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Abstract
This study investigates the aerodynamics of moving NACAO0012 airfoils and wings. First of all,
we discuss the the dynamic stall phenomena of oscillating NACAO0012 airfoils. To evaluate
turbulence effects, three different turbulence models are chosen and compared with the
experimental data. The suitable turbulence models are suggested in our studies. Secondly, the
influences on the aerodynamics of a flexible NACAO0012 airfoil and the related thrust
performance are also investigated. The increased power due to flexibility is also analyzed by The
Force Element Method. Finally, the current numerical approach is applied on the simulation of
flows over a pair of three-dimensional flapping wing. A preliminary prediction of the lift and

drag coefficient is performed for the future works of three-dimensional insect-like vehicles.

Keywords: Aerodynamics, dynamic stall, flapping wing, Turbulence.



ﬁ
)
\

kD

1.1 =

o}

AER T Rl Btk pd BRI 22 VY g ,@;%t,g /‘F"’fu‘&é’f@'i'?ﬁu?’iﬁ
EHRPET REFOEP AR R BARNKEFRLACLFT RS ErF o ke
foprani gl g o ARG PRE KRR S AR A L F TE ey 0 BE
7 ;ﬁﬁagﬁv)ﬁg o

R E RS 0 R R ST A SR § UFH o B RANFEP 1T
d K”_#'Jﬁﬂi’ﬁ‘“‘ﬂ?-ﬂ Lo (e AR E SR A R EE R o YA s S K S
CHEE O FREFIEELFHE I A s A B 3 PR IRS
PEREIATRABOPER o FRFAID AT T HERER 0 A R E IR L D
THERRE > - iTE kd 272 B (biomimetics) M & 5 Fp ¢HA 3 hd iz
— o F] A A e 4 ,Jfﬁm*i‘ﬂ;;\‘fl‘f#_ EhRS s AR @GR 0 BRSSP

IR AT o FIRE PR BRI R F G o der LA A d 2 SR

o=

(J'

X2 4P 0 HE P TF““F'.’KJ?E M L B E P AR RS o F AP - i
R A i K%ﬁﬁjﬂ» Yo h KEE O NE i%)‘]&i."léié\?ffe Frmed Ay B P R b
PR T o Py - A% M) A1 ¥ 7 B(micro aerials vehicles ,MAVs) > v 1 &
HRBEME N JOEFEAR R B LEREBEER R R HEAE & e
AR E R ERBEER > - B RFA AR BTG A i
FRERSs Apg R - Rehy &4 FRazz 2B N8P g m g oo B ’?b
AGRPIP Y F AR B AR 2 ’ﬁﬁﬂ”&ﬁﬁﬁﬁiw‘?ﬁﬁ@*ﬁ‘i%ﬁ*
FoFEEUPHELTL  FAP P HIHRUG AP O 52037 BF L L F
Y SN ER LR

W

i"\r}’lé%o

wk

1.2 =5 4



A2t A BT E S Gumey flap 2 F & 4 hA e B A 40T
Niu YY, Hsu TS, Hsieh CT, Chang CC & Chu CC, “How does a Gurney flap enhance the
aerodynamic forces”, AIAA Journal, Vol. 48, No. 11, November 2010, pp 2710-2714. #-2_3r
BI-adii#dz g8 4 hstr o #- 2 NACAOOI2 8 ¥ 5 & 4 ~474p B I = adp 4
Fides e ot Niv i A k= Al 7 Beainsgs 172 Ado

1.3 = 1,;% ¥ RE
LB T

Ham [1]7 g # R 4 Zpe 4 g B ¢ B F £ 6 G0uF g 427 B o McCroskey -
Carr &2 McAlister [2]]* T 7% kB RE R & » 3 > X R iriieds - 2 pirfied & B %
L3 5 B-~20 B2 BF » RaEF 5L 05 #FIF ST S pr, A4 0 e vk
#ieng it - Metha [3]* = 7 7 R 4505 Navier-Stokes = 42 5¢ % Ff2 NACAOOI2 #5 ¥ &2
Jo-Fr e ds e F w5 dkc 5000 £ 10000 PF e 34 45 o Ono [4]% T & * & #if o2 k 1z
NACAQ0012 #5 ¥ waif-irfied » 3 {4Fch % o Tassa & Sankar [5]* & Fi‘{ﬁﬁm Navier-
Stokes = #2.;% & R f2 NACAQO12 5 & i trficd B 7 58T /i34 47 - McCroskey &
Pucci [6]1¥4% NACAO0012 ~ NLR-7301 ~ Vertol VR-7 = &7 IF #3118 ¥ 73 o i g s
EREBED P AFaE AT AR 4 R  HE f 2 i DR - Francisc &
Keesee [7]7% NACAQO012 # ¥ & & F 3B B4 §F4- > * ARV E BT o B4 2 F 5
A el A RRIC 20 B60 R R o A rRERE O BFRFTFEZRER S > A
4 4 %2 #% - - Srinvasan -~ Ekaterinaris ¥2 McCroskey [8]~ & ¥+ Spalart-Allmaras % i
B S 3 7 45 chig % o Ekaterinaris 22 Menter [9]44 % NACA4412 &2 NACA0015
WH S AR R F R i i E A 4T 0 TR E R Y ol - kR T
WHE L FRNA AR A E iAo Lee [0 A F T AL ~ L~ FL
AT IE Y AT 5V kR NACA00L2 X b ¥ TRk R
AN ABE RGP AN F PE ARFEFOL G BRI KR Aty
ANRA A 2 g THIERKRBEINBE L0 BN K g
TREGpEE



Karman [11]% 7/ 4 R4 im 48 B ) g > 2 2 F ek in o « 7}
kP i o Garrick [12]48 M s § R 25|~ A 4 AL ]
O E g aE s hr BT gRa & 4§ skehd 4 o Lighthill [13]% g AR 0 Aok P F

