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Figure 1.1: Schematic for supercritical airfoil [I].
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Figure 1.2: Schematic of Flight envelope [9].
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Figure 1.4: Flutter boundary results from AePW2 [22].
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Sx 5 ag( J> E(%Jr T o€ (2.37)
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HWREARFHI K D, 07 9 5 5
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Thbh, TnzEMT L,
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JT+£tJ§+77tJn+CtJC—J<a§—{— 877 _|_67C =0.

ris, RELYCRATSL,

Q 90 (Q J (&Q 9 (mQ 0 (¢Q
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LiRb.

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

A(2.43)-(2.45),(2.56) D — MR HEAEA 1 % T RTOFHR R MK LT, —REEZETO
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Q_ ij
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N 1 A 1
G:j(CzE+CyF+CzG)7 Gv:j(C:cEv+<va+Cva)-

(2.57)
(2.58)
(2.59)

(2.60)

b, Lo T—MREERIZE T B3R c/EMMENavier-Stokes HFERITILA R D & 51270 5.

9Q 0B  OF 0G My (9B, OF,  0G.,\_,
dt 9 T 9 9 Rew \ 9 O I )

—HREERERIZ BT BE, n, (HHRDEE KT &2 KAHEE UTEARD XS ITEET 5.
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NKEEEZFAWT REERIZB I AFANRZ ML ERRT 5 &,
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FE = j p'UU + éyp s EU = j é‘xTyx + SyTyy + szyz )
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oV 0
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. puW + (.p . 1 CeTex + <y7-xy + CeTaz
G=— poW + Cyp , Gy = j CrTym + Cy'ryy + CzTyz
pr + Czp CxTzoc + Cysz + Cszz
W ez + GyBy + C:P=

L72%. AEOEIEIZ LD —RERSRIZE T 5 XM GRADPF o N, —REBHELEHIZE W
THRFOERMIXRNEL THE 5T, [EREOMKREERIZN U T LRl OZ AR Y 7D,

2.2 RAEAEXNOBUEREE

AHITIATHITE A U 7z —BRESR IS B 1T 8 KT (L & 72 URANS S8 A D HUERH T 1K
ICOVWTHRAR S, KRHIOFMATIHEHRDOD, EFESOFEKL T 2.

2.2.1 XEEAREADBERIL
&3 A R.61) & WA BRI ML T 2 L AT D & 5127 5.

(1+ap)Q ™ — (1+42a5)Q" +asQ" ' <8E oF aG)”“ Moo <8Ev OF, 0G,

n+1
2)

26 “on o

(2.64)
ZIT, nldHEAT Y 72RT. e, 3INHEEEZLEE T L7 A-RTHD, a5 =0D
& EIHITKKEE, ap = 050D & SIFMHIZKKEE & 705, £ 722205 T I3 A BRARRHNIZ AN
D &S IZHERAL S 5.

At 2 T T Rew

OE _ Ejri/ok0 — Ejo1/2k,

o A¢

OF _ Fypi121— Fyp1/21 (2.65)
on An

G _ Gjkiv12 = Gjgi-1y2

a¢ A¢

ZZT, 4, k, UESIRTCKE TIT BT BE, 0, (HIADOK T HBER T2 RS, X 7251BHE(E n, O
B AHTHEIEETH LD, fHBOOA=An=A=12TF 3. FEMMIEDARL
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2, MMEIZOWTELEETH S, F/2E, i1/2,4e IR ETIERLEAEEVAE TORKE
BRI ZOBMEBREREMEIENS., BRERZ MVOBETR R I

Ej+1/2,k,l = E(Qj+1/27k7la Q;+1/27k7l) (2-66)

DESITHRFRENRZ VO IVAEOEP SEHRIND. 22T, +HiEZThEThitE LD
e, Ao R E KT

2.2.2 FEFMERROEEE

FERGME I R D FF 512 I Advection Upstream Splitting Method (AUSM) fEA ¥ — AL TH
% Simple High-resolution Upwind Scheme (SHUS) [0]% 7z, PARIZ A F — L DFM %2 xR
£

FERMETR R D MK IZERH LU, RN MV EEERR EERIEINHIT 2 LU TD &
212EF T 5.

E =m¢ +pN (2.67)
ZZT,
1 0
u 3
m=pU, ¢=|v |, N=|[§ (2.68)
w 3
h/p 0

TH5. FAKOERTBUEIRKE, /2, FAUSMEA F —LIZEWTBFO LS IckIh
5.
—|m|

¢+ 5

mﬁm%ioh%Fﬁp'OmfﬁbaﬁbﬁﬁkiéMTwé.ﬁﬁ%fﬁbé&ﬂ&ﬁ
BHERAmB LOBERITEHpE A FD LS IZEET 5.

m+|m]

Eji1)2k1 = ——¢" +pN (2.69)

|M +1] = [M —1] = 2|M]| Ap

1 _ 7 M+ 1] — M —1]
e —|U|Ap — AU —
m =2 | (pU)" + (pU)~ = |U]Ap 5 pAU 2 a
=BTp"+ 87 +y
1
g Z@¢NﬁﬂM¢i1) if [M*| <1
gt = 5(1 +3ign(iMi)), otherwise
1
p=gm"=m" —|m)(U" -U")
(2.70)
ZZT, —
S UNU e o T

Ap=pt—p-, AU=UT-U", Ap=pr—p
TH 5. LIVRE(+) TORYBEIZRIE TR ZMUSCLAIIZ £ D KD B, Ej_yjpp,d &
OZF DD HEDFRERZ MUIZOWTHEREDHE 21T,
2.2.3 MUSCLZEICK 25T E I REOED S RIEEM@EME

FELIVAEIZE T 2 Y8 & O FHEZIZ IXMonotone Upstream-centered Schemes for Con-
servation Laws (MUSCL) J%.[41]% FH\7z. MUSCL: Tl Fig. 6: AT LD IZRIVNDOYH
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BgDDMZREL, CVREDMEEZFET S, CIVNOYEE(D 24,

1 3K Ax)?
q(z) = q; + fx(x — x5)05q + 3(Aa)? {(9«“ —x;)? — ( 12) } 52q, (zj_1p <@ < @) (2.72)

L%, ZITqGIRBFTREINS NV TFETH .

! / e (2)d (2.73)
= —-— z)dx .

£728;, QU FORTRENLEN AL -2 TH 5.
1
diq = §(Qj+1 —qj-1) (2.74)
034 = qj41 — 245 + 4j1
YIVERTOYM ST,

_ 1 1
Grajp =4+ 7 (1= R)(g = gj-1) + (1 +w) (@41 — q5)

. . (2.75)
Gfirjp = G+ — 70— K) (g — a) = 7L+ 8)(gj42 — 4j11)

LEIETES. X

AT =qj —gj-1, Aj =qj+1 —Gj (2.76)

A]'—Jrl = {qj+1 — 4G5, Aj_Jrl =4qj+2 — qj+1
&35 eX(2.75)1F,
q. —q~+1(1 ﬁ)A_+1(1+/£)A+
t+1/2 4 74 ! (2.77)

q;L+1/2 = qj+1 — %(1 - “)A;FH - i(l +r)AT
A, KR TIIESERNZNRE L TWA-OEBE O ELR RS2 mRE D
A, QRKEELL EDOAF — A TIEAREBEIICP WTEERARLZELR->TUE S =2, HIFRE
Ba AW TAEGHENIZE W TITIEE ICHREE 2% L LitR 2 ZEbd 5. HIREHIZD
WTIIRRA IR INT WS A, AKif5E Tl Van Albada limiterZ FI\)7z. Van Albada limiter %
WSS, RRIDEATD LS 12745,

1 _ 1
=q; + 1(1 — KS;j)A; + Z(l + /ﬁJSj)A;—

1/2
1 1 _
Gyijp = Gt — 7(1= ms) AT — 2(1+ msj0) A7, (2.78)
20TAT +e
§; =
A4 (A))2 e

I T Y uREIEED 7O D HNERETH B, RERIYHORDIMEIZ & > THIRIHEE %
EHEFET, k= —1TARKEEZE2M EIE, k= 0T2MEEEAN S A EIE, = 1/3T3RHKE
JEEAMEMEEE 2D, AR TIEE = 1/303RKEERMMEZHA Lz, -mBEoxge
TBEBUNIERENED D 5D, RZETIIRELE TR ERERTH Sp, u, v, w, p&
WHUTMUSCLAM %217 o 72, Z3UE—MANICRF AR L 0 AT T 2 #if 0 i hiL
EN DRI L 2BER T2 EBATRETH D Z AR OoNT VWSO TH 5.
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2 g g

Figure 2.1: Schematic view of MUSCL interpolation.

2.2.4 FHMERERDETEE
FEVETH O BUE R R I XS E L EDEZ A WTEHE 2175 7.

2.2.5 KEESE

JEMEME AR IR SR 2 E MR REDH 720, R AN I FEE B L O %3z
HEOSCFLEIZ X - THlf E n, TORKBHLZEBZBIILTD XS24 5.

