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Study on Ground Flutter Test Method for Hyper-Sonic Vehicle

WANG Binwen, SONG Qiaozhi, CHEN Haoyu
(Key Laboratory of Aviation Acoustics and Vibration Aviation Science and Technology, Aircraft Strength Research Institute of
China, Xi’an 710065, China)

Abstract:Due to the large flutter boundary variation and the difficulty of conducting flutter tests on the ground
of hyper-sonic vehicles, the thermal flutter test technology of wing surface structure on the ground is studied.
Firstly, the aerodynamic heating of the structure is analyzed based on the engineering method, and then the
thermal flutter characteristics of the structure are evaluated. Considering the influence of structure temperature
rise on the actual flight, an aerodynamic force comprehensive optimization order reduction algorithm based on
multi-condition points is established to ensure the accuracy of aerodynamic force simulation during the whole
temperature rise process. By establishing a multi-point coordinated control system based on the fuzzy logic
proportional integral derivative (PID) control, the excitation force controller of the time-varying system in the
process of temperature rise is designed. Finally, the ground flutter test system is built, and the thermal flutter
characteristics of the structure are tested according to the typical flight conditions. The relative error between
the test results and the simulation results is about 10%.

Key words: thermal flutter; ground flutter test; aerodynamic model reproduction; fuzzy logical control

R A RAT A AT SRR LSS TR i RRE L D — Or AN S B I A A
2 7 A SR BN RO O R TR R AR S NS R . ARSI I A A, i MU A5 R Bl ) S R
FH I EIARE o AEINEA D7 TR TR T 2 A 0 IR R e A R o DRIk A

I F5 H 85 :2022-08-10; 11T H #7 : 2022-09-09

EB BN TS, T UFE 0, AL U, o [ RAL R BEE SR BT TG, RAT AR RS L 5, e A A LR K 22 9T e AL
FRHBA G ENA A T AA B RPN, B 55 BB R R G L 58, B A R M orwk b 5 4E L5, B FRHE Tk B
ZE A S L 51 1R B R AR T BA A Sk N BRPE R “ = Z 2238 7o AT A B A Tl ®AT 45 5 B2 U0 s B & 58 BB
FHEADSHE P RAEZ RS TN BERRD SRS W IAREZ B S Z 00 P ER S SIS S, SR80 E R
AR B R e B — SR B R Tl 58 H BTk A AR S e AN TR s B RS B AT
EE1EE : T, E-mail: asriwbw@vip.163.com,

Sl : B, RITIE, BRIE T . 75 AT 25 T B R PE A B RIS [T ). B 2 R K22 4k, 2022, 54(5)
899-907. WANG Binwen, SONG Qiaozhi, CHEN Haoyu. Study on ground flutter test method for hyper-sonic vehicle[J].
Journal of Nanjing University of Aeronautics & Astronautics, 2022, 54(5) :899-907.



900 [ =S S NI S

5% 54 %

AT AR v 00 T G5 R TR T A LR TR Y
BRI DRAIE AR 2 RAT R N i 22tk

Xof T R AT A A AE ) B () B, T
S LAV ff A b TR RS HL AT 4 25 0 S PR R B2 1
PRI S R BRI, BT TR B o ok g T
56 35 1 Hb T 32 50 99 TE T B, A5 44 A P B R A 2 LA
F 43 W UE XA S 2k A AT IR0 KRS R A
B ZE RN R AT g i WA

X v A AT A AR B R 0 0 E T B B
Z IR BTN BT AR R DE 3 25 2 0RE T B R
I AR 51 AR BRI 58 s, b 1T B4R 2 56 2
— TR FH R AR 4D, 25 48 S PR AT TR R 2 1 R
WA I, DT AR M i S PR AR G L) G B
Ao % AR EH H 3 E John Hopkins K 22 b FH )
B S B6 2 ) Kearns' 78 1962 4F 2 ), {0 J& i T ik
Z e TR BOR I I BOR AR S B N
HETRHEME., 2 21ttay), Mg w sl
BT RO (2D S e i & e H i
Smyslov %% & 3¢ [F 1) Zeng e E R T RN
6 % 1) Ml T B 4R 30 B R AR N O SRR AT T
G0 S o AR [ PN 6 T R 1 R AT
THEARIOE XL AR W K sh T EM T 8
3 BRI A A ) A G B R R R T 2 AR
HE— AR TE T T AR g ) AR R

