  EHITHIE K ORERDOES

PSRRIV ST E TR, K 2-1@ird & 912, iif %% 2 2 MmN E g mic
—HETHIEMH DIV R ERE L THEAMOREFESZ AWK EICL Y ERS L, X
@IVEHSNTE T, Fiz, K 2-1 O XD ICZRITTHNCHMEETE 23 5 52V Tk
ZDANRNFARESEZRMNESHTZD TEZXDHI LT, B FHIEY O-bidh b0
ITER S L TRV ZENARETH 72, T72bbh, IRETCoOMFHMEDERIL, H
FZR TR 36 K OV R MR 28 T 24T O BBV I L COH AN H N TE -

ZDO—FT, AL TIE, K 2-1(0)\ZR7 K 5 223547 [0 AT O Wi i O Wi —IRKE — A
VAR RETRVWIR ARG LD 2 LT, KOBEAHRPHAZILET D, RS, AHFFETIL,
HEME )3 A RERE & L CH40HERE 3 B hic<10% DiEB 3 & 5t 5 &+ 269 F7=, =20k
SIMET B =T B K O = ROe R T 42 3 2856, 10RO #lF mIvE(N(2-3)) T,
FOEMATERWY. DLEDZ s, RIFFETIE, BERIIHMPEHDEMEB LA
FHaDRE S ZBE Lz RO ERE1T S .

13



(a) Flat plate (b) Airfoil

Fig. 2-1 Configuration of an elastic moving body

Table 2-1 Characteristics of fluid-structure interaction simulation method
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Fig. 2-5 Iteration mechanism of FSI coupling between a fluid and a structural region in one step
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Fig. 2-6 Configuration of moving elastic test airfoil

20



1 Symmet
~ Inlet ~ ! e
Main Flow Velocity ! c/12 (5mm)
13c
= I
- 2c :
~o - LN
c ~~_
~Interface ~ "~~~ _ ~ Outlet ~
Esl 5c Te~o.
=<  Opening
Symmetry

Fig. 2-7 Computational model
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Fig. 2-8 Computational grid around the airfoil
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(a) Leading edge (b) Center of chord

(c) Trailing edge

Fig. 2-9 Grid configurations near the leading edge, the center of chord and the trailing edge of the

airfoil

Fig. 2-10 Unsteady y+ using k- model of the elastic heaving airfoil with E=0.32[MPa]
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Table 2-2 Material properties and simulation conditions of the airfoil

Structure Silicone Motion Heaving
Hyperelasticity | Neo Hookean Mesh Hexa
E 0.32 [MPa] | Convergence target 10*
v 0.45 Iteration 15
Ds 1143 [kg/m®] | Number of elements | 1x10°

Table 2-3 Simulation conditions of the fluid region

Fluid Water Interface Moving Wall
O 997 [kg/m’] Mesh Hexa
Re 4x10° Convergence target 10*
St 0.10-0.70 Iteration 15
Inlet 0.067 [m/s] Number of nodes 2x10°
Outlet 0 [Pa] y+ <1.0

/ Symmetry

Main flow

=

Moving wall (Heaving motion)

Wall Opening

Fig. 2-11 Analysis region for large eddy simulation of a flow field around the heaving rigid
NACAO0010
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Fig. 2-12 Averaged dynamic forces acting on the heaving rigid NACA0010
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(a) Dynamic thrust (b) Dynamic lift
Fig. 2-13 Time variation of dynamic forces acting on the heaving rigid NACAQ0010 at St=0.36

Fig. 2-14 Iso-surface of vorticity at »’=20 around the heaving rigid NACAO0010 at St=0.36
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Fig. 2-15 Heaving amplitude and trailing edge displacement of the elastic heaving airfoil

2-16 (T K 91T, WMEEATRIS L ORI ORMEMATHRE R IT, TR E K< —
BT 52 enbnd. e —Er 7EET 2RO TIX, B ORI X DM
BLOWAERDEINZ LY+ HEETE L CWD Z ERXbnd. 72, TOENIE, HEf]
HICENTEEZENBEL TR, MHEZETD. IR S X OERE R TR
DOAFAZEZ DT D IRFRZENE L TN D DX, BUERT COMIEEQE VB L) 2=
LCHERE U7 F2BRE (B, M) BT 2MIM: E SN Z B D Z LN TETRVDON,
RIERTHY, FIZ, BEERORT YV B I OEEOEICL Y, v z{ﬁ;@ﬁ%%%ﬂ
RoleEBEZOND. LNLRNRDL, TORKEMOBEZES PR TRK 48%THY, &
B EHEEAEOMENE LSO TS EF 2 5. Fiz, tMoEEZHW=8HEIB0
Th, TOEMBEIORFEITRR D00, RO MAEET S Z & 2 L.

WIT, b— Y 7 2 MG R O RN A X 2-17 (2R, Rl L UMl =
NE St BB LOENL bla THD. @B LOOIXZENZH E=0.32[MPa]iZ &) % B fEfiEsT
FERBLOERERTHS.

E= 032[MPa] BT, BAEMATRE SR, ERERE L& LTWD. £, St Hok
M &, FEERESHENT 572010, BEGOEMGIMT 22 L8015, K2, &
VY St ﬁz _ku\f, E—E VRO 15 ETHhDH 2 L bbnd. & St FiEk T %2

26



—:LED, Cal. o :LED, Exp.

