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Formation and development of the vortex street

behind an oscillating airfoil

By

Akiko NATSUME

Abstract: The vortex streets observed in the wake of an oscillating
airfoil were investigated experimentally using velocity measurements
and flow visualization technique as well as numerically using discrete
vortex approximation. The periodical velocity variation behind the
airfoil oscillating in the water tunnel was measured by Laser Doppler
Velocimetry. The contour maps of the velocity components and of the
vorticity were obtained after conditional sampling and ensenble
averaging of the measured data using a mini-computer system. The
vortex sheet patterns in the wake were visualized by electrolysis
method and the flow fields around the model in the towing tank were
also visualized by aluminum dust method. The vortex sheet patterns
behind the heaving model observed by electrolysis method were
calssiﬁed into 4 groups depending upon the nondimensional frequency
and the nondimensional amplitude. The time difference when the
boundary layers on the upper and the lower surface were shed into the
wake was observed by means of serial still photos and 16 mm movies

and the X-t diagrams were composed. Because of the velocity
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difference between the upper and the lower sheets, one of them tends
to be stagnant at the trailing edge and even the trailing edge separation
occurs, and the blob of the vortex sheet forms. The viscosity effect on
the blob shedding influences on the formation of the vortex street
which rolls up around the blob in the wake. Using discrete vortex
approximation the formation of the vortex street was numerically
simulated, and some of the patterns corresponding to those experi-

mentally observed were obtained.
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oscillating airfoil, vortex street, flow visualization, discrete vortex

approximation.
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H T U A K
0.25 4.23 1.0 0.37 2.97
0.25 4.23 1.5 0.25 1.98
0.25 4.23 2.0 0.19 1.43
0.25 4.23 2.2 0.17 1.35
0.25 4.23 3.0 0.12 0.99
0.25 2.56 1.0 0.61 4.90
0.25 2.56 1.5 0.41 3.27
0.25 2.56 2.0 0.31 2.45
0.25 2.56 2.2 0.28 2.23
0.25 2.56 3.0 0.20 1.63
0.50 4.24 1.0 0.74 2.97
0.50 4.24 1.5 0.50 1.98
0.50 4.24 2.0 0.37 1.48
0.50 4.23 2.2 0.34 1.35
0.50 4.24 3.0 0.25 0.99
0.50 2.56 1.1 1.23 4.90
0.50 2.56 1.5 0.82 3.27
0.50 2.56 2.2 0.61 2.45
0.50 2.56 3.0 0.41 1.63
0.75 4.24 1.0 1.01 2.97
0.75 4.24 1.5 0.74 1.98
0.75 4.24 2.0 0.56 1.43
0.75 4.24 3.0 0.37 0.99
0.25 2.12 3.0 0.25 1.98
(cm) (s) (em/s)
®3I1—2 EvFr TRBDIRE &M & BT/ 8T £ — 9 —

PITCHING MOTION ROUND THE TRAILING EDGE

a K
10° sinwt 1.48
10° sinwt 1.98
10° sinwt 2.96
10° sinwt 3.95
10° sinwt 5.93
5° sinwt 2.96
5° sinwt 3.95
5° sinwt 5.93
10° +10° sinwt 1.48
10° +10° sinwt 2.96

PITCHING MOTION ROUND THE 25% CHORD POINT

a K
10° +10° sinwt 1.48
10° +10° sinwt 2.96
15° +10° sinwt 1.48
15" +10° sinwt 2.96
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(13) A=0.56, K=1.43 (14) A=050, K=198
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K3-223K#52.96 DBETH 5, BETORERIEHOIC RS, FiELECL3H
DEREBIEEAIN TS, HHEROFK TTEEIEREZRKEL, ZOREBRMETIR
RommEzshEFn 2@ >0EnRsN 3,

B 3-2313K233.95 DIBET, T HICRXLHBEER L BHENCKRE SN 2BGRIEE
BNt AEOLTHEHIIECHBEESS DD, Zhd o0 iR 'R
BoOTHTT 2, FEROBEOEACL»b ST, BERDOANEICHBEE 2% XA A,
BHROBYHZFE- LTS,
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! B3-24 13K85.93 T, IREIDSIEV 72 TR LIBERIBREL TL 2> T 5, &Y
SHH XN\ —EZ i, t—EY SREOBE L 5T, REOEEI/N
XWVEFICE-TWS, D0, M3-200t —E Y SIREIOBE L KOEMN5.93 THFL
whl, B3-20 CREI VT VHBEFIRERI ATV SICRL, OB IESRATIT
H5,

