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Three-dimensional effect of unsteady dynamic stall of
cycloidal propeller
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Abstract: The reliability and applicability of two overset mesh methods were verified.
Then numerical analysis of the unsteady vortex flow and induced separation characteristics of
cycloidal propeller in the two-/three-dimensional cases was carried out, laying the foundation
for studying the distribution of spanwise aerodynamics with azimuth and the induced velocity
distribution of the global flow field, meanwhile the wake capture accuracy and vorticity dissi-
pation characteristics were also analyzed. Results showed that, under the influence of three-
dimensional effects such as tangential velocity and spanwise induced velocity of cycloidal pro-
peller, the difference of transient aerodynamic extremum between the two calculation results
reached 44 %. The generation, shedding and reattachment of three-dimensional dynamic stall
vortices were obviously weaker than two-dimensional airfoil, yielding a great impact on the

unsteady aerodynamic characteristics of cycloidal propeller.

Key words: moving overset mesh; three-dimensional unsteady effect;
aerodynamic characteristics; cycloidal propeller flow field;

dynamic stall

1 75 B H#:2019-05-28
N AU SR = o ey S R
TEE BT % 5 (1996 —) B LB A . R BB 07 1) O e 3 3% WAT 2% AR %3 L B L CFD,

SRR W A RIS R L B AR W S SR H ROV LT . = B )% 4R . 2019, 34(12) £ 2599-2607. ZENG Ji-
anan,ZHU Qinhua,SHEN Suiyuan, et al. Three-dimensional effect of unsteady dynamic stall of cycloidal propeller[ J].
Journal of Aerospace Power,2019,34(12):2599-2607.



2600 LT

= % % i

LRI

FRERK e — Fh e R 3, L85 VAT T e #%
B, BT RATOT ). SRR A A AE A Ui e
2 1 BV RPE AR AL o 25 5 R AR 9 24 A0 A % H I 3h 30
R EEAE R Rz sk E — A L TR
AR T & — S4B . 2o s 2 A i
B ARFARDARE A2 £ o 4FE 3 689 /N FD 5 1) ] DL Bk I A
1. A EA Y4 K HE SR S AR
M RS /NS R L AR R . AR R S B
B FE BT S I O R 1B B R
o TR LRSS, k1 A 4 AR 2 Ay B N A
At A U BF ST IR . AR Ok [ N AN 2R
XPEBRL AR AT T A RIS i B . Jaru-
gumilli 252 LA T 4B BUE L 0k 5 g 2
iR 22, 3@ i PIV (particle image velocime-
try) XL AR A R Sh AL AT T B A
Jo A A A5 e o A ORT A R AT B Y
WIS 7RIS T R HE ) R R
D1 R Z e 5 5 AR 8 SRR A R A R
Bl B v R U 23 A Al e - DT 7 A 0 ) g AHL &
A SR LR IEST i BE . Benedict,Mcelreath,
Kellen 8118 o WU 50 5 = 4 508 3153 7 vk
WEFE T Uik 2l Hh AR %o 4258 4 2 AT Bh 4k B 1 5
i o 285 SRR WS 8] 1 AF 8 WA BAR & WA
M EELR AL BB ROR . AR AN SR T RS N A
5N A A SR 0% 22 AT T A
Pk — 20 M JE o = ZE R ROT BT 5T 1 SRR L AR
Y L XHB LI S S M AR 152 . Walthert™ i i
Xof 2 1) Ik I 30 0 i B 5 PTV il 37 I 4t 6k
FEAIRER (18000 LLF) 4B 4 2 Ak g # < sh Bl
HPEAFIFSE . Kan™'* XHE LI )R ) L 8h J) 43 #ii iF
117 WFSE R 45 IR B AR A i P R 5 R (H 2
RSO A & JF R A 0 <8l ) 43 A 1Y
iR SRR

HAT S B LRI R R 2 5 T 48t 5|
i B XHE L HEAT S 8O0 W0 1 53 B BT X R AR
=Y E W S S SRR O R D . R T4
= YE TSR RAS B B B KB Dy i =
2PN I S ALEE 20 A AR E L R e ok T 4R AR
BT F 18 422 2 2 AR 52 # U Sl AL B AN 58 42 1E
M. T HETHA AR e X 4 2 T % i S 5k
FIRRE T X 2 IR AR 55 S B AT 05, R G
X PR IR = A i O R R T AL LAY AU S
REEIBRRN BTG EEE L.

