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Study on New Rotor Dynamic Wake Model
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Abstract: A new rotor dynamic wake model is presented and verified for helicopter real-time large ma-
neuvering flight simulation. Vortex ring elements which have five rigid body motion freedoms and one
radius extending-compressing freedom are used to represent the rotor wake vortices. The proposed
model can describe the stretch, compression, inclination, bending and other dynamic distortion
behaviors of rotor wakes during large maneuvering flight, and give transient induced velocity
distribution of rotor wake in the rotor disk or any area of the space. The thrust and pitch angular
velocity ramping up conditions of a hovering rotor are chosen to verify the correctness and timeliness of
the proposed model by comparison with wake distortion augmented Pitt-Peters dynamic inflow model,
and some new conclusions are presented.

Key words: helicopter; rotor; maneuvering flight; wake; induced velocity; dynamic inflow

R AT EIHL CHR B i T AT R A 2 S . RS S e i B
PLAY 2RI RAS T B THILRALS) ©ATRAERY B OFSERHL RAT R A 8 T B B AR 5
5T X F EIHL CAT o B RAT AT DL SRS A AR 1 [R]  BA DREE L S A TR L B A

BB HEHRBEHE 4 (5140522 W H 5 i 25 Bl 2% 55 4: (201410241015541) B8 BY 3T H 5 o o 5 48 FE AR F Al
5% LT 4 (NS201401 D B BhIH H .

W #m H#3:2015-10-01: /81T HH#A: 2016-01-01

BIEEE 22,8 B, E-mail : lipan@nuaa. edu. cn,

SRR R T R SRR A — R Y e 32 3 25 R AR B A LD 0. T S K R A 2 4R, 2016, 48(2) < 212-
217. Zhao Shenning, Li Pan, Zhang Yafei, et al. Study on new rotor dynamic wake model[J]. Journal of Nanjing
University of Aeronautics & Astronautics,2016,48(2):212-217.



el

LB T L A5 — BT B e 3 B 25 R I A B AT Y 213

HH TR K.

S A RIS IPIREM L . EFAHLTER
LBl CAT AR BN A iz B R AR DL &
BESAFTEPRH R 1 22 AL, A BURE <3 1
Bontiz AhAEAE AR H AR MR IE S B
23175 T B e 0 i AR 7 AR AN B A A
ARk 25 A5 2l 28 W AE L 7 R I i 3R R A AR 20
A R TR TR BE L 8 B TR LS AT Y
S R . AN AL IR AR R e 08 B S Y
J 8 W A L W TIE B S BN AT / 7 e 58 SUR 45 1 7
I )Y JR R

H i 72 H LU S AT 3l 0y 2 A v R T Y
i@ B 8 308 A AR N i A AR S AT R e L B T Y
S HE S R AR B T B A A AT D
Fe b2 H A BRI A AL v R 5 W AR
By Pitt-Peters 2 2% A ¥ A B0 ply F H B AU {7 5, 31
SRR AR T IZ R T o SR 5 2 08 Wi 78 3
I gl i 3 A A G R MU R E i i
{14 J& 300 Wi A8 SR AT 90 1 T A5 8 00 A Rl 3k L e vk
AR A TR SR, 55 5h, iR
W T Rl A i R A Kk - BV R 90 W AR 35 3 1 56
FEARAS BE 5 MU AN IR 5% f iz 2 BB S i 2K
FEAGAS BE Z L T i e 25 il e A2 5 A
TR BEZ RN IE L oG R . (H AN [R) W 90 3 3 o B IR
SIHTARBIR) Ke A6 4 A0 A 5 Ah ek 12,
14 J e 43 9] 3k 38 At g iF 98 R W K g 1) K /N B
TS AL g A AR e fy i3 R AR E S HUR AL
SCHR L6 ] SR T 20 ey 728 38 )™ 1) 2l 28 IR S AL A 7
KATEN Sy, L UH-60 B TFHLIR A 7 5% HL 3l
AT B AR R YIAR ATREH # g 3 E A
[ R /INAY K e fE 75 S5 Al g 12 31330 45 2R 5 AT I
SRR —F, N R WA G )Y Bl A A R
R A 2 B R SCER 10, 12 ] iy i 58 4
B Al RS S0 A Y B 8 A 1 A B LA
JE B BT 1 R R AR A S L L R
TERER B AT A A AR SR TE R RN AT RS
A6 H A R 70 A5 A A B0 A E TR A SO Y
P 2, OF HL 5 d AR XK, A 1) 0 D S
LS INHL B AT

