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Wind tunnel test on aerodynamic characteristics of rotor model in vertical descent

HUANG Mingqi, LAN Bo, HE Long

(China Aerodynamics Research and Development Center, Low Speed Aerodynamics Institute, Mianyang 621000, Sichuan, China)

Abstract; Helicopter vertical descend state contains extremely dangerous vortex ring state. In order to improve the
understanding of the vortex ring state, to master its aerodynamic load and flow field changes, and to provide
experimental data for the corresponding numerical simulation and flight simulation, the aerodynamic load and flow
field measurement test of Bo-105 rotor model under vertical descend state was conducted in ®5 m vertical wind
tunnel using helicopter vertical flight test rig and the large filed PIV measurement system. In the case of similar tip
Mach number, the average thrust, average power, and wide range PIV flow field images of this rotor model under
different collective pitch and descent speeds were obtained, the rotor model aerodynamic load variation was
analyzed, and the flow field development process under different descent speeds was captured. The test research
shows that the thrust and power decreased sharply after the vertical velocity of the rotor model dropped to 8 m/s,
and the root-mean square error increased significantly. The smaller the collective pitch, the easier it was to enter
vortex ring state, and the faster for the rotor model thrust to decrease with the increase of vertical descent speed.
The main cause of instability of blade tip vortex structure is the vortex-pair structure. When the distance between
adjacent blade tip vortices was smaller, the blade tip vortex was more unstable. The formation of vortex ring by the
blade tip vortices gathering together and the dynamic evolution of the vortex ring structure were the key factors in
the sudden change of rotor performance.
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REASHE B AT LML DI HL A AT 85 0 Rp 0
P, TEIE ekl Lk AR 1, JCe = AR BT
s RATETHIL, 3 B RATHR R K B FIbLah &
P s . LR AT R B 1 K
EERAN], 73 o0 3 T e 2 R R RATIR
A MAETE BN R RAT R 35 RAT RN AT,
AT R Gene T R i ERIRZS | FHOIRZS XAIR

Wris A HA: 2018 -01 - 12

EETA: HKBRRAEES(1167021313)
fEE® A EWIF(1963—) , 55 WH5T St
BEEE. HWIH hmqls@163. com

A5, P IR FRIR S — R 1S I 0 R RATIR
A5, SR BEAT RS 0 AT B R S ISR HCIE B 1Y
B TR PRSI , B THILA 2k 0 USRS
L, 1 SIS R, B e O S B Hb 5 AV
S ST, BFS B DU R A R B R R
B, e R T AR 1 R, S
VUL FEHUI BRI S 45 A B 0 PR S B R
e BAT B4 S L

[ P AMIF ST A GOR 2 R 8 1 TR
TFRORASE ST T RRBIGE, 1A s
()2 5 AE KA TP F IR T e IR PR A 7 3 o



S 132 - MR O T

NAAVNEE S

551 4%

B[ Glasgow RAEIF R TIRIFRA PIV M0 ik
B0 B RS LR R 5 2 25T R P ML
S g R I BB AL BT LEE BN R
TR POIRZSTT R TR IG AT ST, AE ST A M R R~ A ol
HREE X B THLE 1R MRS N B BE R = 4k i
HEAT T BB, B AT 23 R A2 B i 25 %t
IR PRSI A AT T AT IR 5T, ¥ 22 A
23 TARSEBR A PN SO X BT LR R R R 4T T
BB AT X SERIF Y EAR AR B A i T T PLA
X T B RAT LG FRIRAS A9 IA TR, (B, FaRbT
FE R AT ) A e — SR — R s & )
5 1) 55 2k it R ) B 3 5 SEPR Y B AL
RATIRESAARRF ; ZJ2 W02 A5 45 3 i g 3 e B T
MRS IA A AL RR D B T 152/,
H TR — A SRR E D X R R
AT 3 A BT FRIRAS 1 ShHLER A

AR SCEF X b3 e, )T 7 2RI X T e 3
H R BERSBHUA KA, R ] @2 mBo-105 Jigd
BAUEAT T AR 35 B0 R A ] 0 0 ek ) 4
& WU, 75 2020 B 1 e 38 sh B 45 B AR
SATEE A THRAM R B L BT R
Rt O e 1T RS EUERY AT Oy 4R
IR

