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Rotor slipstream effects on aerodynamic performance of

tiltrotor aircraft in airplane mode

CHEN Hao, LU Zhiliang, GUO Tongqing

(College of Aerospace Engineering,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: An equivalent actuator disk model was developed by taking into consideration
such factors as the blade shape, the number of blade, blade pitch and rotating speed of ro-
tor. This technique modelled the rotor implicitly through time averaged source terms in the
equations and two test cases were used to validate the actuator disk model. The three-dimen-
sional flow field around V-22 tiltrotor aircraft in high-speed airplane mode was simulated.
The characteristics of the rotor flow field were analysed and the increments of aerodynamic
coefficients caused by slipstream were also presented. The results showed that the rotor slip-
stream altered the pressure distributions on wing surface evidently, which increased the lift
coefficients up to 4. 6%. Slipstream decreased the drag coefficients about 29% at 0° angle of
attack. However, after 4° angle of attack, slipstream increased the drag coefficients and the
maximum increment was up to 32%. The variation of the pitching moment coefficient was
also 4. 6%. Further studies show that rotor slipstream has greater effect on the lower surface

of the horizontal tail, while making a small impact on the vertical tail.

W #E HE:2017-10-19
BEE£TH 1Rt #er B TR % B B
VEE BT A (Wit (1990 —) , B 114k, 30 N B B A 1 22 5T .

S| g BRAk Bl AR B SR K. i 38 0 0 X A 2 B B AL R S T S s AR i e e L. At 2s 30 % 4. 2018, 33(11) : 2809-2816.
CHEN Hao, LU Zhiliang, GUO Tongqing. Rotor slipstream effects on aerodynamic performance of tiltrotor aircraft in air-

plane mode[ J]. Journal of Aerospace Power,2018,33(11):2809-2816.



2810 o= s #$33%
Key words: tiltrotor aircraft; airplane mode; equivalent actuator disk;
aerodynamic characteristic; multi-block structured grid
6T 5% T 3 ML A — R A8 A 3 AT A B4 . N ,
1 ~ti S s
B T FEIFHLANE E N A B 0 B BT DR 2 AR AE T %
LAl — 2 3 R B A R] Bl AT LA 1.1 EHAERKE
1%@%@%%%*%“#%@@*%%?? ’ij(aﬁ'/ﬁﬁ@,gjé ’ Eﬁ] ﬁé*/‘ﬁx%? :gﬁ N*S ﬁﬁﬁlﬂ: .
TS A ELAT 0 PR s o1

JiE AL ) B R SR TSR R B L B )
UL AT S HOR [, R B R E N
AT g T Ry BR AL 0 0 e R e Y OC B
HAS,

2% g AL S Bl e P B T B e g e
SR I S AL, B AT 35 2Rk I I e AT
Sy 25 (CFD) P 5 % . Fil s O BB AH L
%2R f# Euler/Navier-Stokes(N-S) 7 #£# CFD
Tk RE R A R R . e CFD A M
Folt JEL 5 - (D T 8 5 26 v 2 0 A TR0 s A i
A% R GE R iz i S A 5 O FI T 4 k2 A B
W R R SN — N RAREN
B TR SRR TR AR 2 0 A I B SRR
I [ S~ X2 F9 905 45 o 28] 92 o) O R e T B/
TR A S X T 4 2SR Sk 2 i BRI A Y B
A S 1548 1 T H 5 [a]

I A Ok ] P A2 5 T R e B ML AR B AR
SR TR 28 CFD IR MRS (B i T W e 32
BB B S 2%, A I 5T 2 R FH I A% A il 25
Sy T TH R B 5 A AR 25 F % TR & W A%l B
B WA BIF 5T J5 1) 32 A T IRE T LA
M R R LA 2K A 36 S 5T R 2
W T RERL S R BAR IR TR sh i
TR 8 i 2 AL AH fBL E {0 4% i 35 ML 1Y) JiE 3 1L
38 1 2 RAIL I IR IE R H AR R AR £, DRI i A
FHBEYSZ G R, i3 AL HLE B3
S5 Z2 AR AR IR) B B T — R R e R AL BT Y
SME A5 e A e Ak b, 0N i 3L Bl g X4 ML BN
PERE 09 52 A7 B A AR K Pk AR

