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Summary

The objective of the present study is to elucidate the flow mechanism of delaying stall by use of wavy leading
edges. Experiments were carried out to examine the effects of variant wavy leading edges attached on NACA0018
section wing of aspect ratio 1.6. The Reynolds number based on the chord length is Re. = 1.38 x 10° for the
experiments. For these tests, lift, drag, and moment of wings with and without wavy leading edges were measured in
a circular water channel. Flow visualization on the surface of wings was also conducted in order to clarify the effects
of the wavy leading edges on the delaying stall. It is found that the wavy leading edges can control flow separation
and delay stall, which in turn is good for producing large lift force at poststall angles of attack. Under the same
height condition, the short width of wavy protuberance shows good performance of the wings compared with that of

the long width. The wavy protuberance located near the wing tip does not enhance hydrodynamic performance.
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Table 1 Parameters of wavy protuberances

d w S

Typel | 5.0% xc¢ | 80%xc | 0.1+0.75x 10" 3m?

Type 2 | 5.0% xc¢ | 16.0% x ¢ | 0.1+ 1.50 x 10~ 3m?

Type 3 | 5.0% x ¢ | 24.0% x ¢ | 0.1 +2.23 x 107 %m?

Type 4 | 10.0% x ¢ | 16.0% x ¢ | 0.1 +3.00 x 10~ 3m?
2.5% x ¢

Type 5 | 5.0% xc¢ | 16.0% x ¢ | 0.1+ 1.50 x 1073m?
7.5% % ¢
75% x ¢

Type 6 | 5.0% x ¢ | 16.0% x ¢ | 0.1 +1.50 x 10™3m?
25% x ¢

Type 7 | 5.0% xc¢ | 14.5% x ¢ | 0.1 +0.04 x 107 3m?

3. BHFAMIORARI C K B EER

3.1 SEIREHSC K BISEME R

F I, BEIREIRIC X B AEIIHEIRIC DUV THERR S %,
NACA0018 BARIB XU, BRI —RSEAThi Rt Uiz
HRaE Type 1. Type 2. Type 3 DIF/HEE%E Fig.6ic. i
TR Fig. Tic, ©—A Y MR Fig 8IcHHE L TRY,

Fig.6&k D, NACA0018 BN 3317 5 R80I30MH 22 &
TERAGREERL, A 23 TR L TWa, T
DTG, SRFWAEOISHEME 22 LT3, R2TOH
IRATHC I 2R, 22 ELU RO Tid NACA0018
BRINCHARTEMNARL . BTHERL dCL /da B LTS,
Uh L, 22 B EOWAIZHEOTIE, BEREgOB1HEE
NACAQ018 BHELL D, Fie, BRI ER - 1280
R ORI ER. FRAIIORIRC X > TEE > T
%, Lh L., ERlAICET 2B 1IRBOBEDE. WIhoE
RICEHENTE NACAD01S AN RS LEERHTH D, 208
TRHSEMMIRIE N TOS T EARENTZ

Fig.7& 0. £ TORRATEROTUHREILIDG 0 EHS 18 &
OHIT, BEALzd NACA0018 3Rl L6 UfERRL TS,
NACA0018 BHIOFHFEILIA 23 TRl T3,
—h. KA OTUIRENE. B VREBNRD Ul 23l 19
DB LR %, IEREFRZ VA Z & T, 1810
LU DIMIIRIE TS B EIFRC, ST HSnE 1
ENTHEH., BB TARRESTH S L EX %,

Fig.8& 0. NACAQ018 BENCIIT BE— A MESIZ. &
M 22 AR, BOMED SIEOEANL ZEENL T3,

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

58 A AAETE L2l B9 5 2009 4% 6 H
CL l —=—NACAQQ18 -a--Typel ——Type2 - o-Type 3J
0.90 : :
0.80 ;7,“.“.,_” i ;;;,/l/_-z-\
0.70 | - e -
/gfi'&a zﬁ-\*‘ e

0.60 F-——r o T e
0.50 | 2 SO e
0.40 f——o ){'g ‘{n' t
0.30 | i T
0.20 s : - -
0.10 [
0.00 - R

0 5 10 15 20 25 30 35

() (d)

d=5.0%c

Base line:NACAQO18
i

Type 7

~E
(9)