20 F —:TED, Cal. o : TED, Exp.

Ya

0.0 1.0 2.0

Fig. 2-16 Leading and trailing edge displacements of the elastic heaving airfoil with E=0.32[MPa] at
St=0.64
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Fig. 2-17 Trailing edge displacement of the elastic heaving airfoil with E=0.32[MPa]
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(a) PIV measurement result (b) Numerical simulation result
Fig. 2-18 Vorticity contours behind the rigid heaving airfoil at St=0.64
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(a) PIV measurement result (b) Numerical simulation result
Fig. 2-19 Vorticity contours behind the elastic heaving airfoil with E=0.32[MPa] at St=0.64

1.0 —— : Cal. 1.0

1.0 2.0 3.0

(a) Rigid NACA0010 (b) Elastic NACA0010
Fig. 2-20 Mean velocity profile during one cycle behind the rigid and elastic heaving airfoils at
St=0.64
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(a) NACAO00025, h=1.5 mm(hy=1.27 mm) (b),(c) Flat plate, h=hg=1.27 mm

Fig. 3-1 Deflection to load on the elastic airfoil

Table 3-1 Deflection to load on the elastic airfoil under same height of the center of gravity,
hg=1.27mm

(a) NACA00025

(b) Flat plate

(c) Flat plate

span I=1mm span I=1mm span I=bmm

E=1.0 MPa 3.56x101m 3.51x101m 3.44%x101m

E=10.0 MPa 3.56%x102m 3.51x102m 3.44%x102m

E=100.0 MPa 3.56x10°m 3.51x10°m 3.44%x10°m
Error - 1.5% 3.4 %

Table 3-2 Deflection to load on the elastic bodies under same height of the center of gravity,

hg=5.07mm
(a) NACA0010 (b) Flat plate (c) Flat plate
span I=5mm span I=1mm span I=bmm
E=1.0 MPa 6.12x10°m 6.41x10°m 6.34x 103 m
E=10.0 MPa 6.12x10“*m 6.41x10“m 6.34x10“m
E=100.0 MPa 6.12x10°m 6.41%x10°m 6.34x10°m
Error - 4.7 % 3.5%

T DN EREEDEENTIC L VAL NCT S, WP o B G RETR 14 %R 2B EEL,
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DM E=1.0, 10.0 35 LY 100[MPa]iZ 1) 5 Witk 3%k DI b A ETH D, (a),(b)F LV (c)
ITFENEN AR EE 1.0[mm] NACA00025, A /3B &A% 1.0 3 L T8 5.0[mm] D EAR D&
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Table 3-3 Deflection to different load on the elastic bodies under same height of the center of gravity,
hg=1.5mm
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(a) NACAO0010 (b) Flat plate
Fig. 3-2 Configuration of elastic heaving test airfoil ~ Fig. 3-3 Configuration of elastic deformation

of the elastic heaving test airfoil

3-1-3-2 BRBRBEOENL

[FFREE O g PRI K 2835 b — b2 ZiEsh 9 2 kRO MEE R O 721X 3-4 1R
T, % 3-4(2)F L O(b)IXZF 2 NACA00L0 35 L ONEARTEIR O FEE 1.0 3315 2 BIEZ T
DOBFFHEORE T ThH 5. ZORENL LD X HIC, FFREOMITHIME K=22 L0210
NACA0010 # L USEARIZIR OB ZE I Ok 113, ZORRICE D b FRIBROBER Z 7~ LT
WBHZ ENDMNS. £, X352 St=0.64 (2351F 5 NACA0010 1 L ORI IR O FE ATk
KOO EN O 2L &2 7~ 7. X 3-5(a),(b)35 & ONc)IXZ 4 NACA0010 5 L ONEAR
FARIZEB T DRREED K OEMEOFRETH 5. W bR X Otz n2n 88 ot

30



-— @

(@) NACAO0010, K=2.2 (b) Flat plate, K=2.1
Fig. 3-4 Elastic deformation of the elastic heaving airfoil with comparable bending stiffness at center

of amplitude

20k — : LED, NACA0010 20k — : LED, NACAO010
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o : LED, NACAQ010, Exp,
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--- : LED, Flat plate - - : LED, Flat plate

yla

20F - TED, Flat plate 20F -- :TED Flat plate
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(a) NACA0010(K=2.2), Flat plate(K=2.1) (b) NACA0010(K=7.2), Flat plate(K=5.8)
20k — : LED, NACA0010

— : TED, NACA0010

©
= 00
--. : LED, Flat plate
20k --':TED,Flatplate
M M M M 1 M M M M
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(c) NACAO0010(K=13.5), Flat plate(K=11.6)
Fig. 3-5 Leading edge displacement(LED) and trailing edge displacement(TED) of the elastic
heaving NACAO0010 and flat plate at St=0.64
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Fig. 3-6 Maximum values of trailing edge displacement of the elastic heaving NACA0010 and flat
plate

BELOEN yla THD. FEpd X OBHTZE4 NACA00L0 B LR TH Y, BB X
WIROFEIIENZFNEATZRE L ORBEEMTH S, £z, ¥ 3-50h)cHiT 508 LVOIX
FNENEATRS L OBREREMOERER TH 5.

