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ABSTRACT

Micro air vehicles (MAV) is a popular research topic. Because of the high
maneuverability, simulation of flapping wings of birds and insects may have good
potential in the MAV development. Micro air vehicles operate in a relatively low
Reynolds number regime. In this regime, many complex flow phenomena take place
within the boundary layers: separation, transition, and reattachment can all occur within
a short distance along the chord of a wing. Under the condition of low-aspect-ratio, the
effect of wing-tip vortex and it’s interaction with leading-edge vortex become more
important. To simplify the problem, low-aspect-ratio flat plates are used to investigate
the formation of leading-edge vortex, wing-tip vortices by means of quantitative flow
visualization. The experiment is performed in a tank filled with a Glycerine/water mixer.
The low-aspect-ratio rectangular plate is impulsively started and translated at high

angles of attack at low Reynolds numbers(Re=100 ~ 300). The considered aspect-ratios

are 1, 2 and 3, respectively. The angles of attack are 15, 30, 45 and 60 degrees. The
plate is rigidly mounted to a six-axis force sensor recording lift and drag force with time.
The variations of lift and drag coefficients between nondimensional time T=2 and T=7,
and the effect of aspect-ratio to lift and drag coefficients are analyzed. For flow
visualization, small particles are released in the fluids illuminated by laser light sheet.
The trajectories of the particles are captured by CCD camera. The velocity and vorticity
fields can be calculated by PIV method, through which, the formation of leading-edge
vortex and wing-tip vortices can be observed. Results show that at the beginning of
translation the plate has larger lift and drag coefficients and larger lift to drag ratios,
which conform to the effect of delayed stall. In the observation, we find that under the

conditions of lower Reynolds number and higher aspect-ratio, the leading-edge vortex



can be gathered to form a bigger vortex; otherwise, the leading-edge vortex will be
influenced by the wing-tip vortices and dissipate to an irregular and slow motion. In the
situation of free development of wing-tip, the Von Karman Vortex was not observed in

the present study.

Key words: low Reynolds number, low-aspect-ratio, leading-edge vortex, wing-tip

vortex, finite plate, high angle of attack.
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Chapter 1  Introduction
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1.2 = /l?e ¥ AR

(C.Ellington, 1984) % % - 473 MEEE R Fh> § > NENRBRFEEAYL F 4
R 7 B > A w3 F &7 i 48 i 4 47 (The Quasi-Steady Analysis) ~ 3] i %~ #ikc
(Morphological Parameters) - & # £ (Kinematics) ~ 7 # # % (Aerodynamic

Mechanisms) % #— 4 % - (Dickinson & Gotz, 1993)12 F Sk e 8 s Fd T4 M 5

F4(0(10'~10%) T 2t %_¥ (Unsteady)im #in 4 fin> ¥ A F =45 RIER £ T
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~ 4 (Separation) ~ i & 7 (Transition Flow) ~ 7= %8 £ *¢ ¥ (Reattachment) o #7127 &

S il B SR T b G AT 0 R AR R e Tl R R e

3



PRRESRT TR THE PRt e Rt BEn e Wy § oo
PIV (e 47 » JL2E R B2 RSP % 1 47 2R IR enii ] - - L

(7 e 4ot F LT dpd2pPE ¢ 4 85 2~4 3% £ (Dickinson & Gotz, 1993) » 42 § fa s in

e ] - 1—%_,), o B 8 T AR s i;,%ﬁ‘ﬁi—;f:]”‘ wreb X o



Chapter2 REHEXABRH> 2

21 RE=EKH

211 FE%kH
PRI E 160 24 ~ 130 24 ~iF 45 20 o d HEEHES 0 w F B R G
G 1 PLTY  RHRRI(B T) T 4% AR o ki © YAMAHA

PREIFERI 2o 25 AL THEFLBREIFORB G AP ERS2 E

Wi FEd AL FA IS RRE  ~EI ERAEERE T
8mm 45 ~ BiEHE - S SmmL A4t - T LA B E R w DS
LAY BT B e T gt P d R A BITHIT ) 2 BRI D
R EF A IPecruTh (B 8) A %G 15°-30°-45°260° T et B 5 B4 o

52 & (chord) 82mm > Bzt 3 123 =4 EA& 5 3mm -

2.1.2 Ak 3+ (Viscometer)

4k 3+ %_Brookfield %] » 4135 LVTDV-IICP » % #ici= 3|4k & 2 (B 9) « i F
7 % < e+ (Spindle) o & PR ATE B RIRR AAER B 0 E R £l o L4
NH S Sl o BE S R FRIAA 0 ER G i o @ FARR AR g
g £ 417 100% © = 4548 100% § A7 error 5 i3t 10% R RIS % 7
PRl aif d FEPN S RT opssE d AR 2 R do-R B S AT 4

He o



2.1.3 #HHEE kA

@2 * YAMAHA 55 & > 41505 FLIP-X > ¢ YAMAHA SRCX 5
# Bi%iF RS232 A 7|3 &7 %> ¥ d POPCOM #8213 rei& e Sdck BT
Hl47 £ RE P0G fiB 6 (W) 10) o PR LA B R heT £

