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Abstract

The effects of deviation angle on flight performance and power consumption were
studied by high speed photography and 3-D transient numerical analysis. The motion of
Euphaea Formosa, a damselfly species, was recorded by two orthogonally-aligned high
speed video cameras. In this study, the single-hindwing model and the tandem-wings
model based on the recorded motion were used in 3-D numerical simulations of static,
fixed and freestream flow fields. The results could be helpful for the design of MAVs
(Micro-aerial-vehicles).

Deviation angle is the angle of the wings deviating from the stroke plane. Adjusting
deviation angle leads to the change of wing flapping trajectory. This study mainly
discussed the ellipse and figure-eight shaped flapping trajectories of the hindwings. The
motion of forewings is fixed, as recorded by the cameras. The results show that the thrust
of ellipse flapping trajectory model was greater and the power consumption was lower
than those of the figure-eight shaped flapping trajectory model, and thus should be applied
in forward flight.

In the up stroke, the direction of the ellipse flapping trajectory was parallel to the
stroke plane. In addition, the recorded videos revealed that the angle of attack in ellipse
flap was nearly perpendicular in the upstroke. We discovered that these two factors
contributed to the thrust of ellipse flapping trajectory model. Besides, the results showed
that the figure-eight shaped flapping trajectory model had greater lift, which had been
suggested by the literature. We also found when the angle of attack in the figure-eight
shaped flapping trajectory was almost vertical, it would not generate more lift due to
excessively high angle of attack.

The amplitude of the deviation angle was also discussed in the figure-eight shaped
model and ellipse model respectively. The amplitude influences the width of the

trajectories. The results showed that lift and power consumption increased as the

i doi:10.6342/NTU202004223
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amplitude of the deviation angle in the figure-eight shaped model increased, and thus
could be applied to the MAVs when lift was urgently needed. However, increasing the
amplitude of the deviation angle in the ellipse model increased power consumption and

reduced lift. Therefore, there was no benefit from taking this action in the ellipse model.

Keyword: damselfly flight, deviation angle, flapping trajectory, power consumption,

flapping micro aerial vehicle
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Specification Requirement Details

Size <15.24 cm Maximum dimension
Weight ~100 g Objective GTOW
Range 1 to 10 km Operational range
Endurance 60 min Loiter time on station
altitude <150 m Operational ceiling
Speed 15 m/s Maximum flight speed
Payload 20g Mission dependent
Cost $1500 Maximum cost
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BRI IE B L (Ao B 2-5) 0 F R B LURSE R G B AR S N F A2 F

F1250 345)» @ & & B E A2 Fitend gz — o

TEEY

fewp 4 @ g (1 8 345 5 61)

3L & =Ty

(4) 4L 4 (inclined plane angle)
BG-GB RHREA R Bl g ik gl g hp d R Tt

TUERASIH T BRI Nt b o gBab i BE T HLHAL o

(2-1)

AR= = (2-2)
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Ba b 27 A B R (R AA) B (7 A LS B 5 2 B

(2):&i# vt , J (advance ratio)
B KSR AR LR PR TS S TR

RAEAER
J=— (2-3)
Tz R

FAEBVRAPERALRE AT A BEV R FARLG R GRET AR

=

i# (hovering) °

2-3 HEF REFHFEBH

TRHEARAEHH T RS h- LS FEBHI U E MO LR EE 0 d R
Fion AR e koo S ra Bl { S48 Ft aig= L& kv 5
¥ TR ERT IR - LR B E AT ELEE A D

AWt s Ay {#HndFBR g -

2-3.1 i % & 2% (Vortex Ring Theory)

i eIk (vortex ring) 5 (7 4 4 chds 4 KRz - o @ i IR I % P R e
B e {00 N AR 00 P B e R B 0 0 IR IR RSB A
Ao BREIRY R d N ERZ A B Y o g2 2 - Eu(etflow) o a4
A5 - BAES o FINFRLHER - gAL - FIR 0 ®F PIV VURIEHR
R A O AR B e o R S B G b b R o R R Shahif R
TREAWIOEL RERRNE R G

FIJFFZ

M= pA = pAl’ (2-4)

B9 MERRRBR A §R AR D SRR T 5 TR

J* F BB T LF P T e 4, W
7 £ ¥ I

AM_ pAT
T T

F= (2-5)

3

B e 2 A PR K 2 B RS RO B 4 4]
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Ba b 27 A B R (R AA) B (7 A LS B 5 2 B

2-3.2 REE-F ¥ % #r4 232 (Kutta-Joukowski theorem)

ArFg e A EoA AT o BERVHE DB T T

RigiroF 2 - F
WMakin@d ks Udus3g g P hEr#ie ke s [ PR 4 LT
d Kutta-Joukowski theorem 3+ & & !
L=-pUr (2-6)