C

SEER 2

»xdg 4 > @ iFE

fds g eni@ bk > ¥ 22 R LA A4k © A4 faied £ - Wassersug &
Hoff [14]4 $HHiciipil Mk ¥ Hed g F 0 3 R & 30838 R
Efdpreiary > FRAFRBGARFEFEIS > T ADEFR T AR ORS L .
Liu ~ Wassersug £ Kawachi [16]:& # #ié > 4% 3% ficge il &2 NACA0020 #4 ¥ » * {393 4
e 4 Bged o kIEtH daigsnd A 45 o Dickinson [17]p 7l et R o K0
A ER > B0 Z BEREHIOE S B RO B L @ R R 0 Waszak
[18]72 & ™M & i 8™ » i * MM ¥ 5 iy o T2 324114 - Daniel and Combes
[19]4] * #cid = 2 AT BB B § $ 4 A 47 i 124 R F oo 58 - Taylor [20]% 7
%y KRB R T 0 A F AT BEA K R R L Rl
% 02~04 2 B > i F B enfrieacd o Miao [211HE T 4 F ende i Hie 4 h
B BRER K_01~07 (iR E > APER B A S 2 fad R D I
REFERPNE R G eR & o Weishyy [22]¢E w4 FndFakt 24 =68
PFR > (DETHE-F0 T, L Ah#EnF B R F VA2 E 5 E 0 5 5ET
A DT R F T g () RS o ()7 - FII- F 2T
A f, G- A AR A, v P AE B SRR e S B EUMB R R T f
FHZEDGEAEIFEL T FEF e R, B ERGE ISR FA AL
TMBA G PRfiEa A S o (3)F e 134(F ), phe ik R BRS, HE R
AL Fe A AL T M TR PR L, FREPGER GRS LG
W%H@Jijyﬁ%mﬂJﬁﬁﬁwH%mwmpﬂ§“$%?%%§1# AE A e
VR LT G ERET, REF LR o Wei shyy [24]Hp B E DR 2R LF A A2
A3 A RELEPFR > (DFRE- BHEZ - FRFRTET U424 ¥
BREDGEawlng 2 ET P L FERRE DA o (DAN-S RSN E R,
FRETFRPBE LG0T go TR RE R FR B B AL TR 3B

R R R e 2 B R RS ER, DR E S R kR

fx = B % o Ellington [15]4%_

b

_w

‘%”“



2.1 s sl

PE RS AR 2. Navier-Stokes # F 425N 5 4 0 Bk 4 1 1R
RAL G 3 7 B P2 AR S

V.v=0 (D
§+(\7-V)\7:—V—P+EV2\7+F (2)
ot p P

M=y + 1y (3)

BY pai i3 R VZERPE P SR > pidbF e, F SHETIEY S o gy

i BB AL 2 Tl

a

pr RS FRAEF L Gl o FURHCA$R* B 2 42 Spalart-Allmaras
B2 2 B 42 RNG K- £ 403~ SST K- @ 403 %52 5 g -

2.2 Big >

FEIHEA FHH Fluenti £ 5 & fddcid £f22 72 > 2 W 5 A 8fEi% (segregated)
ir48 & f#i2 (coupled) ° ¢+ & fafaix ¥ LKA A eha iz qest > ¢ ZFE ~HE -
R fr ¥ Fp AEORE o B Al E Ly UM A2 (Finite Volume
method) 3 B A+ £ 0] ¥t BUL I tho 2 B A= AN fRde S NG A oo 4 B o
WoRUR S BB p R o g E

SAIRE LR R 0 T RS e- T RS A RS R Rl & WL
FORJRFET RGNS o B R Tt Rt o g B AT s RS
B R E ] BRI @ kY ¢ BTG R BT RS AENG  2 i R B AE
WO AR SRR R A e g



2.3 B ¥R

v

RS RPTFAY EARY R R SEE AL B RO S A e R

%o

a4
=

BRAERRFET VAR LRSS R AR B o AT L C Al 2

Hide 2 AR RERBE RRUBFIPBE LG ZRG RO L B P hhtsy
FH RIS AR E R T TR VB dRRA o

ARl & A NACAOOI2 3 docd 0 RPF > 38X 2o + A4 0B 4 %ii(Cp)
Zovh R TR B R mz A o Ha B 24 2 P8 5 Gregory, N. and O*Reilly, C. L.
(The ohio-state university,1970) [27], 4-%F NACAOO12 4% ¥ #7tacnf Seficdy - H B R ix i 5.
WEZE c=1 &% 5 szd 5 0B ; BAHBEMN=0.3 ; 3585 3%10°% B 7 b et
B K = ARt o ~ %9 5 :Mesh A~Mesh B~Mesh C. # 7 Mesh A $##cs
280%25 ; Mesh B #+:#c s 280%50 ; Mesh C f a8 280%75 5 4@ 1 #7177 o

EETE RS AP T DB 2 chE %o Mesh A & Mesh B /&4 %#c(Cp) &

25342 7 MeshB& Mesh Cofiggie BT £ dp -4 m ? 2R %EaR4 H#(Cp)

i

b
BAPIT > XE Y Mesh B ks s tez * » RS Rl ~ do N B o

(a)

(b)



(c)
B 1.(a)~(b)~(c) = i B etk It et R

(] EXP
— — — MeshA
—-—-— MeshB
—— — MeshC

1 1 | | 1
0 02 04 06 0.8 1
x/c

B2 - ef @ s sch 0 AR Al fF

3t
i
i
g
&
ik
=

31 it 2 v ik



A F - A G b A # 2 F4 @ (Deep Stall) ™ Z B X IR 2 R e A
3 % Ansys-Fluent 3% &% in i3] & gt g0 A w| E_ 0 H 3 47 Splart-Allmaras(S-A) ~ %
= 4% RNG K-epsilon model -~ % = 42 SST K-omega model °

B 3 5 NACAOOI2 e+ » M4 1 H7] % 10mk10m = /) e 3247 > H 4 & po3R
Ad - C Az pipdetes REBME > Rfis 340%50 0 *h3tid = &3 pfe
oo B oetsicl 104443 e adics 121443 -