AR SO R — Pl FH TR =R 5)
AR WA 7 1l IR AR AR E R T B

SR BN L K T Ty A DL BIE 5T 3R AR
PR B R MPE S AW 22 5L JF 1T 4y
M TR AR = 4R RN 13 A 3R Bl 25 5% R 1
(8 RE M » HE— 25 14 O SR AR RS R RE B 5T AR
iRt —EHARS %,

1 HETEHZE
1.1 tE#ER

KA FRAAR R % A AT K Navier-Stokes 5 2
PEAT BB, AR B A AT ) JBU s s i 7 #E N

du | Jv aw:()

dx  dy dz
du*SM _adp ,l<92u I u azu)

dxt Iyt 9%

‘057 ‘ dx
dv d v, v v
s

o Sw T oy

dx’ 9y =’
p%stzigg #<g;§’+g;§ (’()7;0>
(D

KPP SEOE X WS % CEk[16], RAFET AR
PRFTL T A% B0 b 0T 42 1l 7 B R A7 45 [R]85
SR A 2% K H Pulliam 1 Chaussee $ H i B =X 21
PR =00 fife 75 Tk 19 % i 208 2 SR 3 By MUSCL
(monotonic upstream-centered scheme for con-
servation laws) ¥ 2, fll Roe i & 2= /3 2L f1 Koren
BRI & TH 55 TG R 00, R R R 2 Bl 2203
I 7 FE V)N J1#ii2 SST (shear stress trans-
port) k- A5 HY Ay i i 45 AL %f T RS AL, R 2
W e OB TR E A 2 2t R T RO I
PR UL T Riemann AN A5 & 19 3 3730
FEAE
1.2 ZHEHREME

iz HR I 1 00 o o5 R ) A 45 4 i 2 0 A
BRI 4y WA 4y D LR R A O
IR A% . QR LT SRS 1 LA 4 2
PRE N AR B e 1 AR T 5 P B 2 i i e [X
AT N AL A A ) B Dy 0. 02, 15 5% A%
NFARKFEI R S00R (e Jy ik i, r Rt 4 B 2
2. ffi ] Hole-map J7 i 7€ M #% ik & K &, [
i 454 Inverse-map J7 3 4 @ T RLROR, LR
A4 R RIRZAE G 1 A S
M 4 E R R, K @ R TT LA .

223k YA b ST PRI IE T T = 4R AR LR
JLE S5 RS A G50 190 X130 X126, 43 331 X i
XY\ Z Jria) s i R R ROA% Y B0 141 X35 X




5% 12 3

W i 18 4 - AR IR AR W B S R T R — A 2601
o iz 2 N 5 5 w2 .
1RSI AR5 9 B i 2 5@ = (Bt O g Bl )
870 7 o HE {0 3 X BT T

T X A R 2908 0.05¢, & 2 4 T =4
12 B PR R T DI AT L L 7 B i A
P A% A 23 DX I A A T T (L A ] ]
SRR I JC AR 28 5 il R T i B A5 1

K1 4B Mg R goR HE
Fig. 1 Schematic diagram of two-dimensional

overset mesh system

M2 =ZEiEMKkRERER

Fig.2 Schematic diagram of three-dimensional

overset mesh system

2 BIRREX

TEAR SO T I SR AR A bR R AN 3 T
r IR AR R LA R o S8R
It 05 16 5% 3l U 1) B B o s 52 SCRITAT 2K
TR T3 BT RS TT [0 O IE o A2
Jrhiffs @ M Xl IE 1] I 46 09 308 i £ D7 1) BT R
TR SR D) 1A 5 A v R R 52 2 2 1] Y O £
ARAR A1 0 2 AT 32 2l T I 5% R B0 7R

BRI Fo@ X h+Y i (EH T H H
O A S Iy B ) g5 B R 1 ROR N
1E— X Jria g3 gh Jr, B g5 T iR
H71:Q N,

."'/- T : F~ Y
ot . p pHx
180°Y R 0 0°

S tLift

Drag %y~

270°

(a) AL FR R E X

Cut plane alone blade
\;\

Plane-1
|

d (Symmetric plane]
" Plane-2 P

VW

" Plane-3

(b) ZEMRTH A X
K3 BRESEZALIRZR
Fig. 3 Reference coordinate system for cycloidal propeller
A ELE FESHNE 1w,
Ny R0 AR %K 0 R KM
f. L,/ AR B 5 XK .
x1 BERILASH

