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CFD Analyses on Effects of Blade Shape on Hover Performance of
Coaxial Rigid Rotors
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(National Key Laboratory of Science and Technology on Rotorcraft Aeromechanics, Nanjing University of

Aeronautics &. Astronautics, Nanjing, 210016, China)

Abstract: Blade shape is a main factor influencing the hover performance of coaxial rigid rotors, there-
fore, it is of great significance to investigate how blade shapes affect hover performance of this configu-
ration. In order to improve the accuracy of analyzing the parameter effect, firstly, a CFD method based
on moving-embedded grid technique and the compressible Reynolds-averaged Navier-Stokes equations is
established to solve the flowfield of coaxial rigid rotors. Then, calculations and analyses of hover aero-
dynamic performance are conducted, and the blade lift and torque distributions along the azimuth and
blade spanwise are obtained by using this method. Finally, parameter analyses of blade shapes on hover
performance are conducted, consisting of swept angle, swept position and nonlinear chord distribution.
The Figure of Merit (FM) and pressure distribution of coaxial rigid rotors with different parameters are
obtained. The results show that swept tips could make negative pressure region move outward, delay

flow separations and improve FM. Considerable taper tips and larger chord distributions in the middle of
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blade could effectively unload blade tips, improve airload distributions and increase hover performance.

Key words: coaxial rigid rotors; high-speed helicopter; blade shape; hover performance; Navier-Stokes

equations; moving-embedded grid technique
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Fig. 1 Schematic diagram of moving-embedded

grid system
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sections in different azimuth angles

6 L RIEEBEST I RBCE L
Fig. 6 Transient thrust coefficient distributions of up-

per and lower rotors

Rev
7 BT HER PRSI R EUL A £

Fig. 7 Transient torque coefficient distributions of up-

per and lower rotors

AR LCL R . & W BT e 3 3 m A 3
B TR Iy SR A 4L T B 2 R W T2 A
FEUT Iy . BT @I A S ) 3B . A L e 3L



%5

TR L 45 2R ST X SE R AP T 3 B4 e RE R W 9 CFD 23 A7 657

AR LE o B RS A i@ 3 2 ot 3% 1 28 i 2 2R A 1)
AR E B TR AR A R R R A 4 AR
o JE . X5 T e B ) e A — S Aok R ) A
4 YR XS N . T AR 3 i Dl 4571357, 225° Fi
315°HF, IR HESE 1 3 b I S b F A AT A
LT BT B K A Bk oh . T AE 07, 90°, 180° il
270°m, R IEAFAE T E R AN E. M ET
i B ik A L A 2R I v m T T i B R AR il
TP

BNy S AUy R S R VA R S S
T B s R R R, HE R 3 ) R BT B L
TR, B AR e % — S ik B P AR AE 2 T
AL, b eI 3N 7 0928 1k 2 Hy Al 3UiE 3L i
WM TG 2L W 1E Tl s 25 2R . R
7] B A 32 Ik o s P A T T A B
By, 3 3R LA TR S AL IS 2 Y R L
5 R S0 R 3 A B SK E An T ak i
P, koop s B O A 1 U R B B T /N B0 U
BAEY KB L.

3 SMESEBXMREREEENZIN

3.1 EEAENZN

T BIESR T 2 A R T e Bl o e 3
BAFRE R A SO T 3 R AN S
A 0 5 4 2 e S Rl N e L, S AL Y R
0. 9R, J5 45411 i 2 10°,20°F0 30, 8 45t T
EAm (B L Rect R el KL i 35 R0 5 40 2
I LAty Wi T B AN (] iz 7 RS TR BAE BRI X L
AANPLIPRAE W SRS R By o8 0. 013 0,
0.010 2,0.007 3 F10.004 9, A v ¢ FRjER
SCRE. TR AT E e - e 3 A B
e WAL A e, HAE A RP SRS T & 155
WA G A BB R K. X UL S R A
Bl T4 AL R T 3 Bk e

Pl 8 AN TR) S i £ 2 ot S Al e L 8 45 1R BB 1Y HL A
Fig. 8 Comparisons of FM of coaxial rotors with differ-

ent swept angles

B9 g5t T SR RECH 0. 013 B, | R g
e £ oA 307 bR e 3R A b b 3R 5 A s

o)

SNIeN)

Wi ocloo—b R

2
7
1
1
1
1
il
1
1

( L er rotor
B9 RIRE f A 2 b 3 e o R
Fig. 9 Pressure contour distributions of upper surfaces

of coaxial rotors with different swept angles

M Al A TR 2 5 R R
B DX A 5t J3E 0 ] A2 sk / ) O LB 2 2R It A
BERYHE R Uk L AR AT S B 3. X2
W7 i $i A JEE A8 T o 2R 2R A ) 9 1 A 9 3 i
ZIN T LA 85 2% AR e 48 P L B e BEL T RIS b
K ZZ B ) 3% o X T R e A1 & . i 32 b
Je 3B TR M AR B LR a3 A0 Ho™= AR 1
BORBEA e et 3% .