CFL =max (|U| + age, |V|+ agy, |W|+age) At (2.79)

ge = /&2 +E+E2, gp= ittt go=G+HE+E (2.80)

REIRE D 12V > 7w RIFITRE I NS & 5 ik z W54, REEE OWLELRES
ThHDHKIE, CFL < 1%z 3 X5 AtEZHWRITNER ST, ATy 7R KT 5
EWVo RN D D, FRITAMZE TIXBEH TS ORVE(RE % i3 5 720, BEMERR 5D
B/MEFIEDSO(10-OFEE L IEFITINE KR D, CFLEEP S AtHIEFIT/NSI ML T 54
WHh 5. WEOREHFEBIIMES RAMEREHITHY, £/-77 v X —HROHBID7-DHIZ
TIRENI0E IO FRE DRSO BB E L D Z s, HEDORMAT Yy TP RIS,
—F, BERZRERMEERE 2 HW72854E, CFLERMIC X 26017 < 7 0 B/MEFIRIZ b

59 HERA R & R R Z AR EZ WS Z e TE S, LA L, Lower-Upper Symmetric Gauss
Saidel (LUSGS) [Ef#ikE2iz RS N d & 5 2 EMEIERIKIZ B 1 2 B2 2 RERE 1A T Ik
KEIEMIZ & BELUZ & D FRFRIEEDPIIRA R &> T L E S 720, EEFHBEIIBWTIEK
BEEIC K VISREE 2 IR T 2B EDRDH 5. L -BREDGE, REBEOOHE I A M
BEHTE2IFE/NI VDI UT, BEEDEE, REESOFE I X MPIEFITKRELR
5. T, BGEE - BREOES SRHE L TWDDNIERE L T 2 HENIGEMITKIEL
TH O EENEIRT 2 HEDDH 5.

AWFFE TIXURANSZ X GREAE LTHE D, FHEZHED 720, MWDK A T —)viklt
BRI R & <, B/IMEFIEIXH MR E R D - DIEF TN LB, [>T, CFLE&MADHIK
W EN R B b B X REES 2 V5. RIS TR TEIZ3 MR AT IC L B &
7tk b, FREFRE D ICLUSGSBafi# LS U < 16515 & 1258 U 7z Data-Parallel Lower Upper
Relaxation (DPLUR) F&f#ik[43, 44] % f\\ 5. DPLUREM#IEIILUSGSEERIED T — X A7
xRS UEZEDT, AEWNZTILVIY) XALZEAMETHE. ZD72d, T T LUSGSEMIEIZ
DWCEIL, D%, DPLURFEMEIEIZ D WTHHT 5.
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LUSGS[2f#:%[42]
— R RIZ B B3R A1 7 — HRRIA T L 512k 5.

8Q OE OF 0G

% "o tac - (2.81)
X [@.81) % Bt ML B &,

AQ" OF 8F+8G n+l
At o€ aC

L5, E, F, G AT 5 &,

=0 (2.82)

OE™
En+1 ~E"+Z— AQ"
o e (2.83)
— E" + A"AQ"
OF™"
FnJrl ~F" 4+ 2 AQ"
aq ¢ (2.84)
— F" + B"AQ"
oG"
Gn+1 ~G"+ —— AQ"
o “ (2.85)
— G" + C"AQ"

Y%, A B, CIEFIRY a7 v eFIn5. ARIPRAT S L,

[I + At (ggA + 33 + aaCC)]nAQ” — _AtR(Q")
OE OF aa) (2.86)

R(Q):(w + %

ERD. REY AT VEUTO LS ICEFADRFEIZL > THMHT S
A=AT+ A"
B=B"+ B~ (2.87)
cC=C"+C~

ZZTEMEDOLF, WEYIELT VOREAEMEDNS ﬁt/xﬁj\@v&%b EDE A BT

HIST B0 & AT, AOEAHEICHET 280 2A- LT 5. KR.86)cR(E87) % ARA LK
WLDUMREEAT 5 ¥,

[ At 0 At 0 At 0 "
I-—A +At—AT - —"B  +At—BT — — At—C™T
_ Y; + t(95 A + tan ACC + tagc}
- —1
At At At "

I+ =At—-—A )+ —=Bt—B )+ —((Ct—-C~ }
L Af( ) AU( ) AC( ) Gkl (2.88)
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I+ —AtT+At—A + —Bt+At—B + —CtT+At—C~ A

TR TRt TR TR TAY TRy ] Qi
= _AtR(Q]kl)

&5, RV ALY Y ERERKEAMETNDO L S ITELT 5.

A:;O’A7 BigB:;UB, CizC:i;ac

At ~ (2.89)
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oa=U+a\/E&+E&+&

op =V +ay\ /12 +ni + n? (2.90)

oo =W+a\/G+¢G+¢

TH5. AR DM I U TIHIUKE B LA ETIT O & 5 IC##L T 5.

:

EA-‘F _ A;Ck,l B A;r—l,lal QA_ _ Aj_-i-LkJ B Aj_,k,l
aé' 7.kl Ag ’ ag 7.kl Ag
QB+ — BJJ}rk,l _ B;,rkfl,l QB‘ _ B 10— B (2.91)
877 7.kl AT] ) 877 7.kl An
204‘ _ CIk,l B C;k,l—l 207 _ C;k,l+l - C;k,l
a¢ I A T9¢ Tk AC
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I+ AtI Skl Al ki
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[ OAjpi  OBjai  OC;e At At At e
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2.92
225, RRIPIFUATITRITIEEOABEA AL — T CHEMETH 5.
OA. OB, aC. %
I+AtI< Ajg’l + A];f;’l + Ajz’l> AQ% i
. At . At . At .
= —AtR(Qy,) + EAJ'—UGJAQ]‘—I,IC,Z + InBjyk—17lAQj,k—1,l + Ecj,k,l—lAQj,k,z_1-
(2.93)
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OAjki | 9Bkt | 905k
T+ AT (2o skt Gkl ) I AQY
+ At ( Ae T Ay TTAC ) Qjik 2.5
Kk At n At n At n |
= AQj%, — EAJ'H,k,zAQjH,k,z " An k11 AQT 11 — ECj,k,l+1AQj,k,l+l'

£ 7 R(EEY)-EE) £ .
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Aj 1kt AQ 1 gy =AE; 1, Bijk-11AQ5 1 =AF 1 Ciri—1AQ k1 = AG
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Aj1 kg AQT 1 = AEY 11y Bkt 1iAQ i1 = AF i1 Ciki1AQ7 141 = AGT ) 114

(2.96)
Thd7=0, R(2.93)-(2.95) BN LATD & 51272 5.
OAjki , 9By . 9C k.
I+AtI< e f~> AQ:
AL A1 A (2.97)
. At At At
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OA.:, 0B, oC, .
AQYh, = | I+ AtI ( Afg’l + JZJ;;” + Afg’l> AQ} 1. (2.98)
OAj k. OBk, 0C; 1k,
I—i—AtI( SRy _Cah, f~> AQ".
AL an - AC (2.99)
o AL At At
=AQj% — EA 1kl — EAFJ',kH,l - ICAGj,k,l—l-l‘

INFETOEMCTIIIRITAAS T —FHBRIXZHNTWAZZOMEEIZOWTIEZREL TV
W, BEMEETRE Z AT S 5E, REMETHO RN R 2 L I R REAMEIZ N A 5.

2(p+ ) (2 + &+ E2)

T4s = ReoopAg
2 2 2 2
UB::(u+me+Wy+%) (2.100)
v ReoopAn
2w+ ) (G2 + G2+ ¢2)
Co = ReoopA(

LUSGSIE Tl A RII) DIEEIT £ 0, R([R.97)-R.99) D =W A A Do & 75 5 728175
RIEOBEH 75 <, G A NDBIICHIRS N 7221 — THERIZENT =T L
— Vo TUSIED B B 72, R MVEHEZLIZELTWS. —, A(R.89) Dl &
D RERDREE AVLREL R & 78 5 T B 72 D JERE s GHREIREIC (X RERDRE 2 R 7 2 72 DIkl T _
BN AR BB Y 72 5.

DPLURSFZf#%[43, [44]

LUSGSREMEEZIZN A N=T VL =V IiZih o =W E2ET2E0D, j kIKSARDT —
RDEVEDN D 2 7-0, HEDEEIT o756, BMIZIZWNFEIREZTS 2N TERN.
FENAN=T V=V o ZHBETIEIAETIVNRANIA RT 2R RE-DF Yy a
BAEMICHZ TRITHEIMET I 5. /o T, AHETIZT — ZIKENED 2 WDPLURE#
R4, 44 2 RO E L L THWS.