¥ 3-5(a),(b)B L ) DNTFTHOFERICBNTS, KBFEEKETIE, ZoRK, EiLB L
OB D 697, REkOEE R L OMEEE OfE 21525 Z L3 bh 5. KT, X 3-5(b)
@ NACA0010 I, FEBRFERLFAEOMEmZRL TS Z bbb, E—b v JEfT 5
BMEE OB T, BHOESIC L HEENB L OHEOENC I 0 LR L, 0
BT KXo TR Z Ebbolz. KT, WTNOSEMEICIE W T b EATHRAEIZE
NTREGBBENEML, MHEEZAETSH. UL, —KE—FEFOBETLH 5.

b— b VR 5 IR % G ORKEM Z K 3-6 1ZnT. Al L OMEXE e
St HBELOENL bla THD. @, A BLD @ [TTNTH K=2.2,72 BL W 1351281
% NACA0010 DEEFEKRNEM TH D, A 1T K=72 IZBIT2ERERTHS. £72, O,
A BXO® O ZENTR K=2.1,58 BL W 116 [ZBI D FROMERTH 5.

K=7.2 128\ T, BUEMITHERIEL, ERERE LB LWL 2 enbnd. wWTno
K D4 St 5o Bz X E%ﬁwkﬁuiﬁmbf%@ Z DOWPEETE ORT1L, T
R BEHB L OCHPEIK ST, KIZE>TRIETDHZ ERDroTo. 6L, KAav/hawn

ﬁ%ﬁwkﬁuﬂk%<ﬁé Ebbnd. i, KM35@IIRT LI, hEVK
f@,#@%ﬂiﬁ_&@,%@%@EM@k%<@étbf&@,aﬁm%Mu;@
BGBREN LRI E ONMENRKE LD LT, TORKEMIIETTEZE bbb
fo. TOXOIT, HITHIE KIZKY, MEROBROKTMRET D Lonb, K Xk
BT 2 EERRT A—FD—DThHDH I ERbhoi.

35



3-1-3-3 BWHER F o O

b— by VTEET SR E D ) OSRERKZ K 37 IR, X 3-7()F L) TR
ZAERLE O TR K 1238105 NACA0010(K=7.2)3 & OV (K=5.8) % > VW D jfiiuis D
St=0.64 DOFERTH Y, W 4L b HIER )SEB) .0 DN EIZ IS 1T L il E O BRIRHE A2 3.
BB L ORITZENENEEHE Y OB L OEFHE Y Oz~

B 3-7 1279 K 912, NACA0010 I K ONFARIEIRE 5 it E, TERITIKS T L < —%
LTV ERLND. Zhik, K35ITrnTEoIC, BEEEROEMNZ DORHZET
FERDIEEN 2 7R3 2 &b, WIRICEIT 2B OBBIBER B REHIC b7 THDH. T
bbb, EEEOLN, HEBLOMEERNOTNHIZERBREEORETHH DI, R
BN OB E ERDMIB LT OB S OMRMEEN L LIz & Wi 5. EEVEFTHRIZIEWNT
X< BEROER T3 872 2 DX, SERATRROBEE SN 2 ROfOIEBERORETHS.
UK LT, %% T, ZOIE<BESIIFET DD, St=0.64 [IZBWTIE, MR
DNRBBRN T, ZRIEEE~DOEBINSL D, Lo T, HEEEN 0L
BT DEMICBNTIE, ZOMEE T, BRICE2EBINSNZ ENbho Tz,

EHIT, HixOMEEZEROICH ST 57012, BRFE2RET SRS moMNE
ZHEM L. X 3-8 1320 OR M FikERT. £z, TOMEEZX 3-9IRT. #wO
BB IOMORIRZZNZ x BL Wy & L, Fiilhls L Ol 2 22 x/2a 3 LDV yl2a
EL7z. 2alie—bE U ZHEBOMEIRTH Y, x2a B X WyRa=1.01%, EBHEOBEERIC
FZLVROBRTH L Z L 27T, Wb HMERER OB S B o ilE R ¢T=0.0
L, BB ZEEN LEMUT=1.0)T sMIcE 2B ETL2mERELHELE. @, A
BLUOGIZTFNEN K=2.2,7.2 3 L 135123317 5 NACA0010 DG DA T 5. F
77, O, ABXOOIEZNEFN K=21,58 BX O 11.6 IZBIT 2 RO CTH 5.

SPEIEE) % 7 OO IR B D & T HITRIME K ITIKEL TWD Z bbb,
T, HMEEEOEES LOEROSRER KIZKVIRET 5720 THDH. ZORE, K
IZ L DIMERR OB R 5. FRZ, Bz DREEE BT 5 UT=0.0 TiX, K2/haWn
TR E AT 5720, IBEORK 1.4 1%(y/2a=1.4) D& & TR E ER-> T 5.
F7o, KRRELRDIZONWTHEERITNEL D720, mEaEE EFAMEIFMETLT
W5, ZOEINT, WTHOFRMHFIZEN TS, MaRERNOES RITFHEIE, KITEY
B0, moOMBLREICE RS, LLARRDL, tT=1.0 23K 12750 T, MoRs &
OMEDO R 720, HEMIC—EMISES<EARH D Z EBbnolz. T77bb,
TEIR « BRI 5, IHEEDIKZED A=A LFFR U THY, KOKRE ST TR
ZOWBRNREIRD Z L Nbhotz, LlbX v, Kide — v ZES)d 2 LR % 5 OmiEE
ERETDHNTA—FToHHI ENbhoTl.