1 K &

IR 2 S sh iR 5 & RO ) @5 m
SRR B FF RS B UE AT, HoR R m i B &
I 3 S AR S 2 SR A E SRR T T BRI
IR IR A (U R G ) %
FHTESR T A T 531 0 e G 3 28K A 401 J5E 352 2
A, R LT 0. 1% , HEELT 0.3% . figd
R R 2 m 4% Bo-105 45 FLAR AL (1: 4.9, g3 3 nt
SMEANE 1 F7R ) HAR IR %3 n oy 2 100 r/min, X}
RIS HREC Mt h 0. 64. 383 R ks gh ey, BAg
4 AEIERR R 2 MR AE @S m 7K
TABEAT PIV REG 09 18 . 3 2 F BoR R0 R 2
S 7 AT, KR 0 ~ 20 m/s. eSS AL 1S,
Bl A tnr S JE AR Ak B4, 3R 06 B SR P e 3RS R 5 7
Rl KA T HEAT B AR 5 T R AR T B R AR
64 -k, R4 80 BB, I R AR 45 A R 1 45
FNZIREARA T RERLPL S T FHESR E 504 Q 1
FHA.

s BRI EA RS i S kR e L E
R PIV 500 & R GE k1 TR 46, % PIV R HliE
HIT LMK R AR AR T UG i ok 2 RS 7
Piffihy 450,00 F 1 5380t 5 4 S5t dhia) (an g 3

Ji). B B PIV ARAL A3 B4R 4 008 pixel x
2 672 pixel , Fg KMIFH R FZ5 4 1 200 mm x 800 mm,
RRRIEIR S 3 Wi/s (1.5 X/s) , filk & A5 5 i
S il v 2 45 [ 20 fnh % 7 £, i MicroVee i
HEATEE AL G A 2. O o' B BUK i Nd: YAG
OGS O OGS AR, HER K R R RE
500 mJ, K FEEER 6 ~ 8 ns, WO A K e H] B TT
PR A B TR 4 R AT AR AR R P RS B4 3
RBPO O R AR B R AR YRR Y 7R B R T
2 SN R R A RE R R TR
(IESSUR AN TR U R F LW NIE R EX PN = A
PRASZRERARL T (17 24 BAR A%/, TS AT RE4R &
PN () BRBE T

0.25R

i S

NACA23012

100 mm f 1
B 1 Bo-105 HFEE M
Fig.1 Bo-105 rotor blade

B2 & miyXXEEERE PIVKIERKA

Fig.2  PIV test picture of rotor model in ®5 m vertical wind

tunnel
— @
USBL
| 1
AL .
CEZr "
000 dd Pt RI3 K2
3 UQ
F F
1# 2#
WOk Lﬁﬂy’ti& ]:] 45
HYE | | B CCD st | spne

Wot#R2 #

Wotds1 # PRE | wﬁ%éﬂ

B3 Z#HPIVEEEMEREMEREAMLATE
Fig. 3

Schematic diagram of 2-D PIV and sketch map of
azimuth angle for acquisition triggering



54 1

BT, 45 BeSBURITE B R RS SR K i - 133 -

2 FEHTRWRAAT R

ARSCHETFJR T 3 A MRS T AR T B Y
BEFTE N RIS, 200 B 6, , =7. 4° (X
M) RAIRE T R 8k €, =0.008 0) , BiFE 6, , =
8.5° (XN B AT RSN 1 ZEh €, =0.010 0),
DL 60,5 = 9. 5° (X i B A5 RS H 0 RECH
€, =0.011 8) . REERFMKREARS P S T A
AR Q. th FAHF LR | e = 4hdH o 5 e 3
DI ANIE H, SO AR Q AR TR T e
Ui P A7k X R RS e3P ) T g3
% P i 9% AT AP. AT/T AP/P BT
T H1 P ARG Ik sl . e 3L T e X 6 74 2] ) 28K for
S H (B2 R FH B A5 DR A X iy 106 25 SR kA 708 — 1k