LUSGSP&f# % 13 R (2.97)- .99 D1V DEE A 1 — TEHETH - 725, DPLURBER
BT, ERMOREFREZTS. £TAQ;PHIIMEAQ), 2L FD L 512k 5,

1

At R(Q",) (2.101)
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A& An AC

Zj’bli:‘cﬁ—@ﬁFﬁﬁﬁEﬁj\%ﬁﬁbf:%ON:*E%IT%. RiZm = 1, mmax D K18 % E
AU, ARD LS IZEHET 5.
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AQf =
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(2.102)

znid, RERIN-QRONDIENMIEEM — 1AT v THOME T L =55 DRI YT 3.
A(R.102)DALIET XN Tm — 1A Ty TOREHRP SFRAGERTH 57280, T — XEKAFMITL
{ARWEHE 2 7> T\W5. DPLUREES#IE TIZLUSGSEEMEIEIZ BT D207 AV A FTIVKIE%
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YA TIOVIEIZ AR ML BT 2 72 DmmazBl O KEFHE 217V, IEREZSEEL TW
%. Ref.[dd] Tldmmazr = 4A L CTREFZPREZFEONDE I ERRINTE Y, AHKET
ldmmaxr = 4 —6& U7z. DPLURBZM#IEDFHE & IILUSGSERMEIZ AR TE E K Tmmazth
BN, TREKFEWDR R NZO AT T I AR R D ETEN W BT S £
TAEREDHANZK U THHAER A EETH 5 728, KRBT ERHIZIZDPLURREMRIED /503
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DPLUREMIEIZE W TR E PR R & o TWa., EHETEIZB W TIINGER X X
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ZZ TN ERBEZER L, imaxh 2 KESAQM = 0& 2 IXLEID DU D i
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o d d t
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(2.104)
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—ar |

2.2.7 IERZEH®

RAB S RED EEEDPEEEPTHEDTLTWE, BEEDGA, MARMEIXT
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SR AT T DA D B BUIAME U, I —RRIREE CREE U 7z, BER T D 2 Lk
B LT Y, AMATRBEEAMEZ KD 720, BER#EZIVEOBIRE L 5.
F 7 BEH IS EEA (0 U Tkt G M OB R R A2 < 2 & TRD 7.

2.3 ELRETI

AW TIXURANS GRE A2 < 728, FLIRE 7 VIC & 0 ELFEM M, &2 TR D 2 B D
5. MEEINPETHOVONSENRERHBLRANSE TILE LTI, 04FRRDBaldwin-Lomax
(BL) €7 )V[AT, 15fXRDSpalart-Allmaras (SA) €7 I)VAY], 25N RDMenter k — w
Shear Stress Tranport (SST) E 7 I/VHEI D ZEIT 5415, NASA Turbulence Modeling Resource[50] T
IFSA, SSTET I E KU DMMOBZ ELRE T VICB L TRHMAHRNAN S TS, K
MRTIHFHEOLEMENE S, LA RBURET VAREINTVWESAET VEAWTEHE .
175.

2.3.1 Spalart-Allmaras¥® 7 )L [48]

SAETINTIE, Btk %
e = pvfu1 (2.105)
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XL, viZET 2R RN 2. ML FiZNavier-Stokes HFE R & [ D IR C/L 2 175
7=, DXL HFRERXZRT.

ov ov ov ov

1 My | O O 0 ov 0 O
_Cb1<1_ft2)sy+7Reoo Ox {(V+y)8x} 8y {(V+ )8y}+8z{(y+y)8z}

o AN A My 7\ ?
+Cb2{<ax> +<8y> +<8z> } —7Reoocw1fw <d> .

(2.106)
T, HEETIVEES LOEHIUTOEY TH 5.
A My v 1 (0u; Ou,
S=84+—-"S——f, S =29, Q== S———
* Res m2d2f 2 V205 72 <8xj 8xi>
P 3
v X X
= vl = “o  ~3 v2 — 1-— )
v s (2.107)
r = min <Re°° L maX) , g=1+ Cupa(r® — 1),
1406, \"°
Ju=4g <96 i 063 ) ,  Ji2=azexp (_Ct4X2)
w3
2
o=3, Cp =0.1355, Cp =0.622, k=041,
Co1 =71, Cu2=03, Cuz=2.0, 7rpax =10,
! T ° (2.108)
Ct3 — 12, Ciq4 = 0.5
Cn 14 Cyo
Cwl = —5
1 2 + -

AWrzETiERR.106) IR T & S ICHRFROME SRR E R > 7720, —EERICBIT S
I REAER Iz LT,
of of af of

9 = Sae 3 (2.109)

DI 7o 7.

2.3.2 &L A /IZAHE[BI]

79 R—ilBEERUZHEEZITOBE, BEE22LI T, TV L A LA
BEEMAT D, 779 X=—DEURT L RBMEETIRETESE /NS WEERE72HDL A IV
BEMLS 7D, AVIFILVDSAETNVIEFELV A/ VAR ZKELTED, KL1 /LA
BRNIZ B W TITBEEREO TR E EALT 5. [>T, R TIELARIZRTEL 1/
WV ZEFRANZ RS 2 a8l 2 B A9 5 [51].

Cw5

((x/40) + 1) (2.110)
Cws =021, Cus=1.5

Cw2LRe = Cw4 +

FEDCorre A ) VFIVDSAETILDCLDRH D IZHWS

2.3.3 FERMBMMEETIV

2128 CEA L7z K MEE T VG L A OV 6T % S E A B O IR DI D A TRk U
EETANTH S, MLETVTIERLA VARG OHEFESEEZRTE RN, EF
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X2 NOMETEL 2RTENERFTE W, FEELLEE2ZETRELET VLT, L
A 7V R )1 Dk HRE R % EEM# <, Reynolds-Stress Transport equation Model (RSTM)
RHBMN, LA IV HT VY IVDEED % EERL ZORMEBLNEL S, HEAHHE
HMThrZehroFZHAFATEDEVHbN TV AW, FEHMIZIE, kT T IVICEY
A EL DR DIEZ B INT 5 IEMFE M E T U X < Fbih b, SAE T I TlkSpalartiZ
& > TQuadratic Constitutive Relation, 2000 version (QCR2000) [R2Af@E I N, Z D&,
QCR2013[53], QCR2020[54], QCR2024[55] 7% & DB EIMFER I N T WD, RIfZETIX, HR
JEIEBEELES IEHEX 2 MREAIZE W TWall-Resolved LES & e & < —E( 9 5 & 5 ITEIE
DL I NT W BQCR2024[55) % R 5. QCR20241FIE AKX 27 MMMz H, #Hikkik<
Bz ESEH D OFWNITEWTHWRLESDFER & K< —8T 5 Z LRSI N T WS [56].
QCR2024 Tl L 1 J VA1 Z AR D & S5 12ELLT 5.

CR2024 SA
7 =757 = Cer1 (OirTjk + OjkTik)

ij
* Qo 1 * Q¥
(Siksjk - gsmn mn5ij> (2_111)
— Cerafpit I = Cerzpit vV 2Win Wi 52’3’,

Oz, Oxy,

TIT, moNISAETIVITED SEIBIRMEERUZ KB L1 VIV ZXIEITH Y, X ELHRS
MR TH D, 08 LOW;;IFQCR2000& FAFRIZUL FD K S ITERI N 5.

1 [/ Ou; an Oy, Oy,
=L _ , 2.112
Qi 2 <83:j &ri) / Oxy, Oxy, ( )

1 (Ou;  Ouy 1 duy,
Wij = 2 <83:j + &m) 3 Oxy, - (2:113)
Ehe, S ROTRHET > LORERSTH Y,
1 8’U,k 1 87,1,1 auj

Y L == 2.114
SU S] 38xk6J Sj 2 (82123 + (9%'2) ( )

CREHBEIND. ETNERIL Cyui =05, Cuo=1.0, Cuz =215 Th5.

2.3.4 ERETFTIOHESTEFE

2 (2.106) D FLFEKGE D% 2RI D T b Navier-Stokes i FE R & [F Bk 12 A BRAKTE K 7 fif
BbZ4T 5. FIERMER AT IO S R 22 7k, RSMETR SRIZ B U TR ik B o 22 43
HAEEHT 5. KREE#ESLG X Navier-Stokes FFE R & D BEEAL (LWKEE S U < IZ2ikK &
IR E0E) & U, WEIES I IZLUSGSEEf#E S U < IEDPLUREf#EE 2 W 5.

BERZMIE, MABERIZD = 5.0 CIRHEERIIAE L Uz, 728w Tldo = 10782 471
SWETHEE L T-.

2.4 2BHEBEET IV

2.4.1 XZEAHRERX

ARFZETIR2 A RS E 7L 2 Wz, Figure 222 ARIZE THIN 23R TCEHR B D — K if
EETIMELABEET VR RT. MEETILVOHEBEIR ETEMAm] (FHEHIE), [z
Zhio (JH EFAIE) O2HHETH S, Kl ARRRITIRRAD & 51275 3, 10

mh+ Sad+cph+kyh=—L,

) (2.115)
Sah+I,6+cod+koa=M
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22T, m3HEMNESI YD OEE kg/m], S
[kg], In(=

o (= mbxy) IXFHMEHEE O OFFIE— A > b

mb2r2) \ZHEEE O OEME— AV b [kgm] 2R, T, o & 3G
mw?) ko (= Lwl)iFENZTN L FE S K OEHEES) O X 20

SERHL [ke/ ()], by (=
M kg/(m-s?)|TH 5. LidHT [N/m] (EREIE), MIZHEEHE O OE—A > b [N] (BE L
IE) 2R9. 72, wplwald EFEES U IXEEEB) O AZ T2 L O AIREIEK

[rad/s] TH 5.

wing section

Y=

X.xb

b=c/2

Y

e. a : elastic axis
c. g : center of gravity

A

Figure 2.2: Two-degree-of-freedom typical section wing model.

