%403 B2 W £ I ®" & H % Vol. 40, No. 2
2026 4F 4 A Journal of Experiments in Fluid Mechanics Apr., 2026
XEHRS: 1672-9897(2026)02-0110-15 doi: 10. 11729 /sylt1x20230165

{75 Skt T 450 26/ 0 (0 2 B B e A Y
SLIG R
HER', KAX', BFHY, 2807, 240>, BEELDT

1oREKE MM TRE%B 1% R, KE 300354 2. BEzf—_TfW'bT&ﬁ#iﬁ%%@,ﬂi 300354
THBERY RIS I TAER, L 100084

FEE: UTAE SR, A S 703 WA 4 8 Sk Bt 068 1 7 2% o™ 2 T DA A HE 277 3 B S e e R TR BB S B MR . A A AR
AT SR B AR AN 7 BB, Pt 4P B B NACA 63,-021 LR BANFT AN AT 2™t i S8 3 BT TR T
BIME(PIV) SIS 7¢ o o b T AS R0 T 4% B B AT P38 B e Bh RE A5 GvT B 0 A0, JExt S8 B b A7 7 ARME IE
B R(PODIEZS AT, MR 5 1 A 3 of SR B AR o IR Bh 45 A AT T W 98 . B TR B B, U™ e 3 B 0 LA v 20 R s
P, 2R A R IR, U A7 Y AR E H B I A, I T O X R S R, AR T LB T s A T
R R, U A R B AE T /N A AR S S RS POD /MR & A BN 5 IR BT Ab i s B A 6, R
FAE R ) 2 T BOR G P IR BN S ARFAE R AR A A s 5™ 2 3 B A B0 SRR 5 O 2 a8 2 4 P 7300 e, S 30 B A X
B RRE M A0 AE BT 0™ e B AL B I FUR TAZR R 4E T 59658 .

KRR A AT S s KT BRI AE IEAS A0 JRBh o 5 &t

FE4%S:0353.5; V211.7 SCHRFRIZAD: A

Experimental study on stall characteristics of wing sections with leading-
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Abstract: In recent years, relevant studies have shown that wing sections with humpback
whale-like leading-edge protuberances can effectively delay stall and improve aerodynamic
performance after stall. To investigate the flow separation phenomenon of the biomimetic
leading-edge protuberances wing section, a particle image velocimetry (PIV) experimental study
on the NACA 63,-021 wing section and modified wing sections with single and double leading-
edge protuberances is carried out. The distributions of statistics such as the average velocity of
the wing section suction surface and the turbulent kinetic energy at different angles of attack are
compared. The proper orthogonal decomposition (POD) method is adopted to analyze the
experimental data. The flow structures during the stall process are analyzed from an energy
perspective. The study finds that: both single and double leading-edge protuberances wing
sections have two-step stall characteristics. When a unilateral stall occurs, there is a stable

attached flow at the convex peak, which suppresses the extension of the stall zone to the other
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side of the convex peak and plays a role similar to a wing blade. Compared to the single leading-

edge protuberance wing section, the wing section with double leading-edge protuberances

undergoes stall mode transition at smaller angles of attack. The energy of each mode of POD

decomposition is related to the stall mode at which the wing section is located. The

characteristics of the flow structure in the flow field change with the switching of stall modes.

The flow separation mode of the single leading-edge protuberance wing section exhibits

instability during the transition from unilateral stall to bilateral stall. This study provides an

experimental reference for the theoretical research and potential engineering application of

biomimetic leading-edge protuberances wing sections.

Keywords: biomimetic leading-edge protuberances; particle image velocimetry; proper

orthogonal decomposition; flow separation; flow structure

0 51 &

H G 08 |2 AAAE T CHLA AR ALK 1 12
T, BAAERIA o LRI R, W R AR
W8, FET IR TR, O RIES &, 5k
SENMERE AL R M BRAIK . PR XA 3 43 B I &
PRI 7T 5 428 ) B AT B 2 ) TR N B .

A Sk i o e R B K AR 2 — L T HT %%
BA PR R A o AR AR, B S R
Yo g, TS = LR SRS 1Y, T 58 B — AN PR
e, Bl kR Sl = il & RSP, RS
e, 88 AT Sy R 7T, SRR KR,
AR IR IR o (R, R Sk AR R I R o o
ORI EE I AE R A~ A R TERE . 8
A= £ 5T, Fish 55 0 B J8E Sk fi5 668 % 1) 350 T R 5
AL, AR B R T IR it 4, F2 X R
D 4 A EL A AR ORI A T SiE 2% R 1 E A Miklo-
sovic 5L E KU A 43 3056 5 A RIS kS 1R RSP T 1
A S s FE ABE AR FEAT 1M S, X He S ROR B, R
BTSN R B KT I8 R T 6%, % A
iIRT 40%. Pedro®. Webber ™. Johari® Al Zhang!” %
43 99 SR FH BUE AN SIZ 56 T VAR 90 T A fi £ 68 AT 2%
BB AN Re, Bk T AT 0 BB R Tl R
MR F o Cai 8500 P08 3 B B SN At
I BB AT TSR IR T AT, R I T B R TR B R
AW A S5 ORI BRI, T R BB A R IR I
PG R M o FE P T B B W A R, B R
BB RS — kR, BBANA M S — 0 X
AT R REIRES, FH 1 RN TP BB R TS
Z ] R BB EIE A G, B EE RS
TR, TH I R EE R 5 R BRI G Y, JF
1E 1 08 A7 B OULIN B — R B R Bh . R Cai 250 Xt