K 4.5 53 5 R AR [a] B AS TR] 3 R R A
JES T A e 3 Ty R 2 ) bl Ho, T f0 Py 4y
BT R A A= RAS BESE v ) A e S Ty R, i [E 4
5 LA s hir ) R 3 D) R AR AL S AH R B
& TR S InhL ) AT R R, 7 —E TR
(8 m/s) JF, P S FTR 208 T, 5 9.5 ~
11.5 m/s X ] F [ 2 55 AR A5, B0 249 O B 45 B
60% T2 Bt it 80% , R4 %if i F ELFHHL
TRATH B W AR 1 hr ) R R PR TR
J, BT R B 3 IR ) RN 3R L 1 K, 1 v o
o WG R ) R A 1 1. 1 A% T 0 4 241K 1
PR, R R REE H, BEF BB/ ESE i )
FIESL TR B 5 0 J32 100 184 o iy R sk s /N, LT B
Lo A, 2 W 5 3 R A AN B A TR EROR
A7 HE O] e B EE O, 5 Sl B RO T A
RIS 1 Ta] HE B A, DA T 5 2 2 08 i 30 3R 4R 1) ok
iR K.

0 3 6 9 12 15 18 21
o/ (m=*st)
B4 AEZE.EHTHEENEENIMZEITEL

Fig.4 T/T, curve comparison of Bo-105 rotor model at different
60, ; and v in vertical descent

ES5 AESE.EETHREENEENEMRZEIE
Fig. 5

P/P, curve comparison of Bo-105 rotor model at
different 6, , and v in vertical descent

6.7 73531 g A [a] sk AN [ 2 T o3 2 Y
TSR ) AR D AR 7 iR 22 ARG O & 6 |
7 AIW B Y, BE SR ) MR D AR A X 7 AR iR 22
W e e B2 s AR 5 O AR Al R B — B, B )
I 258 62 38 e R X 7 367 49 5 MR R 22 ) e ROIR S
PR IO TS 7™ A AR RT3 1 1 R B8 A8 AL B R A9 4o
71, BeF DA WA R AR AR AL, B BRI T T
HLRATHR L i BRARAS ™ A9 “ HLIACRE 3% R sl 207
e, A RGEIA S 11.5 m/s J& , BE3 i S e oh
AR B/

0 I3 I6 I9 1I2 1I5 1I8 2I1
o/ (m-+st)

BEe6 AEZE.EHTHEENEENIHHRMNLZL

REXTEE

Fig. 6  AT/T curve comparison of Bo-105 rotor model at

different 6, , and v in vertical descent

0.08-
0.06"
9
< 004
~

0.021

o 3 6 9 12 15 18
o (m=*st)
E7 AREBE.ZEETHEENEENRFIRIRE
i £& 3t bk

Fig. 7 AP/P curve comparison of Bo-105 rotor model at
different 6, , and v in vertical descent



c 134 - woR OE Tk ok % % K

551 4%

IR R T b, E R A T
Bo-105 FES I F T MR 25 A e 32 2 22 Ak B A
BRSIEE i RE T B THLEE T IR A B A A |
P RAEBR. 27 Bk — AP i e L7 2R 4 B PR A
R, AN AR BRI 3 B HLAE S LB
3 FHE TR LN

ASCEG T e A 6, , =7 4° (XN Y 84
RERL N R EN €, =0.008 0) i, T B T [ v =
0.3.8.9.17 m/s iy PIV i ER 45 R [&8] 8 g fs ks
(4 PIV Jta &, i 8 rTLUE Y, B i B A
TR S, AL O R A 4 RO 4 A
S BRI, 45 2 AR A T3 IS A AT 22 90°, HL
TR A2 T I L 2 T B ST HES, I A 5
THARGRA T YR L. B9 B RAS PIV E R
R LUR 45 R Ok e P B D BRI 25 2R, R
[RIREA T2, Horp, iR 2 AU 3 3R 007 8 (A ok
RSB ) | BRI, HEE R /AR
£ SENAY S S Y NN S A E VAR BRI S ER
&, Hl

W, =" ——. (1)

e LS ORI
ot 230 H SRR

SR IH-3 H R
S A SRR T

8 BT PIV FHEE
Fig. 8 PIV original picture at hovering status

200f

Y/mm

-200F - oo

N

400} : % j\‘&
:.l.‘xl‘.‘|.‘f.ltl.m."J'\:;.:,i'l‘.
-1400 -1200 -1000 -800 -600 -400

X/mm
B9 BERSEEXEE

Fig.9  Velocity vector picture at hovering status

R I 4719 s B (Y 7 R 5E PIV ik

B P AL B AR — E R R IBOR 22, 1 B A IR A

SRS — RO i AL A XSGR R R G,

SRS KR NAY 3 VA P e it 1 W R = A2 A TN

s (i ST R TR 7 5 00 12 2 AR T T %
).