2.4.2 #RTib

A1) OHEHITH LT, UTFOMRTEALEFTS.

B:%, t = wat,
X(2.116) &2 R(2.115) IZRAL, 7R THEIET D LRAD & 512725.

MG+ Dq+ Kq=Qa,

HAREATHNIE,

o I e N S [

Lo o 0 200 Tc% 0 r2
_[n V2 T-C
Thbd. ZITogPLGgld T, FHZAHOREERTH D TNEN,

Ca

gh_Q\/mkh’ Jo 2v/mkg,

TRINDB., T2, CrC I3 BIRBEBIOE—A VY MRETH D, RATE
L M
C)=—"— =
: %PooUgoc7 %PooUgoCQ

ro LT FTNTNHNEREAIME S L CEEERERT. T 561,
Uso o om
YT hE T e
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(2.119)

EFRIND.
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Thbd. ZITVIE7 7 v R—#EDS U< 1ZSpeed Index & FEIXI, FAD & END K E X
DIERTIIGCNT A =X T, 77 v XR—BEROHEZLIFVIEFHAVWSeNS. /zuldEE
xR T.

AR RAER 2 COIERNIMEMTITWZ Aoy =0degTHo TEHBIRPE—A Y FBKET
5. WoT, 79 v R—GEEITD L ELRNTLBEMNBEL, KRMETEY Y F U TAHEDN
F—TERV. ZOMEEMMET S0, RRIUEDIHIRZ MLQa%ATD &S ITEE
9 5.

VAT —(Cr— Crinat)
QAo = [Q(Cm - Cmimlt):|
ST, Crinit Couinit SR FIC & o TR ONDHOFRI, E—A Y MRATHS. 77
v X —gtE TR RR122) R VB, E W BEM TIECLini: = 0, Chne = 02 UTEHET
5. (FHESRMIZ K > TEREMPRAITH > THIENF ARG 122D 5 5.)

(2.122)

2.4.3 EAEIREFME

2HHEMEE TV OREEHREFRMEEZFHET 5720, UTFTOXNTRY, #REEWTOHRMIR
HMeHRD.

, h
q = qoexp (iwt), qo= [aﬂ (2.123)

ZIT, i=+v—1, ho, i TNENLET, EERBOEERETHZ. RERIUT)OWHHEES
FOGELDRELI & WL, Eﬁ%ﬁ)\b, R % exp(iwt) THI S &,

(K —w’M)qy=0 (2.124)

L%, AR BLEAMEEEL 2> TH Y, HEENAE WS Linear Algebra
PACKage (LAPACK) 2 X T 2 W TE 5. SENI2EHMETH 5 - DI Z &
MTE, HTBLTIRU D E— FIZH T2 AEEMBLA RO LS I/ 6N 5.

- 1 -1/2
1 1 1 1 1\?2 274 \2
w1 5 5 + 72 + 5 = 72 + 3
w;, ws wj, w§, T Wh Wa,

- (2.125)
- 4 —1/2
Ry L N (2 N
Y279 wi  w? wi  w? Ta Wh Wa .
£7, HE—FOLT, EGEHORELS, (= 1,2)i%
wa)? ]
W ) -
o1 = @ = = ! = (w = wl),
(67) Lo
] (2.126)
RER
ho w2
09 = — = = = (w=wo).
Qo Lo
%%, a<1DGEEEZADL L, ERDLALEIZE T L HAEAE,
z(x,t) = —h(t) — (z — ba)a(t) (2.127)
&%, ZIZT, Hilz=045K (Ehy b)) B
ach = —0ita (2.128)
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DR TR T2, DMBICHFHET S I ehbhrb. JRT 2 LFgRIDESICR2. 0> 008
& Fig B3alomd £ 510, YRy b OB IZBIEEIC U C oo, 0 BMER U B /128 5 & 1>
5L EBIKL, ZOE— KEwashout LIS il < 005, Fig. P R3bhRd kST,
YRy b OAE XS U Tho ORREEZ 12512 265 WS EE nﬂeb IDE—F
% wash-in & I, wash-out® — N & IXEMH AN GIZEA L7254, ¥EEITOEMAGE KT
5E—RZ\WS. #iZ, wash-in®— K& IZEME A T HIZEL UGS, ERNITOEL A E
K HE—RE2WS., BEBETIEz, >0& 00 >027457-28, 1IKE— KldIwash-outE— K
Y5,

u
—> =
bx,- -b ba b x -b ba p bx, x
(a) wash-out mode (b) wash-in mode

Figure 2.3: Natural mode shapes of a two-degree-of-freedom plunge—pitch system.

2.4.4 BEEDE

Fig R N O KR T I 4BE FE Runge Kuttaik 2 W 5. f = h, g=a & b’CJﬁ
BT 5L
f=Ry, §=R, (2.129)

Wwh 2 V2

-3 <w> h+zary @ — 2, < ) r2h 4 2gazarid — - [72(C1 = Clinit) — 220(Cin — Crn_init)]
s
Ry = =

r2 — a2 ’
(2.130)

2
Za (wh) h—12a+2gy, (wh) Zoh — 2garld — Vf [2(Crm — Cininit) — 2a(Ct — Cilinit]
R, =

2 _ 2
Ta — Ty

)

(2.131)

Th 5. RR129) D fFIzxF 2 FifE R IC4B B Runge Kuttaik Z#H 5% &, KD & 527
5.

fY =7

oS ).

&=y _7Rf( ) (2.132)
FO = g AtRf( )

et = o A1 [Rf(f“)) +2Rf(f<2>) +2Rf(f<3>) +Rf(f<4>)].
iﬁ@gc:ou\f%mﬁ% R EATS.
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2.5 ERFE
VPRI T 1%, 45 SRR BT A5 1412 58 FLAT AR & o B S Ak & L 7. SR AT
LR IOR T FIHTHEITE NS,

L I TERFE 2TV, HED ORNIE2ZRD 5.
2. BITHIMENL 2 5 X, WAEFTREZITWE IR C BLOE—X Y MR G, 2K
5.
3. ROoNLHENREC BLOE—RA Y MREC, 2 G AREAICRA L THESHE 217
W, ETNERRE &P EERE o KD 5.
175.

4. MEERHR TR O N BN S F 2 AR L, BURAEEHRZ
PAEDEEZB R UAT S, 59 KEHE TR & G 2 LT < 728, HARIR (28l
IZBWTEMNPHIZTNDPEL B, REENT TIREMINE <, F 7 HRE)E BN AR D it #

IR UT/NE W (EIOT BRI NS W) 7o GRA TG T E 5.

ZOER 70 2ZBEWT, Rl e S QIR RA R L S -0, YHEEOE B Y%
D, AR TIE, WAEHPREZ3— FRe, WfZ 32— FRe& HEEFHa o 2 VT
/oo, MEEMN RS 2 PRIKEN(= c/2), WHE % BIHEES) O A IREBw, 12 & 0 koo z 17

INSE2ERL, EBROEI ERBEPEWIFE L TH S &V EFEZHEE,

> 77,
2M
hs ructure — 2Hﬂuid7 Ats ructure — — Atﬂuidy 2.133
t t t t V:k\//j ( )
B,
2.6 BTFOBEERK

BIEI TR Rz & 512, KFHRAT Y TIZBWTHERR, ol F, MKOFFRE T %
BAERT 2HBEVRD LS. AMATEREEF2EEZUTOL S IIBH Y, BFE2EERL

7=
Z.

Ty = Zg init COS (—) — Zg init sin (—a)
2g = Zg_init SIN (—) + 2g_init cos (—a) + h

TIT, ay, R DA TR Do, BRI, 2y, gm0 O LR TR

Dz, zJERENLE T H 5.

2.7 RIR-BEETORMIRILF—3TH

KIRITTIE, FHEEHELEDDOLERADEEIZOWTHET 575, Dietz 5D HERI%
W TR #SER DR T 20V X — 55k 314l 5. BT 3L ¥—5#u, WIKDE 5%
B O, BRUOREBHOBIME v(r,t) CHEIEFHBING. I 2 THEERIEFig R HERL
THY, o= (2,2)T TH5B. %7, REOEBIZLIZTXVF—SHIIFENILE DT

NTMAFEE NI W=D G L 72,
HRMOBEEE v(x,t) IFIXATRINS.
_aﬁ(t) 0 Oa(t) Zsin(a(t))
viat) = =5, {—J* at [—@—Cacos(a(t))’

(2.134)
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JRIFT T AV ¥ — 88 ¢ IZIRATERS NS,

t+T/2
cw(T,t) = / [—(Cp(x,t) — Cpgve(®)) A(z)n(2,t) - v(2, t)] dt, (2.135)
t—T/2

ZIT, CEEIRE, Cpove FIESREBOWFHEEIIME, AXLIVEM, n(x,t)ZEERROIE
MRARZ MV, TIZEOIREHWTH 5.

KR ClX, c,DEZDHDTII R ZDONHEIZEHT 5720, %2 ZTDHKIME cwmaz T
R TEAL U T2 % W TN DR E % i 5.