2
.
ks
ks
g

LE AT AN AT R R RTAT, o AT ALY "'\:I'\..:;l_.l';::t"l L4 bﬂ"}.

o 2 TR B B R YT 3 s - ."|"'
e I AT,
o Famsly FLTAT,

- I.
; ;
AN
Y & I
L 7 r
T Ty

® 3. NACAOO12 e+ [

i

% 3

-%;\7.

i\

A2 5 - 30 Lo hd A2 74 i (Deep Stall)™ = & ¥ i 03] 2 et e o
EEFAPRBERETLE RO B 6 5 - FREFEH IS Fpes BB B AT
(AOA) 5 fifisc & end B 5 CL 544 ki OD 5/ fdic: o 24 AW ¥ 37 485
- B 10 B B 10 BPF > S-A Fon Al SRR B AR F % E 0 @ RNG



2 SST FomAl g Rl ER ST Edpt-Ae ) P HFREFELIE ¥ F A dpr
ZREFIAIERH 4 Gl & B RHRE AR e 17 R PF o RNG & SST R
A g Rl A £ £l > SST Fim Bl #rsgmlend 4 kA A e P9 188 > S-AF

A AR R e 4 el e A o A RNG FUa A A 9 AR 187 B 24 4 B

o S-A FonfEAehdo < 44 Ml h 2,060 A AR A 10.2 B (82 4 Gl B

Fp'E @ RNG Fomidlde~ =4 e 181 s & R 2 19.1 A2 62 4 fhdies B 4e3

% o@m SST Fomtrdlend 2 4 et 5 1,69 4 & B 2 19.6 B2 62 4 - @

eFRE o M g best a R 20 RPF 0 S-A KA 4 i@ T R D 0.91 0 @ RNG ¥

Al enH 4 e T % 1 0.66 0 SST Fontdlens 4 e T %1 0,61 o THPF o S

20 R T4 15 B o M Ed B E £ 5 b ejF dt(shedding) i & AR P F A E A Y

S il 0 R BRIERE A B § ERMRAFET > A F BT ORBER TR SA TR

A THT 10 AP 24 BT RLETTHEORRE FITHI 5.4 & > RNG FUEHE

A THD 12,2 R 24 GBS ERAETAGRE > 2 24 AlcERT P %E o SST

Fotal 11 RpF > 24 GERERBCTESREE I TR 5.4 RS2 B F ARG

A4 G RRE LRI 0R oF 0 R HRET 10 AP BRRSE T

Alerpplz A 4 i A > PAEFSTE AR F AR o

FAUE A GBI 6 kg o E - B0 R Hed o A 10 RPF 0 S-A R ECE] e

EOR] B BEE Y S @ o E NG ¥ im oA & SST ¥ umcalchsppl @ik < > @ RNG ¥ im 3

¢ SST ¥ o3l g iRl §2 = 4 chfiim— 4k > A3 B I AT Rl enie 4 i B B0 £ 4y

oAz MEFHRE R R A ST AR e R R BRI AR

1% 14 AP RNG ¥ onsialer SST X infidl=rsgplenre 4 e 4 A~ B » & RNG ¥

AR B R R AR Gl RS 0 R 16.8 B BAs s > @ SST Fm
Al AR 14 RPF R BT B A 0 S-A TSI RIE_15. 4 B pE o p 4

Gl BAe d A o ERscdER] 19.3 A ppEed GiE R 3 oA RNG XAl

FHD19.6 BRpF o pe4 Gdlicie A S F o SST FUR BRI D 19.7T R o e i

Bl E A e d GBS RITIF R E R A A GlikciE 0 S-A ARl B A i

BeE i 0.62°RNG Fintrdls~re4 %geiE s 0.57> SST Fontidls~res i s

0.48 » @ Pk iEenb x4 Gfic® 5 0.51 o Sl [n4 MBicE2 4 R i B



B Bt AR 20 RPF O S-A FoRESN e Gl s 0.28 0 @ RNG Fon R enre
4 e 500,190 SST Fimpralchre 4 thige® 5 0,192 F kg4 a3 0.39 7
PUF I S-A T Atk 20 AR S H T A BT AR R e TP
*i#{ﬁ%E%&j&ﬁ%%ﬁﬁﬁﬂw¥&%ﬁ%1ﬁ%§’#&ﬁﬂw*igiﬁ
A FEE 0 S-A FIRECAI TR 12,5 RPE o 4 B A E R KA B % e
pEiT > @ RNG Fomtid) T 12.2 B > 14 il 4 R 48% > SST Fimiral w41 11
Boofed lciE A 2R F THRI SAM  Z AT IREAER e GBS T LR
—AT AP - BRI 0RMB S MERRERT S 0 AL T 10 RFE X REBR
AL FIRHA TR A el 2 PRI A AR A A KT o

B s p A GHERlEA T 0 A 4 IR D A 4T R F 0 R SA TR
ERTER L AR IT P SR B 0 BE AR B 2 4 il E_RNG Fim A enTEpl @0 R Tt
TR > 7 iE G AR B S-A FURHCR iR YR Sk 0 RIRIT o THRPF > d
Z ﬁdhﬂJ4ﬂ&m$iﬁﬁéﬁﬂﬁﬁ*ﬂlo¢&1i:“ AR 0 A F AR