A i 4 T 2 b TR B 9 3 R B A
FEMAE B — 0 5 5t 0 g B S A R T
ARV 1984 AR 4R I IR HEAT T I B AR IR &
B2 TS0 i g e ) ot ki — P oE . B

P BA AT AR R T i T 1 22 78 IR S BB 35 114
T 9 % 356 A O B RS, I AE SCRRL 13 ) 52 B
T BTN 32 IR T A5 R A INE R B R A 5 I L
Wk RO 256 7 56 P AT A7 AR 3 S T 28
Wy 7 e I AR A AN A, O IR SORE X AR O
I AR T R At — 2 i A A 55 AF 5T, 48 T1 4 if B
R 5 £ R 9 R 9 L 5 0 5 R

1 PRERET M T B R i 36 SR 28

T B 16— b S O FOAK B A T
2 PR R 1R BRAIR 22 S TR 5 830 DU R LA A A
T B IR A AR (4 S R A I AR AE R
BROIR B 2 B AUL 45 4 9 Al 1 3h T i TR )
A S AT A SRS AR AU A5 R A e o PR A R K
32BN ARERIE , M A b I S BB SR AT AR 2 A
4 B4R (O[] - BB 5 ) B ASADLIN 1, Sy o 7
Py AR B Ho k PR A T A A e T B

FE I 1 i, SR T PAT A 42 1) 07 3R A e kT
0 S T R R G AR AR T s 4 R A i £ 5 B AR
BN, AU A5 R AR AT B v 28 g R TR AR 5 >R
22 Bl AR Bl 1 I g XoF 4 A 1) IR 2l w02 A 5 2 A i
i, 2 T H B AR B B R A IR 3 1R
AT A AR E W R Tl 2 A O Y
VIR 3 X5 Bl 0 BEAT BEAULEUR L I M P 47 1 45 At £
VD B R JRE | i 2263 ek X a6 4 R e o 90 463 2 Bl
WL FCWE IO, 52 BR L SETRAT S 45 4 A PR 120 SR
M g R AN 1R

ThaE A e

+
+ 4
;R
______________________ -
_’I:Iﬁ_

e
EH

BB PIDIS 51 3%

A1 AT b T B U0 FR 4
Fig.1 Ground flutter test system with high temputure



% 5

I, A e P AT A M T BRIR A B AR I 901

2 FEREREE S

2.1 HRIH

ARICRH T — Ak A 4 = M8 3L 1E A 5T
X4, HoAR 3% K 1 800 mm, K4 5% K 150 mm , 2 J&
£ 1200 mm, B Zx 2k 5 M X 8 % /Ry 317, )&
9 mm, 2050 {4 MR S Ao R AR 5 K A o T
S B, BRI An & 2 fir s o 3R 56 1 A R
TAIS Bk & 4, H % %y 4 450 kg/m?*, 1A 4 X
4 0.39,