36



50

-50
@ []

(a) NACA0010, K=7.2
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(b) Flat plate, K=5.8
Fig. 3-7 Vorticity contours around the elastic heaving NACA0010 and flat plate at the center of
amplitude at St=0.64
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Fig. 3-8 Measurement of the vortex interval behind the airfoil
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Fig. 3-9 Vortex interval behind the elastic heaving NACA0010 and flat plate in one cycle at St=0.64
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(2) NACA0010(K=2.2), Flat plate(K=2.1) (b) NACA0010(K=7.2), Flat plate(K=5.8)
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(c) NACAO0010(K=13.5), Flat plate(K=11.6)
Fig. 3-10 Dynamic thrusts acting on the elastic heaving NACAOQ010 and flat plate at St=0.64
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(a) NACA0010(K=2.2), Flat plate(K=2.1) (b) NACA0010(K=7.2), Flat plate(K=5.8)

(c) NACAO0010(K=13.5), Flat plate(K=11.6)
Fig. 3-11 Dynamic lifts acting on the elastic heaving NACAO0010 and flat plate at St=0.64
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Fig. 3-12 Averaged dynamic forces acting on the elastic heaving NACAQ0010 and flat plate
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(a) K=2.2 (b) K=22.4
Fig. 3-13 Vorticity contours around the elastic heaving NACAO0010 at the center of amplitude at
St=0.90 and Re=4,000

(a) K=2.2 (b) K=22.4
Fig. 3-14 Vorticity contours around the elastic heaving NACAO0010 at the center of amplitude at
St=0.90 and Re=40,000
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Fig. 3-15 Vortex interval behind the heaving NACAO0010 in one cycle at St=0.90 at Re=4,000 and
40,000
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Fig. 3-16 Mean velocity profile for one heaving cycle one chord length behind the heaving
NACAO0010 at St=0.90 at Re=4,000 and 40,000
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Fig. 3-17 Averaged dynamic forces acting on the elastic heaving NACA0010 at Re=4,000 and
40,000

S HITIE, X 3170 P EREICE < IEEHE I B RFRIC, ReBOEEITITE AL
<, KIZL Y ZDHEEVRBND. £/, SHEOWMICLY, ZOEWVIARKIZRD Z
Ebbnd. BT, K=224 [ZBWTIE, TOHENTZT TR, KERBHEEDLZ LD
DD, Tebh, BMSEEEICE RN, B IOKIZEIVRETHEE XD, B
EEv, ARHFRTHEE LT RIEKE, AR LA L B LL T (Re<10)ICH W\ T, B
VEXEENE O FMELTE, Wi, #% 5 O R X O OIEEF RIS OB 728 F A
— XA ThbHI ERbroTz.

45



3-1-5 /NS K THENMET T HEHA

IHET, KICK 2R E DY OWNGE L OE OFARIIRHEIC OV T B IZ L, /b
SRKTIE, ZTOHEERIIRENVLOD, MxAOREBICLY, +oME 2585729
DESLZIL < B X O OZ S OWMBNIGF LR & Z2IR X TE . JBATHZETIE,
W AR EL D Fs K ONBIER S KL A - 72 EENC ISV T, St>0.6 Tl EBNE & Fii & Ol 2 A
R ZFBETHZ L EEMLTERY, TOZRMBTIE, &1 OMMRREEE TS
TENTERNI EEABUEERICE VLI LTWDD. Zhid, BMoESTH 5
HEE TN RWEETH D, bbb, HHRED Y - BLUSHIc k> T, 20
BNV HEME )R S U TR LR VWRMEE A T2 2 L2 BHR L TWD . AIFEICE
WTH, K312 BLU3-171280, St0.6 T, KX DHEtE OFE VBB ITHN D5
RE/TND, 20D, MEPRHEHEROLAIZEWTEH, HIEREOMAE b OES) &
BRILEBRNEND L 525, R, AFRTHRE LTS, HEROE —E L i
L, FOBELEENZENRYE v F o VBB AT ) 2 ENRKE 2D hboZ &
B, ST X 0 DMz A &RV ORENHEE SRS & U CHRE L W RIF BB L
TV EBXLND. L LR s, HEEHRLNRIZENLD ZH LN LEHE T
V. AETIE, EBEROBMMERAZE L ERE O AEEB L, To%H L kD
DBEHRIZ DN TS NTT 5.

3-1-5-1 HHEEREZR L2 A

BOEIIZE VAT EROBICITEZANEL, BESNIZFHFEDERODZ A & B
0IEER TELT D201, EIMRBIC X 0 ZORERMEND. Fr, EB)I )N EY
EET25A1E, WA ALREBICENICE LT 5. s, Bx M, EiREERL X
OZAUCTRE S A OEEDO R TAEICLVREIND. LEEN>T, BF LARVREIERRAN
E—bEVTEETL5E, K318 ITRT LIS, MAAdingNEED. £2, E—E Y
ZEET HMEEOAZ M1, TOERENX (00b»d L), BEiikiRigaz Ll
L7=St ez 45, T72bbh, Mz MITEESGHIKTT 5. X 3-19 1, &Sttt
LHMMAE DM M Th 5. HflhE L O X Z 2 E YT LU X A ofdeg. ] TH 5.
HOR, BB ILOROERILZTNENSt=0.61,0.72,0.81 3 L0090 TH5D.

