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Figure 2 NACAO012 airfoil computational grid. (a) Overview of computational grid; (b) close-up view of the airfoil
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Transonic buffet onset boundaries of NACA0012 airfoil
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Figure 7 (Color online) The root loci of the aeroelastic system in the
pitching case, NACAO0012 airfoil, Ma=0.7, Re=3x10°, o=4.5°
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Figure 10 (Color online) (a) Imaginary part of the eigenvalue loci; (b)
real part of the eigenvalue loci from the ROM-based aeroelastic model;
(c) coupling frequency of the system, (d) oscillating amplitude of the
pitching airfoil from the coupled CFD/CSD simulation varying with the
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Figure 13 (Color online) Responses of the pitching angle and lift coef-
ficient of the elastic sustained airfoil at Ma=0.7, Re=3x10°, 0=4.5°,
ko=0.13

[t 1 S WP ST PO PPN
0.05 0.10 0.15 020 0250300.35

0 50 100
t

150 Reduced frequency

B 14 (ZERUR () AN R SR BE R A7 A S AR BT R0 L. () AN [ S R BN A T B 3 SR 3R MR 5 (b) CHIRIE AT 2 2R

Figure 14 (Color online) The compared responses of elastic sustained airfoils at different stiffness and angles of attack. (a) Responses of pitching

angles and lift coefficient; (b) the PSD of the response of lift coefficient

1104



B 1S TR o ARG S0 Ca) AR o A [ A A3 1 2 A
Figure 15 The real parts (a) and image parts (b) of the FSI eigenvalues
changing with the structural natural frequency

Bra i, B BB 10 75 R DL AE 2. 171 T 2 48
. BREEUH RO IR SIS KRR, IF HAEI15(b) 7]
LU 22 40 M AR H 30 s AR AR A3, IR 15 iy
KNG BN R T 141 0=4.5°, kg=0.13ARZS A FEAE 53
Praf i, B, B R TR 5 AX A A BTy
A, AL R A W R, PRI,
B 25 A W R 2 e, T 3 IR 5 AR Y S i i
J S P O Sl AR S A PR TR AR, B RHIR AR S AR A A
R KA AR S AT A58 5 IR 14 BB 0 H 4518
— B, P BIAE T SR HATIR e R i ) I
T HE 25 43 BT O LR SRR I X I R E A
AR T B R R IR A 2 e, 1645 H T #
B RESHIE G Ui S R AR (BHIR AR LU Y = 181
Pl PP R B IR ORMUR R T 1L X, R 5
R R R € DX SRR R T 1Y
DO, RNA s BSR4, R M S T il
e SRR, DAL b a] DR 1 B /) 4 5T 6 L X
RS R Bl HH G 2 AL SR AR T 20K A ) I Bl A
B EEIEM R (0=4.5°, k=0.17)i}, FshHA ST
RAa, R NIEE RS DR RHIRID TR R 2445
SPENTART [ BE A B AR S 14 SRR AR AR (=48,
k=0.182), H/NTii sl i e S PR AT, i WA A5
HASBISRAR, RIOY A h R, BRSUE T
S5 R E AR T4 TS [R) AR T B O R
RFAWI e 5 R A, B T WAEMa=0.7, Re=
3xLOCRAT, 4% W BE (4 B2 mT K B4k 41 7 DA 4. 8°

B 16 ARZEHSECT R AEPHR IR A X L (Ma=0.7,
Re=3x10°, a=4.5°)

Figure 16 The zone of buffet and flutter with different structural pa-
rameters at Ma=0.7, Re=3x10°, 0=4.5°

B 17 S[RIEAA T I R SR A 3 5 5 B LA
Figure 17 The instability boundary and instability modes changing
with structural stiffness and angles of attack

R R4 1°, 1ZRm 05 1 Tl AR T i B L.

RN PR S ) LU A L ISR N e iy

g2 eh, BRI B G o 2 55 S B 75
F S I RE R A R HLIE. SR L, RAT AR
o RATIRBE T & A 5 K B R 3, th T 4 4k o
MR, MK B, MRS R A 5 B
A, THREME, 0 BRI RE I TE R L
A7 PEAR R B A SCRESY, DRI 45 AR AT BB £
JEL e G 53T R A 1 5 B A

1105



M % B & 2018448 $£63% F12#

i bR IS5 DL R A 2 AR R RS A 2
Bt X e P A Bl P [ R ) A AT LA AR —

segkip:

(1) 5575 AR B Pk R K 2 i O AR A R
PG, Hd 32 2 DR O R S R B 25 4
B R AR,

T S 5 o TG 4 S U B 8 B ) AR AR 5 Y
B AR H O R, TS B S BRI A 1 2
Fa 4R S BN ) . PR 37 X K B 11 AR o 2 45 4
WA IR n] 8, 55 B (%) Jok 51 28K g 35 Bl 1 g . [ A8
HHE, SEAPRIEE AR, 5 W 20 8L %) B [n) 5
L, XA IS S S MR R R, B
RS smARLRNE, W Fe & LA BR BRI 20 3R 1E 1k

(2) ¥575 M B b nY &2 ek SR R AR LM A
RiF RN, 85 51 00 I P2 0 s e 1 B B IR
EEVS 8

2L ZE R BRI A R ER, WahE R T —14
BRI BB, U B (S R) 2 R G E PR G B
SR T TR R ) — e S sk T, TR AR
FETERBEAS, FRE R EIIN T — A, T
WO — G M, SEMBSHEG, WA R R H
MRS IR . BHRBUN SIS, G5B RN S s 1Y
TG PRI 8 L 2 3 248 S0 2l A M T A i & 1) — > OC ke
SR, RO B R B i LR G e R, R
R — A AR e S5