2 (0.) * (x,7)
cV = . (2)

2 (w,),

k

X b RS HHE RS R AR

H 1] 9 s IR A JEE R R n] LU Y e 3 2
AL R AR RIS N, ELAS[R]BER A5
FAIESEAR —B, PR 1B A5 IR 2 A e S R

B10 11 4350 H7E 3 m/s BT B N R T 1
AR B AR LR . £R5 1 10 (11 TR Y 23R2R
AR 2 AL B B AR B R AR T, Hoh T
I b F HOR AR R, BRI B 2R T S5 F B e
ETUE 20 el |11 11} SR 0 N S DU /16 S
T3R8 ) 285 ¥ e A S s i A%, 2 g Al o
AREsi. 3 o0, nT LA, I3k B BT, iR
X7 — AN 23 i 2 A T (E S B 3h A2 Al
x| A 1 A AL, B R T AT AR Y 4
TR AT T .

2001

—400f

.J}‘."|...|‘[‘|.“.".|.v,x"l‘.v:“
-1400 -1200 -1 OOXO -800 -600 -400

/mm

E10 EETFRRSEEXEE(y=3 m/s)
Velocity vector picture at vertical descending status
(v=3m/s)

P12 13 G35 2 B R FE3EE O 8 m/s B,
AR B 2 B R i . i 1 12 .13 n] LR Y (]
— RSN RT I 20 ) 33 B O b 22 0 K, AR s oL
IRANE S, RWHIRZEHATEE . WS E R
72 e Fln P BURFE S BT Al , X 5 1E 6.7 1y
JiE 3437 ) A3 £ 4 4 17 AR R 2 (R S i AH L
BRI, 35k, i il LU H o 5 200 26 80 PR 2R AR T 6 T
RALTT5 I 20T Uhia 5 001 B 1, I 20 Y B
SN, EL ¢, I 220 B 23 458 3 (6] 3808 A 5 A5t I 22 531)

Fig. 10



4 4

BT, 45 BeSBURITE B R RS SR K i 135 -

NI (ELHE A ) T ) 2 o 3 52 D) A DR 8 o 5 2, B 21
AR RIS AL TR A 07, P BN B AR T
T3, MRS b Ay e A e ) JRE A7 B DA BB R s
T T 1 AN RS 3. (EAS A, L2034
IUGRTEEE g 2 ARk e Mgt 7 R A IR 3
AT

o/(ms') 2 4 6 8 10 12 14 16 18 20 |

1400 -1200 -1000 -800 —600 —400
X/mm

11 TEETEREREE (v =3 m/s)

Fig. 11  Streamline contours at vertical descending status (v =
3 m/s)
ERTE .
o/(ms™) 2 4 6 8 10 12 14 16 18 20 T
2001 4017 hr s e RS N
OH [} 14247472227 274 s s S ar 20—
I S :
g Wi N
= —200F paPpIEY
-400f 1[.:f:f
Viaga it g
VAR A T ana TRy 1 1 IR RRARAN, I
-1400 -1200 -1000 -80

£ N | AN T
0 -60 -400
X/mm

E12 FEETERESEEXEE(v=8 m/s,;,FZl)
Fig. 12

Velocity vector picture at vertical descending status

(v=8 m/s,Time ¢, )

200}

Y/mm

200l 7 /({1 T t

= EE R R RARED - 1 4 ARR!
.......

{111 : ‘

HENEREENE DERDETE R SR SRR T ]

-1400 -1200 -1 OXOO -800 -600 -400

mm

—a00f-

E13 FEETHERESEEXE=EE(v=8 m/s,;,FZl)
Fig. 13

Velocity vector picture at vertical descending status

(v=8 m/s,Time t,)

Pl 14 ~ 16 535 9 36 B R R332 9 m/s 1), 3
AN T g 220 1) B O i . BT 14 ~ 16 ATLAER
B RN 3 AN 2B IR 7 45 4 25 5 BRI A
AELR ™ (R T 3R ) S0 76 2 LB 3T, S 2
TS ) AiRE 3 2y A< 4% J7 MR 2 (2 IR 3, 3k
5K 6.7 B4 RAN ELETIE.

o/(ms™)) 2 4 6 8 10 12 14 16 18 20 10

200 i
of S
E -
E
= —200f
—-400F
R a2y Atbhoior
-1400 -1200 -1000 -800 -600 —-400

X/mm

B 14 EBETERSEEXEE(v=9 m/s,t 7))
Fig. 14 Velocity vector picture at vertical descending status