34

gﬂﬁmczmﬁyﬁﬁwﬁawﬂi@?Tﬁﬁﬁéﬁﬂ%%ﬁ°#ﬁﬂ”ﬁ$@6*
. AE 0 A BT SAF

¥
JN
AN
>_L
#
ﬂ
e
R
T
)"’
Jn
TR
Tnd
B
Eit
=)
(\x
<y
oy
=
=t
ok
=~
|
ol
A
s
T o~

mﬁﬂiﬁwﬁw@%ﬁ%?%@EiTﬁNOE
BEEIIF B ERAPIT N FE A R ABGERIBZ o NPE S S-A FUR R LR
BT 5 SA FinbalRs kaiE AR > 4R 10 R 7 d B T(a)g dinal it
FrgR R mine o 3 10 A d B T(b)¥ g S e gbF 4o
WE LB XA - GOEEEREE  S S g EH 2 B E B R
B4 RREA R AR E R ABE > PRI EEBR A > A L b g AR o
ek 18.6 APF 0 O B T(OF F LS E bk ¢ A 2 ol i in o 2 BRIP4
R R AR 0 <] ZFE(R o ST 4 PR L o d B T(DT i § & RE T
19.2 RpF . o SRR R R B AR DR DR R 7 - o ERR AR
R R B SR R E A RER Y o A A T EF 0 P 20 AR d B
T(e)g MEpregddifin e TIFEAUR & > A e agdifineg L3 LEA 8T



E AT TR R RREIR RO R 0 BRA R T
Woo THI 1D R d B T(HT 7 NIEMEICR ER LB RS KRG 0 P ERIEER
M EBE LG 0 THI 10 R J R T(@F g ME bR ABEL > THRIDA
Pod B T(h)e g e A2 s gmg  THI AP - Jd BTG 77
M E R LREUEBE A EIAE TR AR NG BT E®R -

] EXP
$-A
RNG
sST




[ Exp
S-A

RNG
ssT

07

(a) +#H10 R



(b) +#H 15~

(c) +#18.6 &

B 6 () (b)~(c) S-A Fimtialif & M



(d) +#19.2 &

(e) 20 &

(f) T#H 15 &



B7.(d)~ (&)~ () S-A Fit #7213 & M

(g) TH 10 A

... oy

(h) T# 56 &



(i) 0 &
B 7. ()~ (h)~ (1) S-A Fintalif & Bl
RS
L
3 L}l)
g}
L Ch
-2 :z\{:%
2!
g
D
s
O -
P C@@@,&}QQ,
?&Q@' )
1 K
4
L1 I | | I I I | | |
0 02 04 06 08 1
xic

B8 Hxscd 10 &2 B4 G 1E

322 PpHEF B4 KRS T



Am2F ALz ENF R o AL L f2AadpEar TR
chi 4 Bl ot B F B4 R EF o

RN U AR RIRE by SNk oaohi A0 L RN A T A
tx ik 45 Heathcote[29] 2007 & 4-%F NACAOO12 Al crdp # ¥ #riach@ B > AP BH ¢ f
BENRG I HERFL R E A ézgkv‘ HIE 1 %
25 :0.Im ;B & :0.6m ;ind:-k 5 p ZRURAEE & :0.393m/s ; F F8c: 30000 ;
FAE S (K):1.82 5@ 2 e ST T cfd S AR5t S

Sgoor = 8goor COS(t) 4)

St = app COS(at +¢) )
B gy =0.75%C » Anor & ARG B chd 4 FEAL 0 C 5 B E % £ ay, =113,
A » BARBB R AR §=-42 > gL Apind o SEHRREY S F RO R B K
FE2Z LA BB PR oB 23R R p, T U AP RERE R SR R BT Kk
PpARIT, 454 ARy A RApIR EEG B S BB B 7 4 7 sﬁxﬁff%@i BET

MR T LG AR, LT R B R g e

/ 0.175

_'__f-—f_ : f.ﬁ:urJT

e -“---(’D i

W9 =apEadTLm



® EXP
—#—— Hao Liu
simulation

09

B 1057 5% B2 fHt B2 42 4 () R
Ay AR E 2% Hao Liu[30] & 2009 & 4 & 47 (5 e cnd® (> 1% 2 &
Hedrick[31] % 2006 & fics S ushenf it Hode > f258 R i £, Hig 2 4o™
#E00.02m R B E O In Rl 2 f B ER(e )R 30 B 5 WG 25Hz; F3%
#c i :3600; (Re=20fRc/v;d 5 Faedety; f 2i#i%F; RAFEL(HE ), caak;

S

FTS
Séy\\

ik i) 0 om AT Y endids B AR5t G

Aoy = &, SIN(0L) (6)

rotor

He oo AN o AR o B BB T AR - R I E 124w



0.05m t o01sm b

(a)

] (b) (c) (d)
Wil a7 3B (@380 Thf =8 4

5,
s

3!

|
(5

AFE G E g R Kk A RS Y T i LR A e g

D P P Ty -
MR 2 A PR A f B4 AT A ¢ o NIRRT R ehA s R4 TR 5 B

i



12-13-m B 14 5 T4 10 R PiFne 2E R B - AR 14 ¢ #FRATHF AP EHTE
AL FDGFET - FogEnGes i) s FRET -~ Ffin o Ap#- - Sdrier AT
chif B4 o

AP IS h LB s L3 e FAR() (kg ThmaEagt L6 f
I ERPEER > EA A AL - BEBRF S EBREEFIZRS LagaA S F
R B! FERRA L R G E GRS E SR g g A 2 g
BHHE T LG AL E D GERe T O G ER R ALY R B(DY T i
Fagifine S48 o a GESRESY B2 > LA pdprd Bl(e)? ¥ q
LEEDGOR TR EEBRIFRF AT @2 ERA PR e ga S G AR
NP R (c) s (d) > (e)E 4 GEBER kg  FREF DG FAERE SR FERHEH
SR LR S (ORGSR 24 g#ﬁﬁi@ww@w SELRTE 2 St R I
LER(D? v E gk 2 TRGGEIR G LY D4 T Ao
#ﬁﬁhﬂ?%éﬁ%ﬁﬁ@ﬁi’&%ﬂ*ﬁﬁiﬂ’ﬂWﬂﬂﬁmw‘m>ﬁﬂ*ﬁ&
WA R n o AR (g)® ¥ 7 LT LR G AR e RTR R PR R RS
A5 R T EE g A HT RSS2 S A
o vAarHaEI A A R G RS e B d BB F S 6 0 AR (0) >
(D~ (e)gret GERER Ly  FREEPGFIEEFECRERFES » L3 P
i KRI(C)P FFRLEFI AP HBM AR IR R A RIS RIRT 0 L AR
TapEagiEinc A T ERRERT AT Y TR AN rE > L AR(e)T
AR R e A o S A AP g ERI(g) ~ (h) Ze s GEBIEHR &
TR TR AT LR G AP EB ATR IR ISR R R 1S TR 0 L
(mﬂ?%ﬁﬁﬁﬁﬁﬁéﬁi’ﬂTﬁéﬁﬁmﬁi¥’m4Jﬂfa%ﬁ§’?%g
RN RIS S AR e P o Dd L g RV i 4 s e £ e
Y- 25 APT R 15 AR Rk P FREE B AL PR g a0 2