—JHH O Z A OEAIL, REEFERTZENLNDL. ZuE, XE2)05HBH B0
THY, SESEEINT 212540 C, MIRESZEIZA T 5 X A1, 70[deg.] IZHnL+ 22 &
Wons. i, WEROMARE HOEOEESHDICIIT 5S5t0.6 TE U728 dh s MrrE L7g
W22 [ TH B

‘WWWZMW{%&}ﬂMA@%jwMﬂ (3-2)
0

46



Fig. 3-18 Configuration of the angle of attack of the rigid heaving airfoil
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Fig. 3-19 Angle of attack of the rigid heaving airfoil
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(a) Based on the leading edge

(b) Based on the trailing edge

Fig. 3-20 Configuration of the effective of angle of attack of the elastic heaving airfoil
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Fig. 3-21 Effective of angle of attack of the elastic heaving airfoil at St=0.64
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Fig. 3-22 Effective of angle of attack of the elastic heaving airfoil at St=0.90
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Fig. 3-23 Leading edge, trailing edge and elastic deformation velocity of the elastic heaving airfoil at
St=0.90
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Fig. 3-24 Circulation varied with the determining of vorticity around an instantaneous flow field

REZRRMFIZ &Y, ZoMmatit L2 s, LER - T, SRZIOWIKIIICE
5 EEI RO A E R LR T UTR 50,

3-1-5-3-3 MBI UHEBEWRNEZE L BEER

AWFZETIE, FEEF IRPERIIZOWT, BED VD ICHFEET DNZ ORNICERK SN
7o L BRI DHPALRET L. TR Y, KHPEDOENRIRY 22 NhEL< 8D LIRET 5.
AWFFETIL, IMOMERDAMBEAEE U TIERDAM(T 7 A0 205D, ZoF U imicbdhd
£ 9 ICHMRFIER T DO K ONREED 0 1272 2 FIRIZ BV T, ZAUTIERL A6 Curd
INDZENZV. AT, H2DRFANIIMAGHAAET DIME DR KIED 6, 20, 30 %
ERD. 0,20 30 EENENEDORFLNAFAET D I KIBEE D 68%, 95% 35 L 1099.7% LU 1
DIMETH Y, FEEIEOFBERIEF /NS <, MEER B < FAR IS E R D 2 i
FEERET D, £z, ZOMEOFET DHMEZ VD 2 & THER I 2 B 8 LR
515 (3-8).

t— b EEEE DY OFFERZ X 3-24 12T, [X] 3-24(a)F L NO)EENE IR KIRE
D 1%%5 LY 68%(0) LA EDIRE A Thd 5. KigHEI D 38 X O RFEHE Y O E 2 - Eid
BILOBRTRLTND. 324 MHPMND LI, MEDOTERICEI Y ZOHMBENELRD
Ebingd. BT, KM 3-24@)IBW T, Rl KO B K E IR3E X B3 5 HibH
DMETHY, HHEOEEEZLZRIIZITTNDLEEILNS. Tbb, ZOTXTOHR
DETER LTV A RN AR SV E Tlidlewn. £20—F5 7T, 3-24(b)i1%, THERZNEIT
FHFO/NS RFEBICOARFEL TEY, FMHEEBROEEIT/NE L, ZOREZANIAER S T
CIRETDHZENMTESD., AT, Do 25252 I8V, EFIRE, FEHED
G A AE LI fEsR 2 BT 5.

I, = J.a)gds @le o= 0,20,30) (3-8)

52



3-1-5-3-4 BROKFE/NNT A—F

£, b —tr ZEBT ARIKR £ Y OEROREIZ L% K 3-25 1277, X 3-25@), (b)
BLOENIZENENIERDATIZRE > 72 0 (=0.68 0pmax), 20 (=0.950Max), 30 (=0.997 @pax) LA _E D
MEEZ HWIEER Th 5. Ml L O X2 2 BT KOMERIT Th 5.

INODORENPSDLND LI, HEORKEPZNENOMEDERIZLY R D Z
EWDOND., LEEBR->T, TRHLOBRICEIVEHSNDFHAEN LREICE RS Z LR T
B, EEBENSHGONTWMEN EOEENZ2—BUIHFFTE RV, LaLaens, K
HTIE, MhGEZOmENOKRERTZEEZBNICT D20, ENRREMEZRZD
i, KFEE LTI+ ThHD. 3-25 1%, Wb ZDORFRIZ LN R D 0D,
RFZIUT=0.0 3 LV 0.5 FHE A e KER L O/ME L L7ERiaE R L TnaD Z L ¥bnnd. X
3-25(a) |27 9" 0 (=0.68wmax) THE, [ 3-24(b) DS & DREIC L W IEBRMNE I SND. £7-,
3-25(b) B L) TiE, S BIT/NSREREICZRD, IR G/NSL DT ENDLDD. KT,
3cIZBNTIE, IFEMEORKNEZAWEHERETH Y, ZOHEEIIH T OERFENHR L,
TEER TR D NN TV D Z &35 (1K 3-25(¢)).