—

”TI%\/rT';%_F i%& ;/ﬁggii}i/p*#"gg Fa mﬁxb.lwkra’ P~ ﬁimﬁi/ﬂ\ ’ﬁfﬁf[ S

o

2-3.3 ¥ = 4% % (Leading edge vortex)
R EBG Y ARFROERT o F I E AT RF I Y

G F I kAR R R kenier 4 o2 23 KRR

COARIEES § et S 0 A LUl Rl L RAL S R S T uTE o

A4 P Ew o gL (stall); Az maok BApEAAT LE IR it d

T FOPET OIRITO0 R A A € L iE o 150 B 3EE 4 4% Ellington 7§ B SRR 1 o

Ellington & 4 3% 1996 & # Nature + % % 7 - j # < (Ellington et al., 1996) > # i* &
R S SRR R S S XSS B Y T LA
§ALH I LR PR PR LSRR G 8

VIS RE g MR D R F IR EMR R RRG R
BG4 g o
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s s & H BRI AR B T AR P F 2 B

|
B 2-6 G i m LR dp s A D R T L g g R
g (b)T A AR F R "f Lreig(c) T dp bk o B M E R R ek
Mt Aeag o ¥ M e ) 4p 2 S o (B % %R Ellington ef al., 1996)
T 5 0F S PR 7

d AR LR A 2L AT BER TP S RRE @
$3%7 J@¥%hRE % i (span-wise flow) - Ellington ¥ 4 3 7 ch— £ 5305 ot B %k
gREFE AT e o oaBFFiFE a2y 4 0 2 bR @ Birch
& Dickinson 7% Fale + # 4 0 % WK B S PN T B inid R T R 4
BRN25% BT B O RETBRZ > B P A KT R
VUFE R B e o IR SR R R IR % 1 2 PR B AR
4% TPkt e84 (Birch & Dickinson, 2001) - @ Birch & Dickinson » & - # % I

Fomim g B AR TR o B R PR E R T R F R 0§ skt ko o R e

S

B RAR TR R A 5 o

2-3.4 ¥ = iF *(Tip Vortex)
FRRA R 2 A MBRERRDE G EHOA ST UEEF AT F T R RIT

bR AARE S TPz et o F A g - Bt AR d N R

\\r

SRFEREAAHAL - BTG RS LR EA Ko ARF PR
FAOROR AR S AR ) R IS S R R LR

FOLBERLE S RN E SRR PR E
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TAE A BT AN BN (BB FERE S F 2 B
2-3.5 Wagner effect

BAPAKE O ARG E £ PARR A RFEY 2 I BIRELY
i% &_Kutta condition » fLA$82 & — FPFR & PP a0 RiE 0 LE A dvd
BARET BT B %d Wagner 3t 1925 & 3 H(Wagner, 1925) 1 & {8 &k 1931 & 4%

Walker §F 2 (Walker, 1931) » ]t # 5 Wagner effect
Wagner effect > T E P ehde Hd = f 6 DB FP T BT 8 K3 ende 8
BEHETiE R o R i E S A EE R AR Y G

g
% B 7T & (L% o Wagner effect 238 » Flptfs k §

SRS LTt T
SRR R LS 401

R N ATIES SE A IR T E R e S

2-3.6 F48 i -

W eh T raic B g o < 300 h A R iR AT MR iR = e g TR
B B g o R A5 BT RIEE WRIIE d SR F i M Flka
B R kAR SR AR B RE S N AR R AT R 4 RERfR I iR
[N N - R gy A (I

FAAEF AR -0 4T TS AR EET AL A o
hept - R R OB ST AR R L R R R 20 T e
WAl der F 0 RSP I o g R DR -

BREWINRA A DI REFIFI > Ra» LAKET A4 Flutg F5

NG E A - BATEABG] R e TR R R R F R -

2-3.7 Bindfdios i TR 2 R

HHEFeATL 2 P T o e E SR EE > w7 Wi
FlkfE A BEE R UEREBHRT 2R T R R R E DB AL
B R RO e BT R 2 S gl (2 Kramer effect) &k AP o it ) Adp 3
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T B & 13T & 40 BAN(RIE ) B 7 A LB 4 T2 B
409 s g Epim e
TS
FRpaBEngpagrRaie > A2 FEDT g FIr 2T PFTLE
PREER DO PE AL PN FRER I AT A T LGSR Ra BBl
Bgdpre PP AL ORI TELT RA A 5T I g E Y anE
gl EEo F A Ad - g Favnk o BRI BN D R 27TV g
g TS pEC I D) ThHAL R T AR A e
PEVyRBFLEI 0 TAIET iR m A2 T S niEr 4 oo

O
\
\
O

A D

KRR

-—
-—
-—
-—
-—

NA

L

o/
0
!