B3-25 3-26@7 0V IREAEILEERT, ZNETNKH1.48L2.96TH%. £,
BR(b)TIR7 NV IWE L ERESHAL CARLEINATYS, Yy v/ —HEX 1AW
YLEOT, ZOMORNEOEEN T TEFRECL2BEPBLSE>Tw5, B3-
25(a) TIRBFCREEEED O\SH D, FiEHCHBRBESN>DH 5. RK(b)T
REIEOFRCLEESFET L2250, HECHTEY O@sRoNn 5. B 3-26(a)
TREBEGCREHEDY OBSHD, 2O THICE» sBLBABR 05 . FM(b) i (a)
o EAAT N AAET, BRI 2 E0REED OXEERSH D, BECHRU K
B0 OEEHS, BEELICHLEBRIERL TVT, EBRFOHVCROEE LY
BRDSNDY, TUVIMIZIAFRBIFILALERDOLICE >TSS,

B0 3-27~3-29 % a=5 sin vt DBBEXHE v F v JIREOERT, HKITREEK
ZEFNEN2.96, 3.95 RU'5.93 TH 5, HMEBRIK3-27 THE, K3-28 £XK3-29
THNVZ VRIBSITH - T,

B3-30 ¥ 3-311k a=10"+10"sin wt DEFGIHEOE v F >V 7 IREITH 5, FH0
Ao o FEH E TERTHIVEIIESRICR Y, FEAOHBREIRE Z>7. W
%ﬁﬁuﬁﬁﬂ%;Dwa%%mﬁmk%w;of KBZELWVHED a=10 sin wt
DEBERIELS B> TWw5,

3
f
&
i
X
g
il

3—8 5% ZEXANE Y FUIIRE

M 3-32~3-361225% EREAEZXHAELEE Yy F VI REHOFBEOAHILERTD
2, M3-32:K3-33i% @=10"+10"sin ot DREBOFEN T, FAK(a)»3ERRE, RN
(D) BEBREEL 7NV IBWETTRILLTH S, KIZK3-32T1.48, K 3-33T2.96 TH
3, ZhoDHEATEHRNZZ L], BREAORIFTCOAFBMAVEREINDL I LTD
%, ®M3-320¢/T=0.17 T, BLEOHBFERSEBBOLCETHRTLTETEDY,
THE,»SEE ES->TERBEREBEN G->TAEATYS, 20 2EDBOEEDHN X
BEWZHETH S, K3-330 ¢/ T=049 TiZ, BEOF T LEROKBER L RO E
EOMESELUT, 7V IHER L 2 FEERTR T TKRPERL TVw3 LI TR A 5.
IO, #EESZROLEOEXRAMECHS.

BI3-34 £ 3-35i% a=15+10"sin wt DIREIDFE T, KIFFTARDBELRUL %
hZEN1.48 L2.96 Th3, BEIHEADE v F > 7 IREBIOHE L BT, FIVEOREK
BETHEIAI Y VKT I3 ABNAEL, FhFhE3-32 RUH 3- 33 LEKD
BEHEEEC > TWw5, M3-34 3 LHEICHSHERH a=10"+10"sin 0t DFHF LD b
K&, BIBANCBIO/NE WHBEHEE SR 55, K3 - 35 TIIRBEROREE 3 -
28 LIZIZAILTH 5, %0 SEBRIEBNFOEVEN 2ETTVSY, Zhik, EEA
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DERBH—EFEL THSZO—BBFEMEL, ME T EeEZLND, 25% ZRA
XEOE v F v FIRETIIATEREEC L 25RO L2 FRBSHRUBCREVEELS 2
TWw3,

39 X-t B X

BEPEEORNORFHEZEL Y X-t M TRL .

