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(Computation of Unsteady Flows over an Oscillating airfoil)

SFEFED, WAPD
C.M.Yang, J.H.Baek

A flowfields around a NACAOQ012 airfoil pitching about a 1/4 chord and plunging in vertical
displacement are analyzed by solving two-dimensional compressible Navier-Stokes equations. A
steady solution was solved first as a validation of the code used and the results were
compared with experimental data. Then as a unsteady case, the oscillatory airfoil was solved to
compare the results with experimental data. Oscillating rate of pitching and plunging motion
was set to have analogy and the magnitude of plunging was set using the magnitude of
pitching angle of attack. Finally combined pitching and plunging motion was solved to show
the effect of 2 different types of oscillating motion of the airfoil.

1. 4 &

AEE 2 98 Avde A4 F5S 3, A v Y LA FEH Z LY ER B
ol § B TEAHU L FEoAAN B E FaF Ao, REY AL AFHdE A K
5o vy 2e @4z yeyn FEHFY Adzdez 2L Y. 2 dHFF A
HAAHF g QF& 2 flutter, vibrations, buffeting, gust response, ¥ 4% 59 v @3
82 R 4He ya AL Folv Ad AT AR, F3 FHLELE FRAA dHREY Ho
A4, 9¢8 Fuld 98 FASY 28, g AGRFAAY FAHA-vFAY vAHE FaFE 9
He Aue AdSF B4, Ay Fouddey 5 459 BE T EFY 5} E X¥E2
Ren, AP Yd¥E AYves AR FoAY EAYAFH g & 2 714 Fad EFE ¥
Zo. 8uUdE= delayed ¥ massive separationo] 4§ <FHoly Y, IHdy g FrE9
hysteresis& HAFcs HAelax T & 3uves Yy PR EM & FR vortex
shedding 3} pairinge 2 of7|HE ¢¥9 AFd@NoY. o]u %4 (compressibility) & 33 Qo 9
g ojgo] Adaicdn A AUch ol Ao FHHQY AF s AR NFY FF
AANA 71 88 TAY WL E reduced frequency, k=wc/2U2Z M, °o] 4 ot AFY &
Zolld, & 4YY ZEHo], Ut HE AFHETS Y.

o2t FEAAY B 2 $HEFY UFHoE Udstd AFIAA JEFHY WAL &
Fol ¥ 2& dF7 o]FoJA $tvd. McCroskey(1982)3 Carr(1988)2 70, 80d e FH 448
EEE ST uAY 5 70 A FEAT AYE FEAM, dFRL)Y AANYIRE, F
Y, NDFEY 9F T FXF NYEE TFEd AAHeZ FHAE B g FA.
Ko(1995) 80 dixE 90dul W7 AlY FHASL dFe #g ndx &4 zero-, one-,
two-equation ¥ §F 2 9g vz e, attached flow, light dynamic stall, deep stal.8} 37}A ot
E AN A5EYN A A4S A¥g vz,

¥, plungingd] W# dAF=E 271 d¥d dAFY dEY IdHRE o/ Folx e,
Carta(1979)= pitching# plunging®] ddld WS BAE A HA e, Huang(1983)2 F a7 oy
of oo pitching® plunging 5 AT FAMNY S A,

€ =fdMe AFde EAYE Ave vAY fF5 ARHA A4S HE B dARA
pitching® plunging3tt Y F 49 FE5Fo] & 23 viAY, FAFFTS st g

) 234 7145 dgd
2) E¢3d 71AF%3
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NACA0012& ol gt e fE5xdelud JTF g Fre 4¥93d ZEE 438AY. $4 24
4 dHRcSe PFoz @=2.79 © RAE2822 93¢ AuE Me=0.73, Re,=6.5%10% FA4 &
5o AAFEE AT gz gy Fdelg 1/4 APE FAHALE 274 HHLESE
gy F9e M.=0.73, Re.,=6.5x10°0 U9 £5o A& NAFHFTL A4sAt. o] B¢
wezte g=gqyta,Xsin(w)=ay+a,xsin@MAEHE FoAY oY Akt reduced frequencyz A
dAne vlmsatr) 9fste] At FdA 43 A