- EITOMAEED ) OFEREB L0 — B VHE 2% 3-26 12T, [X] 3-26
@),(D)B L) IEENZI0, 20, 30128 DEEZ AW IEEROE AR TH 5. Ml
THHEHUT THY, HENIERBLIUOEOE — L VHETHD. B LOROERIE
TNENEEDY OFFROFHENB LOEO L — v T HE LT

INLDORERENSOND LI, BEDLYORFRIL, b—r VHEIKEFEL TS D
ENRDND. HUT=050 IZBWT, ZOH/MBEICMEENBNLD OO, Zhlx, mStics
FAMNGEEROIEEFEERBEN TWA D EBEZ LS. ZOMMIE, By F o 7iES)
T HMARDO AL FEBRICE > THHLMMICEN TV AW, KB RITERDEREND
Lbnb Lo, ERITEHEICETIETHDL DI, AFEICKDEEE LiETE2T5
AIAR £ 0 ORMERNICE T BIEERICHOWT S, OMEEHE ICIERN R < HEL TV
HEEZD. £, AR, WG OFEEHNOREDOBEGRE T Z ERHFIX LW
W, 20%, BT ORBEN/NE K DOREIEE OB L /NS WSEff LR L, EOMEBEOR
HIZHWS.

3-1-5-3-5 fBROFMES & ORISR

3-1-5-3-4 TEX TETMERICBNT, A A D IETZI L ORKIC L it )
BLOE DRSS 2 F T 5 ((3-9),(3-10)). T DOk R%, [X3-27 (TRd. ¥ 3-27(a)F LY
(b)iFZENZNHEE B L O ORRZ(ETH Y, #MilI I b ETTH 5. W
b 20DMWMEITRIT DR TH Y, BB L OROFERIIZNZNET B HROIRIE SR
K OMEBR > & RO 72 iR ) & o T.

4 3-27()FB L)LV, TEERISAAMEZBE L TR L2k ix, EEERARNS
HBONTWAR T ERMAHCTZEIL L TEY, ZOABBENLSELUL TS Z Enbns.

53



[x101]

10

Lao\\\

A h

D

1.0 Lor
0.0 0.5 1.0 0.0
tT
@o
[x109]
25

\\

/_/\/

0..5 . 1.0
T
) 20

Fig. 3-25 Circulation varied with the determinant of the vorticity of the heaving rigid airfoil at

L« 0.0 \’\//
25 F
0.0 0.5 1.0
T
(c)3c
St=0.90
FrlZ, E&

L72i3> T, RGIEITEDY
T = pV, I sina

L =pV,/ cosa 4

3-1-5-3-6 HHEEEHLY D
3-1-5-3-4 B3 L1V 3-1-5-3-5 &

24 2B AmMEEICEM L,
FHFHSt=0.64 35 L 100.90 |2

AN—TThH 5. BB X O Iz nFn#E

, HPERRO KIZ & D HEES) D

TB&R

DIEEFIEBE DO OERIY, b—E L JHE
it,Wiﬁ%%ﬁbkﬁ%ﬁﬁ%ﬁ_%%fé_&ﬁb@ok.

BNZIZZE DMEIZ R D OO, WAERTIOAERBRIIIEZ 6N TWnWD EEZD.
EWVWZ NG N L LN T 5.

(3-9)

(3-10)

IRTFL,
IhbE K=22 BLW

M2 AZEEE LM NDEFE T 5. X 3-28(a)F & O\(b)iX
BiFbse—v o /@ 5HMHEFIOYOFEEREROE AT U &

54

E%IFOE— U THERBIOERTH S.



1% 1071 1107
0

0.4 0.4
— : Velocity i — : Velocity
) 20F r
ey
1.0\ /\ / 0.2 \ A / 0.2
L 0.0 0.0 = 500 v v 0.0 =
-1.0f 0.2 10.2
2 201
_2'0 L L L _0-4 a~ L i L A L A 0'4
0.0 1.0 2.0 0.0 1.0 2.0
St St
@o (b) 20
1% 107
4.0 0.4
—_ \elm:lh

NoA A
ARV

;0.0 =
—
2.0k 410.2
4.0 . 1 . ;
0.0 1.0 2.(?'4
St
(c) 30

Fig. 3-26 Relationships between the circulation and the heaving velocity of the rigid heaving airfoil
at St=0.90

FBLIOFOERIITNENK=22BL 224 DFERTH Y, W H 0=20mx(C & DTGB
ZEHLTWD.

¥ 3-28(a)lZ/ " T & 912, St=0.64 (21T 2R F o OFFERIT, b—Er ZEE KT
T 5 EMD, EEORKER X OE/MEIZBWT, BB RBRICKIC L O3 RKEB LU0
IMEZRD Z LoD, £, K=2.2 DFFERIT 22.4 |2 TEO&/MERS L O KRMHER K
XL RHBLOD, TOEBBRIIIZEAEEDLRNI ENRDND. FFIZ, EAXAT U TR
=T O EL, EEOHEMEIZKT A2EEOHMETH Y, XEB-1)ITrT LI, Ik
FEIC & B TR @ém%%i%ﬁé Thbb, MEEICLLHWEOEREGIZEALEED
LRWZ EZEWT LS. ZUE, ERICKT 2HMEEOEIBZENF L Th D5 2 & 2 E K
LTEY, K320 lRTHPER O XA aeg B KICBE D S FRBEOEA 27T 720 ThLd 5.
ZTORER, BEDVITERSINDIEERIL, St=0.64 2BV CIE, KICELTREETHD &
E25.