ST AR SCR IR T 2 TR R A R R 2t
8 R R R A TR R I S RO A IR A
FNR G TR, BT 22 B R X 2 A5 4 A%
K HIVBUE T ¥E € B3 L3 B 1 V-22 {505 Jig 3L AL
AL 2 IR A A T e B 3N ) AR
AL SRR IR IR T T B T L
FHCIE R BUR e TR RS BTS2

W f g g _ R3S I
at 91‘+9y+9z 91+r7y+92+J

(D
Hrpw EpfEE R, flog flq ZX &K
ol SO

o
ou
W= |pv (2)
pw
Lpe
o _ o _
ou’ +p pvu
F=loww |- g=|ot+p
ouw pvw
Lpue + up Lpve + vp
oo _
pwi
q= |pwv (3)
pw’ +p
| pwe + wp)
RS 1T Sy 1t 20, J 2 L0, i L
0 _
S
J = Sy (4)
I
uf, +of, +wf.]

PAE A p SRR SR . o EVRAR B L e J2
P B R AR R s w v Bl o SRR MR B v 7E A
MebR AR T B S AL e R BUI e
PR 2T B2y AR L S8 e R
FEi p p9it AR

P = (Vfl)P[K*%(uvavzﬂth)} (5)

K b A% A R A ARk s E) B L TP
Runge-Kutta 347 @A WA HFEGE . BT & i -7
¥ N-S R Z R, % T Spalart-Allmaras
(SA) —HBRZEWBA, N H T 2 Mt [ 25 K fR
FERAE CIT A fn s e S Tt . 3 T 00 IX R0 A e AR



511 73

fiks 25 < i@ 3L ¥ U o 460 e 3 ML KL ST AR s R R B R 2811

B IR TRy I BY L€ G
1.2 EPRBYFEE

15155 Jike AL A L3 40T B T 20K B 4l
PEA U A S Sh AN . T R AR R AR
o BRI AR S R ) A AR B R R S X
UL I S P A P 28 A58 A I [ S 32 ) RIS i )
Pl R, R CD Ay J 3,

JiE A0 A AR R AN 1 PR o U BT B
DV RVRGIE SR IR AUEITTTPSEETROE SR I
2. BRI a0 B XN

| = arctan[v—n} (6)
% Vp+ (r X@p
Krh p AU K& 0 Rk m R,
ES IR ALY T
Fig. 1 Coordinate system of rotor blade
a0
al
dD

P2 SR T B 3 Rk R R A

Fig.2 Rotor section with relative velocities and forces

H 2R H I 2 o, MR o RIATSK
it 2K B T AL B A A e = e — s AR
Oy dr B3 B BT L AR D 23y

dL = LoV* Ciedr %)
dD = LpV*Cyedr (8)

Forb V7 g 0 T Ak 49 R S BE ¢ Sy 1 T Ak 3R R 5
Ko BAME T R B CFIEE 7 R 8 Co vl LR A

i B0 22 3 8 Sl 3 e 3l i — 4k CFD 3155,
7N [R) 38 AU G F 5 R B, FR AT R LA S A TR &R
BN Bl e AR sl e A R A
TR gk — 2 e B R AR AR R T
IFIEHE Fo 2R F .
P (dT>: {chosa; — dDsing;
dQ dLsina; + dDcosa;
F A= 55 =32 Bl A M BB T AR
WAER 18 —F, e IAa N 2 B84
— A NAVE R T A E R A0 WA IE ot Can i 3
BiA I I B =~ NF 2L, Rl F R
1) | TR e A /o i = R I R v S A
PRENIRIT T o 7AWk AR i N-S J7 2 /9 1 72
oL ETE AN B AR B B 4 g TR
B Uh - R SR