FA 2 A A0 200k 1) RBLEEAT 1 SE 56 A (e 2 B
KRG A2 /N R 2 Wk o A, D
AT AT R A A ELR I A XN, I R B
2 S BB Ok dd R T 2%, AR KW A I O T &R
HOU) R TP R B AR X Cai 5
(RIRIE S0 RS R A 1 B o0 B AR 2 A, R BT
BB R P R R, (R 4R AT 2 R 5K
T AN oF PR AL 1] 3 A2 7 A A [ R 3 B R R,
AN T BT 5 0™ Bk R B 1 AE R AL EE AN . Zhao
S50 SR I ARE IE 22 43 iR D5 R L T I BB 2 A
AT M BB el i, $2 R TR AR T B
F I o 2 A, TR R RS A5 A AR 3K R i
S R .

Yang 55 M {8 F] PIV SE&6 77 VEBF 70 T AT 20 i
XA J 52 L AL 38 A58 AR 3 3 4 2 0, R BT % o kS T
P 2 S M A Y R 30 73 18 5 O o I R 9 9 X 3t 30
k3l B & (1 DTk . Ghazi % ] RANS J5 7% A
A TSR H R R AL R BEAT T AUE R, KBS
PR G AR LG, SO R [ T AR AR R A
FEN . Dong 55" B LT BT Sk o L 45 A 1 4% 0 A
AR AL 3 s 42 ) ROR B2, I b 7
I TS 25 MR R A e i ik . BRI 2 Abh, R
5T T T I A ons Hs ASOBL A B e R
M, oA A0 ST 0 A A 3 0 A R LIV R 2 R AT LA Y
AR T, T AR P R B T Zont BB Sl
AR BUF R BOR o X R I T 05 A S T
S5 D 5 R AE AL Bl 4 1) AT R T R BT ) %
RSPV

S B R BT TAR CAE AT A 2 ok 3 B
T HINLEA 7 — & BGR, B 2R T
BAUBEAT 73, JF A X 7 B L R AT IR AN
REGMWEIC . AR PIV 25 FBL, LA NACA 63,-



112 ST W

%

http://www.syltlx.com

021 3 RAE BT FExF R, X P B3 B BT AT
8 B S I AT MO DR, R gt A A
A & RB SRR IR

1 SLIENER

DML RSN S NE= 2 (A -2 1 B o W O e i
PR S22 56 B K 2300 mm, A RHE 8 A 1000 mm x
1000 mm. MKl 5256 Bt oK it 3 2 7] 7E 2~ 60 m/s &
Bl P9 3 SR8, T SO L D T 0.2%. SEIR R S
DL NACA 63,-021 fE R MR FEH R, DA
A A BTG R B B (B D, RS
£ ¢ N 200 mm, FEJE SN 1000 mm. 4k H o 7
e 3R T 2 Al BANT, AN TR I R B R —
ARz 2R 3, 34 4 8 50 mm, E{EH a Y 20 mm,
A WA AT S o TR RO fiE .

B 1 ERENNEHE
Fig. 1 Airfoil model and measurement cross-section

1 B3R BRI R i oy 3R O Ak T R R
FLBLAE (A U R 1 T YR 23 5 AN I R AT,
S 3B R 1] T 2 ) g 9 A DI AT, A 4R AT
PE 12.5 mume. ™ HhC A i 38 B T (5% e R
P2 B ) R D o D AT 5 R v 3R R Y RS T AL ) 3R
R T PR 9 MR P A T o 3R B R T B L 2 R A XU
SO B AR I e A b, SR T R B A . B
SRR NI, L R BBERG . WOLTE
AKETT RS, 2 6 g A ALE D i B R 8, 2
WA B 2 fros.