Fig. 5 Experimental models with wavy leading

edges

75, FREHRC I B E— A MEE. I 19 BBEND
FEODVEBIVERLTED . AET— A MR LA
ENTNB, iz, BRETRCBT 25— A MEEIE. 1918
DUFOARIE B KT 23 B EOEIAICEWT, NACAQ018
BN HARTIRAMEE 75 > TB, SIS 5. Bk
DE—AY MEEIZ., NACA0018 BIIDE— A > MCHART,
W2 X0 E<EB DI B RHE B2 EHRE— A2 T
H5,

3.2 BW D5Z58E

TR S5 A= THBIE W HBICEZ 35N
ARSI T 5 2 &R ENE L, Fig.6% T NACA0018
BAIB XU Type 1, Type 2. Type 3 IZDWTHEEZRTTS,
Type 1. Type 2. Type 3 &EFANWIOEE d HELL, &
W WRIZATARTH S, Type 1 DRGIE W HEL. Type 3

Angle of attack:o({deg)
Fig. 6 Dependence of the width of wavy protu-
berances on lift coefficient

CD | —=—NACAQ018 --a--Typel ——Type2 -o--Type3 \

0.60 T —

0.50
b A,A"

0.40 . _
L .A'fA-

0.30 F -

0.20 k

0.10 | e ‘
SR
A e 1

0.00 T IS I |
0 5 10 15 20 25 30 35

Angle of attack:a(deg)
Fig. 7 Dependence of the width of wavy protu-

berances on drag coefficient

CM1/4

0.12

[ —=—NACA0018 -&-Typel —+-Type2 -o- Type 3

0.10

T
|
i
i
t
1

0.08

0.04 | —_— 5

,AV'O
0.02 [ — ] /l
- N i .

> it —t —+ A
.00 R T T e
002 [ S e g

0.06 E ! /Jﬁﬁi ==y

I
{
1

-0.04

0 5 10 15 20 25 30 35
Angle of attack:a(deg)

Fig. 8 Dependence of the width of wavy protu-

berances on moment coefficient

MRLEVIEIRTH S, £z, STORRIRE. BiE mc—
HETgeAhic & iR E T3,

Fig.6&k 0. STOWIRAHRIINA 19 B TR MRE R
L. 19 BLLEOME T RIS LT3, 30/ 22 BELLF
Tl BIsRRTGRE I, BT ERIZASIVR, LKL, 23
FELLEOIMECBNTIE, BHRRHROIAIRC & - Tz B
R5M. Type 1 DEIIFREDREENT LA NS, —A.
FHRAFFOH TROBBIIREMERODIE Type 3 TH b, BIEIR
EEiTi 35 o< DN, NACA0018 BRICHUHEH
R LTV, Fiz, Type 1 OB/ MRS, 0¥H 23 B
5 30 EOEPH T, F—EOMERLTED., ZELENN
BoNB T LHMERI NG, LEDT WS, BFRHAINT 5%

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

BCRETRRZ IV 3 IRITILO JE I (2 B0 BRI JE

e, FEUES DS, IROBEOERDSSEREOUEIC
SHEINCH B T D o T,
3.3 BY dD5ZX%E

FIEAIOIR 85 A= THEHE d HEICEZ SFik
THRHEABSMCT B LRENE L. NACAQ018 BB XU
Type 2. Type 4 IZDWTHEBYZITS . Type 2. Type 4 13K
TEAHIOONE W L L, Type 4 OFEE d B, Type 2 DF
TWTHATE, Fz, MR, RSB eAT
MR & DB E N TV, NACA0018 A X ORI KA
DR, Fig U TR

Fig.ok D, If 21 EETIX. Type 2 & Type 4 DR
AR CHERZRLTOWB T &b, LnL, 22 ELLED
WA TIE, Type 4 DBESMRENE Type 2 X0EW, MLEDCE
Mo, BRI 2T NS, FUEOSA, SE0|mD
TR OB NRIN TH S T & hVrh - Tz,

Type 4 DESHEEE. Wi 21 Fhh5 28 BOEHT, —&
DEZRLUTEBD . Type 4 DFFRRTFFRC K D ZIE LIRS
bNB T EHHERE NS, TOMEEE. TR UTz Type 1 &
KOEATHD, Type 1 & Type 4 DUCRAHRERERL TV
WEAIIE. & d EIE W O CEBE WA IIEAm)Om
B d/W HNECHETH D, HERIREG > T0D, 2D e
5., JERAHRIC K BIGE OB, BRI ot /W
IREL TOBIEEEN S %, ULH L, ARRIORTIERERIE T
NHEOT LRSI BIUIATHTH D, SHEEICHEILT
WS BN D B,