F718 22 pitching¥8tE 43 F53 wndly] 943t iz T FHe AEZo) 485
FERELGE ZEE FHoFET plunging TFIHE JIFHY KT BHA HYad,
pitching € E% &t A% pitching® plunging $FS FAd 8= 2L FHA$9
g slma A

hysteresis

2.1 Aol A4 (2349 Navier-Stokes WA 4])
229 4E4 FA4938 Navier-Stokes W34 & generalized curvilinear ZE A4 &3}
#ol vepfol ot
L_ag_+ a(i‘_ ﬁ,,)+ a(a" av) _
] ot EX o
Q=1[p.0u,ov,e 17, F=[pu, 0u®+ p, ouv, u(e+p) 17, G=[pv, ovu, 0>+ p, e+ p) 17

0

F,=[0, 00, Ty, uta+ viy— a; 17, G, =[0, 0y, Ty, ure+vr,,— g, 17

F=(,&LF+6,6)/], &=(n.F+2,0)]], F,=(& F,+& G)J, G&,=(, F,+1,G,)/J
9 BAANRA pr YE, y v = Cartesian FFAANMYY x, v B £ 4 R0l o= gy
U7 Fddxeln. ¢He SAZAN g FRLFJo22EH &F Pol FoAY. AN y
= vgu 2N T2 A 14 ot}

p = (r=D[e=F o+ )]

22 FAAY 719

Tkl did o]t E sl wiFA EH2 HEE Roed flux difference splitting % (o] 8}
FDSe #oh) & ol &3t ojadsiact. of MH-e celldl AANY EFYas Xolg Z EA
(characteristic wave)s} ¥dE AJE 22 Uyrte e JdEZY =d & 9Z£dx Eilod Eg
Ho g E7l5 % expansion shockS 2#fl8 4 Qoo JEZN BAHL HFAY. £8, o ¥
BAEEE 27 AA cell AA #HL9 el A5d Q@ QrE V& AFeo T by
A #4248 ZA8E MUSCL schemed AHE43t9t 349 AGEE 47 ddlMe w3
upwind-biased W4 A& o] &8, dx2EAHE A limiterE 7 A3 B A7 g
# 22 “minmod” & AlE3 Y.

dup(”) = minmod (7, 1)

A Zto] Wi olatstzE WA A HH A FIb o) A2 HEE coupled differential equation®
S 4 Fo, f9 o] % Euler $85 AL AEYL L8 1, Taylor 5 HANE o &8
o ¢ oA AT GAZRE AR L Fhol il MYsFgezN £AAE A=), =3
Azbe) disleg 2249 HEEE NAEE 7989 Beam-Warmingel el A4¥® AF
Euler WA A Al AEHE HLstd),

dF 5L A48 Y8 B A7 e Baldwin-Lomax® d$£3HA i Ed L ALL39gd.
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o] Rd e AAZY A d9UdMYg S4E 2F3E WAL ¢t two-layer algebraic eddy
viscosity @2 A At A4H A5+EL dSH 2.

x = 0.41, A+ = 26, Ccp = 1.6, CKleb = 0.3, Cw/, = 0.25

23 AAAY +4

Aol AlEE ARAE RAE2822 @3 NACAODI2 93 & o] £314 C-typee & FAIAL
W pitching® plunging® HAIE7) 9438l & 249 &3 A () FAFA(h HF
A3 o5& ANES Ao

ezt A a=apta.Xsin(ed) =ay+a,Xsin@MEHZ FAAEN, d7AN k= wc/2T
= reduced frequencyE YElUln, H¥g#H HIZE sty AAHNUYD. =Y FHoFAIE
h=hythyxcos(w)2 FAAEH, U475 ditd FdAY APz Ado FEYZZ L

dgy=— hlUs , (G mx=— hosx/Uo ©2 AZR % ATk, & Foj B8Zs #7)9} AE
B o2t 45 £REY VEL hy="Ztama, £2 AVY 4 Ut olE FAY WsrEE
EASE, ho=-drtma, 2 Ued & A% NAY KFEAAE A%} ohd ARG HY @