S K R B u, N 13.3 m/s, BN 1.8 x
10°, BB f o fE 14°~ 24°30 [ N 56 3 5 08, B bR
2008 — AN IR B0 . A4S S 56 I B A i 0 O 2 AL
. M 1% BB ARy, A B E A L

B2 sSmiXER
Fig. 2 Experimental setup diagram

2 % BB 5 34y, T & Lo N 4 AR E A
A, A03% 2 HOA B 30 A8 A0 T 8 o FH LR XUt
A5 £, ok o i [ E) B A 40 pse BN T 4E B
2 AR, KA 23 5] v 200 A1 800 Hz, K ALK K
53 9 N 20.535 Fil 5.133 s, & 2H 45 B & 4107 X
B RABENBEAMAHXEE T HHEEY, S5E 0
KN R16B R < 16 B 7, &b & E a5
159 x 99 A J# & % &, AH AR % & A 1) 52 bR FE 25 208
1 mmo.

i I [F] — R 2 S U3 B R — AN e 2
¥, BT LLHfE 2 AP35 AR XS AL, 8 2 SN
ITPHE, DR S8 KM . i T 2 LB
JEF I B AR EE A AT R s A I, 2 ML R E
TR ) BE A7 FE 4 ik 22 1, TR Uk 7R BF o BT R T 3
1R & rUEBE, 7TE0L3 2 o BT A R & R AR,
X 2 MR AT, SRS AR E RS
M LM E R, BN 501
ITPHE . PHER 2 NN AR B B X, PHERTE
KA iz X 35 1 i B 2 A /N3 208 17 3
B BA, PHELR 200 KA IS A 2 D TR EHE
FZIX 3, 1% 2 A X E0E FH 0 A

2 BERFITESN

BT PIVRAMERELY, H3nth 7 1FHE
38 B L BT (9 1R P 2 P w25 B o Tne RO
A T80, Dec R il M T, & TOLIA BN i
B OiE BRSNS . AN T O H, 1490 1 it
AT 05 G0 BORAS , 16000 iy I 4y AR LIS A B K
23 Ay K B 18I, i R KA HT & 8, Bl
I R ERA R, ZRIRE — H 2 A 2400
o FEIE A3k Rk 0L, i EL A 1600 M AT Ak T
BT 57> BOIRAS, 50530 f L0 o B A B S 9B i
L, HAE 1400 MRn A R R R G > IR . i3l



2 W

I A 5 e S g 8 2% . /00 3R R O R A ) SR 113

RERYZ AR T R %10 SR & AL R g AL,
Hofp R /DA P R ARG RIE, Hik 8 IE 7

a = 14°(Inc)

AR I SRR AR G, HAE AR RN I AF AR R
15 R o

a = 14°(Inc)

a = 18°(Inc)

a = 20°(Inc)

a = 24°(Inc) i

(a) MLE

a = 24°(Inc)

(b) HEREH

B3 THEERMHRREEZE

Fig. 3 Time-averaged flow velocity cloud diagram of the flat wing section
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Fig. 4 Mean flow velocity contour surface for the single leading-edge protuberance wing section
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Fig. 5 Mean flow velocity contour distribution of the right root section
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Fig. 7 Mean flow velocity contour surface for the double leading-edge protuberances wing section

3 3o R I 5 O B )RR AR 1] R POD B,

HAB B RS 4, N:

4, = (i=1,2,---,N) (4)

s AL D 58 B A A X 2 F AR5 AL 70 2 1) 5 i 23
o SBR[ R H e, KRN

a; =y u, 5

by WIS

845 th T ANE LR H #E B POD 43 i 1)
FI AR R N LB, AR BTSN 7 B A X R
BEAS BE & o L i 28 AR AN 1A . 7 BB B AR A
WIS, o = 14°81 16° AL 25 1 BYBLAS RE &L o5 L 2 3l
N 28.42% K1 26.71%, 2 2 M A& g8 & 5 b o
4.49% F1 4.85%; 1M a = 18°M) & T 55 1 By #5745 g
BALA N 1%, B 2SR E S AN 8%. B
I REAS T, 5 S5 B U RS Re Bk = TR 4 4
B NE 2 ST E 25 10 M A, B4



2 1

IS A A 7 R S B T 2 B /00T ke 3R B R M ) SR T A 117

53 B 7 RS BE B o LR U B BN T T & 4 B A
Yo XRWF S BREEB/N, Wi A2 4E— 4
FE B B0 10 2 B 5, L A 3 1) S T AR JEE
KT HAR PR TR A/ S0 B, S
7 ) BE 5 22 AR X BN, U % B 2 AT Bl E R 1

10° 10! 10? 10°
Mode
(a) HPYRES Aibl, 390 T

100

10° 10! 10? 10°
Mode
(o) BAREE L, M T

JEFE . WA R, TR AA a =
16°1 Lo s 1M A BE & 5tk o 18.06%, /it T
14°F1 18° I M e = A th 2 1), MBS Re R Sk S
AT 2590 25 UL 3 B AH AT, 2% W8 3 300 A B I 3 45
BRI TR & SR .

10° 10! 102 10°
Mode
(b) HPfEE G b, JEal A o0

100

10° 10! 10? 10°
Mode
() ZEMfes b, el T

B8 FHEEPODESHEENLL
Fig. 8 The POD modes' energy proportion of the flat wing section
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Fig. 9 First two POD modes of the flat wing section
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