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New Progress in Research on Dynamic Stall of Helicopter Rotors
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(National Key Laboratory of Helicopter Aeromechanics, Nanjing University of Aeronautics & Astronautics,
Nanjing 210016, China)

Abstract: For over half a century, rotor dynamic stall has remained a key research focus and challenge in
helicopter aerodynamics. Through persistent and in-depth exploration, researchers have achieved significant
progress in measurement and prediction of rotor dynamic stall, understanding of flow mechanisms, f{low
control, and rapid modeling. This paper first reviews the development of experimental measurement
techniques and numerical analysis methods for dynamic stall, summarizes current technical capabilities, and
analyzes future directions for these two technologies. Subsequently, the research progress in dynamic stall
mechanisms is systematically examined at multiple levels including rotor airfoils, finite wings, and rotors,
with critical analysis and summarization of existing studies that clearly identifies current research limitations
and challenges. The paper then elaborates on the current status of rotor dynamic stall flow control methods,
comparing the respective advantages, disadvantages, and development potential of active versus passive flow
control approaches. Finally, the evolution of semi-empirical dynamic stall models is discussed, particularly
highlighting how the rapidly advancing artificial intelligence technology in recent years has created new
opportunities for reducing reliance on experimental data while improving prediction accuracy and efficiency in

semi-empirical models. Advanced analysis techniques such as modal decomposition, data-driven approaches,
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and machine learning have injected new vitality into the research on the dynamic stall of helicopter rotors,
promoting the development of related research. It is foreseeable that artificial intelligence technology will play
a crucial role in future studies of rotor dynamic stall.

Key words: dynamic stall; airfoil; finite wing; rotor; flow control; semi-empirical model; artificial

intelligence
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Fig.1 Rotor stall map and section airload of UH-60A during pull-up flight test numbered 11029(Rev 14, y=0.341, n,=2.09)"
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Table 1 Application of measurement techniques to dynamic stall!

W 7 A AR Sl iies KR e AT

JE A% s N, NG N/ NG N/
g N, NG X . X

PIV (2 components) NG N NG NG
Micro PIV NG X X X X
Tomo PIV and STB X X N X X
PSP/TSP NG X X

BOS NG . .

DIT (%% 4l 4 ) NG NG N/ .

DIT (& #450) N, X NG X X

T BT M > R ;- B T HALF 3 -

TEBAE 43 M 403k, >R f# Navier-Stokes J5 2 )
e P LT R Tk A A TR B A 2 T R TR AL A
TR ER SR, BEE IR RO 5 R 1A B
e, WA T RERETE I T4 BEES 15X 5 AR 1Y)
DA% AT THAAL, S BB AR LR AL 1 BB K a8 B 5L
Ffo [ 1997 4F Spalart &V HE H BE A iR 455 40 (De-
tached eddy simulation, DES) J7 ik LAk, Lix 7 i
J R FE IR A RANS-LES(Reynolds-averaged Na-
vier-Stokes-lLarge eddy simulation) J5 % JF J3 T B
Y K e R, OF AR B 2 2% 3 n) i B 5T v AR AT T
LE AN R N AN L KR (N
e P i A i BT RS R LA R 2 MU € . Visbal

O 21 22wk 0 R R IR A L (Tmplic-
it large eddy simulation, ILES) J7 % &t XJ 3 5 ) &%
I o 0] R TH R AMESE o AR AT T B S B T
T EGR 1X10° 115 0 R it 422 3 10° (1 32 80 3l 35
I R 0] AU o A, R HESh T LES Tk k&
Ji B oA 38 AL 2y 25 % W n) J e (g g T . R TR/
PR Y8 38 B A8 R X S T Ol &2 4 1) [ J8E, 66 T
G HER CFD B3/ A 7 R W BUAS 1 1 3%
. & E E K A% A KR (National Aeronautics
and Space Administration, NASA )%y [{ [ &
L 25 i R BF 5T 0 (Office National D'études Et De
Recherches Aérospatiales, ONERA )™ i [ fijf