(a) E—Ev/iRH

E—Ey JIREOBEE I EED S A 05 BOAIE % 16 mm BRE O B L ARG
W 5FHAE - T, B 3-36~3-38 1ZRL 7z, B3-3613A»80.12, K250.99 T, KEHRED
BED X-t HBRTH D, X-t BHOLEROBAANIIRE T 2BEOME Z/H 2T, #it
O t/ T I T o bAEsd, #hE &b EGRZEHO L, > —RAPSOEEH 2R
LTWw3, GREIOMTIIEE X/C T, BEOMUER X/CH1.0DERTRDbENSD,
Mtizm Lz Lo, AREENE» SHNLLME, A EE» BN THE L
BEOLHOMBYRT. ¥, MPORARZERE2 X-t BEEXRLbDTH 5.
BMRLERLDOOH B, BBOTHHTHRENMEE T 2. ByREO LFICEL,
TRELEDS L, BINTAHARTH»oRICYZ LI TR, BRRHECRBE LB
THERATE#HL T B FREE oM LAY S, ZORIFOREEEIER LY
b/INE L, X-t1BHNTR2 L 13RBETH-7-. THEEDE, ZOFMIRLCEEZD
BECESET S, BroBRichktansBERED LHE TETHACERE, b
w, BE» oD, Bo LRBCRBETEMAT, TRERCE EERITRELS—
ST 22 ieh 3, REROBERNZEREESICLIZ2LDOTH SN, TORHOE
Wix, TOEI KU THHMRBIEE L RIZL TV 35,
B3-37i13A50.19, KA 1.8 DHBED X-t HBETH 5. BEOREIOERE ZER
FLTERID LBV, THRIEDIZORTZERISEL K5,
E3-381xA50.37, K2$2.96 T, A<y HEFINEEIN-BETHS. ROTRE
B, TEEOBBE %G b VAATEE LSV BEHERT 5. Ok, LEfAO
BRIEGE CEL I EMNTEY, FBSIBEI YRELE 2, Kb, MAEN Ll
DB L TERIOBEDFESSBE TR L LBOFBRFOMEERRDL TV,
(b) BEXAEDOE Y F v IiRE

3-30 £ [3-4012 7 )V S EAEABEE,» S RO e X-t K2R T . B8O X/C 28
025 1.0 CRELAORNERRD L, AHGHAEEIC X 2 FIEE L REROTK, £h
S OMEERARUEBRAOBESEREN TS, B3-39 1k @ 310" sin wt, K531.48
DBET, BAFIIEEEY O, BXMEREHEDY O\TH S, ¢/T 30.25 TEA
BRI BRI HTGE C HBER S RN 2, BRI EE L2 THCE> TLsS > T
W&, {/T=06 CHEESMLCEEY OBEFKRT 5. BRERLEEHRTL, KEFE
B0 DBGFEORE TE TS, BEBIENTAL S BHEDS LT CKBRECHEN, K
1/5 ASR®RG L ¥ o 7-1%, BrEn s, 3AHCE, BoO TEAW KRETE D O£
BELTR AN, BEHED 0BERE k> TE» BN, BETRE CEESH

i
o
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¢ T=.00

a7
3-20 t—Y v IREND ATk
A=0.74, K=593

(1) (2)

(4)
B 3-21 BEXEADE v F > S iEE
@=10"sin wt, K=1.98
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(1) (2)

(3) (4) -
X 3-22 BRI S0y # > 7 iRE)
@=10"sin wt, K=2.96

(2)

(3)

K 3-23 #8%s0v v F TR
@=10"sin wt, K=3.95
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(2)

(3 (4)
B 3-24 BEIHOE Y FVIRE

a=10"sin w¢t, K=5.93

(b)
3-25 HBEXHEOYE v F TR
a=10"sin wt, K=148
(a) 7N 3IBEICLBAEL
(b) 7N I+ EREEC L3RI

(a) (b)
3-26 HBEXAHDOE v F v SRE
a=10"sin wt, K=2.96
(a) 7r Bk sAHib
(b) 7N gk+EREEEC X 3R
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DEIZZWPB—xfE 2> TE,SBEN, THICEATH 2HOBBBEYE-2ET, &
HLEWEI R Z .

3-40 KM 296 DIREITH S, t/TH0.6fHATUVAZRACHBEIED >N
. @R 1 ABRCEBRECE S, RICEEGA AL ORERELAET 2. BERREHEIC
Lo TKREL LD, BRERBERT LI, K291.48 DBSERKIC 1S5 THD D, {if
B ko TWn3,

() 2% URAZHADE v F v JiRE

3-411F a 2310°+10°sin wt, K5 1.48 DIBED X-t BHT, 7V IBHBEED
SHAMOETHRL .. ETHOFRIMSIENHFTH 5712010, BEBOEHERTSIE
X TH o7z, BFETEID O%EI™IZ ¢/ T 50.25 OEICERN 3 L [F U EEER X 0 §ij k&) 8
MEAELT, $CRBE2HND, —F, ¢/T » 0.6 EICHI 2 REEEE D O%EEI 2/
SRSEUIEL S I B