BEXS IR PR A SCHR ) — b B BEASE ALL R AL 5l
TRAT HPE I R R R 4 A LD S sl A
AT A BB A S I B R R R A0 oK Y e 3
SRR, ZE AR BA 5 ANIEIE 3 A
Y RE A 1 AN AR A R U 4 A rh B A BR BT R R
AN e S I A A RO R AL TR IR R s sl ik

4 52 2R A L+ I Ja ¥ SR P 198 B0 225 [R] i 5 5 3 2 119
fifp A 2k AOR BEAT S S M Y O B e T
TR . Ba » LB IR A HE SR I AR £ 2
JEE Wi R 5% 3 O 49 5k 5 R s W RS MR T Y Pt
Peters gl 25 ALY 5 %0 L 70 A7 » B T AR SORE R
f1% T B P A S

1 REFNTRNEBITER
1.1 #EER

AR SCAE e 3% TG R R 28 it B B AR T 8 L R
2 L] 5 B AR A S, R R e 3R R i o R
HE 2 A 1 K743 1 4 (B0 i R B 4 B IO
TR IR AR Lol Ly ee 0L, R
P LIRS B v, SR n AN TR I i
D oL, s SR BRI B 5 16 S — AN 4R I B8, G 18]
1R e AR IR BE L, /N A 550 0 A i A5
PG i R AR T A 5 S R )

7o X 4
Sy

= o [ JFKEL oy
=]

r=vxl,
&= %

BT A i A % A
Fig. 1 Simplified schematic diagram of wake
physical model
1.2 ZERINEITEE

R KA B AT rp R Y Sh A W AR L T ST
JE 300 i T A B 38 B A AR I AR AR T, i
F ¥ B R R 032 Bl o DT S ST T R R 0 1Y
MR R OXoYoZo FJE 33 B BE AL bR R
0OXYZ,

Jie 3 2 B AR AR R R AR 2R B Pl XY fE 2
ST N L Xl T LA 1 X B T P 4 1 AL Sk
KI5 Z TR E XY SF1Em LY oy ot AT
BNEGE . B ER AR AR R SR T B b, Xo Yo
PR AP N . Zo WTEH XoYo Pl L.
SE SCI A X 38 8% AL AR FR 1 VR T RN A 35 25 Ay
GYR 0, FN 6, Wi PR A bR R B E B 3 4% A8 AR R

DRSS
X cosf,  sind,sinf, sind,cosd, Xo
Y |= 0 cosd, — sind, } Yo
Z — sinf, sinf,cosf, cosf,cosl, Zo
(D

(1) im iz g 1
W EA 5 AW 3 B AT A AR
JEN A A B b NGz S e 3 4> 2kiz sl AT



214 (I O GRS N S S ¢

48

MR 2 D2 3, IR IE 3 B i 3R P SR FE 2R
BBER AR NI AL B AR AR (s s ) FIER IS Bl
(2" s ORI A1 IE B I PR AR TR B A R
RN 0, FOIRFE £ 0. VL L AR AR % ff 3 A<
0,0, 33 W R AR MRS ) B2 H I R AR
r B AR R A R R 5 L AN RN IS IR
%W%ﬂu%ﬁﬂﬂk:[xnynziam@ﬂ90}.1»]T,%
A e FE ek is SR A 10 AT LS Oy R=[RY .-+,
R .-+ .RYTVHp N Oim B A% 25 0 D iifiz
25 Bl AR Rl
dR,

7:ui(R)+vi(uth,‘> (2)
de

Abew=Luw v sul s up sup, IR RBIE AR
TR B B s v, (uy» RO D JiE 3 4832 3l i £ 3 B
53 I A X 12 2l 2 B2 5 e 32 42 5y 3 32 R A 2 B 41 [
N w, = Lw o sws prsqusn ]t

(2) JyéFe 18 31 19 25 B

HT IS SCH A R b PR A S b 2 e R Al R
Toa B TR] A A5 3] o T @ 3 B I ) 448 EES ) B 109 BRI

JE SR LU
ZZA[(‘UO —I—wh) (3)
I'= Aty Coy +wy,) €]

K oo N TR B 10 0V 20155 S HUE s Ac B
25K sy AT 3 A it &R i s K- 4 it . K e R
AN S () S 0 DR T8 T B e SRy R R B L A B
B G=DRPIRESE Ry .