9

[ 5 BT

K3 AR A HOT R B

Fig. 3 Element of equivalent actuator disk

A RR T TEH dent] | [t EEE, A
S e kA | | A,
| le 1 >l
v v £
et Bt R || fesha Sl i S
TR || R AL ESatil
I
WL BRI, | | Bt A7
FOREEIL | | ALk B fiy

; I

| AP T 6971 ML) |

l

| iR PRty |
I

| o ]

B4 A5 500 S TR R T ) T B o R [
Fig. 4 Flow chart of source term calculation of

equivalent actuator disk model



2812

&
B

&l

DA %33 %

2

2.1

H B3 iE

BMEREBERBITHE
TR R I TR P 2 i ) i 3R T R T
BAZHINER 1" PR,
KOS i Tt AR A ER T 77 0. 104R FI

0. 325R{ F AL 3 it A 5 LR 45 R I L

®1 ARFEHEGOERSHD

Table 1 Typical rotor parameterst'*

24 Bf K vt
B4R R/m 0.914
/) 11
EHEH 3/ (rad/s) 122.2
%A /m 0.1
LAY NACA 0012
e 2
R 0. 25R
160 -
wb 4 " Ciiion @

Dynamic pressure/Pa

Il 1 | 1 Fogi] 1

-1.5 -1.0 -05 0 0.5 1.0 1.5
riR
(a) y=0.104R
140 e Experiment
120 F Calculation
£ 100}
]
=
2 80
2 |
S 60F
g |
£ 40t
5\
20+ s
0 L 1 1 I L L 1 ]
-1.5 -1.0 -05 0 0.5 1.0 1.5
rR
(b) y=0.325R

P 5 WERE T 5 A R L 8 H i+ 5508 R 56 (6 Xt

Fig. 5 Comparison between predicted dynamic pressure

distributions with experimental data of

different positions under rotor

e JHZAS SC 45 RO AL TR 3154 1 30 40 A 5t 86
E AR T — 2 UEH T s A .
2.2 mEMNSHASE CRFITE

BB R 58 BOPE v R X e B9 Georgia Tech
RS AR SR B AR S HOCh R LR R 0. 457
m, P 5 20 B NACA 0015, 384 Kk
0. 086 m, I 10°, Jo 6 5 g 3 4% 3 oy 2100
r/min, Ji#E A 0. 15 HLE S 2 BRIBAE 4 B & K
A 1,371 m, BR2EAR R 0. 067 m, JiE S R {0 A 2 6°,
JE s v BB A 3 BB O 0. 070 1 m, FIAL 3k
MK FHEES R 0. 457 m, Bl 6 &R SR &
WA B 7 4 T YR AILE O el R TR E R T &R
B (Co) o A B AR I (4 1 b, P R A R
T A SCHBUTE 7 125 1 A ek

