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1% 2.5 Flight envelope and sideslip angle of helicopter[24]
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1% 2.6 Main components of cycloidal blade system
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sk 2.1 List of cyclocopter flight loads

RERE | TR B 1=
14 2E 3 el wE 94 Fcen_B
zd FE(F714) FIift_B
2y e (7)) Farg_s

Blade A Gyroscopic effect ngm_ B
4 a7 e wE wysE Finer_s
i s Hetel 3t Fa s
3 zEEYa9 35 Fo e
24 2E Il w2 g4g Fcen_H
A Gyroscopic effect Fayro_n
A H| g 7] Fo w2 AAdstF Finer H
Hub arm -
ES Belol=o] ke (F7]4) Fa v
U5 =2y F by S H
ROTOR -
2 g0 w374 Farag_H

Control Rod | #H4d+3 2 EHol=st FEE AR WY link
e WE Bdel olg W 2 Fo s
A Gyroscopic effect ngro_S

Shaft 4 w7 ol W BAEE Fier s
U TA e Fe s
Ea 5 Bekel ke Fis
29 nel ZE A B E F Firust T
DR W 2E 3 o v EF Ftorq_T

Tail Rotor B FAe] ¥ FF_T
A Gyroscopic effect ngm_-r
A H &7 5o 2 BAeF Finer_T
i QIR E FHeo] v F e

SYSTEM | Fuselage ¥ e 2E Fo| e FT_F
o e 8ol 9% W £ Fonotor
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74 ) Eel wE PAEE Finer 7

A Gyroscopic effect ngm_,:
Alol F 2 FE | Zgale &5 n@A e 7Eo] wat BAFTEFHH
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L P+, —1,)ar—1,(f+pg)=L
IZZr'+(Iyy—IXX)pq—IXZ(p+qr)
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Iyyq +(IXX

m{V—pw+ ru—y(p°+r?) + z(qr- p) + x(pg+ 1)} =Y
m{W—qu + pv —2z(p*+r?) +X(pr— @) + y(ar+p)} = Z
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Ill o .. | 45 f \III'

rolling
Lp

yawing
N.r

Z1% 2.7 Body fixed axis of cyclocopter

3t 2.2 Variable of Cyclocopter equation of motion

7)Y W X3 vy 7=

714 91 delel A $ A (position) X y 7
713 AbA (attitude) - 2D 7} @ 0 174
W7 41X (translating rate) u v w

3] 4 I (rotating rate) p q r

W21 ¥ (translating force) X Y 7

37 =9l E(rotating moment) L M
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A A DAk #AdHEY 37 Fel| uwhel @Aysk=  gyroscopic

ABE = WE vk ol 3l

3

<]

3

D

=1
q
i)
k]
o)
_11:!:
i
[m
i
o
oy
o
Lo
o
(i3

+F

iner_B

st+F

gyro_B

+FRist+tF 5 (2.8)
AAEe ZEo a%we B AN, Beoj=e] FAd wAHk

= f(Q,m,,R) =m,RQ? (2.9)

cen B

O

o71A Q= Wl =H Y 3JHE&EolH RS 2H| 3]xntg ol

Gyroscopic moment © 1 x} 3| H&EE 2 2} | &% 1gla A
HAE. Aol 2 FH 9] vl dgdlA 14} 3|S5 2o 3d&Eoly
27k 3SR Ve AEEo|th

F

gyro_B

=f(Q,p,qrl,)=woxH, (2.10)

A71F Hy = Edol=e] 7 £5%E, o 71A9 AdEEE HE
Wk Al EEH S 7HE B S Vel wel Eelo] =Tt W Bt
< F & oA =99 6 ARE WA Q22-27)E ol&3te] A
EHE 5S4 Ak =delEel #AEsks FHy I sk
gk obgleh 2o WMol ojs) AAe] Hrt

Faero_B = Fdrag_B + lift B — f(U vV, W, C:L1CD’C Q R P S amax’(o) (211)
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o714 pi F7] B&, S reference area, «,, = Edo]l=o FHuwk
&7, g Edol=9 §147 oty Edol=9] §437 e wE wg7tol
718ket Al Wl BAlE Mgt e 7= AFA e AA
wo] ITH17]. SHAIRE AA7EA] Aol ERol= Efo]= Al2d"] g A