Table 1 Configuration parameters of cycloidal propeller
24 HofE St
N, 2
b/mm 160
¢/mm 50
r/mm 67.2
6/(* 35
L,/c 0. 25
i1 NACA 0015

3 sR5U®
3.1 HHIWIE

AR SCLA Ty HL 22 R s /N R A SRR 5 Oy ]
PRI ik M Al SE PR S E B 4 O S uEZs 2R, i) LA
A AR LA R b TR A R B i



2602 o= s 1 ¥R 5 34 45
0.50 0.80 10
’ b - Exp.
041 0.63 fy ;
o < =
2 032" & 046 ;
5 [ =
023+ 0.29 S
0.14 012 F
0.05 L L L —0.05 L L L 0 1 1 L
027 036 045 054 0.63 027 036 045 054 063 027 036 045 054 063
Advance ratio Advance ratio Advance ratio
(a) FEl0] 1 (b) i) 3 (c) 41K
4 R TRRAETS WX Iy B k£ R X L
Fig. 4 Comparison of time-averaged aerodynamic force verification results in forward flight
SIS R W) 5 B e ) 2 BT ey g AR WS LB =4S DUIF A 5E A .

250X — mAE Kan' ™ 5 ETIE A BF 5 A A
B o 549 96 UE 2 WY AR ST 08 194 = A B A Ry
M FIRLRBAZRET B,
3.2 BRERSHEH

MIELS Hnf DL, e 5 = R AT R
25 SR 1A I I 8l g W L 2 A K W AL i Ak 5 A
BT AE— AL 22 (AR S R Fr — 2. Bl
&I LA AR AL AR ) ) W OR T = AR5
LRI, YRR () S IR/ T S 4R AR . 4
e /1) 7 3 R AR RO B Bl ML B R IE 9E AL
o SMTLUE W 4R 4IRS TR T =

Bl 6 Won T 4k = dedent <8 Iy BE 5 7
A5 Ak 48 5 B 3D-1,3D-2,3D-3 43 Bl %t i [ 3 11
Plane 1\Plane 2.Plane 3, MEH A IF H , A A
B Iy 1 X B A 607~ 120° 77 457 £
DAL 4 DX 358 5 68 A G T ) 256 W /0 1] g e ) J K
F 25 Y0 # AT A Bl T FE K R (R L 0 (E D7 L A AL
B U AR A R S AR 7 B 2 Y e/
A i) 3 W6 2N 25 06 T A 3 ) S AR F 25 0 8
T AL 7 0° ~200° J5 0 ff N B 1R 72 fi » #£ 200° ~
360° 7 A5 £ PN E A4 A i o 0 ) g A Ak O 45 A
o SBABERAE = Yl 5w, 3 R 3 3 R
R 5B B /0N o AT o A5 05 IO 9 I 2 ) e A 1

HE 3 Iy X UL AR AR R A DR D8R 4R E
of 2.0 iE
L5}
00z -0.03
—0.04 F 1LOF 'E :
£ 0.6 < ' Z —0.06
-0.08 Uiy =
e L} L
-0.10 b -0.5F . 0.09 -
‘g-:i ) G 1 ’ ap | 012 2D
=0. L 1 1 ' _I-S 1 1 L 1 L 1
0 60 120 180 240300 360 0 60 120 180 240 300 360 0 60 120 180 240 300 360
Azimuth angle/(°) Azimuth angle/(®) Azimuth angle/(®)
(a) MEf0] ) (b) fia] 2t (c) HHH
K5 45 =4e 3 Jy BT AL A A8 Ak X L
Fig. 5 Comparison of variation of two-dimensional and three-dimensional aerodynamic forces with azimuth change
0.001
0.04 ¢ 0.04 — 3D-1 L
0.03 | 0
AN sl _ 1
z 002f .7\ - O'O(I) ! ;—0 001\ .
=001} y g ! = A/ — 3D-1
T 001} S 21 X —3D-2
0 -0.02 = ~0.003 1 3D-3
_oo1l Z 003 : -+ 2D
1 1 1 1 _0-04 L L 1 1 — 1 L L 1

0 60 120 180 240 300 360
Azimuth angle/(°)