Bl 6 AEROR S AL S A A
Fig. 6 Computational grid of equivalent

actutor disk and fuselage

2.0 e  Experiment
Calculation

(a) HLEF R0

®  [xperiment
Calculation

I

G 371 ) S SR P PN BT
0 0.5 1.0 1.5 2.0 25 3.0
riR
(b) HFFTHm-|



511 i Ak A5 G SR O X ARG e SR AL TROLRSE TR A3 4 Y 2 ) 2813

30 . 5
55k e  Experiment
2‘0 E Calculation
L5F

&}
0.5 1.0 1.5 20 2.5 3.0
rR
(c) JEATHEmHfi)
20 ¢ Experiment
1.5 Calculation
O

(d) BLEF F 2
7 AL 3R R ) R OO A A I (A b

Fig. 7 Comparison of pressure coefficient distributions

between calculation results and experimental data

3 EERMMEEENSITGE
A1

Ph V=22 151 % g 3 0L R X 42, w58 RPLAR X
e AR R S T B i O 6T A AL Bl M g 1Y Y
e, ALK Ry 17.21 m, R B LI, 3 A
A821201, HLILATH A 6°, B Ml 3.5°, s
BHARR 11 m, 20 (0 FE A JU ] 2 %02 WSOk
[ 18] i 3 5% 3% >4 333 r/min, JiE 5% J7 1] fy 38 i 4
(MHLLTT M B o T84 PRI PG5 H B T 2L Al I
R AR EC: 5 16 180 78 5 R AR AR AR 25 65 14 7 vk AR Ik
AL IR Y X HE AR A% L B 8 45 i T IR
R SN e R N R AT S R & g
P, R R TR 1365 T, IFERE N
KT D E Ma=0. 364, K FHIEE Re=8. 48 X
10° 2285 15°,

B9 hA e 3 1 T 2 Ley 1 R
AR . AN e BN, 4 B A
127,33 53R 19 J1H 815 2 1 4508 — B0 % IR
%) DA =R - i < N 1 B Il i Y F e BB SR

B8 V-22 fili % e AL T W A%

Fig. 8 Computational grid for the V-22 tiltrotor aircraft

20 L o Without rotor

With rotor

15t

0 ¥y 5 10 15
Angle of attack/(®)
B9 HRAA TR ) ) LT ) R
i 13 1 A5

Fig. 9 Lift coefficients varying with angle of

attack with or without rotor in cruise

M B R T REON R 4,600, X %8
@B I I » — I T U A 2 A5 A A . R
SRR 5 55 — T ThD 2 458 300 I 1 T o) e e 25 % HIL 3
A BRI OR T R R A

P10 FAT 11 23500 S ok i £ 87 147 R HL
B R PRIELIE . T LUE W /N R L3

B0 8% A R ML B R il BR A 4k

Fig. 10 Limited streamlines on the wing surface

at 8° angle of attack



2814 fii =

% 33 &

BO1T 14°3 47 T AL 3R TR IR I 2k
Fig. 11

Limited streamlines on the wing surface

at 14° angle of attack

FET A K AL B 43 B 5 AR KA AR L HLIE AL
HEAEAL BT B T B B A B A X X SO 7R
T X PRI 2% e 32 3 ) 5 4 AL R B A O R
KA,

K12 4 HLRH ) & B bl 0 i 28 Ak 1. 0°
AT A BEE /L) 2 080N N 29005
725k A KT 4705 A e 32 i BH ) & 800 ik
KT WA W TG O, 7630 F 14° 1) 38 & 58 2 7
32%.

- ——e—— Without rotor
—s—— With rotor

&)
OII I5I IIIO'II]lS
Angle of attack/(°)
12 AR ASA I hES 3 01 T 2L ) R B
I £ Y A2 A

Fig. 12 Drag coefficients varying with angle of

attack with or without rotor in cruise

SEHUIRAD 15 R B C B fA A5 A &l 13
FIE7R AR SCIE B S 527 f LS LR, 2450
S Rk G A R BT I 0 R BT R SO
s BB 2t B LA, 25 e SAE S R
07 40 & B 4e XA 3G R, 0 f 127 B R
4.6%.,

Bl 14 25 T 8% i A e 3 0 A VE R 4
MU R8O A = B FE LR | 3R 10 A7 78 W] 12 1Y
MR X, 3 BT AL 1) = AN o %0 1T W 15
fiw s B 16 g5 T A JE AR R EE R T &R

| —e— Without rotor
19 —=—— With rotor

_5:- L —

0 5 10 15
Angle of attack/(°)