C. |
0.90 ¢ ,
0.80 [ : -
0.70 |

0.60 e S 7 8 B
050 & L
. o 2

0.40 s
0.30 A
020 | =

0.10 -l

0.00 # ol s

0 5 10 15 20 25 30 35
Angle of attack:a(deg)

Fig. 9 Dependence of the height of wavy protu-

—=—NACA0018

berances on lift coefficient

3.4 IEEBCERENIERGFAARDRE

TR TIORUIEIZIRG, BRI — BB A i i
WA 52 & T, BREBEERELIZBREGE> TS, &
MTH LT, Type 7 ISRHFH AR IESEBECCRIR U 7-Re i
TR TH B, Type 7 BREICEZ ARG NCT B T
CEHPIE LT, FEARERS NACA0018 BAIBE U Type 2.
Type 7 IZDWTLHEATTS . NACA0018 3 X UBIEIRAT
BOB R, Fig 10iIcHIEL TGRS,

Fig.10& 0. Type 7 DHEHREIE. 16 BLLTOMAICI
T Type 2 EHANTHMRZERIZALIVRVD, BAIE/RELE
Type 2 IZERTIE Tz, Type 7 DB IREUZ, g 16
D 26 EOREH TIE—EDEZRLUTED, 0 26 EhH
30 JEOFPHTIE Type 2 KO BEWEE RS, DLEDT EH5,

AR B2 ESA B CARB U ToieRaid, B & A B BRI
TSI O M T BERRHRC LT, SR OeE TR
HTRNT ETh > Tz,

CL
0.90 7
0.80 : .
0.70 f : i ::.:L\\‘m
0.60 | S e

0.50 e TN e
0.40 © <l
0.30 Z

0.20 Vs

0.10 f -

—=—NACA0018 —a-Type 7|

0.00 #

0 5 10 15 20 25 30 35
Angle of attack:a(deg)

Fig. 10 Dependence of Type 2, Type 7 on lift co-

efficient

3.5 AR DY O

AETE COFERRERX O, BeRATRZ R Ea Iz
HRIL. S BOTEWE R RS T & CIoERHE R
BT BT LR Ul AREITIE, BERETHRIC X 2 I D A
A=A, WA X 2BERTNORRHC X DL MCT
%, NACA0018 BB KT Type 1. Type 2 Ol 24 FIC
B BAHERRE Fig.1uc, dfA 30 B 2 RIEHEEER
% Fig. 1210”9, 9 XTORGHLRERE, B TafarER
THole. TOI, Fig11BLU Fig.12id, Kk
HRNFOAZRUTND, e, BITRT RO ARG
BZRL. ZTh DGR OB ER L T 5,

Fig. 6 TRz S, HIf 24 FICBWOT NACA001S 3
W3HSEL, Type 1. Type 2 O/ HEEE NACA0018 BEANLC
HARTELVY, Fig 11 (a) RS NACA0018 BHIORH _EOR
FHfE, B EOINOEE IR ETAIERLTVA I ER
Dhde RSSO NS EA T, FERRNVEC TS E
EZbND, i, FERORERIR 2T 2FREE T, B
PR ESTAR L THD . BIRTEE TIEREEDE U TV ik
W ERGH B, —J5, Fig.1l (b) BXT Fig.11 (c) ITRT
Type 1. Type 2 OERTH - F-EFEAICE U 5 R,
TSR TS, TOT b, R > CEE E
DHBEAIRENTNB A D, iz, Type 1. Type 2
OFRFFHIIBIR TN TS, O L5, FERLE
KENDT &Ik, B SHEEEGH, S FNBE L T
B LTINS,

HEICEIETH 5 30 BB BRI DWW TREE S
1790 Fig. 6 TRLEK DT, Wh 30 EICIBITS Type 2 OIF
JIFEENE NACA0018 BB L H LUWMEZ RT, —77. Type 1
DETHRENE NACA0018 BANCLERNTEV . Fig.12 (a) IR
9 NACA0018 BAIDORE M FORFRRRNE, BBHETERE
WATERLTOWSD, Bl Lo HHE Tl OBEh wER
ETNT, ERRENMES a0, ThUE. NACA0018 3
TR _OJRWEIBIDYEKIEE L R o TV T &R LT
%, ¥z, Fig.12 (c) RT3 Type 2 O EOMRFRIRE
NACA0018 328 [FIRfIC, BZm RO TV & 75 -