(a) ) Sy

0 60 120 180 240 300 360
Azimuth angle/(®)
(b) {1 J

0 L
0 60 120 180 240 300 360
Azimuth angle/(°)

(c) HHH

B 6 AT S e s R L

Fig. 6 Comparisons of aerodynamic force and two-dimensional computations of propeller blades at different profiles



5% 12 3

B A 26 1 A R Bl S R ) = AR 2603

DA E R B VAN 33 AR N PR S e

Xt TR 3 A AR E WSyl DU i 2
FEXE I AD A 1) ik Bf 3l g ok 3Rk . SR e
R BB A e % 3 TR T 8 3 AN 9L B 7 I
JEE AN 1w L AR AE AN W A2 A o PR I 43 2R 2 S g A
EWB AN FNEL RN Z . Si—FIrikiE
2l et ik ) ) R A C Rl R R C B
DRHARD iy By AR AL ZR L C, i C i UK

F. (¢
W
?p(a) * 7')2[%‘
F (¢
Colpy =9 4

S+ e

Horfr g M AR AL A
S 1) Sy 5 k10 T SO
F.(¢) = F.( » sing— F, () » cos¢ (5)
Fi(¢) = F,(¢) » cos¢p— F, () « sing (6)
B 7 2y th AN [R) 2 i <sh T 45 2

0.053

0.022

~0.009f

-0.040 . : -
-35.0 -17.5 0 175 35.0

0/(°)
(a) #:1m) f) 2L

0.05

0.03

001 F

_0_0[ 1 L L
-35.0 -17.5 0 17.5 35.0
o)
(ORICPIES

7 Sk oy R KCS VI ) 2 ROE IR A A A

Fig. 7 Variation of normal force coefficient and tangent

force coefficient of propeller blade with pitch angle

iR DA P e N E L U T TR L DAY i
C. Y01 J1 Z % Co AR W S 1 3 ) 36 B AT 3R
-5 A7 0 A R RE A OR A T R Bh 22 AR
Ok BT R 2 BT BB AR SE RS R
PESC L X F kw0 ) T = S A
A1) 22 1) 5 AR BLAE W K /N5 VA (LI Ak T 2 Ff
fr B AR — 2O =B R RN
S B FLAY L 3L IIY) ) g 2 e TR B S L 3
T3 1 ) il e 2 FE AN W B AR
3.3 BERITSREHE=ZLINEMN

Bl 8 gy th T 3 AEAN A J5 0 Ay — 4 S = 4 iR
HEIXT . T RUAE e 3R R 3 T A B A K
i 5 2 5T R Al i 3 A5 O T 1 0 O 5 | 3 T
1 1 R BN L SZ AR = AERON R
TEFE AT I I 9 T 3l 285 2K T 1) 9 88 ) I R/

(a) ©=30°

(e) ®=270°



2604 it = 8 o 4R o5 34 &
—®=30° - -®=90° - -- d=150°
0,025 - @T210° = ®=270° ----0=330

(f) @=330°

[ 8 AN [R] I A £ B 3 i 5 0 I A B TR 30 4 2 R
Fig. 8 Comparison of vorticity contour between propeller
blade and corresponding two-dimensional airfoil

at different azimuth angles

VPRI 5 JE 1 5 5 B 3l 2 % I 1 T 0
557 =SB JHB IR R TR R AR E
WO RR A BRI .

B9 25t TR J5 (60 T 2t S 1 i & Z/b
(B o LA <3 JiorAi . nT LA &
li) S T 0 A AN S 1 3k 3 B 2 3 TR i O
B XHELA B REA AR KA 0, 7E— 4> A
JEL R SR 8 TH T AN B RS0, 30° T 3% 1 Ak T 1)
TE T3 53 A A AE WIS 1) A DA B A LA 2 G
AN WIS XU A 32 0 Ok S T Be Tt T AR
R AE 305 5L 3 b J8& 1) T+ 3 43 A e KAE AL T 3
X B A AL 2 BB by e D TR L TS
“w IR A AN W v 5 RO S SO 1) 20 A AN B
AR IR L FE 5 3R TP A9 77 A (15 2R B
T 35 A A i 4 A7 AE — DI