O
B 2-7 kingfhir LM 2° A C 574 DI F 548 - (%% ik : Sane,

2003)

e T E
FRFLRSRAFRFEFFF RS EAF YA DT FEFR L el R
FrrE iy g B E - o FIpt LG 4 B £ 20 (Minotti, 2002; Sane &
Dickinson, 2002; Vogel, 1996) ° i& B sl 2 f) * EFERE R FE 6 2 4 P 8 & e
2 4 A J9 4 B & xx & (Sane, 2003) -
EL ¥
2Pt TAREE G R B nRUR R A RS T gk vt R g R
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it & 2 ek T B R 0R) B 7 A LS 3 2 B

SHEAL G AR ER MR F T S et o s Qa6
AN RAET AT SH NS - BFLY B2 TF Beogm S T £AT
7 &_Kuttacondition > 2% % Fl ¢ 224 - BRI E R ¥ - BFELATE DRI (S
Bl o wBR g E S J Kramer ** 1932 # & 1) (Kramer, 1932) » F]¢* £ % Kramer
effect - Kramer effect $4 4 i & e B7 s ey T v > BRI A 4 0
o a kit eRr EFLHFI R AREEE I A FNARoFRNEAL T P
SR A BRI pAa e o R EH ST 4 LR 2B R

B 2-8 % Dickinson ¥ 4+ 1999 & #iiF & Wb e iz i d) - By » X #teiy
R L AR AR RO L ERERDR A B PERI /T
&%&&;zﬁﬁé—q\ﬁﬂi%’_;ﬂz €F - BHA avERE B PEE s u R B 2 Bl eo 2
2Lendk o G Kramer effect i = e 88 > 1306 2R £ k|2 > Dickinson 335 4 k&
o4 $ii¢ = eh(Dickinson ef al., 1999) > @ Sun 35 F4c FE i+ h% % (Sun &
Tang, 2002) - {& % Sane R & & review # (Sane, 2003)% 7 &3 F o 3% 3040 2

el 4 G TR

advanced A potal if
=— downsiroke [T q
N R
5 =
] ol
500 mN = o
\§-§ §§ T o Odp
B = L
-
C,=1.74 § oo
upstrokes —= 3 L
E o
symmetrical B 050
-#— downstioke .
3 ®
3 \ SSS%\ £ _ o2
E <
- n &
C =1.67 E o
UPSIoke ——p- - -
g g2l
delayed c
- downstroke 025
=
\&&‘E%éggéég&%ﬁﬁk 0
b
= g
C,=1.01 =
UpSirokse —j-

Bl 2-8 =Ml 5 adgipimr LB 29 MGe%R

BT p e ha By v BhiECe o g B 2 8h4E 2e o (4 BlJR : Dickinson et al., 1999)
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Ba b 27 A B R (R AA) B (7 A LS B 5 2 B

2-3.8 A Fo R

EABpEUER 2L AR T A AT R PR P S e SR D
ok A A A A o SRR S L E 29 ¥ (clap and fling)

TS £ Weis-Fogh »% 1973 # j& - @i LR 5| e sx & (7 18 4]
(Weis-Fogh, 1973) © # 2% 7 jp 1T F > § %o MR ¥ W o > i3 1 %
g AT R B A E A ARBLBFE AR T EAL - BHERESR
AomplhR At - BEEO Y- B RTAOEBE S BHBPLIE -

s k4

R —"Ff B4 ¥ £ 77 7 i B AR 38 (Bennett, 1977; Lighthill, 1973;

~=h

Maxworthy, 1979; Spedding & Maxworthy, 1986) -
R AFAEPLE T ARG PR R A FEAARET > A Fan G i
¥ &4 (Sunadaeral,1993) * L pd HE AP R AEFHL RO AFEWRE o5
FinF A F B LT RS 2 FR A AR E LT RO RR

FE S 0 TRV R R SR

52 V2
= o
sz X

Al % fj

B 2-9 & F &L 7 LRI(5 BA © Sane, 2003)

B
C
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Ba b 27 A B R (R AA) B (7 A LS B 5 2 B

L4wwéﬁwﬁ
AT RREPRE L R G R BERPRY G R
Baop A AZTEBRMORENEES I Aen Ko B ZESBRLE R
B RF NRB T R R R RAEIE T AN G L
.&ma"{f‘ éf\"}‘\%/z \,, 1,5 /Jﬁ'f‘f‘ﬁg%&-ﬂ‘ﬁi“ ’?L‘ﬁiﬁéﬂff‘ﬁ_‘fﬁo ,’}_"‘;‘—
BEAALT SRS EANEAFES I RSB E AR RS
T P RRPERA R ALY LY R T A SR A A P
o g¥ u—g R B
2-4.1 D {338 3 (TR

m iSRG 3 EH

el el B S 9F B2 - 5% 1994 £ Dickinson

Wi

# .15 (Dickinson, 1994) » = F 3F F A B4sF A7 w S 3 i o
Hu & Deng i * 7 kfbgsnisdy - 11% B g 805 a e X % 3 §ieig s u

e

A e e AR 50l RS PR E B 0 o e W

7

fex@enfp iz 4 > TFF A Refpind €7 AT iF* (Hu & Deng, 2014) -

Step motor b
el
P . 2 Translation
« Servo Frame
Forw \rd direction “ Motors N\
Rotation
)
Servo C ------g"l= i
Motors > lior )
{ 1 Vel 4 \
Bearing / Force sensor

Gear I
~ Forewi G— 2
2 Forewing s
Hi
ngwing i eral oi

®2-10 #54f7 L BI(H % %k : Hu & Deng, 2014)