LR L o NPT R 16 IR AR R F A AT HEE o Ew
ﬁi”ﬁ4m%%§z FTHFRA LS BTG AR 2 BEFFA AT 4
(Pdp)fFfed s prgomapr ¢d 208 b @ bapga A 4 37enifin > 2 5 d Eeniin ki
W¥ERRE R £ 2 I A g afREg A o



IRl 16 7 3% B 5 ,,%,f.‘ b B Bl gipanaAd 2 o K E 18 Z ghit
BRAB()P FRTHEAEE T ERGENG LRE CREL GRS F AR
BE%wb¥ vAESSIFER bk’ﬁw‘@ﬁ,,, FApk e o A4 L REERA L
24 R AR FREE DG F AR R GEATEL N R R - BERA
A0 PRI #RA hFERALEDRIFEIEEEREN G RARAAL
BREIVBE LA B AR FRFE AL R
BApF oA R IR I KT R R BE L A5 E T AR R LA
d RO FRF T HINDAFLE D GFERE TR R TAL DI BRT AL - BT
B RER(Q! BRATHFRA LT DRFEIEELCRIFR TR RAAL L RS R
EIWE T A B KB Y PR LA b BREBE LG
bmdm o PR R a0 B 4 g B M o @ 4R T A B e
BRI L TRL oA B R HAS G EREOREN S ERGEREF EGIE A

L f Ry Mo

AP LR 19 Foae R AR(a)Y Faof B Ed ot Eomdp ek B Pl
oA i B FRRAE 2 e iid s AR AR B S v B B gy £ 0H T R
mEE R A E At @ K mAe mmwgmﬁﬁiﬁﬁoéﬁwﬂ?%ﬁ%T%%
R AL P o ga"%/ﬁm BRiES i % ﬁﬁ,]%,ff‘”KF'“iip_LIKFngﬁ_’ 2R
FREDTGEASECSERE FRFaA gl TR d N e R
FERAT G5 - BEFRFN PN B E R G AW T LG AT 4
AERGENLFERFN CEREPFF A TEAGAL > A As hED K
BonTlBtsd i FRIMAWBERY 2 > A FESIESR §REBE Lo o ugpany
KR ARG AT MO PRI R AR LG E DGR E R G FR S
Fapmpegy4ar 2 d MOFwd FhedBi e IegFneivyg
i E R - RERMY s B mpaRdgiEae o ma Rl F0

ETJJ_@F

[«
Sk
%
k3
i)
|~
S
=l
3
=

s R AR

‘37}

e 5d 2 PRl { T UEP LR E D RIERS P R -2 13 ¥ om KFY » 7 A
T A B B e dp 3 P A 3R

gfé e -& Fs u—_g’\ 3_31'% ’3!’ W /]% i mﬁﬂ fif‘f i % Ji ¥ l";"_ ;}-p
ik A

B 2F e £ & ATehE ‘7}/]%1' I R /l% o

4 o



e fp? A FARR AT R RS A 2 A E T RS Y - REEHG
AL AT R 20 X R e B4 Bl BT P AT SRR EE ERE
Boa Aty - RERAR T AL R EH RS L TR 2
HRI(c)& Bl(g)¥ 7 '-—g— | gt pF B & fOR AFL T AATHEAR L e P
R SR Y A S I S S N (N R S s & S i
HH 4G g

AR 2] X e AR(QORFFRTHPFAE LTI - EaAL o 1
FER(D)Rf 7 Al o A E X T 2 it EAB(OFT R A AR ST 2R R ¥
KR EBE B R AT TR OF L FRY C SREBT R > LRk F T &
EOR A FRrEE S o d At AR NIRRT RFT A AL 0 7 i
B FiAE &L T AR 2 XA e #E A 2R ()~(h)A 172 0 4 Bl(a)

FAESX I ABEEAELNT OG- BEeFER Bd BT g AR A AR
Kb end BErEeT 2 AL - BATDE e e P EFBPE R RIIERIRAY A B

Fam 2wt ge®  LAR(O! PR AE X2 od BIRER LY 2 #
@fmﬁﬁ*T*@%%&T*%@’aiﬁﬁﬁiwﬁmmmﬁﬁﬁ@%’#mﬁm>

£
PR R RN AT AT RE o A Pt AL TR PR e A
Frrrapaads o minapdE RRERFIRL 0 A Bl(e)~(h)
gRl(a)~(Drfmipin > FE 3 e a? pa s o APEERE 23 X s X g AR
()~(h) ¥ Wi 2 Fm e rstin 4 § 23ranf e WY 77 § LA FRS L g
SHNE SRR FE e G a s T AT A FR R HA S RPN

RO I U™ 75 P

B T Ao B NACAOOL2 # ¥ iy M B E Tt 5 %8
e FRiFpaE R hEd o JGRY Pl v R e X RGER S A2 RS 4
i3 & R 2RO BRI G F RS A R R R R B
FEEA R v T RS R FIARGR T LG o A g 2 B0 R
g o P RETMEEE Y v b R R ABF BRI R AP L A hAd o F ey