55



[x 103] 10.0

1.50F — : Momentum
— : Circulation £
2
c
£
5075 /\ A /\ 50 ¢
>
£
by
0
0.00 o/ \J/
V '] '] V '] 0.0
0.0 1.0 2.0
St

(a) Thrust force

(b) Lift force
Fig. 3-27 Dynamic forces acting on the rigid heaving airfoil calculated by the circulation with 2o of
the maximum value of vorticity and momentum equation at St=0.90

dr
ar gt
S _ at 3-11
v v (3-11)
dt

ZDO—FT, X 3-280)IZ/RF L HIZ, St=0.90 (ZRIF DR FH Y OIEERIL, K=22.4 O
BEPERN 22 ICHERTREWVWZ ERNDMD. ZOZENLDLND X I, EW St TidEE
O OMERIL, KICE-> TRES B ARDZ N5, UL, @ St sk <L, X 3-23
WRT RIS, HATREE, #xEE, ZREEOBRARLR L7202, TOMERB IV

56



[x107]
1.0

T — 1 K=2.2

I 0] P T R T
-0.1 0.0 0.1
Vh
(a) St=0.64
[%10?]
— 1 K=2.2
10k —:K=224
L 00 I~
-10 F
1 1 1 1 1
-0.2 0.0 0.2
Vh
(b) St=0.90

Fig. 3-28 Histeresis loops of circulation varied with the bending stiffness of the heaving elastic
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Fig. 3-29 Histeresis loops of dynamic thrust acting on the elastic heaving airfoil
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Fig. 3-31 Averaged dynamic thrust acting on the elastic heaving airfoils with St? on the horizontal
axis

St & DEFIO BRI IO TR, T b b, FIEEEIIRICME) < FEE H HEE N IZB W T,
Z O ZCrIKE L, BB (B S E Do it /1 2 Z B L 2B A I8V Th, AR
[ZIESBITHBIT 5 Z Lotz DT Lk, SEHIFEMEES)ELIZE) < HEHHEE ) &
IET DX I /NT A—=F D=2 D ENbmoTe. L LRNRG, ZOHEE )
PEIE, SEOATIHELOONRNI EbbnoT

61



2.0

: K=2.2, NACA0010
: K=7.2, NACA0010
: £=13.5,NACA0010
: K=2.1, Flat plate
: K=5.8, Flat plate
: K=11.6, Flat plate

DOOre @

1.0

C /K

SP

Fig. 3-32 Averaged dynamic thrust acting on the elastic heaving airfoil with St? on the horizontal

axis and C1/K on the vertical axis
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Fig. 3-33 Averaged dynamic thrust acting on the elastic heaving NACAQ0010 and flat plate varied

with bending stiffness
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Table 3-4 Combination of a Strouhal number and a bending stiffness coefficient

Fig. 3-37 Physical meaning of St/K
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Fig. 3-39 Force balance among the inertia, bending and fluid forces acting on the elastic heaving

airfoil
Frotion * Fetastic = Fiuid (3-13)
Vs _ 2
s . K T Oﬁﬂf&# =1 Fxcl (3-14)
i TR prA&(2j+E%
T
G_ G (3-15)

K St? + Klgg

3-2-6 C/(St+K) & & D PR SRk

fillh 2 Cr/(St+K) & Lz b — & o 7B 2 SR < HiiR ) 0 — E o 5 i % X
3-40 12T, X 3-40(a)F L )X ENENHEE S B L O AT,

[ 3-40(a) L ¥, b—v L ZiEE)Y L EER) ) < HEdE ) O FEEEIE, X 3-35,3-38(a)
ERBEICSEKICIR MKAET 2 Z L bnd . Zhid, E#iB L OMEEFIC L v EH5
HEXE S173, ZDANFEIETH DB LOKOWTHICHEZEL TWATOTHD. = DR
WRT LD, BEIOMREZEZEB LIZHEAICBWTY, T X 016 A HEE ) Btk
SEIKIZHED . L LMD, SEIKRKE K R BICON TS OZhE A H L, X 3-38(a)DCr/K
AN THEE MR T35, #3112, SEK=10%T2 1) HK=0.6 35 L T8 0.9 i3 oo #e itk
HOETFRFELNZ Ebbnd. 2L, KIV/KELEWSHEIZBW T, BEGEM I Ak
OIEENEBETERIRDZENRERBEHTHY, 3-1-5-3 [THZMA & O OREMER
IZOWTIHARY ThDH. LEen->T, SEBR LIEGAI, TORERRELIRDLE
SRS D SN T, T OHEMESIDME T T 5 Z L nbroTe.