B OAIRARIL - AR gERES o PR b kY TR B E T el X2 IR e

kip#EPIV S5 TR AT R TAF S22 hE DG Eg ek

L,
¥
|l
¥

=
flm
&
i
(=
o
oA

’

-

K

_{‘1
%

'
A
=
X
hE
o
S
'

3
[S—
o0
(e
W
S
pas)
E
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Ba b 27 A B R (R AA) B (7 A LS B 5 2 B

FEomf@ g A 2 TR F N g T AT dpehisdes 4 T T 9 e AR ieh
TSR T RN A4 g E AR B B P A AR W BN R P g
BuEg e AR o @ RO iR ¢ RPCF AP en AR A E I R A en

BERF A pRRgEgpr L X Y RIhaE st B b by RS

A

M l s lE ¢ t"Li—"ﬁ ﬁq.ni;\z, o

2-4.2 higd

Luo %P8 % s @i 100 i€ * T 554 MBcE R e 27 - RaeiRn
iR AR R E MR R 10 Rk sd Bdp U3~ 1R
A0 F )42 8 FAp > T ARG R EDFRT 3 A4 gt B
PR AR A b S RS RT L $ A B R 0 - B i

¥ 24 »x s (added-rotation effect) » ¥ — i B &_5 »xsz & 22 % (Luo et al,, 2017) -

2 ok CaseB
20F Case A -
w10 10
¥ = _
= 0 ¥
= 0 =
3 L) T 30
@ (deg)
ar a
04
03
[
ol
| L ——— =
= =
01
a0 —_—
aaf 000000 memesee. (]
D4 T T, [(VA] 1
b g b by
Case A(@=10deg) 6
5 === mmmm the base case ] —— CascB
e o=-1 N the b
)
1 -1
C [vit ] [0 i (55 05 0 1
« i a @ <

B 2-11 # [ s ig pupn g2t 2 4 i3 & ch B SR( %+ %k © Luo et al., 2017)

i P efly % & Sane & Dickinson i * {45 £ R k% L B 7 4 (Sane &
Dickinson, 2001) » ft £_# CaseA » + e L E D 10 R ehipad B ALK 4p 48 o0 S
WA H TS ol MAEpHEE Kant > I B PR FE T N 10 B ikt
doAple B T g A 4 X L] o Fpt i PR T e B R O o A

BTl F A E B D PR T Atk B RERT e G -
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Ba b 27 A B R (R AA) B (7 A LS B 5 2 B

e ¥ 2ig(pitchup): * 2§ it s 5§ P 2% ¢ 5 F v ¥ *LdE (pitch down) >
% f e BT > ¥R 4 e 4 (Lan & Sun, 2001) » AL R en
i 3 2xscd € Fla RIGER I w2 pa lM4e 33 B 20 PR G 2xscd g 500 o

Gt G o @ gEa A 4t fot e IR Case D BE A AR BT H B I
g A {5 A A S AT LS F R FI TR L 0 2  Fle ok
@jgécﬁnﬁi[@gi\géc;;ﬁ 0

Bt Pengm A AL S L AR EERRS PGS g F 2 gF
B Ft R A AR BRI R R T A A At Rk et (T e i

Btz b 8 F 4 o BRI HA LOURRT R TR de £

&
=
(ﬂn
\:,R‘:
beits

S i R B B R R R - o { £ i e T (E
PEF O BRT A EH AR P AL FF o

Kim #2019 &4 % 7 - § 3136 & 2o 2 pe(Kimeral, 2019) - & i 1
Hg it 2 FAERHCL ~ BRE R X DR B0 B
SRBEFI DS  FRBPE Y G oo LB § - LA o a BIEEHCT
§ &k - LA o 0 Bt A AT IR

Xuetal. (2006)» 3+ bbEeidp 3 fuph 3 sh 88 P Rdp A S 8 3 A5

¥

B8 FA, s OFF b ¥ 04 e B dirig > Ao FILES
FA e 4 Ggrdn d ok T Hp o fjﬁi%%ﬁi%ﬁ@é FooiRm i g
FAUEE RO 0 0 R R LT W RART R S R © 0 (R E v kg
TR T SRR E DR B @R B fas

2 42 4 (Hu & Deng, 2014; Lehmann & Pick, 2007; Sun & Huang, 2007; Sun & Lan,
2004; Sun et al., 2017; Wang & Sun, 2005; Xu et al., 2006; Zhang & Lu, 2009) » F]} &

BB b a0 R G S JHaz B oo
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Tl & B L N B R(BR AR FARE S F 2 P F
2-43 /&

F G R EIM T AL & e AT R e A& 2 4 o e
ME S FH ARG LARPRE > A3 % e & F £ 8 F 48 0 37
PR ET B ST I 8 FAUHB NI RIS - B 6 O F A
B G0 T e ARG W RIRP AR BB E 2 YT ki &
FRE LB D AF TR R BT Y Lodp 2 R -