Z 2-1 H s £ B FLIP-X & 7 T9 A i % R4t 4

EpibteE | gans | THECH | hgdn T e

EEa g (W) A (mm) (mm/sec) £ (ko) (N)
T910-1050 1.3 +0.01 600 55 156
214 x4 &p] x5

LA RR ke kAl ol R B E - B B sl KR o 2

fhi R BEF B

FERE R BEDR

214.1

Bkl - e R R

okl phd R B asioct

@ o] 120 4 et

SRRV

AN

0.0IN- 4 4Lp 284 = 4 A #

S

AT A B Kk deag B

B (Full Bridge) - & 4%

Bipld fod Ehp A

4 91 F 4 o % (Strain) g & F BB > F it B L 1/0

Wt I DAQ B~ o BTG AR Moo (R 11) -

.4 % R Bertec Corporation 2 # 2% 3+ %]

5 P ML £

v B 4E 7 cm o

- % #i (Wheatstone Bridge) » =+ - 2.}

e

L8 AR

B e PR R R R0 -

F8cm- T

u § +2N % +0.3N-m - 247 B 3




2142 AEFFELE
MESFE LY 2 % 3 F R RIRE o @ (National Instruments)sh 2 & > & 354k
L /O 424 £ (SCB-68)~DAQ 7 #iH8~+ (PCIl 6221 M-series) 2 NI m #t ik # ik B
oA gc i (LabView 8.0) o kM 5 A28 g B 0 5 gk ¥t i o T e ke

W BA T G R TR B B i i o

215 REER RN

B it kS B 1P|k = (Particle Image Velocimetry, PIV) % & 47 i 3-7 en

BRSO RES - pAd FHEGENG HEAL KT 0 NHY A

Sk g F B Pk o L d CCD 2% 1f > 5d PIV 2474048 Flowmap 4 471 4
B o T RARER > blde D@ A FRS
2151 7 &

AR g 33T 5 (Argon lon Laser) - ¢ # K Spectra-Physics = & %
#0315 5 Stabilite2017> i 11k £ % 454.4nm~514.5nm> i 1 7 5 & 100mW~2W ()
13) o #-F stk L i5d F SE @ TP oo > FIREFERFBF L L ¢ Fi LB5E

MESEREEL Ld e HEBLEISBEDTH T > FHRY DT HFE

?ﬂg\;
b
F_‘k
N

~3mm e FEREEFREE A L B g o AT BT S R AE Tk A

i

1

¥ oA 2 o it oK(DI water) § 2 (7 TR 0 BT S A L F BiE D] F g
BE LI R ShdEfRIIA Y o
2.1.5.2 7+ 18 & #FEF 5 (Charge-Couple Device)

¥ % ¢ * 7 CCD ¥_Kodak Megaplus ES1.0 Camera» 5 2. ¢ #&2:4 » o< & §)



¥ 4p#E 30 & B o B2 <1 5 1008pixelsx1018pixels - & * Nikon Micro Nikkor
& BE 35mm sz g 41EF o (B 14)
2153 nHEIES

S R I

(1) 4845 (Al) : % & 1.07 g/lem® > 2 /= 50 um v 20 pm «

(2) Polyamid Seeding Particles : # & 1.02 g/cm® > & j= 50 um -

*~F % ¢ * Dentec = @ 4 & ¢ PSP-50(Polyamid Seeding Particles) - B 15 -
2154 F idge+ % ficky

SRS b s+ L EPIX 274 & > * ki CCD o # % i
EPIX 2 & #7%f e XCAP for windows » ¥ 3 B~ 30 T P e 48 75 P-o i 4l
(RAM) » 1 3 4% “r & ] ffiz » A 3 (Hard disk) » 5 XCAP ¥ % CCD ¢4 #icie

Figez o do{ 2 CCDefPg & ~REFT X o

22 Rk

AFZHUH otk BT S KR P TSR > LR A
FE A4 SR HRE PR R ahsg i o
221 EH P

F % 1/ POPCOM By #1484 £ R cnivds » 7 JEd Sfeid £ R 4eid 2 - 4
SE R o d F G T acE BRI AF Gl B DR s

B SRR B i R 5 600mm/sec VK wad B ap At KE R B & ¥ i



BRed £4 AEHPap I v ENERNEIFER L 5d g F=0i B3 g7

:’T\‘TLFE}:E&TO

ZZZ‘?%%%F

2221 e+ gp|

1 BRF * F B AER - ZRRTRE MOS0 2 ERIIHOR R -

2. EPNR B OEE IR ERSFL AR RERIEFL -

3. B fx Labview it %8 - 2% % P~ #% 4 & (Sampling Frequency) = 1000Hz ~ & *
Butterworth jg & - # 1k 47 & % % (Cutoff Frequency) 2 1Hz -