2.8 WIEE

AR TIEET L EREOFHER I8 LU CERBEOBERE Y 2175 720, HEOEH
LB BHEE D, ZD7d, HfkFa—=227, OpenMPE L UOMPHZ LB A 7Y v Rilfi
b %A T o 72, WHIEIBEITIEEIZ, HIEKRFRBEAKEBERIFEV AT LA— -0 a—
ZAOBADY 7Y A7 LAAOBA-SZFIH L7z, AOBA-SIZ2025FHIfE, HFEHEKAKDRZ hILAE
A—=)R—2AvV¥a—KTH4. Table RUUTAOBA-SO EE 2L 2R3, AOBA-SIZHEM
L AT VMEONT VY AIZENTED, BFESH04TETFEDO A== Ea—R2E LT
L ENME & 7R o TV B,

Table 2.1: Specifications of the AOBA-S[57].

Vector Engine

ETINVE Type 30A
a7 16
MG EMERE (R5KSE)  4.91 TFlops
AT FiE 96 GB
AT i 2.45 TB/s
A VRTz—A PCI Express Gen4 x16
RARIHEEN 370 W
Vector Host
ETINEY AMD EPYC 7763
a7 64
HiEREAMERE (f5KEEE)  2.50 TFlops
AT RE 256 GB
0OS Rocky Linux
& # Vector Engine#X 8
J— KRy hT—2 InfiniteBand NDR200x 2
VAT LK
Vector Host#X 504
Vector Engine%% 4032
a7 32,256 (Vector Host), 64,512 (Vector Engine)
TP G B e 21.05 PFlops
WMXEYRE 504 TB
KA ) i 9.97 PB/s

2.8.1 BEFEFi—=—24

FTI-FOREKFa—=v 72470, WeEm L2 o7z FHERM LAY 7L —F
YOTaT 740y IEER % Table 2.2 RT. T I T, Peakld B ME (=H1TFlops/E —
ZFlops), V. op. ratiold~2 FIUIEE, V. lengthld X2 MIVE, Req. B/FiZF¥ v v ¥ an
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50— RUZEEDOB/FIE, Act. B/FIZAEY LS EZE D — RLUZEAEDOB/FETHS. A
e TRIH L 72 R MVEHEBSSX-AURORAD R 7 MV E X256 TH % 728, V. LengthDfE
122561 VME EEHERMEREZ 5l S LYW, E7/zReq. B/FIX1.22, Act. B/FIX0.62T» %
72, TNODMHEEBATVWSEGG, T XEREMLLRIAETVHAELE LTSI LR
BIET 5.

Table 2L 0, mBHBEHIZA NDEVEMEIEDEHETIEARZ MRSV DD, N2
MUVEIRIE L, £72Req. B/FA2.52THAE I RO AT VEEL RS> TWVWE I LD b0 5.
R FIE T, NI MUMEERB X ORI MV RIKIZIERAELE 2> TH 0, B/FEIZHE
UTCTIXEERMEBED2UHE DI L o TWA ZE MO REVAEHTH L Z & Db b, JER
PR ARG E TR D R 7 M UAERIMEL, £7/zAct. B/FA18.81 L IR IZKERfHL 2>
TW3 Zehbnsd. MUSCL, SHUSOEHEIIB/FEIEVWEDD, N7 MVEMEL 4o
TWB I ehbhb,

RFMRE D A EICE L T, IRIERdfb I T Wizzod, KiMERE & IR RO F 2 —=
YO EFTo ., WY TIV—F U OREIIRT PVEREWZ &, B/FEAEWI 2 TH 3.
FEaI-RNZ2HEELLEI A, KAMOMHKEZFET HEIC, GHEILV—-TDIEE»ZEL,
—ERDIN—TTANTIA RT 7R ARLRoTWEI MBI L. fit> T, FEXEESZEA
U, IRTOLMTEGET 7R bEIIEBIEL. E-IEMEREDOFHATIE, il
H - MUSCL » SHUSE 3D DY TNV —F VIR CEREZITo TWED, M7 7 AL T
572012, IRTCEA—OY 7N —FVATEB L. Fa—=vrBoTva7714) v Itk
B A Table R RT. TableRIk b, Fa—=vZitkoT, RZ MVEIFRRKAMED2561Z
EDE, EEB/FEEETLTWAZ e bhb. TOME, MMETIXLME, FERMEET
k3.6 D EHELEER L 7Z. R I—- N2 UTIRLMERED&EE(LE2EBL, 17.6%%
JEDEERR L 725 7.

Table 2.2: Profiling results of major computational components

Component Peak [%] V. op. ratio [%] V.length Req. B/F Act. B/F
Viscous flux 12.90 99.24 143.0 2.52 0.53
Time integration 11.89 99.57 243.4 2.28 1.05

Inviscid flux

(MUSCL) 19.73 98.90 140.4 1.14 0.00
Preprocessing for ) | 93.41 141.1 5.26 18.81
inviscid flux

Inviscid fhux 98.90 99.09 141.0 0.60 0.00

(SHUS)

Table 2.3: Profiling results of tuned subroutines

Component  Peak [%] V. op. ratio [%] V.length Req. B/F Act. B/F

Viscous flux 19.53 99.62 255.1 1.87 0.55
Inviscid flux 38.57 99.76 255.3 0.63 0.27

2.8.2 OpenMP/MPI/NA 7'1) v RitiFil{t

RIZX S5 EHEED 72O, OpenMPIZ &% AL v Nilfisll{bH & O'Message Passing Inter-
face (MPI) 12 & 2 FHIR/#1% F23E U7z, BRI, Fig R4cRT L1, ZHEL—TD
5 B %EMPIZ & 2 HEIS 0], kiM% OpenMPIZ &5 AL vy Rifid], jhHmMZRZ ML
Oy Iz BT MVEFEIZE DY TTWAS., OpenMPE DA T ) w RAFIZT 5 Z
LIk 5T, MPIOADBEIZHAR, T—XBEEREEZHIKT 2N TE 57720, WFLR)
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ENELRD., —H, BEIZAVY FEPEWEHE, K- MEAREICKFHEERENEL
IETI B8, TNTNOUWIIBIZE L TIB#EBNT Y A% L 2 BEDVDH 5.

ZOMIZH, BREBEDHEICEWTE-REFREILIIT - 2B EVPREL LD, @EF
CREE A —N=Fy T, BEIAMEBORRWLEZ 5012, T-XH0RR
%,

WRITE(31) ((((Q(j,k,1,n),j=1,jmax),k=1,kmax),1l=1,1lmax),n=1,5)

WRITE(31) Q(1:jmax,1:kmax,1:1lmax,1:5)

WZEET DI TR MULPERI 5728, T—XHEEIX200EEEE 2572, TD
FEW, T—XI/JOD A MIMHTEZDIFE NS R0 T

WEEE L 725tH 30— FOMSIERIZ DO WTHHE T 5720, HESHEDIRGTIRT AT MEED
%ﬁ?ﬁbt%mﬁﬁ@ﬁ%%?ﬁ%ﬁéﬁl7~0Vf%ﬂﬁbt.E@ﬁﬁﬂﬁﬂi%%
7Y, 22 TFig RAHIZEA L TV A EUEIZSILR R %2 £ . Figure 2.5]& v, HiFz
A=V IR RoNTEY, B8 k23205 £ TIE50% L EDOWMFERIRZ MR L T\\W5
Wb, TNXBEEDANTEEKTHONIE, BB XZ2000a T EFTAT—1 v
TUTWAZ EIZkHYT 5.

do 1=1,Imax({ direction) MPI
do k=1,kmax (n direction) — OpenMP
do j=1,jmax (¢ direction) — Vector

~calculation~
enddo

enddo
enddo

Figure 2.4: Parallel computation for 3-dimensional calculation loop.

35

30 - - -ldeal ,,/
—e—Measured ,f”

25 .-

20 s

49%

Speed up rate

77%

S W

0 8 16 24 32
Number of VEs

Figure 2.5: Strong scaling.
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LEIZRUEESIZ, St — ROBRIIH > TIE, WHLIzE L 2R e U
TDPLUREMIEZBRAL, S S6ICKEI—-—RFa—=v7 - N1 79w RSk E1T - 7=
T ORER, HAMRES X USROG IZB W TEWERE2 G T 23 21— NOBIFIC
R U7z, AEHEI—RE2HWTIREURTRT 77y XR—§H 21T,
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FB3E 2QRTHNMEBEED T vy —%HHE

AETIIHEEHROD [2XTRFRE TOEERIL S HEIC KB LE(A =X L D] O
728, ARFTTXFREIINACAG4A0I0%Z W72 NG, MEIREIHEEE, 7o v X —5t8%
75, FTREWHAEL JOBRHIEESEAEORRE» S HEDOZ UMM 21T S. D1,
BHEHRE L7 7y X —HOMREPL SEHRBIIIHE 77 v R—ZE A=A D
BRIZ D WTEERT 3.