(o FHFAHA (Y AAAE M2 FASEA AL YA, BF UFsEe 49
o H A AMelME ANAZY GFE Ao Hd ESA4H HA WAL Ay AT G
ARE T BBEE ALsld a4 A48 Adside A7 ged, & dFd0Ms HAy
Az AP E st v ARA Yol HF AAE YFdte HYE YAt

3. 43

31 Ao WE AF

FAAAY HAHA AP Y HFL st WA RAE2822 8ol dg wHAY/ FA
AN4EE AMe AT, 28 1& Aol A8E AAeln, 3Y2E utats 073, Holy=
4 6.5x10° o §5o wed 2.79° 2 FoUE RAE2822 I8 F99 434 A SEA g
A4 ANFARZA, 4% FA9 JYAF XS Uetd Rolth Cook et al.(1979)9) Azt ¢
e 271 2 YA Fol F YNTFL BAFH Ut

3.2 pitching %38+t NACA0012 98 F94 v|AL F5a4
o2 1/4 28 M S% pitching $58E NACA00I2 98 99 AN FFHM4L
ANSEEd, FEZAL o8 s5E M.=0.755, dolEZRFE  Re=5.5x10°2 Fojzen
pitching €5 & olaish T AU S5 Pz Foizg.
o= ay+ a, % sin(wh = ay+ a,, X sinQM.kb

7NN 2,=0.016" , 2g=2.51" , w=2M.k ©] 3 reduced frequency, k= wc/2U~=0.08142 A
HEE 93d AY 23 AAAADG. WAL 584 27123 FF 9NFAe FARE
ANARE Aot AA 53718 AMSAQEd F7] 29 o|HelA ojr] 22H FrHL BAF
Ao,

a3y 38 @275 Anwsted @& A% pitchinge 5% A¥F Y ¢HARLTE Yed

o2, 4yt g YaAez FAHLT oFHE R & VEY UY. 19 4= 9§
o] &2 ¥ A <9 pitching moment A5 L& ¥Hilo g LXE AP vasted BdFa
Aded, & Ty FAYdHe HHdd wegHdeo FrEE E<dnose-up)lE FEWLZY A
E%E FYASEI Zol5D BEZdo] Foj= = FU(nose-down)ol = WUl 2 YH AL Frhse
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| Unsteady airfoit

A4 99 hysteresis AT 2 Ut 2Y Sl wgde wWslel g oy e gheA
T EXE 49#% vnsd vl 2370 HuXo AAYAE nose-up F7l B2AA
AR FAY Aot F& HAFD Yed, ol 2 ZAAE HAYY FF54 Y dH2dY
FARY R A WE FFYY HE DA G HE 48 £H2A2 4AAG, o
2 A ADFEE utFo e AL AHNE, FRETHY AAFU ABFE vy
st Ho A YPoze ARH A} FAAY FBE 2 9L AL FAY £ Q
Ao

3.3 plunging ¥+ % 3£ NACAO012 918 F99 AL fE34

3oz §%F4 F3AY Wz A3 plungingTFaE NACA00I2YY Fo uAdAN %
H4 g stAtd, plungingd ¥8& F o & 49B7) atd FFWLZGe=10 F FERLZ
o A7 E @,=10" 2 AT, FFZ2AE Mo=0.3, Re,=4x10°2 s g} o]g ugoz
plunging %9 AEZE& h=hy+h,, X cos(wd), hm=715tana,,,_°‘_i Ast g o, reduced frequency