(3) 331 e 30 175 3 1) d 3l B Al 2 7 1

HR A AW R R SE T AR E M
RN A IR X5 ¢ AN TR B i A Ak
M5 . XTI LS BB ol ul,ul
M AT GO B BE E . N T IE wsup F
wy, K MATT SIS B R B L DRI
B AR FR va BIOG MOASTT b R A 0] 2 3
KIAE TR T aa B iy, o D S5 ) WA £ 52 5l 4 )3
Sy AR AR R B M AT R B 2 ] 2 2 R A A
i A /N e 1 A T BR AR AR R T I IR AV UR B
i R PR 5 O s RN AT UR B A5 AR AR Ak R
Upe s Upy o

(4) s BR o A A 1Y

AR A SCERLTS J9 Bt p ez B i Je A =X,
55 AT P I A 2 AR B I ] 1Y 22 A

ri =3/l 1 dawdi At (5

o AWIRIRE AL 5a=1. 256 4 2 Oseen
o N s s FivE R B ARR ERE RE o=
I+a Re,, FHor ay i i i 9 B R %0 Re, it

Chyi¢
1.3 RERKNFSEETETE

SR F 2 By 5 B PR T A S
TR ST IR 5 AL B O A T E
B i3 s B A% ] — i85 5 R B 0 ke T B
W5 S . TR A R 33k 2 Ty i
FIABEAEE AL B AR R 5 Ry kA
FHIA BR X 25 () A — s 0 A A 2 3k 03 25 )i &
B XTI AL AR R OXoYoZo AR — &
M B AEFR N Conr s Or s Zoo) » WS IR A2 K o+ JUL I3 35
Xt a5 M I 1) 5 4% ) S B 0 ok
_re 4
in /O HC
2(L2 + p — pi)
Taﬁ%i%fgg&» (6)
r, A

8mom  /C, F C,

4C1 L
(T Rl %

K :Cr = ph 14 pus Co = 2p00m3 L. = Zus kP =
2C,/CCH CHsE B —KE2ME I E,
HE =R AR, 6. DR, R
SEASER R PR R FR 4y 3% BDRT 58 o A R AR S AR
—RIESHE REIES R RYCR. TS
B A AR ME T I AR AR TR 2R 6 28 — i
55 Ry R s AT — S5 S o B L DAORTIE NS
I ER

2 BHIRHMLEIE

T AR B o3 A b 5 R 0 e AR 3G )T R Pt
Peters 3 &5 AU B AT 9028 X LB IE - 15 56 ] 0
I RIZAE T, Pitt-Peters Bl 4% A A5 B 1% e 32
RS F AW H

A(rad) =Xy + Avrcosd + A sing 8
A 20 RS AU R B A 0B 1 5 AR
BB RGN 35 S AT RR R R R, L)
J& W AT 5 R AT LR

V. El(%,k)+

V, =

E,<§,k>+

Ao Ao C’I‘
M /‘\l‘\ “F‘/Ixi1 Ah - | (:L (9)
;\1[ Alr _ CM

A .M B AE TSR RV O R R SR
B Cr RARBPLT) Z80: CL RSN 1 240G
Cu BN S 5 R BGL=L+ K AL R
34T 05 BN Y g5 B, JLrh, L O Pitt-Peters
Bl A ALY Y I 4 38 45 6 1 AL O A T R 30 R