AR S A TR 3 1 T UM I 5 BE
A A2 Al

Fig. 13 Pitching moments coefficient varying with

Bl 13

angle of attack with or without rotor in cruise

14 8T A A B TRAE T T A WLUE I REN A =

Fig. 14 Pressure coefficient contour with slipstream

at 8° angle of attack

m—

[ 15

ML 3L AT 17

Fig. 15 Wing section locations

B L . AILELAE B A X 3 R N, S 20RO
B = A T A i L TS B e T L
SR R 43 A AR R e N R
JE 388K PR 0T A T R AR

E—25 Wi 3 8l ) % R 3 SRR s
MEL7 P AR LRI y=1.3m i ¥, 7F
TR LT 2=3.5m &, K 18 A 19 435



511 i Ak A5 G SR O X ARG e SR AL TROLRSE TR A3 4 Y 2 ) 2815

——— Without rotor
——— With rotor

xle
(a)y=3m
=25
2.0

——— Without rotor
With rotor

-1.5

-1.0

0.5
1.0
1.5

xle
(b)»=5m

xle
(c)y=6.5m
[ 16 HLIELAR T K I 5 B A
Fig. 16 Pressure coefficient distributions for

three wing sections

17 S A0 R A AL

Fig. 17 Section locations of horizontal and vertical tails

-0.5

0
b;
05F
——— Without rotor
| With rotor
]'00 02 0.4 0.6 0.8 1.0

Xic
K18 Rk R S R A

Fig. 18 Pressure coefficient distribution on

the horizontal section

48 j Without rotor
! —— With rotor
-05h
0
o
0.5
1.0F
l 5 (AR T SRR 1 il PR S [ T SO T |
T0 0.2 0.4 0.6 0.8 1.0

xle

K19 TR AT E I R B A
Fig. 19 Pressure coefficient distribution on

vertical section

2 T AT O FE Bl )T T ) R RO A X
AT LU L AR R B B A0 L e 3
P22 X BTN TR 1 0 A1 57 A R R TR
e F2 (145 Wi AR /N o

4 & it

AR SCHE T AERHOE B 5 AT T e 3 B
JIH AT V-22 {05 i 32 AL CALAR 2 a3 IR
BT LSRR W52 BIF 58 25 SR B .

D) KRBT —Fd FH i 55 20 SRR, BB 2% 18
1) JE 3 2 AR B 5 B SR B DL R B o A 2
PHEE 3l PSS 300 1 iR 78 RS 3 Y O
YR IR AE G W B & 0 ALl (E W) & R AT .

2) LI AL Al B G o AR 0 e 3 ALY < B
FEME BOR ORI AR T R AR R Rl
ST ) JE R BN 5 3 A S e A e R T ML
F 24 b . AR R 2 I AR R TR] Y SR U A
TR AR 2N RECE K BT R



2816

i = 3

1%

e %33 %

(38 Bk 4.6 20, T 2 00 A PR FE AN AR s 0% f R
WA HLEE I R BOE /N T 29% 0 4
T LT BH ) R B K AE 14T R R B T 32005
WA 7 50 R A 4. 624,

3) @I IR 23 X B R R R 1 AR K A
AL

L 5 T 6 2 FE A 52 0 DU AR D

SEMK:

(1]

[3]

[4]

(7]

[8]

TRig UL R R 5 0B R ZRR [T ] H AL
A ,2003(2) :40-44.,

XU Min. Tiltrotor aircraft’s development and key technol-
ogy research[ ] ]. Helicopter Technique, 2003 (2): 40-44.
(in Chinese)

S WL AP e 5%, BRSF-S1. fEL e AL s Bk SR [T 1. i
ZSRFEF AR L2012(4) :17-24.

WU Ximing, ZHONG Weigui, CHEN Pingjian. Aerody-
namic design technology for tilt rotor aircraft[]]. Aero-
nautical Science and Technology,2012(4):17-24. (in Chi-
nese)

POTSDAM M A,STRAWN R C. CFD simulations of til=
trotor configurations in hover[]J]. Journal of the American
Helicopter Society,2005,50(1) :82-94.
VERLTE i 1E 5, o 2 BT, B 7 3R 205 4 4% 25 190 s 1 JiE 3L
BT He i B BB LT 1. 75 b ol oK 4 A= 4k, 2010, 24
(6):814-817.