A

Edlo]=o st FEE FAC 93 £FE2 Edlol=9 viA
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ARk kool g HPHoM 7 5 3l
I:H_B + I:cen_B + I:aero_B |radial + I:c_B :O (212)
ols} gro] HAG Beloj=e] s Bujolme] AT 2gde

FTEolth sElel=E AAl FATE oky7] WZel o)FA I FE
&sto] Belol= AA B el A8 flsidE EEol=e] =
FEx wet SFREE FYst 2E o T mEh Bol=el #g
sk WS Andete] wbedsteiof gk Bol=o] #gdh= WY
a9 28 o vEhth 27 28 o] A9 stE o] shdu W At
T WEFS vEle AL okunh A mAstEe xyz W Pt
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1% 2.8 Loads on each cycloidal blade
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232 3B &9 F83= 3F

FxA AR N we 9B Fr FEo 2H FHdo e
Ao o5 A e g o] WAFY Belolto] gt F7)

FHub = Fcen_H + ngro_H + Finer_H + I:torq_H + I:B H + FS H + I:drag_H (213)
SH o zAol] sk YAEE slH Fx2ES FEHVF vluA g
3 el A9 olde ol A¥AL Fal AN T =

R
= f(Q,R,m,) =jde|Q2 :%mH RQ? (2.14)
0

A7 m, £ AP Hpe A% ¢ shtel AL, | nadY
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gyro_H

=f(Qrpql,)=0xH, (2.15)
4714 H, & s8¢kl 7t 25FS e Aol 2R J%

= S o} S
]‘—6‘ Finer_H L %L}\1 %‘O/]?l' 6

Oft

RS Vel wek 5B ¢fo] W #A

AHPE WA Q2-27)E o8t MR e 4 gloh

Su gl Ak b FAW A3 e Beolmon Fgehe
3% By, olth 72 Zelol=o] 4gshs Ades MEd 2718 A

SEE Fo Addda & 5 Atk 2 o] ZHE AL Alol2RE
el A9 mawed Bad 5de A Y B wel =Ee)
Sluol EAw 2gals] frh Aol ERFE ] 2E AAd U AL =

THH A5 CFD diMe ol &stAY 7IAle ey Al weEt At

o7k AAA EE Y QlXlel ARgEE dAl HE Aol S5k

= (P, Q)= % = 2.17)

torq H ™

P, & ZH 1/ 285E 7% Fd%tolth
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1% 2.9 Loads on cyclocopter hub arm
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a = F71Hez Whs Eeol=9] W&o,
olgA F3 ZEE WA e BHol= 1 e FHEHE dFos

Aol FE WE 2 Aolae Selol=sh ahte] mEd 4FHmz 7t

ZEE Yae A4 A A %n 2EE 99 FEL T A%
o] A§37] W] ApolFZFE ) HA/Fe weh WG By
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Z1% 2.10 Loads on control link
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234 2H Fo| g3 8T
ZE L Afo|FRolE ZEQ 7|EAHO HIEoTA FH
ol U2 Agsls Ay 37 BEY A FAd 9
AZuol v F A dtTe AWste I Aok Ak Fol A
{3 5S 2 IA 7% =3Ee 3Hd7s
2SS o Y, 2HY FHI FAY FA &3 k5]

Lo,
o
i
IS
>
2
i

+F

gyro_S

+F

iner_S

+ FF_S + FH_S (2.24)

o &3t B BEVWEES 2¥ F9 7MY Fo3% st oRA Z2EH

of &R, VSR, Feheld dEHE w99 A7), 2H] A

P

F = f(R.Q)=" (2.25)

torq_S torqH
Al FEZFE REHO EI RHEES Faki= o224 0] 7]E AF[10]0]

AA el AT ZH 2gsts gHstEe] 4Ed s AS6717 4

WAL B8 Fdste] 2ams TEEL BEsHE o] o EeH9
Wolth o) Al ZRFE ZE Y AMFAN S AP Aol Fah
THIFI 22599 o Fo] e A7H R UrHI7)

ZH Fo® HA Alo]ZZFE L v 7]Fol 23 gyroscopic moment
o HAeFl AEAT F, o & ohleh Be PAew AN 9
°m F. . (222749 6 A= WA w 7 5 Uk

iner_S
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F

gyro_H

=f(Q,rp0ql)=wxH (2.26)

AANA AR BREe] AlelFEFE FEst FFEAC] HS
e A gel wet ma F 2H e 35 A Adson o
W g0 BAZ A H olo] wel 2 & E v #2

oat s E FAFAGET D)) @ sFol Agas) B ol
@ dFe ¥ 2H 44 A 44 TrRAPHe B2 A0S oun

% 9] whirling speed A2kl = o] &) Al F TH26].