el

LB T L A5 — BT B e 3 B 25 R I A B AT Y 215

AR R . AL 5 Rl R 28 X R A ) A
A R ke RIMBIEESECS MK AT
3 R 3 2y 25 g AR s R ARG T AR — B st
PR

X X X
S S S
T + = (10)
K. K. K.
K Ky K

qs

Ao B ) B BE . ARG AT LS LS
BR[4.6]. R TR AR SCBE R 45 SR 5 1 R s 70 f
AT H (8D B A SCRE RIS 1 22 i 2 A
TR T B - N 37 S 120 | 1D VI PP SR N ' U
BO-105 H FHHLHES Jy . H EZ M S 50h R 7
4,94 m, HEF T 40 rad/s, 7% K0, 27 m,
HECh 3 R
2.1 BERSEG
e T SRR B RS LB UE AR SO AR (1 i
SHEMBE R BFESF AR A HE MR, &
2 25 T B AT RAS R I JUART TE MR B e S5t B L ir
FEE Cr 2 0.006, 8 2Ca) B H LTI AR,
0.0

-05F

-1.0

-1.5F

z/R

-20 -15 -10 -05 00 05 10 15
x/R

(a) Hovering wake geometry

100_

107

RMS
S

10° . - - ’
0 100 200 300 400
EARIRE
(b) Hovering wake geometry convergence process
Kl 2 Befst R U TR B H e S5 A2
Fig. 2 Hovering wake geometry and its con-

vergence process

K 2(b) ¥ )7 #{H (Root mean square, RMS) J&
ke 3 2 30 it PR A R WIS A E B TR I A 0
25. AL PR ER R B ] R IR A 5 B AL
s RMS S5l 8oain 1 0, R BRI LB R
C ST IR S .

145t T BAFRES AR I) R 5008 3 R i
BRI 2 BB AR R A HHHRE R 55
BAMBERIGE LA XT L, 7T WL, % b g A8 4k 3 [
P B R A B T AR5 SR R Tl A AR

1 BERSEHFSEENRRB L HEERITIL
Tab.1 Comparison of mean induced inflow coefficient in

hover state

C, Ao A X
AR B AMER  E/N

0.006 0 0.058 48 0.054 77 6.773 8

0.008 0 0.067 27 0.063 25 6.355 7

0.010 0 0.074 39 0.070 71 5.968 0

0.012 0 0.081 80 0.077 46 5.602 9

2.2 BERSHARBREEL

R B UEAS SCRE R X TP S A RS S
M) Jo7 AR5 1 A T R L DA RAS L ) R BB R
RGN A (BT RAIESS 1 s | 0. 006 3 &
0.008) , #EATXF LLEIE . B 3Ca) T A0 SIS
AN DR N R Rr e S DO s A e N S T ST S BN e
A R o R AR — 8, B 3(b~e) /i T
PR AR SO Y T B Y R L AR TR AR 3l 2 e B
2.3 BERESEEMINAEERIEEG

B AR SCRE R F AL B RATIR S 5T
N TR JEE Bl 285 ) 1o R P AR T B L LR AR
i 3 ARFACD o 5 B B B8R 5 388 Oy B8 2R AT X B B IE
K da~o) G TR B2 Cr=0. 006,55 1 s %
AR KM EA g 43510 10,20,30 °/s, 255 3 s B,
N1 5 AT RS AR R A s A e B B 4 R i )
oo FETF5 b S i h N R FEA A B
I HE R EE R 0,

H B 4 Cam~ o) R A SORSE TR 1) 11530 25 1 15 L
AR K KN Bl 385 A TR T 1 S 285 i) o, i {1
AR —, B E RS AR B0 R A R
708 AR X T SLAREATD 1 38 B A7 AE IR R M L B A AR
BRI R IR P A 25 BRI M 3 L O 5 A —
B P R T R R . X AR S Y 3 AN A A
R ANFATD iy TR K I X B A K e (B K 7E 1~
1.5 Z (0] SHI S 4 T 45 R oh i . B 4D