[ 3-40(b)lZ7R T, b — by B EMSER R O ) O EEMEIC OV T B RIERS, SPIK
R LSARIET B 2 ENbns. BT OWTHIEERIS, SPKBPKE L 22512 L7, St
BOMENHN, K 3350 THAMET 5. 6123, #HEtE S & RBEICSEK=10°

69



@ :K=22 X : K=0.6
2.0F A:K=-72 ¥*: K=0.9
. ¢ Kk=135 O:K=2.1 | Flatplate
m:K=224 NACA0010 0 : K=29 Re=4,000
= o : K=112 Re=4,000 A:K=58
Q p : k=224 & k=116
i v : K=2240
» L.OF —:K=7.2,Exp,
e @ : K=2.2, Re=40,000
Q0 . O : £=22.4,Re=40,000 }
(1) e im0
1 1 il 1 1
4 2 0
10 10 10
SP/IK

(a) Dynamic thrust

20
@ k=22 X : k=06
A:E=72 %*: k=09
= & :K=135 O:K=2.1 | Fiatplate
m:K=224 NACA0010 e :K=29 Re=4,000
Q 4:K=112 Re=4,000 A:K=58
- ) K=224 : K=11.6
T 10 2 A <
9. v : K=2240 _*2"
<) — : K=7.2, Exp.
! . @ : K-2.2, Re—40,000
@) 0 : £=22.4, Re=40,000
(1] o S S e .
— 1 1 ul d
4 2 0
10 10 10
SP/IK

(b) Dynamic lift
Fig. 3-40 Averaged dynamic forces by square of Strouhal number and bending stiffness acting on the
heaving elastic NACA0010 and flat plate with St/K on the horizontal axis on single logarithm plot
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Fig. 3-41 Averaged dynamic forces by square of Strouhal number and bending stiffness acting on the
heaving elastic NACA0010 and flat plate with St/K on the horizontal axis on double logarithm plot
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Fig. 4-1 Second moment of area of three-dimentional shape and deformation
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Fig. 4-2 Determination of the principle axis of the three-dimentional shape
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Fig. 4-3 Principal second moment of area of a rectangular membrane model
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Fig. 4-4 Translation of the center of gravity due to the boundary condition

Fig. 4-5 Width based on the principle axis of the triangle for calculating a second moment of area
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Fig. 4-6 Configuration of the three-dimensional elastic heaving thin body
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Table 4-1 Material properties and simulation conditions of the thin body

E 2.0-80.0 [GPa] | Amplitude | 0.012 [m]
K 0.1-20.0 Frequency | 5.0-10 [Hz]
v 0.3 Analysis Nonlinear
P 1000 [kg/m®] Mesh Hexa
Motion Heaving Elements 1.6x10°

Table 4-2 Simulation conditions of the fluid region

Fluid Air Iteration Ng 15
Re 4x10° Convergence 10
St 0.24-0.29 Inlet 0.5 [m/s]
Mesh Hexa, Tetra Outlet 0 [Pa]
Nodes 6x10° Wall Symmetry
Turbulence k-w Time step 102 [s]
y <30 Sim. Cycle 4
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Fig. 4-7 Displacement configuration of the elastic heaving rectangular thin film with K=4.9 at
St=0.42
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Fig. 4-8 Calculation point of the the elastic heaving rectangular thin film
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Fig. 4-9 Displacement, velocity and acceleration of the elastic heaving rectangular thin film with

K=4.9 at 5t=0.42
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Fig. 4-10 Iso-surface of vorticity around the elastic heaving rectangular thin film with K=4.9 at

St=0.42
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Table 4-3 Mean values of the combination between Strouhal number and bending stiffness at
St*/K=0.035

Table 4-4 Mean values of the combination between Strouhal number and bending stiffness at
St’/K=1.54 and 1.34
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Fig. 4-11 Trailing edge displacement of the elastic heaving rectangular thin film
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(a) St/K=0.035, K=4.91 (b) St*/K=0.035, K=9.82
Fig. 4-12 Iso-surface of vorticity around the elastic heaving rectangular thin film of the combination
between Strouhal number and bending stiffness at St#/K=0.035

(a) St?/K=1.54, K=0.30 (b) StY/K=1.34, K=2.45
Fig. 4-13 Iso-surface of vorticity around the elastic heaving rectangular thin film of the combination
between Strouhal number and bending stiffness at St#/K=1.54 and 1.34
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(a) St¥/K =0.035 (b) St/K =1.54 and 1.34

Fig. 4-14 Time history of dynamic thrust acting on the elastic heaving rectangular thin film
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(a) St¥/K =0.035 (b) St/K =1.54 and 1.34
Fig. 4-15 Time history of dynamic thrust per unit bending stiffness acting on the elastic heaving

rectangular thin film

(a) St¥/K =0.035 (b) St/K =1.54 and 1.34
Fig. 4-16 Time history of dynamic thrust per unit bending stiffness and square of Strouhal number

acting on the elastic heaving rectangular thin film
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Fig. 4-17 Averaged dynamic forces per unit bending stiffness and square of Strouhal number acting
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(@) Thin plate (b) Thin film
Fig. 4-18 Iso-surface of vorticity around the heaving thin plate and thin film at St=0.24 at t/T=0.5

(@) Thin plate (b) Thin film
Fig. 4-19 Vorticity contours around the heaving thin plate and thin film at St=0.24 at t/T=0.5
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(a) K=0.1 (b) K=0.3
Fig. 4-20 Iso-surface of vorticity around the heaving thin film varied with the bending stiffness at
St=0.24 at /T=0.35
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Fig. 4-21 Dynamic thrust acting on the heaving wing model varied with bending stiffness and
Strouhal number
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(a) Dynamic thrust

(b) Dynamic lift
Fig. 4-22 Averaged dynamic forces per unit bending stiffness and square of Strouhal number acting

on the heaving wing and rectangular model
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