< £=0.12 A3}Ho. 2Y 6dME FAANAY W we dge $AYAS 9 pitching
moment A4 & HAgF 3 9lch pitchingd A4 A2 g weFe FAAgo o
WF kol F7stE F<¢(nose-up)ll e FERSAY FLENE FHASI) Solsn Bego &
o2& FU(nose-down)dll = W2 FYAF7 Frhste v B4 489 hysteresis £ Fn 9
o, 2 271E pitching €59 A% vsto ddyez 34 Y e Rg3qn,

3.4 pitching® plunging 33 NACA0012 948 F99 ujAA 584

plunging &% # old dl 3+ pitching €% ¢ 7 Zald NACA0012 93 99 nARAA
FEANE YAAYT. FEZD LS M.=0.3, Re,=4x10°22 @9 plunging £59 z2a3 ¢
A # o1, pitching £59 B&Z Wale a(H=10" +10° Xsin@Mk), plunging €59 42w
Ae h=h.xcos(w), olde JIEZ hm=71kjtan10' , reduced frequency® k=0.122 Fojzxyl.

1% 7% pitching £%59 2§ wslel 0& gy 5 AA$9 pitching moment A4
hysteresis& pitching 2F%e] e A ¢ v vdetllfle. plunging S50 93 9o
g 5ol pitching &5 99 Ao uste v FAS Fgko] HA UEHEE HeFzm 9o, ol g g
plungingE &°] 42 Y A pitching moment AF ) v ANE 9FL plunging 59 A5SY
7], a8 W94 pitching F719 AR Tl 98] Bo] 2EAA Hop, A S LEASAA
pitching® plungingo]l FAldl }&aE P4 AEAHNL 94 &2 o e 4727 "gas
c}.

4. 48

A7z AFgde AAE Ae uA4d 459 2349 Aojg 99 A BAZA pitching
% plunging®te AYFHe FEFol WS 22439 AN AHAFFL A3 H k. pitching S F 3
£ NACAQ0IZ 48 FH9 HBZY fFEANNE Fao Fgoly #7, Ay e Frg9
hysteresis £33 & Q¥ 4 Aoy, YAd 3 WPFoze AxHY w7 X9 A=
d 2 4%S IS & F AU &2 2 pitchingLF&E 98 57 njxnsy] 3o a3
HEZte VFZe FFde FELLLE REE £Ho]F5E plunging €58 = d¥F9 &
o #3td #MA3 o pitching 5 B+ FAT F7199 hysteresisy F713 S4o] Ve
£ 2o FQd pitching® plunging €5 & FAld & 239 YA+ hysteresis® pitching
€50 Hel v 23 plunging® del AdFez HA vdetd e ¢ 5 ).
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2% 1 RAE2822 989 Z = 2% 2 RAE2822 ¥9 ¢ 44 BX
(a=2.79" , M =0.73, Re,=6.5x10°%, d4)

Alpha = 0.0081 (up)

i

Alpha = 2.0420 (up) .4056 (d Alpha = 0.7991 (down)

29 3 pitching@€ $A19 2&Zo] iy dPe¥s
(a=0.016" +2.51" sin(2Mo k), k=0.0814, Mx=0.755, Re.=5.5x10°)



130 M2E2H ’8J JFHAFAZ e

| Unsteady airfoil

a2y 4 ¢&zte] wslel o Epitching ¥ ¥ 2 48, A8, WY A4 hysteresis
a2y 5 weztel widle] W& pitching 93 FHY Y4FASF X
(a=0.016" +2.51° Xsin(2M4, k=0.0814, M. =0.755, Re,=5.5x10%)
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aef S~ /] °“-L// VAN 8
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Dispigcsment ALPHA

1Y 6 plunging d# e 43, 83, 3 A4 A4 hysteresis
(a(H=10" +10° sin(QMo kD, k=0.1, M.=0.3, Re,=4.6%10%

2% 7 pitching® plunging €5& FAd st 489 49, 43, 548 A4 hysteresis
(aH=10" +10° sin(@Mkb), h=#taﬂ10’ cos(QMokD), k=0.1, M.=0.3, Rec=4.6><106)