216 [ O A S /| R N N O 48 %
0.003 — AR
-0.030 - IS ATER(K,=1.22)
— ASURE 0.001
~0.035 -—- B AR ‘
-0.040 + -0.001}
-0.045 2
< -0.050 | ~0.003¢
-0.055F  \\ oo -0.005 }
-0.060
-0.007 1 ! 1 1 )
~0.065 | 0 1 2 3 4 5
-0.070 L L L ) t/s
0.5 1.0 1.5 2.0 2.5 () =10 Is
@ 4 00048 i
- BRI (K,~1.29)
0.57 0.5¢ 0,000
0.0F —_— 0.0r
-0.5F — -0.5F . ~0.004
N-1.0 — N-1.0 -0.008 |
_1 05 B I — _1 ~5 B
- -0.012
-2.0r -2.0r
25 : : . , 25 . . . ) -0.016 L L . . )
-1.5 -10 00 10 15 =15 -1.0 00 1.0 15 0 1 2 3 4 5
x/R x/R ts
by =125 (©)=15s (b) =20 °/s
057 051 0.005 — Ao
0.0+ 0.0 - B ATAREY(K,=1.29)
— 0.000
-0.5F — -0.5F
S-10f ——— R0 “0.005F
-1.5} —— -1.5} — $70.010F |
-2.0r E— -2.0f . -0.015f
-2.5 L L L y 2.5 ) L L )
-15 -10 00 10 15 -15 -1.0 00 10 15 -0.020
x/R x/R
(d)=18s (e)=2.0s ~0.0255 1 2 3 4 5
3 BRI RN GO 29 S B R LA AR © 08
0250 0010
Fig. 3 Dynamic responses of mean induced inflow 0.005
coefficient and wake geometry during thrust ’
0.000]

ramping up of hovering rotor

BT L s M URLMEE 30 °/)EH 3 s 4L
T EZECr 3% T 0.004, 0.006, 0.008 Bf A4k
T 5 S AR A JBE AR B A B B A I N D A . el 1]
ACd) R TEA TR AREATD 3 B R L K L REHL ) 5
YOO8 T i 3 s 3 Ty ZRBOBOR S i 6 R AR B A
4 Ao Bl 25 17 78 A M BT o G AR A b 2
T Eh A AR, G477 RN S A R
TR P — B B B0 1 A 3R R 3 ey A2 1Y) 2l 2 e A
AWM. WS a1 E&ERE C =
0.006, BEFAEE 1 s 5 HE AR AT A 1 B (46 Sk i R
30 °/)ZE 3 s WA R JLAT I AR B A5 .
BRI LU M R 0 A7 A D 0 A o o 25l 45 g 22
2.4 HERESH

PR A AR S B Sy 2 B9 3 9 Bl A2 23647 Intel

[ ASCBEY(C0.006)
| shd AR(K, ~1.29)

-0.015

o R CHERY(C=0.008)
-0. 2 1 1 1 1 )
00265 1 2 3 4 5

t/s
(d) Comparison of longitudinal induced inflow
with different thrust coefficients

B4 G\ 5 5 A AR BN L

Fig. 4 Comparison of longitudinal induced inflow coefficient

Core(TM) i7-2600,3. 4 GB 4bFE#% 4 GB N1
AN TS L ) i B R 0 A5 Y 3E AT B[R] 2 0 3
L HA B R 28 0. 052 36 s, 1fif CPU 144 4 — B
) 45 KL RERT 29 0. 048 s, B L, I8 FF B2 6 A
RIZENL ) CAT R AR ST T ROR 8 T A 1T LUl
JE S B L K



%2 AR T, A — TR 1 T 3 Bl 25 R I A AL A 5 217
0.5r coupling using an analytical model[ J]. Journal of the
0.0 American Helicopter Society, 1996, 41(4) . 322-330.
:(1)(5): [4] Pitt DM, Peters D A. Theoretical prediction of dynamic-

So1st inflow derivatives[ J|]. Vertica, 1981, 5(1): 21-34.
2.0k [5] Basset P M. Modeling of the dynamic inflow on the
2.5+ main rotor and the tail components in helicopter flight