P epEf e
FARE 5o PR RO S R F AT 2 RIE S B B enp

Rt {04 647 BB (IR T T & A E o B AR BNES B UL A 4

779

o frRE G AR AR HREFLS FET R od A ig B 4edp # 5
% 10~25Hz > @ Bfhedr 8 30~40 Hz » & el S P B i - i 49 2 9 24 $ 40
FoW A FE O HF PN RERF R VB Rl R g 7R
Bo v BRI BRI EEES {5 AR S A AT A AF L BEF @
BRPHER L B BORT A E R S RDRPLEPH P T B 30 E
PR s Fai gl 2 miSR T v 4 HAKRSOE > Ea PP ARG
Adppd G FHA TP EAHF OB AT PABEHEN T B E R A Gkt

2 p s o

19 doi:10.6342/NTU202004223



3E3 3 L%, 2019
Mg b BT T B R (R ) H T ARG F 2 P
¥R B3 E
AR Y S R AR T Bl o A R 5 R ERA  Hil REVH
FEINERHEFRY > TRAELFEELE > E Y KB RRERP LR
P B R AURS AL R T AN BB BEL AR RPEL ed &

¥4

Ly

E S XD A BRI kB R R TR AR A

s

|~

o

é}?&‘}*}éﬁ

B A 45 Bole it R
- e E ] — s AR

- ERRE

H B ARG A — LS R R

i *q’ || K3 ﬁg B e ﬁi, E ‘fliﬁ:ftll

= — RBEERT
L mueE

_— A , . .
& T AT — Ié’wjﬁpﬁﬂ"ﬁi

B 3-1 75 S i %
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311 B3 #d8

B3 o L, 2019
L E BT E T BN (ER AR T A RE S F 2L P

A2 P % 5 2 4 (damselfly) > 2 ihEdp 30 es P 0 B 2 &G -

e

o

SieH ¥ B e

yFm et A R ERG AF SRR E

AoAY BT M E L - B o

TR NBRET SRS A LR B A4 (Euphaea Formosa)
G BAF L X R BHEED L - 7 Rl B A AR A B A

Tihd o RHEBP > FH X G4SN R RHEI AT G FIg P

SREFESEX AN IRADE S 0 REALEING - £ F R AT
PR B RF 22018 £ 9 7P ~10 7 o WEBEAATAPATRE RA TR B 0 ME R

f’bﬁ%ﬁ'/}v%{f’ia&émp&-/ /’7/»"1__5')%3}']\7&:‘{' s ood T B s 4

B 0 F 6 g B3

SR R B % -

HAp T o & S RPB RGPS A T

Il g H AR %’%#é&ﬁﬂ:\a&agfj&

o

x4 > NEE L p AR

BRS¢ HE RN E R p R 0 BT

E N D E SR AR R o

F3-1 mULdE el B A 4T 4

B 4 0 Animalia

F’“ a3 d ™ Arthropoda

K OB Insecta

p B B Odonata

F CAN Euphaeidae

S da ikt Euphaea

fa ®g e}, Euphaea formosa
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ol b B2 & PO B R (R AR B 7 4 R B 2 BB

312 # i 3 R A

AT HEPFFEIIEPHERF RS L > FBR PR T B ARk

BRI AR AP RERE A - FPRLA J5 0 B L] 250%x60 X
100 cm®> £ % » — #t o et BHE F R BRI L c B - R Ao

¥ - AR kR I A BB MII A BN RR TR TR Y 5 LRk
#2484 %] & Phantom v7.3(f2 50 mm Nikon-standard lens){= Phantom v310(fz 60 mm
Nikon micro lens) > # » Phantom v7.3 5 2 v #&F 4 > 3p @ PR & > f347 R K T
% 800x600(# 3 800%x600) > v310 P 5 %2 ¢ FEB2 » f347 R K T5 1024X768(# 3
1280%800) > fp e RIARAR & - 3 @JUAPBKE L L2 FH o o 30 2 RApreif 5 4
A 10~25Hz » F]pt A PR TP B 5 5 20001fps 0 BEPEFER 5 490 us 0 A
SRR AT HBA - b ST IS e AR RERD B T T

PEREREFT RBELZHEE R - Ta bt £ 4% Image) 2 5 4 7B i

TR AR B BRI o

- T — T 'I
-
i
-

B] 3-2 Phantom v7.3 % & #3221

22 doi:10.6342/NTU202004223



B33 L%k, 2019
b 25k 0 B AR L) B TR RS S 2 P

%] 3-3 Phantom v310 3 if #&3° 1%

% 3-2 3R FEBPPRKE L

\ Phantom v310 CMOS camera Phantom v7.3CMOS camera

resolution 1280800 pixels 800x600 pixels

Max. frame rate 500000 fps 190476 fps

Pixel size 20 pm 22 um

Sensitivity ISO 7000 mono, 2100 color ISO 4000 mono, 1200 color

Shutter Global electronic shutter Global electronic shutter

Exposure mode Extreme Dynamic Range Extreme Dynamic Range
(EDR) (EDR)

Lense mount G-mount, F-mount, PL-mount F-mount (Nikon and Canon)
(Nikon)