B 10,11 205l 25 T BB R BN 0. 013 B,

K10 AN [ J5 A 5 o ) T 58 R B34 (r/R=0..90)
Fig. 10 Pressure coefficient distributions of coaxial rotor

sections with different swept angles(/R=0. 90)



658 R

549 B

R Je ff o 307w bR JiE 32 3 0t 0. 90R Al
0. 95R | 1f &b ) 5 R B4 A L #% . 7E 0. 90R #|
I AL 5 R G0 D BA 5 3 289 1 2 e i )
T P 671 s 0 L 1Y S 9 /0N e L 3 1 ek 59 A Ry W
B BCH R T8N SR AL 3 B B . B A S B A
P18 386 R, B s A L R 398 R R R /) L B A A0 b %
TR IE . 5 0. 90R F 1 1 HE A 8] 1)
EHIEEMAE 0. 95R HlH LR A EMES TS
TN I BB S B A r B 5 et 2
B AE L I S . X R PR R e (AR B
Hul R F Bl BT R R FR T i B, B
B AR AR F AR . BRI AT RE S R R
TS BEL S A 388 0 (HL pl T S B ) B RO SN R I G
SR A Mt A SR Z . g5 e M K
JE 58 R A B 53 A 4 R A — 2

BT AN [ A 2 m 30 T HS 58 R 300031 (r/R=0.95)
Fig. 11 Pressure coefficient distributions of coaxial ro-
tor sections with different swept angles(r/R=

0.95)

3.2 ERMEMZMm

T WE ST S a2 S R R 7 R S Al
Jié 3 B AS IR S B R B ) AR ST T3 R
[ J5 457 5 1 i 4 2 Rl O T B S 4 A BB Y
y 20°, J5 B 4G AL E 4r B 0. 95R, 0. 90R F
0.85R. & 12 25 1y 1 b W 14 e 32 46 JE 22 m 1 5
FERIE T AEAS R B H) T BASROR 1 He g, iU A~ Hir
IR W BB ) R B4 5 2 0,013 0,0. 010 2,
0.007 3711 0.004 9, M &% 5 0] K078 24 /iy (19 31+ 50k
AT Al I e B A 5 P R B A 2 S a3 TRl 1Y)

K12 I 50 6 o7 o e o @ 3 45 1 R A0 LL A
Fig. 12 Comparisons of FM of coaxial rotors with dif-

ferent swept positions

AP NTE N

Bl 13 45 TR S BB 0,013 B, 1R iER
e £ S 307 b 2 T HE 3R 405 2 L TR 14 04
W TR R 1A A A . AR 13 Rl
THEIE AT J5 4503 v U5 f50 DX 48010 970 T i W S 0
s I HL B I 4503 B B 38 R 9701 Hh ot T A0 B
Bl HUARE [0 T 0 I B30 R 2 3 I 5 BE 1Y
B 1 He TR B R 33 T S A3 T 9 971 o0 ] 5
RE SN LE M — 5. B G BOR B 67 8 1 gt
PN ES 3y, 5 350 B L, 3220 7 A 1 )
JC o HT AT F o 13 4 A L B e R
BB MR L TR RE 25 )5 350 B K 5 R
mep BB A TR . R 14 T L ST
T L o S5 45034 75 22 3 40 B RiE % 418 B K 1 Tt
3 3 LG 50 06 57 BB 1 PO 5 30T 1 4 T 2R
PEARTH 7 B S H L A S F0 A 2 op B AR AR 1Y
T+ 145 B

G
X

3
7

p
5
p
)

.0

19

3

il

6

i)