3.1 FHEFEBLVHERM

SEFEETable BT RTEO TH B, EH2RTCEETH 5 =OUHMBIZ T > TWZRN.
TAIINACAGLAOIOTH 0, FEMFITIFFig. BT R T & 5 OB 72 W72, ZRfRG
EOREZ PR T 57285403 x 200, 603 x 200, 803 x 250, 1003 x 250D 4D DK% W7z,
RTOKFCTRIRHER G OR/NMEFIRIZ2.0 x 1075 TH 5. ZNIXERMEE KFRIZE
Wt < 1%2055729. 2 2 Tyt I3BEm EEHEy, B L OB MR © el S 72 BE
MO DOERITCHHMTH D, ATDIDIZEHRINS.

nt = u7d7 wp = y=F (3.1)
v V » P
H

ZZT, diEEEHED S OFHEm], 7, /3B AWIGSI[Pa|TH 5. FAMTERDHEE /N
XL TR -OFEHERIE - NED3fE e+ REL L.

Table 3.1: Computational method
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Figure 3.1: Computational grid for the NACA64A010 airfoil (803 x 250).
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3.2 ETERBEDIRE

ARECIERFIIRBEF R 2TV, K TIORME, RFMZIAFEOMEZ2FET 5. F72Davisb
P37 - 7NACA64A0103 B 0D 58 il Hz B FLEABR[5S] & D LA & G M E OMREEIZ DWW T H E
fid 5. BIRENILAFOATE X 7.

ap(t) = o + apsin(2kMoot) (3.2)

ZZTa,dRDOY Y F ¥ ZEH DM deg], am i FEMZ fdeg), agld ¥y F ¥ ZRHOIR
iE[deg), HIMEVGLIRITH 5. £ 7-kIZEUGEREETH D,

_mfe
k=0 (3.3)
D& iEFRINS. AEIPCRT LD, MRTTHBEEEE B2 2 — R Re @l s 5
IR — L e BOIRB A Ot 2 XS HIOTETH O, RIS FFEHMEDIRE 2R
EETH B, il HEM I Table B2ATRTEY TH Y, Davisd DEERES & [F—TH 5.
Z 2 Cape I EHRHLDALE, vpp B ETRROMETH 5.

Table 3.2: Computational condition of the forced oscillating airfoil for various angles of attack
conditions[58].

Reynolds number, Re 1.2 x 107

Mach number, My, 0.789
Mean angle of attack, a,, 4.0 deg
Pitching amplitude, «g 1.0 deg
Reduced frequency, k 0.2
Pitching center, x,. — 21 E 0.25¢

U DICEMRE L TWARVWHEETORNGIIOVWTHEMT 5. FigureB.2a =0
deglZB1I B vy NN A% 7T, Figure BT R T & 5 1Za = 0 deg TIZF b N IZHELHA
I NS., $HWAM%EAREL Ulza =40 degTlEFig. B i & 5 128 LI EHREA
U, TOBHRTHRADIISEET 5. o =4.0 degD S TIIERIFIZISHELES 720, a=0
degDHE LU T K DML NG L 725, 5T, a=4.0degDFEMFIZEHL, HKTIX
FMEB X OHRFHAABRDOZZEIZ DO WTHET 5.

FIHRFPEMEIZOWTHFHET 572012, 403 x 200, 603 x 200, 803 x 250, 1003 x 2500
M CRHEHREN B E 27 WA R 2 IR 5. BRCRMAIARIZAt =1.0x 10732 L,
RTDEM THIKEEE Fimazr = 10& U7z, Figure 3.4)i2420 D His 2 fR 4 E O FTD
IR E G A O R 2 RS, e X E DA ORIRE E RS OEHB L OEHTH
%. Figure B4k 0, 803 x 250£1003 x 250D F DG RIZIFIF—H L THE D, 803 x 250D
BT CTHMB TN L T WA Z RN d, 20L&, a— N 50O % g E
IFAz =17x103TH 5.

IR TR L AR D E 2 PFET 572012, At = 4.0 x 1074, 2.0 x 1074, 1.0 x
1074, 5.0x 1072 D4D DEMIZ DWW CHEHIIRBIFEFHE 2 17 WS R 2 ik 3 5. G 114803 x
2500 H D& AV, TRTOEMETHEKEEEZimar = 102 L7z, Figure 3.524D D
H 72 2 VR T R R % AR T O MR R A B O R 2 R T, Figure Bk DAt = 1.0 x
10742 At =50 x 10 °DFERIXIFIF—HL TH D, EIROCHBIZIAMEIXALt = 1.0 x 1074 T+
DTHDIENRN5.

RN KB R B imarD %2 FJAEST 572012, imax = 1, 3, 5, 10D4D DKM
DWTHRHEMREI R E 2T WSR2 BT 5. M 13803 x 250, HEMEZI AR IXAL =
1.0 x 1074 TH %. Figure B.6& Dimar = 3LA EOFERIFIFIF-BLTH Y, WIRKER K
WXimax =3 TTFOTHEI NN 5. Tlzimar = 3O FHHEAEE & EBRE 2 ik 3 % & i
BOREN T OMIEIZD T hRERNROSNDEDD, TOMDEEIZOWTIE, 1X< Bz
EOTEL—HLTWEZ D005,
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Biximar =32 FH\\ 5.

Figure 3.2: Streamwise velocity distribution

at -0.21 deg for the stationary airfoil.
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Figure 3.4: Effect of grid resolution in oscil-

lating airfoil at o, = 4.0 deg.
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Figure 3.3: Streamwise velocity distribution
at 4.0 deg for the stationary airfoil.
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Figure 3.5: Effect of time step size in oscillat-

ing

airfoil at ay, = 4.0 deg.
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Figure 3.6: Effect of number of inner iterations in oscillating airfoil at a,,, = 4.0 deg.
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MAHRME S S OZEME L DBERBRIZOVWTEHRT D, TRTOHBEIZBWTL AT /LA
lXRey, = 1.2 x 107, v NEUIM,, =08& L 7=,

3.3.1 BEEREHOHIEF

TN B T B E R OB IC OV THER T 5. Figure B.7iCa = 0 — 5 deg®
EWSRE A%, Fig. 3.8 3 L E RN O k%R Z R T, Figure 3,78 &
UFig. 3.8k Vo <2degTIHEA 2 KE L §5 L RE LOFNOIEIZ LD, HERIE T
HABET DI D05, —H, a>2degTIRBAAZRKEL T L LHBRERTRAD
E<SHEL, 13 <BEOILRIZAEWE R BIRIIABE 5. 20X S ICERIKR O EE R
IEHBEERTORSHMOAMIIKRES CHEIN, MER S IZSHRTIE, WAMAERIT
THEBEROBE) GAIZHERT S, o TIRBEIZEWTS, EREIRE) OIEE HE 58134
BEBZOMNGIZRESHEINDI EEZZON5.

3.3.2 @BAEREHOIEECEEH

U RH R B E G R IZ B 1 2B OEEHEZEHIIOVWTHRT 5. FIIRA AR, =
0, 2, 4, 6 deg& U, ZDMODIRE NS A — X FTable [3.29¢ kDA 2 F 7=

Figure 3.9/ & F¥3ill 2 412 81 B IRE— AW OOV — 7 2R T, Figure 3.9k D oy, = 0, 2
deg TN — FIIKFEEHEI D TH B DY, apy = 4, 6 deg TIXRFEHEID &5 TWB Z & 355 H
5. RENTE— FOEEEFLDA T — i@ & v il 2 BBEE2F X 5L, O
— AR E D D4, RIFHIFE—- R U TALZETH Y, KKE D OEEIXLE L
B, o T, HIFE—VNREZEZX DL, a, <2degTIREALE, a, > 4 degTIXLE
ThBLEAD. WITREL DT FIRBIOLEMEICDOWTHE RS20, Fig BATR T
YA BT B IR~ F D0, Vv — FICEHT 5. Figure .10k b TR TOFH0 2 4
TREEFHE D DNV —T Ll oTWB Z W05, IRUNE— R TIEC, V— 7 A KiEHE D
DIGHEIREL L0, HUNE— FIRENIZH U TIRTRTOEHUX A TEETDH 5.
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(a) a =0 deg (b) a =1 deg

(e) a =4 deg (f) o =5 deg
Figure 3.7: Comparison of streamwise velocity distributions for the stationary airfoil.
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x/c

Figure 3.8: Comparison of Cp distributions over the upper surface at various angles of attack
for the stationary airfoil.
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T — KOS AROMI | 22 [ BBATH Y, 20|%2| > 5.0TH B & HERAE
YUTCTEH Lz RBFig BLFFICEHNEFRIC LB onzEREDbETRLT WA,
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Q= 0 deg TIFEEBREETHRNAPMIE L TWDE 720, WA ABEKITH U TEERIE R
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g N IPEERZ Z B AT B, U ENEBEEZ THRANMNE L TWaAESIIoV—T
DRIEIEI D L 72 5 HTH 5.

— 7, HEFREBETHRNPIELSEET 2a,, = 6 deg TIZEBRALED IV — TWHB RBD &
7B, ZAVUKEE EIFEINE U CERED ERUABE T 5720 TH . I OROEREGE
BOMAENEZ Z 5 &, Fig. BANIRT L5112, REIEOFHEMNAE X, 86 EIFEBRIC
IZFRI 7RG G AR YR, SE N BRI BRI e B, Z O IRE) O A AHE I
K0, B LITHEERIIIERNZRIGE TR TH AP U, S8 NS EERE 138713
e 3. MENEHEESHTHRADIESEHL TV EHEEIZOV— THKKEEHE D & 72 5 HH
TH5. Flzay =4 deg TRV —=TDEBEND 725> TWAED, ZIVIXEIRE)RF I EEN
BHTESHMEENELIEVRTZOTH 5.