Sensor aspect ratio  8:5 4:3

Software Phantom PCC Phantom PCC
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A b BT A B R (R B F A RE S F 2 B

/ Phantom v7.3

router

Phantom v310

%304 B A3 PCC3.)
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BB d BT A O BB AR B T A M T2 B

3-1.3 @ d (eB 2 A 45

B EHRPAP L LHEP L BRI A S RIARE AR E G oo B PR
SR A fRRE T S GEE S M 0 T8~ 3 Imagel & HRBReEs T o AR AiREE
R A PSR b onT BARARE AN EER e g s e F %
JeRwmig R o BE - KRB AT R R 1 RIAREZ AR A BT
R A BREOTR I ETFET x vy 22 B F ke d 3 E en
Fragpht 2 L TE 55 T AT B RE T ST R dho BE 2
BREBGS TR T PR RTAEERSE AL S ) - i H
FEEI R (D)~ E(Y) - 2 {YPL(O) - KR 357 ugTl-d g
Flx PR RE SRR T Ak L E o et R A a0 B R /T=03 P B4

Tdp oo Ft T B aiieiE e 033 .

t/T=0.0 t/T=0.1 t/T=0.2 t/T=0.3

t/T=0.4 t/T=0.5 t/T=0.6 t/T=0.7

t/T=0.8 t/T=0.9 t/T=1.0

Bl 3-5 Z4CpIALBI(F 0.1 8 1 3%)
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o B & 22 5T & T BRI AL BT A RE H L P

3-1.4 st fi Tk
B thph TR

BN T & 5 BRGNP L RS x fho e v

ETT
<
i
‘-r-
d

AP o B35 B EHGOCAT LW 0 L 2 iR e g R 0 T 2 S g
hedp R AR EE T AR o

2 E R TR

%

2

~ 2

H'J—:ﬁ“ ﬁf]m"’;&g"};‘ 'ﬁ:,;_}i 5«:3‘5/\ é”i@?"’fi"h"g}’ﬁ"‘g""’ﬂ‘b ﬁ-fé’?fm:_-ﬁ-

>
MmN T o

wEE g

R EATLAE T G e B e s Bk b o q ket g

ek
=
=

FERHGAT RGN E R RS N FEE o
ey
PEREZEREMI IR IR T BB TR LB fp R AR

THELEWREMAT LR AT RERL G AT X e HmTRLHRT

BE Yy B G TG fp A e

F13-6 B HAM > od 5 xdho $¢ 5 ydho B4 5z

ETTS
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o df & 2750 & $100 B R(EILA0R) B (7 4 g o F 2 B
migd 0
B L L E BRI RE T2 2 b > P Ed RS BB TR 2 R
% o& it A BT o
PRI FRLEpE IS Ey
BB Rt - kB Hoel kG PR 3 B P R & i
TG I F R e AT WG R IO A & SRR d RIAL I R
TR §EERFER . TRHPT G 5 E S L@ HRC A R
5 b o

3

i
&

SEF X PhiEAL) o FI AR R T G RS x e AL 2 {2 (] 3-7a)
J

PEFIHRTAE Dz e (B 3-Tb c) T RP ERTR I HFET G2 9 & o
Yol 3-Tc o HERARAR Y R EFAd REALRI R 7 X3 £ KBRS
S AR Bhpd B (AT BN e mi Y i
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(a) #-9 h$ Sl T
Fp=n(s. ¢ ppfim g ¢ 6,y p 7l (3-1)
Fp=n,(s.C.p fm g ¢, 0,y B 11 (3-2)
Po=ny(s, ¢, p. . fim, g 6,6,y 7 b 7. 4) (3-3)
Ue=ny(s.C.p i frm, g 6,0, .7 6,7, 7) (3-4)

(b) A %dciic 14 B £AF=3 BMMLT) ApREEFx SEFT 11 B -

(©) EXBA p~ BE s I f175 Eif i » 5] Tl AT deT
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HZ:/)(ZifS)E (3'6)
U
m
Hfﬁ (3-7)
_ Qi)

M, = Ve (3-8)
ls=¢ (3-9)
M, =0 (3-10)
7=y (3-11)
Hg =y (3-12)
Hy=p (3-13)
HIO =T (3-14)
Hll =1 (3-15)

(d)# B F7ed bl 5% ¢

s pRAS)c m - (24f5)

03p2ifs)2se) L u

9 -7 55033332‘51’- '1
pscg\/gqﬁ vy, 41  (3-16)

_ 8 pAs)e m o (27f5) (3-17)
05p2ifsf s e u e Jas b, 0, v, 7.5 4,7
s pRMs)c  m (2Mfs) vy BT (3-18)

0.5p(24f3)° (2s¢) e T Jes

R)
Q) T T a e

2)fs)c 22
PERE - CH) Gy poio) (3-19)
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Cp =n,(AR, Re;, Ny, Fr, 8, 0, y, 9, B, 4, T ) (3-20)
Cr=n,(AR, Reg, Ny, Fr, 6, 0, v, 9, B, A, T ) (3-21)
Cp=n,(AR, Ree, Ny, Fr, 6, 0, v, 9, B, 2, T ) (3-22)
J=n,(AR, Rec, Ny, Fr, 4,0, y, 7, B, 7,7 ) (3-23)