4

3

K13 OR[A) 5 i e A B 2 B3R R R s K
Fig. 13 Pressure contour distributions of upper surfaces

of coaxial rotors with different swept positons



%5

TR L 45 2R ST X SE R AP T 3 B4 e RE R W 9 CFD 23 A7 659

B 14 ORI J5 Btk bh o B 2 i Jig 1 B g 43 A
Fig. 14 Spanwise thrust coefficient distributions of co-

axial rotors with different swept positons

3.3 RHEIRTZEKKZN

T WG AR LR M 5% K A3 A ok el e 3 R
RE M S, AR SO0 B X2 22 Y e T 3 R LR
ML AR 23X 3 B 2 5% 1 R/ A3
HR B3I 50 15 W 386 R AR 5 B i/ . 3 Rl i
REZK 43R 1. 20, 1. 35¢ Fil 1. 35¢, e K%K AL
BRI 0.7TR,0. TR 1 0. 6R, &R R K
0.6 A5 1 E 5L A L 33 i 2 it [ B L2 2R 1 L K
W BB R IR . /15 45 T TR 2R X
3 P sz R AR LM 43 A 2 it S T8 TR AR FBZ K 43 A1
FEIE 2 e 32 B S5 BE Oy 0,098, %0, TR-1. 20¢”Jig
FALFESIREE R 0.102,%0. TR-1. 35¢” Jig 3 3 4% 52
1 0.109,%0. 6R-1. 35¢” T B4 £ 5 B K 0. 108,

K16 25 7 A ) 5% 43 A T 58 1 e il e 3 B
E2 &R DN R A S AR NN BB SE VA% 4
4354 0.013 0.0. 010 2.0. 007 3 fi1 0.004 9, HAf
DL B AE R IT B 35 KB R A 0. TR-1. 35¢” (1
BEM K T 0. TR-1. 20¢”, “0. 7R-1. 35¢” Al
“0. 6R-1. 35¢” By e R ax KA A, fHJ&“0. 7TR-1. 35¢”
Y RZA A B AR T 2248 LA ] R0, TR-1. 35¢”
MBS 5 T 40, 6R-1. 35¢”, X 3 FpsZ K 4 fii
F18) H 2 DO P B 1 Ak A5 AU 34 v T A TR 2 i A il
WIPE T 3 3K 13 ) SR T 2 1) 22 5% 4K 4 A1 2 i g 2 i
W e 3 A ) T B e R A R R

BL17 5 7 BP0 250k 0,013 B, R g
FIA Ry 30°HF Bt R R R A = B, AL

r/R
b) Chord distributions
15 S8 AR A% o A

Fig. 15 Planform and chord distributions of coaxial ro-

tors

P16 AN [ 5% 1 o3 A1 D 58 B S Al e 3 e A5 AR L 45
Fig. 16 Comparisons of FM of coaxial rotors with dif-

ferent chord distributions

R B 53 7 1Y SR HTIX B A2 554K 0 A1 1) 2 i A 2
H BRI R R 22 ). AR 2 A i 2 4k Fn
Ja BRI 0 T U B RN U S TS AR
JEZEPE . D3 —J7 1 HI 2 R0 DX 4k it FR A
JIN o B SRR T U R A M Y s e AT B 43 4 — a2 BEL
71 NEIH AN 3 i e Hi 22 22 93 1 1 He X3
FEL 0588 B 359 EL AR 2 /I, 0. TR-1. 35¢7 3 R it
JES8 B e /N . X BT 0. TR-1. 35¢7 fit K 3% K Af
N 2 e HL AR SR K T B A I R 7 e v
O EEE R ER R, 0. TR-1. 35¢7 B 544
Fhp . 0. TR-1. 35¢” F1“0. TR-1. 20¢” A %1,
B R KA /NG 0. TR-1. 20¢” 1F 2 36 2% W 28 1 43
A (R AR 400, 7TR-1. 35¢”,

B 18 25t T R By BB A WX L . X



660 (IS SRS | A N NI S S

549 B

I N I s i T Ayl 3 1T A Y S |
Fig. 17 Pressure contour distributions of upper surfaces
of coaxial rotors with different chord distribu-

tions

B18 AN [ 3% A 4 A1 2 i 0 T e ) B2 ) R B A
Fig. 18 Spanwise thrust coefficient distributions of co-