10 25t 7 AR @ BE L i A a1 i) i 55 i
JE w CH 3R E o, JE A0 J3 A 17 D0, A ] o
LAE . AE H = 0. 8r 114 8 1H7 A 1 175 5 B 8 ¢
JN o R W R 2 0 fELA TR AT X B
JEE 1A R AT 75 S 3 LU fELT3 A T R AT B, HLBE (AN
W3 7 P HR AT LAY M R B S XA TE S 2
MR AT X B R L Y R ARG el — 1 D 0 i T 0 Ak
N A BN IR U5 U

— ®=30° = = ®=90° - -- D=150°

— = ®=210° -+ D=270° ---- D=330°
0.037

0.023 F 2>~

£
L
0.009 -7
_0005 . i 1 " L M 1 i
-0.50 -0.25 0 0.25 0.50
ZIb

-0.50 -0.25 0 0.25 0.50
ZIlb
(b) =) 3
K9 ASIR)J5 o A 2 <3l g J 1) 23 A
Fig. 9 Aerodynamic force spanwise distribution of
propeller blades with different

azimuth directions

(b) H=0r

(d) H=—1.8r

P 10 o ) 75 R B ARG R Y2

Fig. 10 Variation of vertical induced velocity with height

METL Al U, R A7 2R Ml (0= 0° ~
1807) (O 1) 75 3K o Cply 2R JEE 0, To 4 40
A TEAEL I /N T 2 A 200 i CAOAD L B 9 )
i) 3 J3E 5 00 1 5 RE R A 2L T DL A 5K
A AT O IE AL BEAE 7 A — YO ) B 1 A

M 12 Fal DL Y J 1] i 5 8w (2
IR E o, O T i BB X R B
AT 55 JEE AR ARG A 2 00 1) 8 i 5 5 R
I/ I A U )35 S R A BT A L 3 B
N TR e/ D Bt R e R e

KIS 45 7 45 = 4EJgm Z/b(lh R b
T N TN T L w/o(HHRREE v,



B A 26 1 A R Bl S R ) = AR 2605

(c) H=-0.8r

P11 e 75 R I R R Y S A

Fig. 11 Variation of horizontal induced velocity

(d) H=-1.8r

with height

(c) H=—0.8r

P12 e i i B2 B AR S YR

Fig. 12 Variation of directional induction velocity

(d) H=—1.8r

with height

Te A 43 A B BT LA 2 A 2 b B
SHERK, FHT R 755028 8 K,
B e D A6 UK e 3 WA 4 R A W) I 1 A R
A A AL A BT 184, X 15 3 o < 1 A R R DR —
o R BFXFE 9 Cad BT LA Y T ] 175 5 0 B K
(8 77 50 £ Ak 2 - i 1) T (B 3 /DN 3X R WA R 1Y
5T B 2 el /N A T 3 AT A0H AR CAOA) L i —
Ao A5 R 7 A T Ak 3R 3 ) ) R BRI

Bl 14 25 730 BT 2 TE 1 R SR S 4R oy
Aii B 7 00 A A B B ] LR L 22 i e i 2
D=0~ 60" . Hij 2 fil i A AR K09 30 FE 46 B2, i m]

0.04

-0.07

-g -0.18

-0.29 -

0.40

0.25
2 010
=

—0.05

020 — r -
-1.0 0.5 0 0.5 1.0
Zib

(b) i) 75 36 )5
Bl 13 5 R IR 4 A

Fig. 13 Distribution of induced velocity
AE T BRI 2% B O AR AU o3 B0 7 AR T R T
W35 18 2407 J7 o7 A AL, 2% w3 T B s oo AR R
180°J5 i A b 1) J5 25 #% 31, I HL 57 FE A B2 Ui/ )N, XoF

Pressure/Pa = Y
1’ ol s
-450
I -900
ioe i}
(a) D=0°
P P X
f%mfa Ykhz
=250
l -550
ok i
(b) D=60°
Pmﬁum@a {:
L] X
B 450 .
=900

b ]

(¢) ®=120°



2606 w3 ¥

Pressure/Pa Y
B O é‘/
E—etso 3
=900
R
(d) @=180°
Pressure/Pa
-7
y 50 Yf‘;
§-250
550
el
(e) =240°
Pressure/Pa Y
e 0 g % X
- x ™ !
g—450
900
3101 ]

(f) ®=300°

B 14 oK) = B 5 R E
Fig. 14 Pressure contour and streamline map on the

inner and outer surface of propeller blades

IO 304 ek [ AT A L 3R 6 A9 A2 AR il T T %
“w B A W7 VR SR B — 2 S SRR
BMEESRERRA I, WL W LA
R T A7 A ] S 1) JEE fi O 8l - 3 T A JE )
Ui BI 2 i TR XA B A JEE 18375 S L )
o IEJE YRR ] 52 e U Sh A T A
R S =N N RBOT RS RA &
Z5 .