20

06

0.3

S
o

0 0.25 05 0.75 1
T
DEREES SR S 3 )

| | | |
0.25 0.5 0.75 1
T

o 1 T 1 I T T T

Bl 14 dp 4 ¥ 2 e 4 ik iRl



6.36e+00
6.04e+00
5.72e+00
5.40e+00
5.08e+00
4.77e+00
4.45e+00
4.13e+00
3.81e+00
3.50e+00
3.18e+00
2.86e+00
2.54e+00
2.22e+00
1.91e+00
1.59e+00
1.27e+00
9.53e-01

6.36e-01

3.18e-01

1.11e-06

(a)



A i 0 K

iy

6.36e+00
6.046+00
5.72¢+00
5.40e+00
5.08e+00
4.77e+00
4.45e+00
4.13e+00
3.81e+00
3.50e+00 =
3.18e+00 T o '
2 86e+00 : y

2 54e+00

2226400

1.91e+00

1.50e+00

1.27e+00

9.53¢-01

6.366-01

3.18e-01

1.11e-06

FE R

B 15 (QFE HISAFSFReEER; (D) + FTEGPF > EE R

(a) T4 0k (b)) THFAeE I5E



B¢V

() 4 742 30 & (DA 15R
6‘.&

(f) +4p742 15 R

- 9

(g) THhFAm 30R (h) “4hFm 15R
W16 ZahE s Z > wF A §



()t dptise 30 & (it 15 &




(g) T4 30 R (h) T4 15 R

B 17 i 4% W

w»

(a) T4 iAse 0B (b) THFa 15 A

—

—

()t dptise 30 B (4 15 &

-

(e) +ipi7de 0 & (f) *3pi742 15 &



(g) Tiptise 30 R (h) T3 742

6.08e+00
5.70e+00
5.32e+00
4.94e+00
4.56e+00
4.18e+00
3.80e+00
3.42e+00
3.04e+00
2.66e+00
2.28e+00
1.90e+00
1.52e+00
1.14e+00
7.60e-01

3.80e-01

1.62e-06

B 18 Z b o B4 R

(a) THitide OR

15 &




6.22e+00

5.90e+00

5.57e+00¢4

5.24e+00
4.91e+00
4.59e+00
4 26e+00
3.93e+00
3.60e+00
3.28e+00
2.95e+00
2.62e+00
2.29e+00
1.97e+00
1.64e+00
1.31e+00
9.83e-01

6.55e-01

3.28e-01

1.36e-06

(b) t4pFae 30 &
W19 ine i A F(a~b)



7.84e+00

7.44e+00

7.05e+00

6.66e+00

6.27e+00 i o
5.88e+00 B A \“\:Wﬂ[ Hff’ /
5.49e+00 : "
5.09e+00

4.70e+00

4.31e+00

3.92e+00

3.53e+00

3.13e+00

2.74e+00

2.35e+00

1.96e+00

1.57e+00

1.18e+00

7.84e-01

3.92e-01

8.39e-07

4.32e+00,
3.99e+00
3.66e+00
3.33e+00
2.99e+00
2.66e+00
2.33e+00
2.00e+00
1.66e+00
1.33e+00
9.98e-01
6.65e-01
3.33e-01
1.34e-06




() THEm 308
W19 Finm £ RM(cd)

5 =

(a) T s 0 & (b)) T 15 A

e IS

()t pizd 30 & (Dtpiz4 15 &

. <5

(e) tiptsde 0 A& (f) *ipisse 150 &



(g) T4 30 R (h) T4 15 R
B 20 X dodt 5 R4 R

(a) THhiEm 0B (b) T4z 158

()} dpiidz 30 & (A HhFe 158



(g) T4 30 R (h) T4 15 R
B 21 X bt & & A W

(a) THide 0 R (b) TH# s 15 R



()} dpirdz 30 & (DrpFm 158

(e) tdp s 0R () +HEm 158

(2) T4 30/ (h) “4hFm 15R
B 22 X ol 6 i B 5 £ B



(a) THhFm 0B (b) T4 FAm 15 R




(g) T4 30 R (h) T4 15 R
B 23 Xdoda X = o BB

Bl e AR R B EA R B VR PRI G A L Rl P

w2 HERFNT BB L EEE K A

1.

B A BB R EAM T R EORER T S-A TR E G R

2L 5ol
HimRpoeg e

K= NACAODIZ # ¥ erdp # R # M GB s % 3 Eh 4 Fim - Ba e ¥

%ﬁﬁﬁgioﬁﬁﬁﬂ@%ﬁﬁﬁﬁmﬁﬁﬁ$%ﬁ%éi@*iﬁiﬂﬁﬂ’f
P @R AT 2 Rt A g L R AR
oot gMEFEMAERFAPEIE LG o 5 A aERY 2 B ERIGE
b PREITHE AR v R BRAE R GFRORAD L A dmid - Aoy
R e AL WRFRTA A2 A4 .

34

[1].

[2].

3]
[4]

[5].

Ham, N.D., “Aerodynamic loading on a Two-Dimensional Airfoil during Dynamic Stall,”
AIAA Journal,10,1927-1934 ,1968.

McCroskey, W.J., Carr, L.W. and McAlister, K.W.,"Dynamical Stall Experiments on
Oscillating Airfoil”, AIAA Journal, 14, 57., 1976.
Metha, U.B., "Dynamical Stall of oscillating Airfoil." AGARD paper 23, 1977.

Ono, k., Kuwahara,k., and Oshima, K., "Numerical Analysis of Dynamic Stall Phenomena
of an Oscillating Airfoil by the Discrete Vortex Approximation." Proceeding of 7th
ICNMFD, New York., 1981.

Tassa, Y. and Sankar, N.L., "Dynamic stall of NACA0012 Airfoil." AIAA Paper 81, 1289,

1981.



[6]. McCroskey W.J. and Pucci S.L ,” Viscous-Inciscid Interaction on Oscillating
Airfoils ”,AIAA-81-0051,1981.
[7]. Francisc, M.S. and Keesee, J.E.,"Airfoil dynamic stall performance with large-amplitude

motions "', AIAA Journal, 23, No.11.,1985.