B Cp~Cp~CprJ A B afes ey 24 Glle s # 5 i daet » @ AR &
Bazit > T B K/Tj_u:l‘i’.;yg‘z{, ' Re M % 7 2%k B 5 L3972 L f %8> Nn & £

Fl= B £ > Fr % #&4* #(Froude number) °

3-2 #EHHE
3-2.1 3ufr 4550

EXRAF AR MG HEBF B HFERS F FAE 10m/s o Fl AP EK
AR AV R DA F o VB S A R PR
RS E AN AR R T E S AN T

Viu=0 (3-24)
Du VP++ “Vu + 3-25
Dt - p g p u al ( - )
HP u i3 Re € PLiR4A psinMBpR gttt ed uiitHMILR ra; 5
BRaieig R oo
322 AL
AT Y R k8 5 £ B ANSYS o & B % it 82 ANSYS Workbench 14.0 »
hizBEcR N ANSYS 2 @ FE 1 A 1 AR AP B o B BRI M AT & 5N R

e TB R AT - BRI € T E - BATR S TR0 P it

BF RS 0 R 1A RN R ESATIE & TF R R T Ap W
B BRI Y k2 - o AR R % e E_ ANSYS Workbench ¢

* kR A8 4 F o8 Fluent - (24088 5 Fluent 2 @ % 1983 & #7 B 4 e/ 48 4
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323 R R
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i
S SR iR R R MRS R Tr“fjfayfﬁ;;é\ 4 4 (mesh) °

node

N\

i
Lo
L

f
cell ace cell

B 3-8 #f7 & B

RRT 42 B g R (structured grid) ¥ 2255 1 4 £ (unstructured grid) » 45 g
AR R R HRREER G F R R A 2RR R R S P T BRR
(freemesh) » 2 BL2  BF VL 25 2RI > RACE Ap AR B EEeAp B 8 > T T & Y
TR AR BB o B AR B e T R o R R 12 g U R R
Wi LR TS BN R B B RO R G AT fe ek ]

hY g r LA et KR IR A 1 ¢
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SR

e oY F S jTat

4 gl ARt Al BRI g | P EHEE RS
F o Wi ffE e g fﬁ* i

R ROSERREVEINFESEFREAHFER L RRAOEF L

=K

fRE & o & ANSYS hFluent ¥ » @ 9 % & T - B kR R R DR SRR L
F A R (skewness) c F 5 2D e 0 Z 503 HA IR = £ v FA5 R E
£ bua B RN it HEAMRL 0 FRIEF AAR - FAR

R AT

optimal cell size-cell size (3-26)

skewness = - -
optimal cell size

PREARZ FE T G Fluent che iz 53] 0 ki 2 R (56 P
B ENOAPTURBEARRA T BT ER Y SRR N EBFE SR

EEd

g

RS -
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%3-6 FAR PR THEL(SY p Fluent M)

Value of Skewness Cell Quality

1 degenerate

0.9 —<1 bad (sliver)

0.75—0.9 poor

0.5—0.75 fair

0.25—0.5 good

>0 —0.25 excellent
0 equilateral

B e
B R B CREALY  RH§ BRE S S B
B P TR g - Edpd o TR ARk R F e
oo B 7 Rt AT AR R FI AP B LR B
RehF I R F R R0 R ARG AT TR EFI B EE A
RERPH S EERFARSIFH &S L TRHE > R E S HE L L
D L REOETIRT Ry FAp R E o R WA (negative volume
error) ey 30 @ 4] B 0k o o Fluent 2 7 L igthenfin gt 2 > ik Z ik
o # Lk o~ B E_k 8 (Smoothing) ~ # i & % (layering)~ 11 2 % #& & i (remeshing) »

i3 :‘_%é?}j:,{h' A-,\Fal_‘ﬁbﬁ%'ﬂ' m:%’—»{,l,{}i |§1}',,‘!:,,’T‘ijg_/7 ﬁp\E' %@ \j\“xm; V—AJ

=l

o

@%«
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& g ;% (smoothing)
S Mg x ¥ ord A G 4T 8 2 (diffusion-based smoothing)¥? 3 ¥ Sk iF i (spring-

based smoothing) » #HHT K 182 A * FFHc > 4258 K3 & B ¥ o d 2 PHAT

25 A
V -(yVu)=0 (3-23)
HP Ui oS3 R > aysHicik x v ug S
1 (3-24)
rE T

H ¢ d 5 AR i R iedt(normalized boundary distance) » a i & % F ¥ 4y~ %
¥ e
PP T L I N30 KIFRA L DREREE o
Xpew=XolqHUAL (3-25)
V-l iy 22 BMAS N ReRFELA BERLED

gREELRY - BEF LGRS AR TR A S ST EE R S
R ERSPEET AIF L AR RN BRER g B M T
RN R F TR

KEER g3 Eie Rt X AR LGRS LA AR AR

RAFE ¢ PR B A Y 0B A R g R

B s A R 02

AR B R AW PIE L e AR T A 4 RTRR > R BRERR
HEEngett & B AR Rl & B UL BRI WMo R Y FF 0 gi il
P 3K T 4 F]3 (split factor) 2 2 & & F] 3 (collapse factor) » K] faipfo i 2 B
{-ﬁ-i HAARRLEFEH NEFRY XX LR RET A B RE LB