B 15 45 T iR E M A% CFD J5ikit 5 4 18
JE BB S R 25 (] i B q=0. 001 25 {1 14 - 4
FA 1A AT A0 W 78 e 4 R 2R A WL ) 1) L B ARRALE L ofE
A iz A SR AR S o i B R
W LVE 52 RO RIE R AR AR AE B IT
S e R N . BE A AT A AR RSO W4 12 3l
MR » o TR AR O I S IE R 5 X
(14 2 2R b HH B O D s 2 R T 7 A L ) L 48
FERLENAR R /NG . U AT AT SN 5 R AR
S PR 1 O A S0 A BE A A B B i R IR

M 15 (h) AT DU A R iR 2 R R B R
SRS MR SR A BT BT
Y VAR o T A R I SR T A 1 1 3 B
TERLT W1 A L iR Bl AT R I iE 8l . 45
AT DL R AT SR R L O HL S AT AT 2 A 3R
it — 2 R T MEE SRR . N T LR

Vorticity

I‘).?S

813
6.52
4.91

1 3.30

I 1.69
0.07

(a) 2xJr R L]

B 15 2R mA L
Fig. 15 Global flow field characteristics

(b) M PR 2R

th Bl A X 22 1] A L7 5 L B W AR AR Z TR
TR T AR i X A % B AN B AR A
11T 78 2 38 X3P i 1 5 ZE AL TR 4

4B #®

D) PR 507 14 #0 REAR b i 0 1R 2 e
Py (i) ) AT R L 4k B0 1 g 3 4
R T =4 T5 ik PIFh B4 R A B S s ) 22
PR, =B 5 25 A T /00 17 77 L 0 2R R O
SRR B T IR X LA

2) 32 AR T | R e i 2l A0 O A A A
18 B AF S HERLN 1 25 R M b ) B A K i
i 7 AR W S T S RO R 3 R O OF HL
IESYSUREINEYE RN UEE B R e AN iDR
T ) 285 2R T 194 55 JBE K

3) IR AA AR E W, BRI
e B w3 18 I v 5 R L 0 A
ATGFH T X =2 9 L[] 2 e 5 2T R
JE 161 Tt F 43 A1 it T3 52 £ A2 A 1 AN A2 4L

) S AR S T Y s R — E
2% s M ZHETH 50 05 3k g 1R 2R 1 i s AL R
AR . 5 I BT OR AT AT DA 4
T IR BRI TSRO

Z & UMk :

[1] JARUGUMILLI T. An experimental investigation of a mi-
cro air vehicle-scale cycloidal rotor in forward flight[ DJ.
City of College Park: University of Maryland,2013.

[2] LIND H A, JARUGUMILLI T, BENEDICT M, et al.
Flow field studies on a micro-air-vehicle-scale cycloidal ro-
tor in forward flight[J]. Experiments in Fluids, 2014, 55
(12):1-17.

[3] JARUGUMILLI T,LIND H A,BENEDICT M,et al. Ex-
perimental and computational flow field studies of a MAV-
scale cycloidal rotor in forward flight[ R]. Phoenix, Arizo-
na:the 69th Annual Forum.2013.



5% 12 3

W A A AR AR AR E W B AR

A = eSO 2607

[4]

(7]

[8]

[9]

[10]

[11]

[12]

JARUGUMILLI T, PASCOA J, XISTO C. 3D effects in
cyclorotor propulsion systems[ R]. Houston, Texas: the
ASME International Mechanical Engineering Congress and
Exposition,2015.

JEARAR AR R B BB S ETH AR S R RE
Wi (1. A2 3 71274 . 2015, 30(2) - 297-305.

TANG Jiwei, HU Yu,SONG Bifeng. Influence of key de-
sign parameters on aerodynamics performance of cycloidal
propeller[ J]. Journal of Aerospace Power, 2015,30(2):
297-305. (in Chinese)

ARSI R BRI R R R )] &
124, 2013,31(5) . 677-684.