208 BRI MR Rz R (A R B 22 D

557 %

z5 i K " 0 (Deutsches Zentrum fiir Luft - und
Raumfahrt, DLR)" *" 2 8F 5 LA ¥ ¥ % T CFD/
CSD # A 43 B 4GRS, I L0 F T e 32 3 248 2K R
R iz, WFR A BRI, AR R A R A
IR B MR S RaAEREEF R
KA T — B R ARG R A% T o A, T
R T A5 UL R B B AR AU T TR A T R BB A R
T 1) A4 W o8 0L FH R R T R AR 5 R R G BR )
T 6 A28 K FRUME |, {HL B 3 3 S HLE R B s X L M
TR R AR B & R L ds O @ 3 B30 CFD
ok i e I 2K [R) RS H AT R

Teie R g Ty vk b S BUE 43 A 7 i BB AR W1
S R s R) R A (] 43 9 32 Y O 1] KRS K R TR I
R T ARZH . A X I A
15 L P AR B 4 Y Ak BB A B A RS A R
BUTHE N GE T o BT T B AT B A b BT
AT it 9 A0 5 U () B o IR HL X O T R R
ATHAEAS W 2, 0 R 7 B0 285 5% 3 174 Jl 39 (1] 22 S [
BRI 5, 434 5 vk B 40 R AL AR 2% ) R BK 3
O ¥ R N A5 09 . Ramasamy 280 VR12 Fll
SC1094R8 37 141 56 K4l oy KA, iz i 2R 2677 ik
BN 2 35 0 AR B 8t 1Y JE D) 1R) 25 S 0T R 7B

o FEMFFEE R AR E TN T A R
D5 B e T 2l 3 2k o TR 1) 25 S mE O R AR
Mo TR AT AT B T A AR
EIE 38 43 0 B 2K 05 3k, I 428 FZ O 1 i 58 40 30
VETHE—200 07 o A3Hr el 3 o, 22 8 300 B HOs s
FEAESY OIS i 2 i, % 5 5%/ R
I I/ S5 S B A e R B TG LA B
LB R BEME . 52 R %
G5 (R M - 49 v 4 HE 3 X S ) BB G O T 5
SPHT R . Lennie %K FE NACA0018 32 74 11 5
AR S 50 HIHE L SR I T 3l A B[R] R 11 3R R
2 o ROBE AR 40 05 vk AR GE T B A O B Y A I ) 22
o WFIT R B, X b 22 5 A IR T4 A 300 o R B O
F1 A B AN TR] H i I RN = R 1) 22 57 R BAS e
S AN AR A B B 2 I 2%, DA 5
I8 B0 v TR B R A 7 0 T AR I B a
It JE 309 ) 3R A A2 TR Y 25 SR IT T 4T .
Kou &8 55 Taira 55 73 510 45 4 4K 8l 47 AR Kz 9 2%
IYMTH AR BIAR N FH AT T 2838, X B AR AR AE
Bl AR ST S A BN 8 A AR ) 2 A
FEGIR ) KRN T #3801, M8 T A B 5T
L

Group 1 (68%) ] 0.0F T
|+ Group 2 (32%) sl -02 |
L] Cluster 1 average 0.2
— Cluster 2 04l L i
average -0.4
s S S | gt
L _ -0.6 | ]
06 0.6 — Cluster 1
B average
-0.8 0:8 — Cluster 2
= average
1 I 1 71 .0 1 1
0(2m) 7/2(31/2) T 0(2m) /2(31/2) T 0 /2 n 3n/2 2n

Phase of oscillation / rad
(a) Lift coefficient clusters

Phase of oscillation / rad
(b) Moment coefficient clusters

Phase of oscillation / rad
(c) Leading-edge pressure coefficient clusters

Pl 2 BN S e HOR A K S A R 1A 2% 5 R o

Fig.2 Cluster analysis of cycle-to-cycle variations in airloads during airfoil dynamic stall™”
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(b) Mechanism for realizing unsteady incoming flow
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Fig.10 Several test models for the dynamic stall of finite

wings
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(a) Smoke visualization by Schreck et al.”””
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(b) Schematic diagram of vortex structure by Coton et al.””