(v=9 m/s,Time ¢, )

|
2 4 6 8 10 12 14 16 18 20 10
—_—

o/(mes™)
200}
0_
g Z
£ bt
= _200F
Y e AR M
(..|<..|(W.|n‘.hi‘ﬂ‘.\|.&‘

|
-1400 -1200 -1000 -800 -600 -400
X/mm
B 15 ZETERSEEXEE (=9 n/s,, %)
Fig. 15  Velocity vector picture at vertical descending status

(v=9 m/s,Time ¢,)

200F

Y/mm

S :x FRA IR /s i i -
-1400 -1200 -1000 -800 -600 -400
X/mm

B 16 EHETERRESEEREE(v=9 m/s,, %))
Fig. 16 ~ Velocity vector picture at vertical descending status

(v=9 m/s,Time ;)



- 136 - moOR

Tk R o R

551 4%

o/(m's') 2 4 6 8 10 12 14 16 18 20 0

200

Y/mm

LB [ e A AT

-200

400}

N\ N Lil L I‘l“n.'.‘
=800 —600 _ —400

E17 EETERESEEXZE(v=17 m/s,t, B%])
Fig. 17 Velocity vector picture at vertical descending status

(v=17 m/s,Time ¢, )

o/(ms™') 2 4 6 8 10 12 14 16 18 20 10

Y/mm

—400

AN RN N NS G I R
-1400 -1200 -1000 -800 -600 -400
/mm
B 18 FZEEHETHRREEEX=E(v=17 n/s,t, B Z])
Fig. 18

Velocity vector picture at vertical descending status

(v =17 m/s,Time t, )

o/(ms™!) 2 4 6 8 10 12 14 16 18 20 T

200F

-400 T S U Y

..1 L J | A
-600 -400

O e e
1400 -1200 -1000 —800
X/mm
E19 FEETHERESEEXEE (v =17 m/s,t;84%l)
Fig. 19

Velocity vector picture at vertical descending status

(v=17 m/s,Time t;)

BT ~ 19 53 5100 3 EOR BRI R 17 m/s B,
3 AR 20 () 3 K w . i B 17 ~ 19 o] DLFR
H, BARAE R I 202 4 TR ARG 2L 3 0 47 B R TR] L (H
TS5 R A — B, B BT ) FiE 3 T 22 4
D5 MR R 22 22 W #/. [FE, B 17 ~ 19 38 7] LUE
AR R R T BRI AR R 1) Sk AR

MR EJrs sl F RS AREL N 28k B A
AR 1] I B0 [ S R LSR5 IR0, T EL 7 2 25 A
B IR b B 0 A A B 5 1) 5 AR TR e e
7 ) AL ARy, 33K A2 fia) b B DT oF 38 A 1] T A 375 5
LA 7 A . i LA R 2 P 0 B g Y
SR TRERL 77 Az — A 1] b 4 g, DT 450D ) e 3
Dy Rer A BRI IR BTy, 5 & 4.5 (45 840 B
EE.

4 %

1) Jre SR BT T B R PRl A 8 8 mv/s 5, By
FT R 2R [, A B AR R 22 (0 B E G R Y
W N 9.5 ~11.5 m/s X [A]HF, $7 3 F1 1)
R ERATA, HA AR RIRZEHIN A FIR K,
FEW LB A e L s g RN ) g Bl B

2) BERUAR AL BB /)N X I ) JE LT g Bl T
T AR e A TR /N, BT T IR IR
BRI EEF AT E 1), X PP AR E 5 A 224
T 2Z 18] () B 2 B L 5 AR AR AR IR SR I, 25 7=
“WRXT BERG S RO S5 A R AR AR AL KA
Y PIV 5000 & R G e 4 B ROE B R R,
B FAHZCR S W R S S5 A T VA Y.

3) BRI TEAETE B IR ERT LA K iR B 235 4 1) 3
BB FEIE AR AR 5 e T 58 248 1) S

4) MORGH N 17 m/s B, 220008 RAER A
gl sl IR T s ey B S = 7 . 95
HEIE e 7 A5 (15 5 R, I AE 22 8 P 3 ) I
(R SERE , DI XS T 5 A — A i) b 3T, A8/ NY
JiE 3 Dy R A8 ;AR RS T ).