axial rotors with different chord distributions

ARSI B BRI iR HH T 2 [
JI3A o S A IS DI A7 1T 5 E RIS AR /0N

PRI 77 A= B B ) R B i/, 0. TR-
1. 35¢”#1%0. 6R-1. 35¢” A A1, “0. 6R-1. 35¢” iz K%
VA SRS A LBy NE DAV R VAN i N
“0. TR-1. 35¢” ¥ il & 3 2 ) FL<0. 6R-1. 35¢”
dent i BERL A F €0, TR-1. 35¢7 KL A L
“0.7R-1. 35¢” /N, 4 “0. 7TR-1. 35¢” fl1“0. 7R-
1. 20¢”A] 1, EAR“0. TR-1. 35¢” 76 A 6] o & 1) 8%
FIEE*0. TR-1. 20¢” K AH 2 B T 2 iy 2 e 32 2 4
JIAE TR A1 B8 T o W2 0 SR ) B g A il 2 22 00 3K
ANe BE BRI B CA 3E AR Lk 5% K 43 A AT LA ek
2 JE 0] S B AR 43 A1 5 BB 8 A S5O0 A R AT I 48
P& v T PO e e B R AR 1 A MR

4 % it

SBUR N IE S R b & LR (5 N I WS
RANS J7 i 45 8 57 14 35 b 11 1 OUE 32 4F € % i
BREALLT5 105 - T Ji T 0k A A5 R 25 I8 Aol P OUJGE 35 1 3t
DA B R PR TR 0 B o 3 E B I Al
RS ) S PERE HEAT 1 2 0 F- T SN B B 2 800y
IR DR VRV INEE Y Y R AT YD E 2 4 S N
fii . EELRWT

(D5 H AR AL . i T b e 38 78 B 1] i
e A PP AR BT B SRS TR S W Ui 3
ARt 2 T A3 0 2 B W S R AR E R AR AL A
AR AL N A 284 T CN D It A e 32 3¢
B RO .

OFEMFRL SRS TT » J5 3503 w6 il e 32 19
BAFTEREIL TREIE e 3 . HL8 A5 MR B4 I 350 A
EEZ = AR NI NP (= DO R i 2 SU W EE T 4
IR B s XSk D S 90 » I ELBE A 2R A A
AT TR A9 49 O A7 Pl 1) 3R AT RS 5

(3) 2R AR LA TZ A A 14 36 Al P 44 e 3 )
fEPEREIL T W AU TR o Il e 32 . R B R OR
HARIRIHN A AR LAk 7% 4 o A1 114 3 Al e 32 % - A
SR X IRA B T3 /N TR St i e 2 v B g
RPN VBRI B9 3E LAk 5% K 2 A i) LA
A3 JRE 1] B AT 0 A BE A8 X 3OS B AT A
A3 i v S Bl P e B A R

X875 A e O ik — 2 T JE 2k SN Xt 3t
ol P P B ) TR R A S R T S AT R B

S Uk

[1] HOJ C, YEO H, BHAGWA T M. Validation of
rotorcraft comprehensive analysis performance pre-
dictions for coaxial rotors in hover [C] // Journal of
the American Helicopter Society, 2017,1(2): 732-
751.



%5

TR 55 R SN TE X Al P e

RN CFD 40 b7

661

(2]

[3]

(4]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

JEIET®, e, b dh XOhE 37 5 5 3 BT 3 S
D A X B L. P s 2 0 R K 2 4. 1997, 29
(6): 627-632.

TANG Zhengfei, GAO Zheng. Comparison of exper-
imental data for the coaxial-rotor and single-rotor
flowfield in hovering [J]. Journal of Nanjing Univer-
sity of Aeronautics and Astronautics, 1997, 29(6):
627-632.

FEIE €, 288, F = 2R 300 20 305 40 0 5 4300 3 4l
I EAZ R M E[T]. FAR 5 5,
1998, 12(1). 81-87.

TANG Zhengfei, LI Feng. Measurement of the coax-
ial-rotor flowfield in hovering using 3-d laser doppler
velocimeter [ J]. Experiments and Measurements in
fluid Mechanics, 1998,12(1) :81-87.

LEISHMAN J G, ANANTHAN S. Aerodynamic
optimization of a coaxial proprotor [ C] // Proceedings
of the 62th Annual Forum of the American Helicop-
ter Society. Phoenix: American Helicopter Society,
2006 ; 64-85.

WACHSPRESS D A, QUACKENBUSH T R. Im-
pact of rotor design on coaxial rotor performance,
wake geometry and noise [ C] // Proceedings of the
62th Annual Forum of the American Helicopter Soci-
ety. Phoenix: American Helicopter Society, 2006:
41-63.

JUN S, YEE K, LEE J. Robust design optimization
of unmanned aerial vehicle coaxial rotor considering
operational uncertainty [ J ]. Journal of Aircraft,
2011, 48(2): 353-367.