(d) Simulation results by

Spentzos et al.””

(e) Simulation results by
Kaufmann et al.™
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Fig.11 DSV structure interacted by wing-tip vortices

(f) Simulation results by Visbal et al.”™
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Fig.12 Effects of aspect ratio on DSV structure™"
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Fig.13 Effects of swept angle on DSV structure
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Fig.14 Helicopter flight tests
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Fig.15 Rotor stall map of UH-60A helicopter”
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Fig.16  Wind tunnel tests on rotor dynamic stall
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Fig.17 Numerical study on dynamic stall of Bluecopter
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tational speeds™’

5 MENSKRERINEFFR

“hy 9 W 1A e 3L 2y 2 % [ AUl 5 B TR AT
AE PR, WF N BN F 205 1] JBIF T HR&R : —
ST R AR T AR, DRI R ke e 3 2 25k 1)
I RN AT AT R LA ) B 2R R
1 & o FEAR W KA B K sl , BF 5 N D1 BIHT 1
H T3 4 (Advancing blade concept,
ABC) LA B T+ H1 0 & (Lift offset, LOS) J& # % it .
XL B F AR T8 0 7 4 A AT 2 R T P e
DB FA 30 0o 75 Wb 1) 3 2 A SR O I AT 2 IR TR
MR LR S A R R . R RN L A

19 BT 7 14 S P e 3L L T AL RS T A 2R
ELTHHLREGZ I A1 e, S P e 3 T
BT 28 2 AX B0 5 1 1 2 Aot 5 K e, BOR A X A
2 A T Al R T PILE AR SC T 55 S B
P4k FHRZ B BL

(b) Lift compounding helicopter model
at the University of Maryland""!

PRI 19 ALl T 3 sl 2 2k A I o AL B THAIL
Fig.19 Unconventional helicopters designed to avoid rotor

dynamic stall

T L B 1 UK 3T 4 R AR 22 H0F 5T B 2% 4
AR W TE R TT T ARGk, AR N A Ik 3
RIS SR Ay a0 T UL 20 A S BIF S B )
FUT 255 B LR A R 0 o MR A U Bl A ] o A
Hh A T AR BE AR, FORE U Sl 4 i Sl 23 3= 3 U Sl
i A B S 2 . RS s P ik £
W TSI AME B A BT A8l 2 TR B A
B U e A e AR BRI A 5 R A5 Bt 6 (1)
FiAME Bt B A i 147 IR BTE 9 e KT 2k 0 3 Y
R 20 B ROk ek sl Sh B O s BA
Fe A AT 5 Y 50 25 U0, BEEORG v 4 T L Se g T
LRI PERER B . AR, R E PR AR XS AL, 5F 2
F A 7E R B4R T 7 1 2 T BLE A BR

Bl S 5 vk R 2R B A U
(23T B N e B NN/ G R NI R G o 71
FBREOAR (IS 52K AR BT AT S
Ge/NSL R AR RS ) R RE TR T 3 Bl 3
MFE G . P 21 FEoR 1 o R it 2l 25 2k ok = 2 O
g gy kL s s 7 kR R &
) I Sl 4 ] 75 1k BE 5 AR 4 e 3 % S I T AR A A
LA R B A8 AL, R H R M 3 5 ) =
oo SERIX —HRIE, B REAE S WL B B 17 i e 1



%2

IS S TP 3 B 25 O A 5 R Ot 217

R3 PERFERIEHHOARERMEE
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Fig.20 Several typical passive flow control methods for dy-

namic stall
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(e) Variable chord blade (Morphing rotor technology)""”
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Fig.21 Several typical active flow control methods for dy-

namic stall
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