W ERER L H SR ES o A Fluent ¥ A 3w A8 G BRER
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% Z_% 0.001 » @ boundary node relaxation 3% T_5 1> i& B 8% 5 1 gk

PRBLATEITEN RS I CEETPARETIREY » B LEP L L ATFR

i

REFEdab * FARMK TS 085

324 RBEX T

A Y R 2 E L Fluent p 22 /R 4 R % E (pressure-based solver) » & #]
e R E N M2 AV R Y @ RS B R AR RS S
BE AN AN ENORS S RN TR RFAT RS 4R
R T I FE R R T R R AR o dopt B Mrat B i B A v 2 AR
RN E AP NI fRE Jrare RIEFF HINIE R * ahddt N O N
(second-order upwind method) > @ # #4738 & * R E_Green-Gauss Node-Based » @

i# B ¥R 4 Pl E_SIMPLE /2 (semi-implicit for pressure-linked equation) °

3-25 i@ —ﬁ p 37 #ic(User Defined Function)

Ansys FLUENT & @ % 4% CH 7 B » pimdlic SEA hs i
BB TREABTRATAL > e R E A AT UF B B
e R L TEENE SRy £ 3 =-3-F N L E S e
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FHBAFLANFFERGTE  Ta BPE AL AT LORT F P T IR N
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gE T e AFTAF w g F I OB #E LEP TS E IMAGE] {R218 F 1) e
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DEFINE_EXECUTE_AT_END
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330 #REE
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332 eRRE
B E A o 5 R R A R R hE R N R
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0.05
—
5]
~
E o000
N
z -0.05
Q
<
o -0.10
>
Ei
= -0.15
=
(]
>
-0.20
_025 | 1 | 1 |
0.0 0.5 1.0 15 2.0 2.5 3.0

Normalized time, #/T
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TSR E TR Y P X - e AL R 0 L 41 * SolidWorks #cf g 1 B F
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325
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F e
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EFEP-R T A% Imagel #&:2E{8 > 7 U ﬁg?] 11 Excel #%® B gL 48 > F) A

AL AT HARIES 0 1% Matlab B 7 - @A % kAL Image) By s B

FEHRTAEE T EE S ERE RS A - 2 {5 2] Matlab K- 48
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Tt b BT d WAL B IN(EIE ) B T A M S 2 BB

Rt
R PR T R 1S g & Ao 3-12 21 W) 34130 i F MG TR d B W S

v

EIRP G SIRENE R NEI R G- BIERE LA SR o SR & 12

y

Pl REEE B AIEEZFEZEAN o e

¢ = a+bcos(wt) + csin(wt) + dcos(2mt) + esin(2wt) (3-26)

o
i

WA S I ke Tk o

HY a~brc~dre

Rotation angle, ¢ (degree)

20 F Average
Curve fitting
0 1 1 1
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Bl 3-12 w iz igdd &
120
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Y 1ot
=
)
< 100
N
S 90
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b= 80
<
=
15 70
=
8 e
Q
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Curve fitting
40 L L 1
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Fam mh

y (degree)
47.6
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55.7
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p A F, f(Hz)

%&?—5‘—5’?1'{ ¥ E '&g‘(’/@}?if&v

X1
[BE s

y (degree)
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[l N
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WA iAo R -
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B35 L%, 2019
B TR S R B

SRl g
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7 ##c, Re
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4-1.2 2% 6 it Ao 47
K3 L

- R RIEEES R LG IR Y B2 EO N KRBT s
TR ARG - ROEEELL ] o B - BEERE RN ;}zu,%z T
o, FI S B AR M T Y RIEL o A RES S 80R L L 0 P B

HHR A FAP I o APIRL T SR A AR £ RIS R - o 7

.

PAREIE A LS o T B chiRigY 2 ATE 40 R 0 F BIY (PR g DA e

S &R IE R SR & S o W e & SR E A A u G

. ¢ =79.79-11cos(wt)-66.99 sin (wf)
T A ) 4-1)
-19.27cosQwt)+11.47sin(Qwt)

L ¢ =74.84+21.82cos(wt) + 16.97*sin(wt)
fs & , (4-2)
+1.26*cos(2wf) + 0.78*sin(2wf)

180
160 .
140 -
120 !
100
80 -
60 |

40

Rotation angle, ¢ (degree)

20
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Normalized time, t/T
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ELE =2 -10.27 4+ 44.17*cos(wt) + 21.55*sin(wf) (4-3)
fs 32 10.62 - 9.03*cos(wf) + 22.43*sin(wf) (4-4)
90 90
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