5% Xk

[1] JOHNSON W. Helicopter theory [ M ]. Princeton; Princeton
University Press, 1980

(21 Fi&Efr. BEIHLE S 2 (ML dbat: iz Tolk i ptt,
1985 135
WANG Shicun. Helicopter aerodynamics [ M ].
Industry Press, 1985 135

(3]s, ARBA. EANL AT RRESHE ], RETRY
LR, 2004, 26(9) . 1319
SUN Wensheng, LIN Ming. Research of vortex-ring state of

Bejing: Aviation

helicopter flight [ J]. Systems Engineering and Electronics, 2004,
26(9): 1319. DOI:10.3321/j.issn:1001 —506X. 2004. 09. 045
[4]48o0H%, RECA. T BT WA BRI (], BTl

AR, 2011(2): 65

ZOU Yuanzen, CHEN Xuanyou. Discussion of a *Super-wasp”
helicopter flight accident[J]. Helicopter Technique, 2011(2) ; 65.
DOI:10.3969/j. issn. 1673 - 1220.2011.02.013



54 1

B, A eI ATALARE 1R BRRAS R KU - 137 -

[5]JAMES S. Experimental investigation of rotor vortex wakes in descent
[ C]//Proceedings of the 42nd AIAA Aerospace Sciences Meeting
and Exhibit. Reno, Nevada: AIAA, 2004. 297. DOI. 10. 2514/
6.2004 —297

[6 ]GREEN R B, GILLIES E A, BROWN R E. The flow field around a
rotor in axial descent[ J]. Journal of Fluid Mechanics, 2005, 534 .
237. DOI.10.1017/50022112005004155

[71=F%, mIE. EIHWURMREEE L Ao sE (1], et

SR K2F2ER, 1995, 27(4) « 439
XIN Hong, GAO Zheng. An experimental investigation on the
boundary of helieopter vortex-ring state [ J ]. Journal of Nanjing
University of Aeronautics & Astronautic, 1995, 27(4) . 439
(8144, W 4k, B FRERAS T Rl =4 Bl T].
JEHTIZ MR KA, 2012, 38(5) : 641
CAO Dong, CAO Yihua. Three dimensional numerical simulation of
rotor in vertical descent flight[ J]. Journal of Beijing University of
Aeronautics and Astronautics, 2012, 38(5) : 641. DOI.10. 13700/
j. bh. 1001 -5965.2012.05.001

(OB, WiE, B30, 45, BRI I AT I oY
(1. RS AR R 2440, 2001, 33(5) : 405
LU Yang, GAO Zheng, HUANG Wenming, et al. Flight test
investigation of helicopter vortex-ring state boundary[ J]. Journal of
Nanjing University of Aeronautics & Astronautic, 2001, 33 (5):
405. DOI:10.3969/j. issn. 1005 —2615.2001. 05. 001

[10]PhSClE. W BTHHIE A T R R S SEIRAT [ T]. S8y

#2008, 23(4) : 371
SUN Wensheng. Experimental study of vertical-descent vortex-ring

state for shipboard helicopte [ J ]. Journal of Experimental

Mechanics, 2008, 23(4) ; 371

(V]8R =20, MkAR, 5. ©5 m p X B IHHLIE B TR
AW [J]. SRR T, 2013, 25(5) : 94
HUANG Mingqgi, LAN Bo, YANG Yongdong, et al. The
development of helicopter vertical flight test rig in ®5 m vertical
wind tunnel[ J]. Journal of Experiments in Fluid Mechanics, 2013,
27(5): 94. DOI.10.3969/j. issn. 1672 -9897.2013.05.018

[12] 3. USRI M]. Jeat: ER Dk iR, 2014 81
HUANG Mingqi. Helicopter wind tunnel test [ M ].
National Defence Industry Press. 2014 81

(13]G, A, e, 45, et ﬁ!g{ %Eiﬁé‘%%%‘#[ﬂ.
”ﬁﬁi?ﬁTﬂﬁ%%Tﬁ, 2018, 50(4) : 1
HUANG Mingqi, WU Jie, HE Long, et al. Blade tip vortex
characteristics of rotor under hovering status| J]. Journal of Harbin
Institute of Technology, 2018, 50 (4 ). 124. DOI. 10. 11918/
J. issn. 0367 —6234.201703089.