PlEXb, BEREEHETHRAPMNEL TWBEEAEICIE, HRILIEEOMMENIC X IEE
WRELNIPIEEDMHEREEZTVREANLET S, —FH, BHRBEEETHRNPIESHL TWEY;
A, WA AN I S AR OET) SN ER &I 570, EEHEE]INIFA
DR EITVRIZLZEMT DT EDRHSNITR 5 72,
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Figure 3.9: Dynamic C} loop in terms of the  Figure 3.10: Dynamic C, loop in terms of

angle of attack for k = 0.2. The arrows indi-  the angle of attack for £ = 0.2. The arrows
cate the loop direction. indicate the loop direction.
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Figure 3.11: Dynamic loops of the shock wave position for each mean-angle of attack condition.
The arrows indicate the loop direction.

1.5 1.5
— Stationary airfoil
— Pitching airfoil with Nose-down motion
10| —— Pitching airfoil with Nose-up motion 1.0
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Figure 3.12: Comparison of C, distributions  Figure 3.13: Comparison of (), distributions
with stationary and pitching airfoils at oy, =  with stationary and pitching airfoils at a,, =
0.0 deg. 6.0 deg.

3.4 NACAG64A010EBE D7 T v ¥ —4FE

B H TR EIREFEEI R & - T, HBEREETORNG & EHBEOMHEREE e OB&
DWW Tk U7z, AHiTIENACAG4A0I0ER DT T v X —FtHZT\», HREOT7 T v X
—ZBHIIBVWTHH CRONLHMAPEHRETH 202l 5. FHHEEMAL UG
N A — X (FIsogai[l0] & ABERTH O, Table BARTEY THD. HENTA-K%E
RR125)IRAT B L,

wy =11.35 Hz, we = 84.95 Hz

&%, T T DHITE— NOEAE I, w?RL Y E— NOEERKETH 5.

A IR R EORE 22 Z ICEH ETNE T I — N0 12 R4 E
DAz =1.7x1032 75 £ 51355 x 250& U7z, Af#HriZas =0degTHOE EFEHDO WG
NIZBWTHEEPIEBERE U AL H 5720, B ERH CEMMBEEZE 2L T
W5, ZD7OEEREEF A CHA U & I ARIE T AL <o TWwa. F -0
R AR IZ AL = 1.0 x 1074, P ERIEIZimar = 3& U7z
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Table 3.3: Computational condition for the flutter calculation [10].

Angle of attack, ag 0 deg
Reynolds number, Re,, 6.6 x 10°
Mach number, M 0.7—0.9

Table 3.4: Structure parameters for the NACA64A010 flutter [10].
Tq 1.8
7“(2! 3.48
wp, 100 rad/s
wq 100 rad/s
" 60
a -2.0

3.4.1 NACAG64A010BE D7 o v ¥ —1E8R7

Figure 3.14/CNACAGAAOL0B LD 7 5 v X —BIFUC B 57 T v & —H[E S X OB
% Bohbot & 3 & U'Zhang & O FHEFIB0, (I & & £IZ/RT. T 2T, Zhangs [FIIEELIREE TV
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Bl ENF N % T % & KETERE R 2 DO B OFERIZTRTOY v AT LL
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Y, 799 R —HKERFAKMIZILEAETS. £H2T75 v R —JARBKIESET « v TOJE
(My =0.825) TlxiiFE— NOREEEE —H L TH D, HMAKNREGTET 1+ v THEK
NTWBZehbhb. Figure BAGJIINACAG4AI0RMD 7 5 v X —BiFIZB 1T 5 ETFH &
OBl ZE L D W[ JE JRE % 7R 9 ﬁv UNBTHERT 5 &, M, = 0.825 Tl | NEH) & []dizE
FDORNIAIMZEIZ WD, Mo = 0.9TIINMHEDR DD Z D305, ZNIET7 7 v X =K
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cw(x,t) = / [—(Cp(x,t) — Cpgve(®)) A(m)n(2,t) - (2, t)] dt (3.4)
t—T/2
ThHO, ENEHZERNTIREDPOHBENDR/AIRINFTF—EEZRLTWS. o T,
Co > 0FREDP SBEEANDZ XNV —HAZEKRL, EEFELXNVLRERLZEAL
TWbZraERT., KiiZe, < 01XIE F‘“E’fnj}ﬁ*—?%ﬂﬁﬂjbfb\é R
Figure B.172 My, = 0.8258 & U'M,,, = 0 T BT B FATT IV F — (REUE B ME T ERL L
f_cw/cwmaxo)ﬁjfﬁ%ﬂ“j_ Flgure BB — 7 IIEBERIRENIC L5 T XV F A

WS TE2EDTHD, My =082 TIEEHEBEMEICESVWTIEDY =20 TWEZ &
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v R —EEXEADT S, —FH, Mo =09TIXEEREMEBIZSVWTAHADODE—-IBELDTED,
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Figure 3.14: Comparison of flutter boundaries of the NACA64A010 airfoil.
1.5 1.5
— heave — heave
1.0 — pitch 10 L —— pitch
o0 T
S S
= 05 = 05
= =
S, =y
< 0.0 < 0.0
g g
5 05 =05
© ©
=-1.0 } -0}
-1.5 : : -1.5 : :
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
time([s] time([s]

(a) Mo = 0.825,V, = 0.7 (b) My =0.9,V, =2.1

Figure 3.15: Time history of heaving and pitching displacements in a NACA64A010 airfoil.
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(b) My = 0.825 (¢) Moo = 0.9

Figure 3.16: Mach number distributions around transonic dip in a NACA64A010 airfoil.
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Figure 3.17: Local work coefficient distributions around transonic dip in a NACA64A010 airfoil.
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F4E SC2-0610EEBD 75 v ¥ —Hik

ARBETIIMEHNQOD THEEARBEIIB I E2XTNVESTHT 4 v TOFERA =X L DR
] Do, MHEHREBES L7 7 v X =57 %217 5. Persoon b [32] D S ER T I3 H i 7 # AL
W IRIZ B D3RGEEBBE D W S N T W2 h3, RIS CIlLEE AR O LR 27 5 v
X —HpE & ORI 5 728D, 2R AL ERISC2-0610% X RIZFH A 217 > 72, SC2-06103F K
DSClESupercritical airfoil, 21XZE2MHAR, 061XF%FHH120%50.6, 101X KEJELLAB10%TH %
e EEKRT 5.

4.1 EFHEFEBLVEESRKE

HEF I Table LU RTEY TH B, ARTCHAETH 220U ILIZIT> TRV, H
MIXSC2-0610TH v, FHEMTFITIEFig. LR T & 5 ROBMKE % V72 FFH%1204 x
250CTH Y, BIETRUZAL = 1.7 x 10732 FHEZRE U7z, BEREIERRS 17 O /Mg i
132.0x 1076 TH 0, BREE BT RIIPWTyt <120 TW5. X7/ EEEROPE
BINS KT 50 RMEKIZO—- REDSME L FAREL U FHEFAEBLUT 7Ty &2 —
HEIZB I B/E ST A — &I Table p o R @Y TH O, AIFEDONACAGLA010H A D
7oy R =3B LREUMEEHAWNTWS. #£-T, #hif, IRLU 0 E— FOREAE RS =
ARk,

wy = 11.35 Hz, wy = 84.95 Hz

kinb.
Table 4.1: Computational method
X hd A 2R TLEMEEURANS
LR E TV SA[4S8]
FERMERR R 3V EMUSCLAHIM [41] & F\ 72 SHUS[40]
KR AR 2N E L A2 43 h
IR e e A L WRHEE A A 5 —[afiiik
IRe IR 9 75 LUSG Skafifik[42]

Table 4.2: Computational condition for the flutter calcu- Table 4.3: Structure parameters for

lation. the SC2-0610 flutter [10].
Angle of attack, a4 0 deg Tq 1.8
Reynolds number, Re 6.6 x 106 r2 3.48
Mach number, M, 0.7—-0.9 wp 100 rad/s
Nondimensional time step size, At 1.0 x 1074 we 100 rad/s
Number of inner iterations, imax 3 W 60

a -2.0
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Figure 4.1: Computational grid for the SC2-0610 airfoil.
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Figure 4.6: Comparisons of the Mach number distributions for three Mach numbers around the
second dip.
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Figure 4.11: Skin friction distributions on the lower surface during the pitching oscillation.
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Table 5.1: Configuration of the NACA0012 Table 5.2: Structural parameters of the

benchmark wing [33]. NACA0012 benchmark wing [33].
Airfoil NACA0012 To 0
Chord length 0.4064 m r2  1.024
Mass 87.067 kg wp  3.36 Hz
Aspect ratio 2.0 we 5.20 Hz
Taper ratio 1.0 gn  0.0012
Sweepback angle 0 deg go  0.0012

Table 5.3: Computational method

SH R 3Rt EMEEURANS
HLMET NV SA_LowRe[51], SA _LowRe QCR2024[55]
FEREMERR IR 3OS MUSCLA# R [41] % A\ 72 SHUS[40]

RV R 200K HUL A2 TR
IR L ARG A A T — BafifiE
IRFfAI R 20 7 DPLURFZf#IL[43, 44]

% %
ST

/
S Pl // [/ FLITT /
IS TR T T T

Figure 5.1: Computational grid for symmetric boundary condition (every two grid points are
shown).
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Figure 5.2: Comparison of flutter boundaries with experiment [33] and earlier numerical re-
sult [38].
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(a) My = 0.71 =077 =0.82

Figure 5.3: Pressure coefficient distributions on the upper surface under the steady-state (non-
oscillating) condition.