RAND O, KHROMOV V. Aerodynamic optimiza-
tion of coaxial rotor in hover and axial flight [C] //
27th Congress of the International Council of the
Aeronautical Sciences 2010. Nice, France: ICAS
Secretariat, 2010 893-905.

LAKSHMINARAYAN V K, BAEDER ] D. High-
resolution computational investigation of trimmed co-
axial rotor aerodynamics in hover [J]. Journal of the
American Helicopter Society, 2009, 54 (4):. 42008-
42008.

HE Ty, . 34l =OBUE 3 IR 3 1 N-S 5 R A
[T i s 241 . 1998, 19(1) « 1-5.

TONG Zili, SUN Mao. Navier-Stokes calculations of
coaxial rotor aerodynamics [J]. Acta Aeronautica et
Astronautica Sinica,1998,19(1) :1-5.

[ ), Ik LU0 3 S8 Iy R TS A
(1. %8 2412 . 1999, 20(4) : 348-350.

TONG Zili, SUN Mao. Navier-Stokes analysis of the
aerodynamic properties of coaxial rotors [J]. Acta
Aeronautica et Astronautica Sinica, 1999,20(4) :348-
350.

XUHY, YEZY. Coaxial rotor helicopter in hover
based on unstructured dynamic overset Grids [J].

Journal of Aircraft, 2010, 47(5); 1820.
AR E I 1o G =3 o1 DA 7 R T [

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

BT, Wizs sh fi24R . 2011, 26(2) . 453-457.

XU Heyong, YE Zhengyin. Numerical simulation of
interaction unsteady flows [J]. Journal of Aerospace
Power, 2011, 26(2) . 453-457 .

WL, A EE AR ol o OONE 3R 5 IR 3 RS T
CFD AL 23l J1 % % 4, 2012, 30 (4) . 437-
442,

YE Liang, XU Guohua. Calculation on flow field and
aerodynamic force of coaxial rotors in hover with
CFD method [J]. Acta Aerodynamica Sinica, 2012,
30(4) ;. 437-442.

RAE R JE 25, 25 M8, o6 450 R 2 3 b ) 4 Uie 32 3 o
WS THALELI]. Mia %R, 2016, 37(2): 568-
578.

ZHU Zheng, ZHAO Qijun, LI Peng. Unsteady flow
interaction mechanism of coaxial rigid rotors in hover
[J]. Acta Aeronautica et Astronautica Sinica, 2016,
37(2): 568-578 .

BROCKLEHURST A, BARAKOS G N. A review
of helicopter rotor blade tip shapes [J]. Progress in
Aerospace Science, 2013, 56 35-74.

SPIVEY W A, MOREHOUSE G G. New insights
into the design of swept-tip rotor blades [ C] // 26th
National Annual Forum Proceedings of the American
Helicopter Society. Washington, DC:[s. n. ], 1970.
ZHAO Q J, XU G H, ZHAO ] G. New hybrid
method for predicting the flowfields of helicopter ro-
tors [J]. Journal of Aircraft, 2006, 43(2). 372-380.
AR ZE AR R REURRER BAF S gl g X
BUEBFIELT]. s 4R, 2009, 30(3) . 422-429.
ZHAO Qijun, XU Guohua. Aerodynamic perform-
ance of rotor with new type blade-tip in hover based
upon test and numerical investigations [ J]. Acta
Aeronautica et Astronautica Sinica, 2009, 30 (3):
422-429 .

ROE P L. Approximate Riemann solvers, parameter
vectors, and difference schemes [J]. Journal of Com-
putational Physics, 1981, 43(2): 357-372.
HARIHARAN N. SANKAR L N. Application of
ENO schemes to rotary flow field [R]. AIAA paper
95-1892, 1995.

YOON S, JAMESON A. Lower-upper symmetric-
Gauss-Seidel method for the Euler and Navier-Stokes
equations [J]. AIAA Journal, 1988, 26(9): 1025-
1026.

HARRINGTON R D. Full-scale-tunnel investigation
of the static-thrust performance of a coaxial helicop-
ter rotor [J]. NACA TN-2318, 1951.

BAGAT A. Aerodynamic design of the X2 technology
demonstrator™ [ C] // American Helicopter Society
64th Annual Forum. Montreal, Canada: [s. n. ],

2008.



662 [ O R /A S N S ¢ 549 B