T
FH_S = FS_H :N——mR (227)
R
m
Fos=F¢ :N_F (2.28)

o714 T = AolE2aHe AA FHe, Ny & ACIE22FH 74

3 2H s, my,me = 72 ZHeE gAle] AFE vt dhe

3] Edlol=ol zhgshs FHel 9t 2E e AAA TAE=

2A @ohs o] I st AdA dyR SHENeY EEekA] 2ot

rr
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719 2.11 Loads on rotor shaft
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235 g 2| ZALsE 3F

Qe FE o R Aol ols 2EE dH WA e
W ZEe B3 44 9D pitch A4 Al 98 meRE st BeT. @
7 ZEo| e sFonE myREe FE, mEREle FTEH|

v

ot 5 BEWE, H|8)7] 5 23t gyroscopic moment 2F ¥H/d = o] 283

F=F +F +F

torq_T thrust_T

+F

iner_T

+F

gyro_T

(2.29)

nE e ZgseE EF RHUEE nREe FHI AdFE 73

P
F.. = f(P.,Q )= Q—T (2.30)

torg_ T —
.

nele] 8 a5 Al S EFE S FATAY A9 vl 2 &=
A5 S8 7 g Ak oledemE nRH gle]l FATAY AAE
zgste] Wl 2HAA LASHE EE AT 7 AAT 71H9 A
43t pitch ZHAl AlJ S 9l ALY ZHE o]&3sk= Aol dnbHolt} we}
A wE R FH VA FATA o3 v BEAF arefsto] ARt
A Hrt

I:thrust_T = f (Ftorq_S ! ma’Gx' IT) = a2 = (231)

o714 G, = " 2E IJHdTAHAAN FATAAAL A, | =

A 2H HAFANI mAREAAY A, m, = A F Aol
w wzEe] Feo] warEe AEHA @3 BT 2E w £3
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wE 22Y YA o2 FEI e R 88 7)sel 9]g gyroscopic
moment ¢} o] SF o g WAL (22-27)9 6 ARE A

of el 7% 4= 213l gyroscopic moment = ozt Fo] At 4= 9l

Foror = (2,001, 1) =0xH; (2.32)

719 2.12 Loads on tail rotor
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2.3.6 A &3 35

gF7)el FAE MHSAE I, A, 25 AxgE] L o2
(payload)E Aoz A EJslo]of &= FREo|th o= Alo]EZFH
o = wpzlzlxo]H 53] Alo]FRo|= ZE]Q o ARt 5

1=
0
A8 FAFA et SF ol Zes me] Zeo] APl
Agste 39, BA0 Y REG A7 5o PR AX 0w
£, vl 2Ee} melmEe el we 9 =2 0 wds)5 we

Ashs B gy 3 dstE o oJs] @ AlE= gyroscopic moment 7}

F - FS F + I:T F + Fmotor F Frotor_F + I:tail F + Flner F ngro_m + ngro_r + ngro_t
(2.33)
ol 2Ej9} meE] ZEAA HAeEHe= wEe 2 F& 59 sA=E A

9 Hu wEe S0 wole 3157 (bearing housing)ol SHF O 2
317 |k W9 =Ee me 2Ed 9% adFe dedt 2k

Fse=Fis (2.34)

Fre=F- (2.35)

Wol mE|sh w2 ZE o FeWur] ol mEe] FHe] WE ¥ &
2 w3 BAo] A sFelth E 02 sdsts $EA BEHL
Aol AR A Wk 23 ehFo] e Hrk WHE ZEE )
A Aol 22T A4S A 2Eel W A= AAHAE Sl

= olHE v BEAVF WYl RRER ZEe7|E 8] wiel s A
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frelatelof Ful.

I:motor F= f(PM ’QM) = PM (236)
— QM
PR
I:rotor_F = torq s~ f(PR’Q) = (237)
Q
P
I:taiI_F = torq T =f(P ( QT) = (238)

.