(141K A, . BRI [J]. s
2%, 2008, 22(3) : 36
YANG Yongdong, WU Jie. Investigation of hovering rotor tip vortex
[J]. Journal of Experiments in Fluid Mechanics, 2008, 22(3):
36. DOI.10.3969/j. issn. 1672 —9897.2008. 03. 008

[15]BURLEY C L, BROOKS T F, van der WALL B G, et al. Rotor
wake vortex definition-initial evaluation of 3-C PIV results of the
HART-II study[ C ]//Proceedings of the 28th European Rotorcraft
Forum, Bristol England. Bristol, England: NASA, 2002. DOI.
10. 1260/147547206775220434

Beijing

(%% %k )

(L4555 98 1)

[7 ] MAILLOUX R J. Covariance matrix augmentation to produce
adaptive array pattern troughs [ J ]. Electronics Letters, 1995,
31(10): 771. DOI.10. 1049/¢l:19950537

[8] ZATMAN M. Production of adaptive array troughs by dispersion
synthesis[ J]. Electronics Letters, 1995, 31(25). 2141. DOI.
10. 1049/l ;19951486

[9]GUERCI J R. Theory and application of covariance matrix tapers for
robust adaptive beamforming [ J ]. IEEE Transaction on Signal
Processing, 1999, 47(4) . 977. DOI.10.1109/78.752596

[10]ZATMAN M, GUERCI J R. Comments on “Theory and application
of covariance matrix tapers for robust adaptive beamforming” [ with
reply ] [J]. IEEE Transaction on Signal Processing, 2000, 48(6) :
1796. DOI.10.1109/78. 845937

(11 ]2, FOKR, TR, AEN KT b 1B T2 98 5
TSR] BRI, 2003, 25(2) : 42
LI Rongfeng, WANG Yongliang, WAN Shanhu. Research on
adapted pattern null widening techniques [ J ]. Modern Radar,
2003, 25(2) : 42. DOI:10.3969/j. issn. 1004 —7859. 2003. 02.
012

[12]LU Dan, WU Renbiao, WANG Wenyi. Robust widen anti-jamming
algorithm for high dynamic GPS [ C ]//Proceedings of the 11th
International Conference on Signal Processing. Beijing: IEEE
Press, 2012 378. DOI;10. 1109/ cosp. 2012. 6491679

[I3TRIAZE, sk, sKEE. FEFVR A F RN FEREDTRLT].
IRIE TRER 2], 2004, 25(5) ; 658.

WU Sijun, ZHANG Jinzhong, ZHANG Shu.

Research on

beamforming of widen nulling algorithm [ J ]. Journal of Harbin
Engineering University, 2004, 25 (5):. 658. DOI. 10. 3969/
J. issn. 1006 —7043.2004.05. 025

[14]5kM0%e, DL, MR, &5, S ah S A0 T ot = mE R

kL] T SEESM, 2016, 38(4): 913

ZHANG Baihua, MA Hongguang, SUN Xinli, et al. Space time
null widening method of navigation receiver in missile for high
dynamic conditions [ J ]. Journal of Electronics & Information
Technology, 2016, 38(4): 913. DOI10. 11999/ JEIT150654

[15]ZHANG Baihua, MA Hongguang, SUN Xinli, et al. Robust anti-
jamming method for high dynamic global positioning system receiver
[J]. IET Signal Processing, 2016, 10(4) . 342. DOI.10. 1049/
iet — spr. 2015.0122

[16]F4b, Jril. *F‘P%Tl‘%ﬁiﬁﬁﬁﬁfgiﬁﬂﬁiﬁﬁﬂﬂﬁ&ﬁ[J].
B E B AR, 2011, 26(4) «
WANG Miao, FANG Ming. A novel null broadening technique
based on reduced-rank conjugate gradient algoﬁthm[ J]. Electronic
Information Warfare Technology, 2011, 26(4) .

(17 JAfER B, X048, T‘Eﬁl‘ﬂﬂ‘ﬁLr‘?ﬂq:ij%‘{f&jzﬁﬂbﬂ R
[J]. A Fillie 5483, 2010, 24(12) : 1082
KE Xizheng, LIU Na. Research on adaptive anti-jamming and null
widening algorithm for satellite navigation[ J]. Journal of Electronic
Measurement and Instrument, 2010, 24 (12). 1082. DOI: 10.
3724/SP. J. 1187.2010. 01082

(W4 K )