[8]. Srinvasan, G.R., Ekaterinaris, J.A. and McCroskey, W.J., "Dynamic Stall of An Oscillating
Wing Part:1 Evalution of Turbulience Models.” AIAA-93-3403., 1993,

[9]. Ekaterinaris J.A. and Menter F.R. , "Compuation of oscillating airfoil flow with one-and
two-equation turbulence model ", AIAA Vol.32,N0O.12,1994.

[10].Lee, T. & Basu, S. “Measurement of unsteady boundary layer developed on an oscillating
airfoil using multiple hot-film sensors .” Exps. Fluids 25, 108-117, 1998.

[11]. Karman, Th. von, Uber den Mechanismus des Widerstandes,den ein bewegter Korper in
einer Flusigkeit erfarhrt, Gottingen Nachrichten mathematiche -physicalische Klasse 509-
517,1911.

[12].Garrick, L.E. ,”Propulsion of flapping and oscillating airfoil,” NACA, Reprot567, 1936.

[13].Lighthill, M. J. ,”Large-amplitude elongated-body theory of fish locomotion. Proc.” R. Soc.
Lond. B 179, 125-132, 1971.

[14].Wassersug, R. and Hoff, K.,”The kinematics of swimming in anuran larvae.” J. exp. Biol.
119, 1-30, 1985.

[15].Ellington, C.P., Berg, C.V.D., Willmott, A.P. and Thomas, A.L.R., "Leading-edge vortices
in insect flight,” Nature, VVol.384, pp.626-630, 1996.

[16].Liu, H. K., Wassersug, R. J. AND Kawachi, K. ,*A computational fluid dynamics study of
tadpole swimming.” J. exp. Biol. 199, 1245-1260, 1996.

[17].Dickinson, M.H., Lehmann, F.O. and Sane, S.P., " Wing rotation and the aerodynamic basic
of insect flight ",Science,Vol. 284,pp.1954-1960,1999.

[18].Waszak, M.R. ,Jenkins, L.N. and Ifju, P.G. ,”Stability and control properties of an
aeroelastic fixed wing micro aerial vehicle,” AIAA 2001-4005,2001.

[19].Daniel, T.L. and Combes, S.A. ,”Flexible wings and fins: bending by inertial or fluid
dynamic force?,” Integrative and comparative biology, Vol.42, pp.1044- 1049,2002.

[20]. Taylor, G.K.,Nudds, R.L. and Thomas, A.L.R.,” Flying and swimming animals cruise at a
strouhal number tuned for high power efficiency”, Nature, vol.425, pp.707-711,2003.

[21].Miao, J.M. ,Ho, M.h. ,”Effect of flexure on aerodynamic propulsive efficiency of flapping

flexible airfoil ,“Journal of Fluids and Structures 22 ,401-419, 2006.

[22]. Wei Shyy and Hao Liu ,”Flapping Wings and Aerodynamic Lift:The Role of Leading-Edge
Vortices “, AIAA Journal Vol. 45, No. 12, December 2007.

[23].Heathcote, S. ,Wang, Z. and Gursul, 1 ,”Effect of spanwise flexibility wing propulsion ,”
Journal of Fluids and Structures 24 ,183-199, 2008.

[24].Wei Shyy , Pat Trizila, Chang-kwon Kang, and Hikaru Aono ,”Can Tip Vortices Enhance
Lift of a Flapping Wing? “AlAA Journal Received 20 October 2008.

[25].Chang, C. C., “Potential Flow and Forces for Incompressible Viscous Flow,” Proceedings
of the Royal Society of London A, Vol. 437, pp.517-525, 1992,



[26].Yang-Yao Niu, Ting-Shiu Hsu, C. T. Hsieh, C. C. Chang, and C. C. Chu ,” How Does a
Gurney Flap Enhance the Aerodynamics Forces? ”, AIAA Journal Vol. 48, No. 11,
November 2010.

[27].Gregory, N and O’Reilly, C.L. ,”Low-Speed Aerodynamic Characteristics of NACAQ0012
Aerofoil Section, including the Effects of Upper-Surface Roughness Simulation Hoar
Frost,” NASA R&M 3726,Jan 1970.

[28].Lee, T and Gerontakos, P ,” Investigation of flow over an oscillating airfoil “, J. Fluid
Mech., vol. 512, pp. 313-341, 2004.

[29].Heathcote, S , Wang, Z and Gursul, | , ” Effect of spanwise flexibility on flapping wing
propulsion “, Journal of Fluids and Structures 24 , 183-199, 2008.

[30].Hao Liu,” Integrated modeling of insect flight: From morphology, kinematics to
aerodynamics “, Journal of Computational Physics 228, 439-459, 2009.

[31].Hedrick, T. L. and Daniel, T. L. ,” Flight control in the hawkmoth Manduca sexta: the
inverse problem of hovering “, The Journal of Experimental Biology 209, 3114-3130, 2006.

[32].1sogai, K. and Shinmoto, Y.,” Effects of Dynamic Stall on Propulsive Efficiency and Thrust
of Flapping Airfoil “, AIAA JOURNAL Vol. 37, No. 10, October 1999.

[33]. Yang-Yao Niu and M. S. Liou, “Numerical Simulation of Dynamics Stall Using Upwind
Schemes and Dual Time Stepping”, AIAA Journal, Vol. 37, No.11, pp 1386-1392, Nov.
1999.