TANG Jiwei, HU Yu,SONG Bifeng. Research progress of

A

cycloidal propeller aerodynamic performancel J]. Journal of
Aerodynamics,2013,31(5) :677-684. (in Chinese)
ARSI RS AR E W AL At
254 4,2014,35(7) . 1882-1892.

TANG Jiwei, HU Yu, SONG Bifeng. Study on unsteady
aerodynamic characteristics of cycloidal propeller[J]. Acta
Aeronautica et Astronautica Sinica, 2014, 35 (7). 1882-
1892. (in Chinese)

TANG J] W,HU Y,SONG B F. Unsteady aerodynamic op-
timization of airfoil for cycloidal propellers based on surro-
gate model[ J]. Journal of Aircraft,2017,54(4);1241-1256.
BENEDICT M,JARUGUMILLI T,CHOPRA 1. Effects of
asymmetric blade-pitching kinematics -on forward-flight
performance of a micro-air-vehicle-scale  cycloidal-rotor
[J1. Journal of Aircraft,2016,53(5):1567-1572.
BENEDICT M, JARUGUMILLI T, LAKSHMINARAY-
AN V,Effect of flow curvature on forward flight perform-
ance of a micro-air-vehicle-scale cycloidal-rotor[J]. ATAA
Journal,2014,52(6) ;1159-1169.

BENEDICT M, JARUGUMILLI T, CHOPRA I. Experi-
mental optimization of MAV-scale cycloidal rotor perform-
ance[ R]J. San Francisco: the 56th America Helicopter Soci-
ety(AHS) Aeromechanics Specialists Conference,2011.
MCELREATH J, BENEDICT M, TICHENOR N. Tip
vortex measurements on a cycloidal rotor blade at ultralow
reynolds numbers [ R]. Fort Worth, Texas: the America
Helicopter Society (AHS) International 74th Annual Fo-

rum and Technology Display,2018.

[13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

KELLEN A, BENEDICT M. Effect of rotor geometry on
UAV-scale cycloidal rotor hover performance[ R7]. Phoe-
nix, Arizona: the America Helicopter Society (AHS) Inter-
national 74th Annual Forum and Technology Display,2018.
HU Y,ZHANG H L,WANG G Q. Two dimensional and
three-dimensional numerical simulation of cycloidal propel-
lers in hovering status[ R]. San Diego, California; the 54th
ATAA Aerospace Sciences Meeting,2016.

HU Y. Investigation of unsteady aerodyne-mics effects in
cycloidal rotor using RANS solver[ J]. The Aeronautical
Journal,2016,120:956-970.

HU Y,FU X F,ZHANG H L,et al. Effects of blade aspect
ratio and taper ratio on hovering performance of cycloidal
rotor with large blade pitching amplitude [ J ]. Chinese
Journal of Aeronautics,2019,32(5):1121-1135.
WALTHER C. Fundamental understanding of the un-
steady aerodynamics of cycloidal rotors in hover at ultra-
low Reynolds numbers[ D]. Calgary, Texas: Texas A& M
University,2017.

KAN Y. Aerodynamic analysis of an MAV-scale cycloidal
rotor system using a structured overset rans solver[ D].
City of College Park: University of Maryland, 2010.

L PR E A A S T B R i 3R R 15 S P R i 1Y
CFD B 447 (], 7 BRI 2 ALK K2 24 4, 2012, 44 (4)
479-484.

WANG Bo.XU Guohua,ZHAO Qijun. CFD simulation of
airfoil effect on hovering rotor aerodynamic performance
[J]. Journal of Nanjing University of Aeronautics and As-
tronautics,2012,44(4) :479-484. (in Chinese)

SIEGEL S,SEIDEL J,COHEN K,et al. A cycloidal pro-
peller using dynamic liftf R]. Miami: the 37th ATAA Fluid
Dynamics Conference and Exhibit,2007.

X L X RN L 2R BT L A e B AR R S A R g = 4k
Ry M L] iz 3l Jy 2241, 2018, 33(6) 1 1484-1491.
ZHAOQO Gijun, LIU Shaohui, LI Junfu, et al. Three-dimen-
sional effect analysis of unsteady dynamic stall of rotor
[J]. Journal of Aerospace Power,2018,33(6):1484-1491.
(in Chinese)

WEI P,SHI Y J.XU G H. Coupled euler-lagrange method
for complicated rotor flow field [ J]. Chinese Journal of

Aecronautics,2013,34(7) :1538-1547.
(miE. T EE)