-1.0

0.0 0.2 0.4 0.6 0.8 1.0
x/c

Figure 5.4: Comparison of pressure coefficient distributions at wing root (0% span)

Crx
y 0008
Mo 008

Moy =0.71 My, = 0.77 Moo = 0.82

Figure 5.5: Distributions of skin friction coefficient on the upper surface under the steady-state
(non-oscillating) condition.

62



— M, =071
— M, =077
M, =082

0.0 0.2 0.4 0.6 0.8 1.0
x/c

Figure 5.6: Comparison of skin friction coefficient distributions at wing root (0% span)
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(b) Close-up view of flutter dynamic pressure

(a) Flutter dynamic pressure below My, = 0.85 around transonic dip
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Figure 5.7: Comparison of flutter boundaries among three cases.
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(a) Cl-Sym for My = (b) C2-Wall for My, = (¢) Cl.Sym for M, = (d) C2.-Wall for M, =
0.77 0.77 0.82 0.82

Figure 5.8: Pressure coefficient distributions on the upper surface under the steady-state (non-
oscillating) condition of C1_Sym and C2_Wall.
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Figure 5.9: Comparison of pressure coefficient distributions on the upper surface between
C1_Sym and C2_Wall.

(a) C1_Sym (b) C2_Wall

Figure 5.10: Streamwise velocity distributions on the x —y cross-section at z = 0 for My, = 0.77.
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Figure 5.11: Comparison of streamwise velocity profiles on the wing root wall 1.0¢ upstream of
the wing leading edge.
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Figure 5.12: Adjusted flutter dynamic pressures below M., = 0.85.
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Figure 5.13: Comparison of flutter boundaries obtained by three conditions.

(b) C2_Wall (¢) C3_Wall-QCR

(a) C1_.Sym

Figure 5.14: Pressure coefficient distributions on the upper surface under the steady-state (non-

oscillating) condition at M., = 0.88.
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Figure 5.15: Distributions of skin friction coefficient on the upper surface under the steady-state
(non-oscillating) condition at M., = 0.88.
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Figure 5.16: Streamwise velocity distributions under the steady-state (non-oscillating) condition
for M., = 0.88.

S

(a) C2_Wall (b) C3_Wall-QCR

Figure 5.17: Velocity distributions in the z-direction on the y — z cross-section with in-plane
streamlines near the corner at z/c = 0.25.
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(¢) —2Lu) (02 Wall) (d) —22uw) (3 Wall-QCR)
Figure 5.18: Streamwise momentum budget in y — z cross-section near the corner at z/c = 0.25.
Color indicates _a(gq;v) or _a(gq:w)’ and vectors denote the velocity.
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Figure 5.19: Adjusted flutter dynamic pressures above My, = 0.85.
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Figure 5.20: Comparison of lift slope.
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Figure 5.23: Differences in pressure coefficient distributions on the upper surface under the
steady-state (non-oscillating) condition between angle of attack of 0 deg and 0.3 deg in C3_Wall-
QCR.
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Figure 5.24: Variation of shock wave position and nondimensional separation volume at each
Mach number in C3_Wall-QCR.
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Figure A.1: Time history of wing displacement near flutter onset.
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Table B.2: Computational condition for the stationary airfoil[70].

Angle of attack, aa 0.06, 4.02 deg
Reynolds number, Res,  1.04 x 10°
Mach number, M, 0.82
(a) C1_-Sym ) C2_Wall ) C3_Wall-QCR

Figure B.1: C), distributions on the upper surface at aq4 = 0.06 deg.

) C2_Wall (60% span) ) C3-Wall-QCR. (60% span)

(d) C1_Sym (3% span) (e) C2-Wall (3% span) (f) C3-Wall-QCR. (3% span)

Figure B.2: Streamwise velocity distributions at a4 = 0.06 deg.
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Figure B.3: Comparison of C), distributions on the upper surface at 60% span position for
ag = 0.06 deg.

1 [

a) C1_Sym ) C2_Wall (c) C3_Wall-QCR

Figure B.4: C), distributions on the upper surface at aq4 = 4.02 deg.

) C2_Wall (60% span) ) C3_Wall-QCR (60% span)
(d) C1_Sym (3% span) (e) C2_Wall (3% span) (f) C3_Wall-QCR (3% span)

Figure B.5: Streamwise velocity distributions at a4 = 4.02 deg.
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Figure B.6: Comparison of C) distributions on the upper surface at 60% span position for
ag = 4.02 deg.

82



F8%C NACAO0012B V7 S v ¥ —E5tEICEIT S

BEFfE - ZRIMERES L UCHEHEILOKREZ DR
ZICDWT

ARIETIEEFE TIRARZZNACAWOIR Y F Y —2EBDT7 T v XR—HEIZBIF 5, W - 22
G B L OWHBILOARE IOFBIZOWTRERRS, FEFEIITable [CAZ R THED TH
D, 5% TRLUZC3 Wall-QCRO T — A D WTEHE TS, -3t H LM X Table [C.2
RTEOTH .

Table C.1: Computational method

SKERER 3R TTHEAMEPEURANS
iLmeET v SA _LowRe QCR2024[55]
FERGMER R YRS EEMUSCLA# M [41) % FA\ 72 SHUS[40]
MM R 2K L HULFE 73 Tk

HRy ] i A b ARKEEA 1 T — [afiftih

IRF IR 0 1% DPLURFEf#E 43, 44]

Table C.2: Computational condition for the flutter calculation.

Angle of attack, a4 0 deg
Mach number, M., 0.77, 0.82, 0.88

2SRRI D EIZ ODOWTHE T 5728, 505 x 229 x 251, 355 x 179 x 179,255 x
1mxmwmowﬁﬁ%%%%mf75va—%%%ﬁot.::?,ﬁmﬁ%ﬁﬂ&@
XAt = 5.0 x 1073, W KBRS Zimar = 5& U7z, Figure [C.A232 D EKFTH SN
7275y R—BEERT. Figue[CARTHY, @Yy N \BUkZEL3DD Y v LM
BWT, TRTOHBEEFTI I v X—BERIZEALHEUEZ L >TED, KR THL
72505 x 179 x 251 DB 13+ R ZEHRBREEZ AL TWBE I L W05

Iz H%ﬂ%MWWD%é?'Dmfa&aﬁéfjb,At_50x103,L0xu)%20x104®39
DEIL L MR AR Z AN -7 7y 2 —fH 2T WERZ2EKRTS. 22T, #HHE
F& 1212505 x 229 x 251 % FH\WT H D, NERK AR IXimar = 5& U7z, Figure |C.2023D
DE DR TR LN AEZ WS ED T 7y X —HEDHK %739, Figure [C.2IZ R
FTHED, At = 20 x 10?2 TEHEIYYNBIRTOALERZFHBHETE TRV, At =
1.0x1072, 5.0 x 1073 Tl, @~y NBURZEDTT7 I v XA—BENRILS KL TED, At
FETHWZA = 5.0 x 103D R TiF %] AR I+ 0 L FEBEREZGE L TWSE Z &80 h
5.

RBIZHHEILDORKE X DHEIZODOWTHET 5728, hing = 0.002, 0.005, 0.01, cypi =
0.2, 0.5, 1.0 degD6 O DT —AIZDWT 7 T v X —fHB2ITWHERZ KT 5. 22T, &
F&F1Z1E505 x 229 x 251 &2 FI\WTH 0, IRSCRHZI AR IXAL = 5.0 x 1073, AR [E £
I¥imaz = 5% U7z, Figure [C.EMWIBILMTD T 5 v X —BEZRT. Figure [C.3I7R
TEIIZ, TRTOIYNBTHBILOENIEILZ 7 Ty X—FFEDOEITNE L, TD

83



BHORREET Ty Z—HEIZH U TRREETH S, /o T, AHEEMEIZEWTIEAIM

BIHLOKRZIDOEBI+S/NIVWESZ 5.
10
'S
& )=
—_ 8 | y;
2 -
St 6 1
< g
E a4 ;
(=) 1
%\ 1
5 2 |3 505x229%251 IZFI
§ O  355x179x179 L_"d
I A 255x143x126
0 1 L
0.7 0.8 0.9

Mach number

Figure C.1: Effects of grid resolution on the
flutter boundary.
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Figure C.2: Effects of time step size on the
flutter boundary.
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Figure C.3: Effects of initial disturbance on the flutter boundary.
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