Aoz gE el Aol o8 EAe] FAFAE Bo] 43
o GA (2.2-2.7)¢] 6 A= A & AL = du AlolEEF
g sA AAl= H&@7]s o= ddskA] @7 wiEed F7EE
gyroscopic moment 7} WAYSEA] XA TF Wl RE e} mEH 2 RHEL

A 5o 5 F-FlA = gyroscopic moment 7F S| w o] E A<

T Fwe AAFLo= o] steg& WEA] s Fojof st}
gyrom f(QM’pq rl )ZWXHM (2-39)
gyror:f(qur r)=@xH, (2.40)
Foo = F(Q,p0,1 1) =xH; (2.41)
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219 2.13 Loads on fuselage of cyclocopter
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Cyclocopter Design

1
3
5 Design value neotation e [ o !
& [ITE] mA 10138 kg 20143
] R_oc 01330 kgm3
) T TRy 00071 kgmd | WES-ERE TIE)
] ey LAz 01251 by
10 i ETTTE] R 02700 m FEEEEERELT
1 ot N 1100.0000 rem
12 mEas o 1152817 radh
13 [CPEE] n 00828 m___|inner-outten 20 AR MO R
14 BES R0 ) 02500 m
15 7 h 0700 kg
16 LH 3y kgm2 |ERETRY
17 [ 00800 m
18 C_cen 1050 m
18 3000 m
a0 ROTOR m_b 1000 kg
21 JE—_— . 0340 m ;
= ey to sraeips  |Cherd LI
’ susa an | S o
25 . o 00360 m ;
% FAUE |[RABY 87 =] gy Choed LES A
32 ¢_con 0642 m
28 - GLIITL %
2 Tbp | DIO0USE7AL0 kama |BHCIE
30 Lbiyy | 0.0066183979 kgm2 E
3 Lb_oc igmz
b 3geus :if ::':‘ FECCRE LIt E -]
34 bz kgm2
35 [IEEELTE) .3 128000 kg [(17- S - e
36 EECET LR L] 3 1254500 N
37 Gx WS m | BB AB@n SE)
3f R4S uY Ty ™ [T
Ty [ m |
a0 nnm £ T NEST00 byt W BN/ GAST 0= CFD Mg
41 CEEE [T} rE]l
42 X 050 m _ |7A SASYAM SHES H
43 LR ¥ 0500 m |18 SAFYAM BEUN WA
a4 H 0250 m 714 RAF UMM EESD Y
a5 EEEECET] PN SIS0 W =6 10E FEON-EED
46 FEAL 2§ 7 TEO00%N |70 3 SRS ZEE TREA HE
EH Ay m_F #745 by

1% 2.14 Cyclocopter loads data table — design parameter
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The Cyclo-Loads Table

Loan case name | HIAL2| Yawing 7|5 @ MaxAoa:25, phase -20

Value Motation zpec unit =in}
26 M o [ #ovo |rsdis |EZtes
27 Ltas P rsdfsl |SLTHSE
28 Alzk H
5l 33 &
29 gE Fitching 4= L Deg
0 Bl Tas q #DIV/O! |radfs |SZtas
21 Tes g radfs2 [ELTtEE
3z Alzk 200|s
EES . = w -50.00|Deg
Yawing
34 Zras r -07%|rad/z | BT
s e ¥ 0.00|radis2 [S27aE
36
7 _FEM - FCM‘E + T dee BT F‘am‘E - E’E‘E - FH‘B
L 357.503[N o
o= Huzgs Fcen B &30S b/ Radial 2
= =0 Hah - cen | 36521 kgt wef|0|= St s g
40 67599 |M Z|cf &= / Radial Sz
41
42 Blade AeroLoad ——Blade aer0 x-force
43
44 &0
45 10 //-
= - _ P —
0= 2HE £ It z -
= = 0= SH i Z P / 74 \
(LT +F.drag g °
k=] s
8 o 180
49
50 -40
51 =0
52 .
£3 Blade Rotation angle (deg)
54
t5 B Rolling 7|59 9| FgyroR | #00VO! [Nm  [== 9% OHE
gyroscopic mament !
113 Yawing 7| S0 2|E F_gyro_Y -0538E|MNm  |xZ 9@ QHE
57 < EE ET ¥ Finer B [ #DIV/O! |M
113 yE g Er g Fliner BY [ #DIv/0l |M EFLRE 2EYE M =0, y=0 z=0)
59 ZETET T Finer BZ [ #0Iv/0! [N
30| BEsE = -ner. B2 [ =bIWo
&0 x% 5|F OHE Finer BL [ #DIV/Cl |M.m
61 y= 3|F oHE Finer_B_M O|MNm  |ETRE 2EEEA
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1% 3.1 5" Cyclocopter developed in SNU, 2012