-3.0r mechanics[ C]//22nd, European Rotorcraft Forum.
3.5 Brighton, United Kingdom: [s. n. ], 1996.
[6] Zhao J. Dynamic wake distortion model for helicopter
maneuvering flight{ D]. Atlanta: Georgia Institute of
0.5 Technology, 2005.
0.0 [7] Bagai A, Leishman J G. Rotor free-wake modeling
~05p using a pseudoimplicit relaxation algorithm [ J .
hj;g: Journal of Aircraft, 1995, 32(6): 1276-1285.
-0k [8] Bhagwat M J. Mathematical modeling of the transient
-2.5F dynamics of helicopter rotor wakes using a time-accurate
-3.0 free-vortex method [D]. Washington D C: Maryland
_3'_52 University of Maryland College, 2001.
x/R x/R [9] Bhagwat M J, Leishman J G. Rotor aerodynamics
© =355 (@) =455 duri ing flight using a time-accurate free-
uring maneuvering flig g
B 5 BRI ZE M 30 °/s IRHAM A 2R b LA Ik Bh vortex wake[ J]. Journal of the American Helicopter
25 o Ao A Society, 2003, 48(3): 143-158.
Fig. 5 Dynamic response of wake geometry during 30 °/s [10] Horn J F. Bridges D O, Wachspress D A, et al. Im-
. . . .. plementation of a free-vortex wake model in real time
pitch angular velocity ramping up condition of a
) simulation of rotorcraft[C] // Proceedings of the 61st
hovering rotor Annual Forum of the American Helicopter Society.
Grapevine, TX:[s.n. |, 2005.
[11] Bagai A, Leishman J G, Park J S. Aerodynamic analysis
3 g:lg i/l': of a helicopter in steady maneuvering flight using a free-
vortex rotor wake model[ J]. Journal of the American
(1) ARSCHE T — BT T 38 2 245 8 il B Y Helicopter Society, 1999, 44(2):109-120.
ZBLRISR 6 [ R i 5 500 R 3ROR i 38 R i T [12] #=%, Jedddee® A Bk & 85 EETHIL kAT
F R LA CAT e R I 2 S AT L B JPPALBOIED, WA AR R 210
PN R —_ . Li Pan. Rotor unsteady free-vortex wake model and

AR AT O ECA I . Sl AR e investigation on comprehensive modeling of helicopter

BRI () 6 EE A0 AT o IR T A AR Y 1) 1 A flight dynamics[ D]. Nanjing: Nanjing University of
(2) 5 R 5 Wy 28 38 1 (1 3 25 A T AR A Aeronautics and Astronautics,2010.

HOR O R R N 0 e s e ey LS P B RC R T SBLE AL M

‘ . \ S50 RS T 5 AE LD ). A% . 2013, 34

B RL A 2l A e A L ) 2R RS A 28 1 A (11) . 2452-2463.

JE RN 2t BB i 28 S 80 K FEAE 5200, XF T 36 Xin Ji, Li Pan, Chen Renliang. Prediction and validation

25 A GERRUR RRR S I BUAS [A) K g 8 T A SCR 5 of rotor time-marching freE Vj/'ake based on 3rd-order
s N " N explicit numerical scheme [[J]. Acta Aeronautica et

LR VR LS U A I 8 T Astronautica Sinica, 2013, 34(11) . 2452-2463.

537 - (14] R, EFHLRHLE) RAT g3k & % = <8 1ot

FID]. At M E A R KA, 2007.

[1] Zhao]J, Prasad J] V R, Peters D A. Rotor dynamic Xu Jin. Unsteady aerodynamics investigation for the
wake distortion model for helicopter maneuvering isolated rotor in large amplitude maneuvering flight
flight [ J]. Journal of the American Helicopter [D]. Nanjing: Nanjing University of Aeronautics and
Society, 2004, 49(11) :414-424. Astronautics, 2007,

[2] Basset P M, Tchen-Fo F. Study of the rotor wake [15] Z%%, R K. BEE R WE R K H 2 50 & )7 ik

distortion effects on the helicopter pitch-roll cross-
couplings [ C]//24th European Rotorcraft Forum.
Marseilk:[s. n. ], 1998.

[3] Keller J] D. An investigation of helicopter dynamic

WEIEL]. 2B 1224, 2009, 27(3): 296-302.
Li Pan, Chen Renliang. Research on rotor tip vortex
model and the method for determining its parameter[ J].
Acta Aerodynamica Sinica, 2009, 27(3): 296-302.

ASCE WG T 2015 4R A [E H THHLAR 2 N ER S I I8 SCAR



218 (I O GRS N S S ¢ 48