3-42K52.96 DHETH S, IREIOXHH 25% ZRACHDDT, HBEIFN
HBORTIRET 3. Ld>C, MAUBOEEIcHT 2HEL LT, BOBRMAALY
bREDRENC L 2 bDODHHKE», FEOKEERIZE CREE DD 0%EE L &%+ 3,

B 3-27 #EXAOY Y+ SRS B 3-28 #EXEDY v F USRS
a=5"sinwt, K=2.96 a=5"sin wt, K=3.95

3-29 #BEIXTEDOE v F VIR
a=5 sinwt, K=5.93
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1.48

10°+10" sin wt, K=

BEXHOY v F v JIRH

a:

B 3-30
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10°+10° sin wt, K=

M 3-31 #EX SOV F o SiRE)
a
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B 3-32 2B5%ZEXHEOY v F > SIREE
0
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EA4E BROLUE

4—1 BFELENE X T

(-plane
41 / <«—> 3
/ 2
=7
3 2
Im(z) Y
2 1
1+ : ot
e a— o T -1%
- - Re(';)
B 4-1 #EE—EHHEE ORI
R4—1 FED T A-F— p=tie
uT
No, 38 U At T UT B
(o] d§ Zo
1 —(¢—sinwt) 0.5 0.04 3.2 .6 4.0
2 —(&—sinwt) 0.5 0.08 6.4 3.2 1.9
3 —2(2¢—sinwt) 2 0.71  0.04 3.2 6.4 0.69
4 —4(47—sinwt) 8 0.50 0.04 3.2 25.6 0.13
5 —8(8¢—sinwt) 32 0.35 0.04 3.2 1024 0.021
6 —8(8¢—sinwt) 32 0.35 0.16 . 12.8 409.6 0.0053
7 (2 ¢—sinwt) 1 0.71 0.04 3.2 3.2 1.4
8 —(4 ¢—sinwt) 2 0.50 0.04 3.2 6.4 0.49
9 —(4 £—sinwt) 2 0.50 0.08 6.4 12.8 0.25
10 (8 Z—sinwt) 4 0.35 0.16 12.8 51.2 0.04 3
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Y, BROELEEC L 2BNBOREY S 2V —yv 3 VORENLEZFERT. X
MIEEMMO RTHN L T2, BELZRDLTHREERES TRYI->T, HLX 2L TE
M2 B, MNBEOPCH2ELOEEEn LT3, jBEOWRADONER § LT 5L,
FERT 2N O LRNBER ¥ Oo—KRA, O+i¥ TROINBIERRT V¥ v IVF
i,

F=g()+i 3 xlog(¢ — &)~ log(§ — ) (4-1)

TH5, 12PL I BEREMCTHY, F1HBRERE, F2HBRIRARELZOHKRDOER
Tho, » TBEOEE, FIREFCNT S (OBKROMEBETHS. jBEOWRRICX
TAEZERT VvV FiE, 2OBRABEOREDERZEVT,

Fy=g(£)+i 3} xillog(,— ) —log(§,— £7))

—ix; log(&i—¢}) (4-2)
Thad, HEETH2 (EEHLTYEA2 2@ THE, WERCBT2HEw=1u
+ivit 4-1) REz2THALLTEHESNS,

_ & dF
~dz d¢
Zi[dt i 2 olely e (4-3)
W% OEE X
G (£)(%),
(),

=z | {g(é) szz(gj gl—cjié,f)w%xj—g—_l—c-j,—} (4-4)

THY, TREMWOBREFNSOHEGREBLOFERICL>THEINIAER DD, A
3OME &I e HIEL TwL e, &kt OB GG) THY, Ll t+4t TD
B C(t+4t) i,

e+ A=+ S ar (4-5)

&5,

4—2 FhBHNENL
RENRIC & > THRTISERE NG E, BCERENLCEEL T, ZRTORET
R E LTETMLLT:, VEBE2zELE L, BHRE2 (HWET 5L,
z=8 (4-6)
LA, CETCEEECANAHNBE, A TREDEMTROINIFEIRO LY DB
NEERI NS, £,
é‘;: gj (4 - 7)
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ThH5. Eitg(¢) 2ERE» SWRNTETRAL SBMA TR LRET 2 HADE
REBEZDE