3% 3.15™ Cyclocopter Specification

Parameter Value
Number of rotors 4 EA
Number of blades per a rotor 4 EA
Airfoil NACAO0018
Rotor radius 0.27m
Blade span length 0.5m
Blade chord length 0.105m
(at center position of a blade)
Max. pitch angle 25 deg.
Rotational speed 1100 RPM
Thrust 16 kgf
Weight of vehicle 12.8 kgf
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1% 3.2 Deformation of front/rear rotor shaft on yawing maneuver
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3t 3.2 CFD Analysis model

SIW Patran/ Gambit/ Fluen
Mesh type 2-D Sliding Mesh
Zone Outer, Hub, Blade
Elements 79068 EA
Turbulence model K-& model
Rotating speed (RPM) 1100 RPM
Rotor radius (R) 0.27m
No blade of 1 rotor (n) 4 EA
Airfoil NACA0018
Blade span length (1) 0.5m
Blade chord length (c) 0.08m
Maximum angle of attack 20 deg
Solidity (o) 0.19
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1% 3.3 Cycloidal Rotor CFD Mesh Model

1% 3.4 Flow field of cyclocopter forward level flight
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1% 3.5 Aerodynamic loads on 1 blade of cyclocopter forward flight
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3 3.4 Flight load cases of 5" cyclocopter
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219 3.6 Aerodynamic loads on 1 blade of cyclocopter hovering
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1% 3.7 Control link load on 1 blade of cyclocopter hovering
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1% 3.9 Loads on 1 blade of cyclocopter hovering
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1% 3.10 Aerodynamic loads on 1 blade of cyclocopter forward flight
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1% 3.11 Control link load on 1 blade of cyclocopter forward flight
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719 3.13 Loads on 1 blade of cyclocopter forward flight
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3.4.1 Preprocess ¥ Modeling

carbon-fiber ¢} balsa wood & A =9

= R
3t A BHdo|AE= o]2 2D shell 847 »dE &3, 7|g} 7HE E3l)

Lo
i

QX2 2R3t} Sub frame 2 gear frame, motor frame o]+ 2D shell

Q49 dFujEe] EAXIE ALHdrE 3 2F XX Fo] dFulg
S 1D beam 84S AEEo] 2AYy )
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1% 3.18 Stress on cyclocopter fuselage under gyroscopic moment
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1% 3.19 Displacement on cyclocopter fuselage under gyroscopic moment
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ABSTRACT

The cyclocopter is an aircraft that is capable of vertical take-off and landing using
a cycloidal blade system. The cycloidal blade system consists of variable pitch
blades that rotate around an axis which lies parallel to the spanwise direction of the
blades. This system has the ability to change the direction and the magnitude of
thrust easily and instantly. Flight load analysis is the most basic and important step
that need to perform in early stage of aircraft development. But so far, most research
about cyclocopter focused on improvement of cycloidal thrust efficiency or control
stability of aircraft attitude. The flight load analysis has emerged on the need for
research lately since some of cyclocopter have achieved stable hovering and low-
speed forward flight at last. In this paper, analytic study is carried out for several
flight loads occurred in general cyclocopter system. Also main purpose of this study
is calculation of specific flight load of 5 cyclocopter developed by SNU.

This research classify flight loads of cyclocopter by components like blade, hub-
arm, rotor shaft, control link, airframe because each load type and size are different.
Theoretical equations of flight load were derived using cyclocopter design
parameters and flight conditions that affect the flight load. With these analyses, real
flight load values of 5™ cyclocopter were calculated for 4 typical loads cases like
hovering, forward flight, acceleration flight, yawing turn flight. Aerodynamic loads
were derived by CFD and inertia loads were calculated from the universal data sheet
for cyclocopter flight load built on the basis of theoretical analysis.

FEM structure analysis using DIAMOND/IPSAP program on cyclocopter

airframe was performed for the gyroscopic moment generated at yaw maneuvering.
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This result reveals the structural stability of 5" cyclocopter’s airframe.

In this paper, general analysis and analytical equations of cyclocopter flight loads
were provided and that can be used on new cyclocopter structural design. The results
of this study and analysis are expected to be helpful to research for development of

next generation cyclocopter’s flight and maneuvering envelope.

Keywords : Cyclocopter, cycloidal blade system, flight loads, Inertia load,
Aerodynamic load, Gyroscopic moment, DIAMOND/IPSAP

Student number : 2012-20715
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