XU Heyong, YE Zhengyin, SHI Aiming. An effective
method for numerically simulating helicopter rotor-fuse-
lage aerodynamic interference using unstructured overset
grids[J]. Journal of Northwestern Polytechnical Universi-
ty»2010,24(6) :814-817. (in Chinese)

RUFFIN S M, O’'BRIEN D,SMITH M J, et al. Compari-
son of rotor-airframe interaction utilizing overset and un-
structured grid techniques[ R]. ATAA-2004-0046,2004.
LE CHUITON F. Actuator disc modelling for helicopter
rotors[ ] ]. Aerospace Science and Technology,2004,8(4) ;
285-297.

SCHWEIKHARD R. Actuator disk for helicopter rotors in
an unstructured flow solver[]J]. Journal of the American
Helicopter Society,2007,52(1) :58-68.

RAJAGOPALAN R G. A procedure for rotor perform-
ance,flowfield and interference; a perspective[ R]. ATAA-
2000-0116,2000.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

2R AR L B ARSI i 3 /ML T R K< s
iy CFD 38 [)]. fiias 4% 2014, 35(2) : 361-371.

LI Peng,ZHAO Qijun. CFD calculations on the interaction
flowfield and aerodynamic force of tiltrotor/wing in hover
[J7]. Acta Aeronautica et Astronautica Sinica,2014,35(2):
361-371. (in Chinese)

POLAK D R,REHM W,GEORGE A R. Effects of an im-
age plane on the tiltrotor fountain flow[]J]. Journal of the
American Helicopter Society,2000,45(2) :90-96.

FEJTEK I G. Navier-Stokes flowfields computation of
wing/rotor interaction for a tilt rotor aircraft in hover[ R].
NASA TM 02-185011,1993.

ABRAS J,NARDUCCI R. Analysis of CFD modeling tech-
niques over the MV-22 tiltrotor[ C] // Proceedings of the
66th Annual Forum of the American Helicopter Society.
Phoenix, US: American Helicopter Society,2010.:11-13.
KIM C,CHUNG ]J. Aerodynamic analysis of tilt-rotor un-
manned aerial vehicle with computational fluid dynamics
[J]. Journal of Mechanical Science and Technology, 2006,
20(4):561-568.

TAI T C. Effect of midwing vortex generators on V-22 air-
craft forward-flight aerodynamics[J]. Journal of Aircraft,
2003,40(4) :623-630.

R AR R BRI L S — i = o A RS O AT Ok
LI, iz WA ,2010,40(6) :58-61.

HAN Zhirong,LU Zhiliang, GUO Tongqing, et al. A par-
allel algorithm for three-dimensional structured grid[]].
Aeronautical Computing Technique, 2010, 40 (6) ; 58-61.
(in Chinese)

MCKEE J W,NAESETH R L. Experimental investigation
of the drag of flat plates and cylinders in the slipstream of
a hovering rotor[ R]. NACA TN-4239,1958.
KOMERATH N M,MAVRIS D M, LIOU S G. Prediction
of unsteady pressure and velocity over a rotorcraft in for-
ward flight[J]. Journal of Aircraft,1991,28(8):509-516.
JOHNSON W. Calculation of tilt rotor aeroacoustic model
(TRAM DNW) performance,airloads.and structural loads
[C]1// Proceedings of the American Helicopter Society
Aeromechanics Specialists’ Meeting. Atlanta, US: Ameri-
can Helicopter Society,2000:13-15.

TAI T C. Simulation and analysis of V-22 tiltrotor aircraft
forward-flight flowfield[J]. Journal of Aircraft, 1996, 33
(2):369-376.

(hdE. TR A