9(£)=—2(Us+E—sin wt (4-8)

ERDLT IENTES, FRMOMBEROEHRBE R EZH4-1 Rz,  BNOEEE & D
MBIZEASNDD,

_ sin wt -

ThHhad, MNZEEOHERE» SBICH > T & KHA-> THNA T E T, NHFEOTKR %
BoTEACHENES, HLRESE2PLEREEHT 200, RAKBITI2MELIREIL, { T 5
T (4-8) Rk, 1

(5%)::02 U;*sin wt (4-10) :
E25 . M4-1iEsinwt=1 DREOFRKRTH 2, ANz @ TIREAS 20 FERO L@
HY, TIoHAIFMIBRERH L. FHRAOTHEHANIE > TL 2WNIZRAT LR
BYRAATHSRD EHICHD. K4 -2 CRECELRT 2 EMTEKOFTF AL %~
L, B¥ABRET2HELZEHE2S, WHECOTEMEE R

dg Ut  U;sin wt )
=7 + 27 (4-11)
T, REROBED—ARFEE ICXILT 3 —HEfEK 23
l]=——%g (4-12)
kb, IREET %
T=2L , (4-13)
w

L3, —APEMCERLEDRS U-T PREOEET, REBOEIOHEREL LT,
A RO EDOHRIE 20 2 BRTLL -8B

— Zo 21 .
B—U T (4-14)

£, :

4—3 HHBROREX
TABORENCIIGEL T, 4t B LET O @R 8 PRk, s et s n s, BB
NBMEARDEE LHEOAE L Graham (1980) O HEICHE > THRESI LT,
DTFCnBEBDIALAT Yy 7RBOWTHHEENIBWARDEE xn & Z DALE Lalne
4t) BRET 2 HEEBRNS, ABEOFICR, T T n—1HOBABSHE LTS, A
FSALAT vy 7L t=(n—1)dt 26, n-At £ TORICEE 4S DIBE L EFRI FARGE»
SENHTETVZLEZ S, zHEBVTRBOEE 1. 13 —E T, RICFTIC—EH
ETHRIAETL 2 T4E, #OFER
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_1 i}
——2‘"‘27[')(:.‘ (4 - 15)
TH200
AS =|— e xz+ At (4-16)
£z 5,
Rz, 7y 5 0&GE2ERT S, (4-6) ROEFEKE 4-3) RRAT 2L,
w= 2§[ Ue(Uc —sin wt)—i Ex’{clg‘, §—1§j}] (4-17)

r0, t—0 OFR TR ERBEROMRR L/ Ord i FihT 5. [T THRE SR
LW 3Ty, -17) ROELOAF Ay aDFORAD 02D L5

2, Trbb, ¢ ECEAORES0ICAS LS, BE A4S ORACEE 2 HE T
X,
H4-10ESEFOHOBEIREINT-BE*EDLL TS, {EHTEMLICHIRE

JAS OEBAEACEETIHESRD LS. (HCBI2RABOEE »; &

= Z‘g =2Ex, (4-18)
TH3, EEEW is S i(s+ds)XH b x: DBEERFELAICEET 2 HE,

(11 . i

dVe= m(——o o O_is>d(ls) (4 -19)
Thsa, 4-18) X% 4-19) RCRALTEHET S &,

dVe=4x. dS (4 - 20)
b, thE /IS $TEAT S L, BESESCEET 2 EER

Ve=Adx/ IS (4-21)

t&ot.Vﬂ:M w)ﬁmELﬁ#ﬁ/:®¢®ﬁbﬂBﬁb z X, 7 v I D&

V;=~[U;°sinwt tZ!JfJ(§ 1>] (4-22)

: J §J
¥r, (4-16), (4-21) A»5
2
D S B S _
Iszl—n,.Atl 4 V( At (4 23)
2
as=| Z.viear| (4 - 24)
L%, BEDEIZEEKT
Xn:]fz°AS (4'25)
Tb%b)gs (4—23)9 (4_24)y (4_25) ﬁb)‘a,
D U SN _
eal =— | 4 Vet (4 - 26)

MBS NI, T OBEY idS/2 DEECH 2 EACESHL S,

4—4 NS A—H—DOFE LEFEAFIR

This document is provided by JAXA.



66 FHEETRARE E45

RA4-1CRBST A~ —DERET. 1 BBEEICKET 2B N 222 T
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