e |
Y
Ao

6421
—

2200
ol

1 1800

K2 FEmJL RS

Fig.2 Geometrical size of wing

2.2 SHRNE
A SCHE oF TR Oy i B A5 R R A2 R s
P P O G5 R A T AR A A5 A 1 R
B, BT AR5 R RS = 8 35 1m0 25 #4145
f B, PR R TR Bk AT D e ST GRORS R A
M A i v H) o i AR 7S U b i B2 AT
16 5 25 R T I B ] ROR R
g.=a(T.— T,)— eoT, (1)
VL RS R i ) | B2 % T e S DO R L S A
Tl i B2 AN GG TR TR B 5 T, Sl 58 3 W 1A BE ThT
T B2 5 IR S R R 0 IR 25 2 R
T RAT A 1Y AR G A, 6 i 4 I R R o ]
43 2R )25 U R U PR R I O AT TR 6 T AR S
SRV AR SRR )= Y o g i =
a=3.26(Re’) (Pr) UiV, (2)
K V. i RZ G R IRE S, RS
HR IR B o BRI C, VIR Re”
PAREEL Pro N R e SR E T F e, b % &
o ARSNGB o AR TAK ) )2 R R
R3], R L C) Al A AR, B 7 48 Re” R 9]
FEg Proit B AN

V.x

Re =212 (3)
7
o

pr="r"r (4)

%R M 2R B TR R 22 A AR
;f(T*)”TmmLs
Mret T, T +S
K prr, Torn SE R &, 50908 p = 1.789 X
10 "kg/ms, T.,= 288K, S= 110K,

SHEWE T AN FoR T

(5)

T* TW Tr
TC—1+O.5(TC 1)+O.22(TC 1) (6)
S TR R, RR N
—1
TY—T,k(lerz rMai,) (7)

Ky BRI X TRMELTEy=14,rK
PRI T

BB AT BRI B2 20 km, ©AT B 5 4L
i Ma 3.6 F+ & Ma 5, % L Ma 3.6 .Ma 4 . Ma 4.5,
Ma 535 44 T80 85, R iR S shin #4 T 3
J7 9 B 25 K A% A IR T HE R4 TSR i, T A A in it
T2 45 4 B 2% A TR 450 CTF & 730 °CL e &
Ma 5 RS G5 F6) I5 BE 43 A an 181 3 fi 7R .

B3 Ma 5T
Fig.3 Structure temperature field at Ma 5

2.3 HhAEHESH

DL 2.2 745 BT 45 B A5 R B 3 45 O 10 5 A 1R OT
S Bh 120 M o SR TS TR VR 235 B0, 7E B B 4
AT O ARES T, 2 B JF J $OR2S S 3R B R
30T

AL 73 BT DA R B A D B AN 1 5] A
T3V 5 T2 I X 4 A RS R S T AR 4
HW TR, Bl B S5 R T S 5 il B 450 'CHH 2 730 °C,
GEF R — B B SR 5.76 Hz [ £ 3.76Hz, 4 2
B 455 25 5 %y 15.59 Hz [% 2 10.04 Hz, 75 &% & T
440 °C J 730 CTF 45 44 (0 Hi 7 By 452 25 40 i [&] 4
FIi7R o

FR A b 3R AN [] T 00 A T #2250 40 T e B
PR, IRAF4 D TSRS 2 RS 4 K vg il
RN 5 TR o 45 W 7 3 1 4544 IR B 3 vh
R A AR Al 28 R ZORAS 1 2 AR v HL R I Ak
i 1362 m/s % 2 886 m/s, B ik 4 Kt 12.5 Hz [#
% 7.6 Hz,



N

902 [ S R /| R NS = =

5% 54 %

(a) The first mode shape of  (b) The second mode shape of
the initial state(Ma 3.6) the initial state(Ma 3.6)

-

(c) The first mode shape of
the final state(Ma 5)

4 SEMIRT P Y R AR AR T

Fig.4 Two lower mode shapes of structure

(d) The second mode shape of
the final state(Ma 5)

0.10

Twa! T3 T2 THI

0.08}
0.06} ‘
i

%0 0.04

0.021

0.00F

00— . . T \J

7700 800 900 1000 1100 12001300 1400
v/ (ms")