[34].7 A, “A S HF I FEF TN FREFEEFT, B LAnY, i ELF 4
Wi 28 &, 377,2009 o

[35].3F =) “B 24 EEFH I Ao MALH,? A5 B RS L 377,2000 -



The 2011 ASME-JSME-KSME Joint Fluids Engineering Conference
s 18 4R 4

LSRN &
4 4. AE

FARBELERF TV 00 BRI AARMARS DERITF T F AR B 82K
ﬂggg?ﬁw<wﬁgk&91ngm"é9—°ﬂm—%*#ﬁpf§ B
BRSSP BB kP L idky ’ﬁiﬁtpr_ﬁ—‘ﬁ%?\* /',?;‘,L’lpkmfﬁma
BTt @ Ed o F  REARERFT P ERERTOT 0 S TIEERDRE R
it g o Ak e A=t ASME-JSME-KSME Joint Fluids Engineering Conference
R4 §2 5 e 4 7734 € >0 p 4 Hamamatsu, Shizuoka # 7 > 3 % g & # cojp
@%?ﬁﬁi’%%*ﬁﬁﬁ‘Pi‘ﬁ‘%Wiﬁ%iﬁgﬁ‘ﬁ 1T ERPMA Y
AR AR s’,ﬁ‘z\’/‘? cREFIIFARFRELANHEA BT O AU EEL S
TR R Rt CFD % Rl td Mg h i B ML ETR -

AR EZRIW N 24 P FRFAFHIFIGAL > AVEECRFE T - L ERPMH B
PR FFI S IGI TR REGRBLER BT ko5 3 0 Rk ko
FHRHEBMFHE O BRI E R FAERMA J S §RREE WA L mini-
symposium > # % #F %11 9 BHFH FFEF > AHF9F 50 AH %)L”ﬁ TIFh§
%rmﬂﬁﬁﬁwm@\mgﬁﬁﬁawﬁmﬁm FEARG A2 %R o 4§
+ % ¢ & 7 ¢ Mechanical and Aerospace Engineering, Industrial and Environmental

Engineering, Medical and Biological Applications Atmospheric and Ocean Modeling
Combustion, Turbulence, Acoustics, Plasma Dynamics, Design Optimization. & *t3-=t % % >

B A B AHE A < 7 B E &% A Robust and Simple Low-Mach number Solver for Flapping-
Wing Simulations = & 5.5+ & B « 4 A2 fEGBRLEN NG LR S K
A R ?ffﬁ;’:(as attached) ~ ¥ 4 A 5 ol REBHh > HF 4 o o AT 0F
B T F‘ S - %rﬁ% 18 & 4 g‘faqu;ﬁ.ﬁﬁw TR o b= T ,}%\3;}( fovr e i
R R A M AL L S Y
SRR F L AR R SPTIUE RN P 0 S Sk 5
PR AxA G ERER0 21D g A g $ e £ & FIURHEE i -

ETIN

Iy

W T LS G
1 g kAzE
2. F3t gk CD &






RfL g2 4 74 FE S &R 7

*ﬂ +
7 i
p#:2011/10/23

B g AT 8434

VR FPED A a2 kEA T E AR R
PFAPL 2 E
3 %% 99-2221-E-216-009- BMARE . Sk fLH

EEE A SR TR




PeEREHFF LTS REL

PEAFA AT

A

33 S5 0 99-2221-E-216-009-

4

i
~EEABFE R T L

oS 32 SRR

15 2
WU e

P—FrE o A kgt 2 B AP A i VK

£ i B (F o
ST P et 3 &
I RFe LS s FFRE | g TR
fe (L (E(ZRES | R E T 2
pegd) | 2998 5w #
)
B T2 0 0 100%
o e [PAEEE AR |0 1 100% -8
¥m ¥ FE
i g2 0 2 100%
L% 0 0 100%
Uiy ok 0
51l Ol 0 0 100% .
g 0 0 100%
s e 0 0 100% s
P I
#1 4 0 0 100% + A
B 0 2 100%
TR RN R 0 0 100% L
(+RM#) ELsmgh |0 0 100%
LiEpm 0 0 100%
B 0 2 100%
N B gk |0 0 100%
Fm N FIE
i g 0 2 100%
%3 0 0 100% 3 /4
o4 s 0 0 100% "
S B K 0 0 100%
AW {,}
" i 0 0 100% &
HoAS I
#71 & 0 0 100% + 2
B 0 0 100%
T RN 0 0 100% L
(vR#) ELupmih |0 0 100%
Lz 0 0 100%




H A%
(i Bt iigz &
5 hoyE B s d S
WEn L ER%EE
AT A R R
SRR N S R £
B2 E M E R
EE G F A

}ljo)

g

’i X538 P

freks

—

R E(FFHEEEN)

i/ e

Re|grga g A1 8

21

Fi

Byr A0 iR

T e

3
1
4e
g |FiHE/ iy
i
p

PEASHAEZ S (BR) Ak

OO O OO O o (o




DEER R R Tk SRl

TR LR F R R AD AR L AP R R ] Sk L F AR
EOREAE SRR LL LA BB PFLE-HFTRLT M) LG
LMD IEANY R IREFRAL L MY R - FEER

. FFTLEH 7‘1"%}:‘?;"‘%*5 AR ~E T ﬁﬂpv}ﬂlh RT— AR
.@*Eﬁ
(k= p % (GFp > 12100 F 5 72)

[ 2% 4 Pz
BEES A

(]# & k7

Sop

2. F 7 A % B el T A e j‘%«f pyrT
w2 et Azt~ BEEY &
B[] &E [L]Y 3 #¢ H&
g Ls HE D/r’pk“’ B
Hi (12100 % 502)

3. ;F fz:?}ﬂt?;\fj}u\ «“,ri;{ﬁ:fz']%?\ ri_g 7?2%?'3“"’ T :
B (FR&AFSE Rtz 44 °

500 % % %)

HPREF B4 5 A e A0 BB R FR T BB LR kK

e Em
it
C i &

2. J = A NACAODIZ # ¥ cnjp ikt Y $ A ¥ % ¥ ,ﬂg e TTT.
GEmAd o KHHRY Bl e FUGER L A2 RS Lhi & RF . ¥
o adgpnt 2 e TFpEES s wgp c g E g s 3? [15/,. 3 g@i

Fippd @ p A A0 0 A RAEaERY L R R RS b 2 Rk

¢§£*vmﬁiﬁﬁaﬁw&ﬁmmm&Wﬁ%@w@i’zﬁﬁi%ﬁé A4 R

Tifm A4 A .