NI | -El ectronic Library Service

59



The Japan Society of Naval Architects and Ccean Engi neers

60 H AN TERMmE £9 5

TWBT LHHERENS, —77. Fig.12 (b) IiRd Type 1 DFE
OB - T A U ABRAYRIE, RIETmE s
RLUTED, FHEEHDEUTHEWT A5, 72720, Type
1 O3 30 EEC BT BREFURRAVRS Aid, Fig.11 (b) IR
T 24 EORRFRRCEE, K03 AEcEN TN,

VDT &b, BHIRATRC K % Bl CoigaEtsing.
AR IO TRHIBESIIRIE NS Z LIGER L TW5
LHERE NS, £, WIS N AEEE, ERATIOR
RBICUWAMIAZELTED .. BRI EICEE ORE, 18
DFROTERODSFH, &0 ElEIc B CHEA IR TX A2 L
Do Tz,

4. BIEAMICH BRFATMpORE

4.1 BRCHIT BERATMIORE

BRI B IS, BOWREITRIEIC G2 258%
HOMICT 2 e 2B E LT, Type 2 DRIRIIIT BPEFEAS
T ER O BRU Tz Type 2 without tip wavy protuberances
%, Type 2WT) HBXRU, FEHIZOHEIL 72 Type 2 only
tip wavy protuberances (J#%. Type 20T) DOHEE{TH
9. Fig.13IC Type 2WT. XU Type 20T DIERZRT,
NACA0018 3B X CHBARAFOE 1687, Fig. 14l He
LTRYS

Fig.14& D TEIHCOHBFANEER L7z Type 20T D
HIREGE. NACA0018 BIIDIG IR L (ZIE R Uz Rd
T W5, —7F. MEmROEIATIIIZT D EROz Type
2WT OB/ HREIE. Type 2 OBMFBEIZFH CEERT T
DTGB, TNHORERKD | BB 21BN InEsE0
FATRIEC S E DB 523, PIRETRIC & 5 Jasiild .,
FICEPIUGOWEFRATIIC R > THRENTVR EEZ LN
%o CAUL. HUEEOBSRHI TR, BIRMC X 2R8I
THBT LITKD LHERIND,

4.2 BEARIGEEHELDEASIIORE

RUEA TS E ORI DT BEORA FHEC G2 5
B IAL NS B 7212, NACA0018 HERIBLU Type 2,
Type 5. Type 6 lCDWTEHEEZZTITS . Type b &P
WSROI, Type 6 BT SO %
BELTW%, Type 5 BXU Type 6 OIIEAIIOR AR E
%, Type 2 ® 1.5 £%, BRK&EEIX 0.5 £5THD. W Type &
EEHH O _DHDPHE I Type 2 LRICHEIRTH S,
7o, TOZDOPRHRIRGIRONHRLE e, BXUHHERE S 1
Type 2 £FULL ., 2TORIAIMIOR W & Type 2 £FL
VY NACA0018 3RS I URRIRATR OB HRECE. Fig. 151
HHESUCRY

Fig. 1540, BB SO ZE Lz Type 5
DEMRE, 20 BLLEOAEICIBNT, Type 2 X0EW, —
H. BEBOCE WA EE L7z Type 6 OB 7RI,
20 ELL EOWIAIZHEWNT, Type 2 EDEND, SRR LiEES
1<, BEUIBOBE, & E ORI sk DW=
RIVTH D . BERICH B BTAINI ISR S S5 Lo

2009 4 6 A

Direction of uniform flow

T.E. L.E.

r-w Y ~%”M’I wiin
P o0 evacarnao osdeny,
4”0000& L 0."‘}&t
PP wen uwoe o F f’{’fii
PP emeasan we & 8§88 sou,
T e e w o @ & 888 i
e o 0 @ & & P8 e F
> Tgetgten g 4 P 6 S 88 Pow

Py gntgstes WO W & © ©4 © ©.40

S ey &5 & W B S W © ® 4
®

PmsIeNm—————— NP S

center of wing
(a)

L \\N\.N\Wy ol
NN = o o .
g g g g g™ ® e we an et gnlen o
. e EeTmg T g g Mg Mg Mg g %

- s*o%o\\-\:\t\\“.\pq

SN\

VE S e e m o e

PN e e gn e Gunen B B =

\
Ll o LA S N IR LR AR

TR ST ES e e @ S5 8 & € 65 & 88

center of wing
(b)

L e B B

o8 80 PR S e ke o % O

g W gEnen e 2 B W W

" Smoes fn g %5 % B ® B %

center of wing
(c)
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