K5 o vgilh4
Fig.5 The second modal’s v-g plot

3 EEZIANSHINEEMUL
EXiA

3.1 SHARBMUER

WA 19 T M AT BRIR 16 R IOk
oA LN 25 A 7 TRAT HR S PR R 2 1 A AR RE R
1, ITE R A AT R B AR SCER (5] R BE AT T R
WE o DR B OMIR )45 S A W B RO
PRAIE B AIR 10 57 45 ST L w4 , 1 A 10 i i i
AR ATk — 25 5 Al O o 0 19 X 6 D / 4 IR e 7
e H [

Blxt BRI, H AR SC I T R R 2R T
ST 85 3 AL AT L AT SR o ) U1 455
DL B A SE AR R AE B — A (B A BT R T, i
A R R AT RO O B T O S R R
S PRk AE ISR R 2 B ) SR Bl TR 2 dmo s W%
Jr M R T 58 . SCERTS I & 4 S Az A1k
FI A 25 28T 3 3 2% 2 470 0 A 2 7 1) 30 0 A 4 i
P A0 5 AR A2 R B 2 () 9 45 22 A/, D

obji{mi(%_ %’) ] (8)

i=1 gﬂ’]

j=1

Ay, g R 2 X B IR A K 5 N, O T AR
BB N B PR T B 5 0, 5 @) 200 R
26 WA A (9B S E IR B o obj /) 15 U 45 i
T A7 2R 2 30, 8l ) A ADUR B8 g

WK (8) PR, 3 T 1 A5 3 AL B O
5T ER T A RS IR AR D <3l 1 4 H A Ik
BT AE PR R S8 32 B IR WY 25 b PR
SR BA B BRI, X2 3 BUE B A T
F8 A [ s 220 5% T =X (8) BT 7 5k T 45 14 e {10 4 (L A,
AL EAT IS () T A 3 6 R D /4 R a5
ARERCAE ISR FHUn R J5 % A8 AT A BT
P T 00 R AR IR AE S (8) H g AR AE T8 1Y
MBS RO T 25 UL M AL B AR ek B T

vl ow— o)\
7]@2( :

N,

obj=">"

k=1

Ny

>

i=1

A NG 28 B 88 T B

AR 18 2 (9) B 45 B4 (B A B 7 58 R OR
A B — AR T OLAL B e 7 58 (FE 5 B A
78 g i v i A SR R 00 RS 1 AT B T SN AL
A, eI SR 2 ad B2 PR %A B R R 46
REGRER TR R TR

SR HI b 3R O 1 % 5 3 7 i 3k B T 3K 56 X 4 0T
J 545 W B AL, A5 3 35X 56 9l / 96 Pk a5 (38 50 A
BRI 6 PR .

(9)
i=1 gpkfj

K6 mA il gl /6 R s AT B %8

Fig.6 Optimal locations of the exciters and transducers

3.2 FEESHAEEEN
AE 1 T B A a6 v, 5 MR R I £ A5 ) 1Y S5 4
I By e py (445 7 A% | 3R AN ) A E ),
DAL T SR FH A0 358 P9 1 K30 0 3 B O ek AT A AL
BB 32 30 (0 23 KBl 1 R S G5 R Wy BRI 1 bR AR,
f.=q. A(k)z, (10)
Horpref, R AR & W3 JT g RIS R 52, R
INEEF AR SR AE s h = wb/ V Ik 46 55K, Hob o
Sy {87 14532 2 1 B4, b R 22 K B (O - 3L 1 28
A — R B EE I — 2 ), V R R T
A(k)FrH S8 J1 5 & % (Aerodynamic influence
coefficient, AIC)%H % .