(3) 575 WU Bl LM R AR A B S A7 K 43
HIORE RN 2 1k, — T T2 R R i sh A e X AR 2
SRR, Ty — T TR R RS B WA e T [ A
52 2Pk

IEEH FRIBASNS Y, Bl A8tk re
P 32 AR 22 R 252 M A 5L DR 3 S e B T B R
TR e HE (BB R ) XD ff . DB =
TEEREURR, DN — S B R MU S i B AR A B
SRATIX L SRR, PRI IR D, TSI RS e 1k A2 i
PROLE | T RN, R RE S AR AN
. TETHREAEE T, WA a2 WA % . $UE
L Im A PR ESECE . Bk, B
TR — 26 57 S Bl S R AR A B R B A U AN
Wb, SRR L. 157 o X 2 B
AR . ZRERRRR . IR AEN] WA AR PR, B
WREAFEOEREST, S5RI AN F iz
3. MRS A VI 2 — 25 i ) | 7 5 2 e

1106

(4 EFARET A B EHR 1 LA 454 Ik 30
B 4 5 ] AT 01 A4 AT ) AR 0 A v, AR AR A
JE AT R

G AR A e R R A AR KRR B, OF B
FAAEIT S | IRBIARIZIT A R, FFEERES
SN IR Y R B X — 1 B SR, FERTIA A
1 R S50 [ 0 2 I BT R v, 3 A e A i IR 5
AL REF BE 0 2 A, A0 A R 3h 500, i,
AT AR AR SR 2 5 R A PR DA O
FUR TE BT AR R 45 4 41 3l 008 S0 S 45t i A5 B
PR VEAT R RE, 7 D) R 1) 45 F K i 4 3 1] TR
5 AL 1R AU A K

4 5 5H Al SRR R R AN B

Bt

B A EUIRAS TS, WK AT AR A A iR sl A g o
PR U 2, AR RS S R ER | B h R B
Ik - BHRBUIIA KBRS R 25 IR FEIN R . FFiF
FEAH AT A 2 HEAT RSl /a5 M e 2, HRBR 3l s Mt
B REAL . 255 SEAE AT ST 2 G, A TREIZE X it Y
(B S B B G AR LA S B i T S 4 it T
JLsiatl, WKL

SRS S A BUR, RGARE TSR )
FREDIROC, PRI TEI RER I v 52 w8 B (8 ) 2 il 1]
B, SRR L 3 R BRI I R, BRIR
Je e e o T B R IR AR B L AR G A R
A DA P Al i o e R 22 S ) S Sl s M By B s
TEN.

5 P B P R BT R IR T R CRER B
Gt i T RS S MEA B S RS 5 B RS
AT, H2E A T 5[ i R BR 1 R sh B A e
R E Y, TR B RHIR 0 R Sh LA A B AR E Y.
X P B 2 55 TKAT MaBSORITE o (2 2 X IO A T A )
DM, 3 35 B2 5 7 AL sl B 25 I AU T 2 Ma %
I A A S AR . T IAE S A A e 5 o O R AR
INCE JEE AR T ReSORI T B L), PRI 3o 1P ol o5 4
W RRAR, AR IR 32 5 S 1Y 52 R
RN, X—m 5L MBS R WR I AR, & T
TSR AE Hy Bt AR Lk, DA i P & ] Al
RARBAWIRIIEA. 5 —Tri, i TP <8l
SEPERY AR AR, W6 A F S RGP A,



B

F1 BEFRERSTHARSHEESERFBEL. ARURKHER

Table 1 The definitions, phenomena, and suggestions for improvements of various transonic aeroelastic problems
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Table 2 The differences among transonic SDOF flutter, flutter inducted buffeting, resonance induced buffeting
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In high-speed flight, transonic aeroelasticity commonly exists, leading to various problems such as transonic flutter,
buffeting and buzz. To solve these problems, a good understanding of the underlying physical mechanisms is criti-
cal. Unfortunately, the nonlinearity and unsteadiness of airflows complicate this process and consequently impede
the development of aircraft design. Here using the numerical simulation and modeling of complex transonic flows,
we developed a unified analytical method for aeroelastic stability and response problems. We then explored the
mechanisms of three complex aeroelastic phenomena and unveiled their relationships. (1) Transonic buzz is in es-
sence a single degree of freedom (SDOF) flutter caused by the coupling between the most unstable fluid mode and
structural mode. SDOF flutter of this kind is possible only when the fluid exhibits sufficiently low damping; that is,
the freestream flow is near the buffet boundary or in the low supersonic zone. Besides, the unstable frequency
boundaries are determined by zero and pole of the open loop system. (2) The frequency lock-in phenomenon in the
transonic buffeting flow is caused by the SDOF flutter in the unstably separated flow rather than resonance. In this
process, the response undergoes a transition from the forced vibration to the self-excited flutter, which results in a
deviation of the lock-in region from the resonance point. By contrast, the traditional uncoupled method misesti-
mates the risk range and underestimates the amplitude of a vibration. (3) When the pitching degree of freedom is
released, transonic buffet will be induced at a lower angle of attack, indicative of the drawbacks of predicting buffet
onset by a rigid model. Actually, the elastic characteristic plays a key role in predicting buffet onset in aircraft de-
sign. Collectively, the large-amplitude structural vibration in the transonic flow is closely related to aeroelastic in-
stability. The dynamic linear model can correctly predict the boundary of some complex dynamic phenomena. The
complexity of transonic aeroelasticity mainly arises from the stability reduction of airflows. Different from classical
aeroelastic problems, the new fluid mode is derived from the reduction of fluid stability. The coupling between such
a fluid mode and structural mode often leads to complex phenomena in transonic flows.

transonic aeroelasticity, flutter, buffet, buzz, fluid-structure interaction
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