4. B Fc POPCOM #0848 > 3% 2.3 38 100 P72 cn 5 i #:¢ > @4 Labview £ #
T e P EE b i o

B. HiB L RFw R B K LT 300 pFArE ng i o Fo A EINSfE
T_{s > B4 Labview £ 4 T fxds § iE o

6. L4 BRI £4f 35 Th 0T o

7. L#EF > £4F 36 b 1 o

2.2.2.2 nHER

L BEERFRFE 0 kH? o TRERTR LD -

2. BLT bpkdvioka . FHER

it
I
27
&
EX’
"y
pres,
g
3
ol
®

3. ARG T LB AR GEEL A BERE ST AR 2-3mm -
4. KR CCOH#EMA > R A LF 07 575 > B F LI SRR Farst + -
5. B Ec XCAP #4l » 3 SRk 2 & )4 ok i

6. sk R LA pEHET XCAP s record B 44 #E e o
9



7. {H&RH > L4746
8. {#FH L4 47

9. {#FH»F =¥ » £4F 3-8

223 FE&NEA AT
2231 24 ;547
1. 57 AR R RPN REE Lt doiede > W E B E XAMM G
AR A RE 0 UEBRE AFHRT X $h Y $h o~ Z b= dhehi i
(B 16) - £ 0g B 42 0 & =34 10g 2 3] 2009 5 2+ > & Wliedrd TR E -
FhRAcR 17>V g RIMEAARG S 0 T AR T AR SRS 2N 2
RBID AT R M P BN A o
2. LREFMELY > F BARARM T IR 0 @ % Labview AL eAR N # AL R
gk ede (F > 3E B 3 % L Butterworth Low Pass Filter » i & pefic s 2 14 >

ﬁ“ —FT ﬁ:« 1HZ°

3. ERARR Hw FN AR gl R R F R R b i R TR
ARELAR2SF 0 FRFRAL N AL RSP R B ERAE
LARIRES R SE o

4. AP Bk TIPAELAME K 5 1000Hz > #rr2& 0.001 458 Bl - S EL 4o
U CES R A ek SRR
2232 inHR A
i % g3 B4 ijapli# tk(Particle Image Velocimetry) % i 3-8 fehA 45 0 24 B #F

48 -2_Dantec dynamics = # 7 FlowManager
10



1. A Rlild 28

R

ERCARAEB o d B ABA Bhe Srahped o A
ekt P L b3t E A gEgaE % o

TEWLG R .
B Ak & ] = 1% 5 eh% AR (Interrogation Window) » & 31 55 a2 PR B~ )

R

ot RE R R BLE S 3k ) (R e 3 4p B (Cross-Correlation) v 3+ & o) i+

e 12
BB o B ol T

T HBEEIR RGOSR o o s CCD B e
FHER > 7EERE -

Blgoeteis » 0 B A E R > B R MBS & o 7 @i uE B
A

4. getitiri RE 0 R E LA B T LETIEA G -
A i€ eI Ap R A 47 P 3§ & 4P M (Adaptive Correlation) - © £ - f8i% &
AT 0 % - BARL T (F B ity (Image Frame)) ikl - B =45 £

¥ BART(L L RTE) F

® T E P eniE o N~

Flens AR i@ (T T 'E-‘ﬁq]’é—é_l_f—é—‘, DN g ]
SE A

11



Chapter3 2#%H 4 7

3.1 BB

3.1.1 E 3z * (Aspect Ratio)

% Af EE 3 2T 4 > Hsx £ (Chord) 3 ¢ ¥ B (Spanwise)£ & 5 s B 5zt

(AR)T& & BB R #x & et -

AR=2 (3.1)
C
o S HE e S o %E LR E §EFEE R BREREF AL A
Bt x v 2L
SZ
pre=2! 3.2
A 32

3.1.2 7 3 #c(Reynolds Number)
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By bdups s ¢ HEF PR A AFZER T T =

B A i ek

3.14 24 %#(C))
A 4 % e (Lift Coefficient) #_%-% = & 4~ 48 /48 ¢ #7X e 4 F (Lift Force)
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3.2.2 ki & (Wake Vorticity)

& & Vf < B T2 (Kelvin’s Circulation Theorem) » * 3 /fs (Bound Vortex)
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3.2.3 #+H » i (The Wagner Effect)
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B 1 -k-T 3 ¥ (Stolpe & Zimmer, 1939)

Bl 3 =3 4 ¥ (C. Ellington, 1984)
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species [ Re

horizontal stroke plane

Amazilia fimbriata fluviatilis 1.8 6100
Melolontha vulgaris 0.6 3900
Manduca sexta 1.2 5400
Bombus terrestris 1.2 3600
Apis mellifera 0.8 1600
Eristalis tenax 09 1600
Tipula sp. 0.8 630
Drosophila virilis 0.8 210
Encarsia _formosa 1.6 23
inclined stroke plane
Plecotus auritus 34 15000
Ficedula hypoleuca 5-6 11000
Aeschna juncea 34 1900
vertical stroke plane
Pieris brassicae 1] 2800

B 4 7 4 fa2 T 3(C. Ellington, 1984)
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wing loading W/S (newtons per meter squared)
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