55 5

I, A e P AT A M T BRIR A B AR I 903

My BT SR AR B DE, B 0 R R &R RO AR
7 0 S8 R A BT B s S T 2
R 20 W8 {2, 22 (60 A9 O 2R, AT DA O B2 R I il ik
THM BRI L R, I E R f, 2, B
RN SR A (k) 4R —S . TN 3.1 ik,
T b THT AR B X 36 v 8l R T A B R
W B I 4 (AL B A5 5 =, PRl 75 24T (10)
PEAT i A B

ek 7 i I A7 B A AR 02 B 55 0 A R 4 56 R AT 3R
IRA

2,— G, 2,
%:Gzzzx (11)
dx
f=Gf.
G G WAL BB E e A5 B 5 G o T 4l (L e
o B . AR (11), T2 (10) B Bir Ak 21y
f=q . GA(R)G.z2.=q A(k)z, (12)
H A 4 A A e O], 20 (12) Sy A 4
-8l J 56 & 2, 7R g v AL 2R A 0 R
WA 5 M A A% s 0 15 5 R R S
PRl O 5 K 5 (12) B ff 2 g 3, 32 e o i i T
PLaE o e /NIR S E A R A G L, AR

b b
f(l‘):qﬂ(AOzs_'_VAlz.\—i_WA'_/%\)+

V 1
%J%Ibzﬂ Ez, (13)

XA ALAL D E R R YA 3R B 5 T 15
M RBOE R . AR e (13) iy A 41 Y
(R A SIS o O RORR S A E R
KB I A RO IR B A s 5, nTSE BBl
SEPTHS A H AR

4 WIS BiE N PID 2§

by TR B i 3K 0 7 R T H R R R T A
B (4 45 U B 3 I 5 A T AR e AR &
AR i 2 30 3 B 45 R AR LS e Sy R AR K e
B 8N T B R 0 2 Ml 2, R R A I Ak
X IR 2R e HE AT a A

o5 FL43 A 43 (Proportional integral deriva-
tive, PID) 42 il 52 H Fii b HH 5 )iz i #EE il B AR L i
T H BB E AT Z R R0 BCF R Pt
T THT T 45 I 245 Ay JE AT B /8 R 1 0 3 R BRI L RE
T IF A8 4 g A v B DR AR B A P R PR RE o b,
PID 4 il 25 1 B — A Jin 28058 1840 Ry — A~ P A/ i
Hh AR G AT D00 A o 2B X 2 S Y B e

AT R S0P Bl DA a2 3 50 in 2808 1 UK £
R, 33 AN 2 45 3 3 A R 104 92 ) O YA TR T RLAIR
D7 T

F B PR & 2B AT A b T R 350 P K
P 25 TN A5 5 5 BRI AE 538 R K IE &
5, PR 5 2 B (R i 2= TT DA GE 5% I Y AR
JE R0 53 Ay W A s 2 -5 A0 7 s 25, 1T 2 iR
RS B Y 32 B R R R AH A e 25 (6 A A7 — BORT iR
B A 22 7T Bl L 31 38 2% P8 95 PR SR R L) o 7E R G I
KN RGN, PID £ 46 B8 T A, H 6 A
JE 32 O o) 3 26 7E AR AL v i B 25
DU o R R R R TR A T X MR R A
e A sl A Ry URR 2 e B S PR R R 1A S R
HOBRRKMM SRS ERRERB Y T
FE AR RS BE R 482 32 00 A B2 T 0 ORI 45 i R Ge
JE PR TE TR 45 ) B X o 3 2R AT A
T R A .

B 14 25 1138 B PID 5 i BB AN & 7 ff R | i
It St PID S 805 a8 22 ) (BT ¢ & 76 i
A PID 5 il 2 40 09 FE Rl L 398 VR ASOR 45 1 2% , DA 7
R G AT AR e S B A O 25 % PID 2 85k 47 3

B (AR WF 5T H R B G 16 4R Ko) L DT DR GIE 52 45
RGN S RE 1k

Fuzzy

controller

K, |K |K,

Input PID ) Ou}ut
+ controller

7 BRI £ B 38 N PID 456 5 vk
Fig.7 Adaptive fuzzy PID control method

R T S T AR R 5 G i o A
T 20T B B A 22 5 PID 5 ] #4511 A4 B
BIXZR . KRS, ARG S 5L MG S0
AR 225 28 22 29 £ 570, R R 3 dIe #8% in 28085 2 W
JER oK B AR R S AR R A Gn 1 8 TR
Xt IO P9 st 3ol 28 1 s 22 4 P 9 BT e

FH 11 8.9 AT AT, Jomm 288 A A5 g 2 AN i 3k 57X B Y
Jn AE A A 25 AN B8 2 1026, B T m 2 B0(E i 2
AT DAAE 2050 1 8 v S AR A, DRI AT LA 220 22K O
% e RAH Max, 5% 1 PID 053 H4 £5 48 1E 5 K, R
B &

(1)Rule 1: If (Max, is N) then (K, is N);

(2)Rule 2: If (Max, is Z) then (K, is Z);

(3)Rule 3: If (Max, is P) then (K, is P)»

Horr, Max, 19 18 3007 #e B8 A/ SC I iR AN 0



904 o

ot
=
¥
=

5% 54 %

8x10°

10° 2x'10°
M / Hz
F8 #iiRSEMAMER

Fig.8 Bode diagram of the controlled system

INERE / %

0 50 100 150 200
B 18] /s

B9 BlAR 22 G Sl 8 1 1 22

Fig.9 Time domain loading deviation of the controlled sys-

tem

1096 By B 6 2% 18 X FR 2 43, A6 ik % & 2 [0.06,
0.141, K, iis % [ —0.5,0.5] , 35 @ F ok Shobe 4t
WE 10 FFR .

Sy U0 VI 42 ] 4 205 SR T R AT A 1 Bk 45
WA % 3 38 [ 050 4% 1~40 Hz (9 8545 5, ml
A G v — 3 TE AR 51O S 09 AE S
LR o S8R BOMIHE 25 1 A5 N PID #2  J7 1 fig
% 7E GRUE R SR AT T, 300 10 38 b 42 T Ui R
T30 AERG B 6 T R K 56 b 22 3 BOR TR
HE R T oK .

1.ORN Zp P,
0.81
Bosl
04F
% 02l \ /
0.0 = ——
0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14
ax,
(a) Maximum excitation deviation
1.0<1§{ Z’ P
0.8F
?ﬁi( 06 |
2045 ~o |
o2 N
-0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5
K,

(b) Correction of differential gain
10 S Jm 5 vk 5L
Fig.10 Subordinating degree function

100 200 300 400

0
i8] /s
(a) Ideal signal

3

2
z 1
i
£ 0
R

200 300 400

iR /s
(b) Real signal without controller

0 100

100 200 300 400
B fE] / s
(c) Real signal with controller
L IR A B 5

Input and output signals in frequency sweep test

(=

Fig.11

5 MEBERINE REEM

5.1 SIHHRFEEHL

AR SOR AT AT 50 6 I A7 AU S5 7R 32 S
S IAERET AR G ol A KT R A B
e Il A SR AT 42 ek A 2 B, P 12 s o g
F G0 T AR JEUCH r] A4 O - 2R ol A T g S5 A
ST A i JRE 2 S O R o L A o SR
A UL R 5 TSl P T A A I i I o T 4 A

A PR I

eSSBS L

e

o gﬁ%#
F g

12 [EhHFTH ARG

Fig.12 Aerodynamic heating simulation system



55 5

I, A e P AT A M T BRIR A B AR I 905

VA AT AR ES Dy 6, B B 3 1 A B o

WA 2.2 715 TF 5 BT A5 38 5 4 AR, F 31w R gy
Sk 8 A ARG X, BT 0 3 XX AR A A
TR E 13 s o 1F X3 5 T e R e A
70s, Hi 1/55 2/6 i Xy —41, I i & ARy [
U, U B R 450 CCTFZE 720 °CL R T E N 4 °C/s,
3/7 MR X R BE B 250 CHF & 390 °C, i FFE K
2 °C/s,4/8 R IX IR H 150 “CF+ = 220 C, & It 3
FH1C/se

/51X

2/61X

/TR

4/81R X

(a) Temperature zone partition scheme

(b) Quartz lamp arrangement scheme
K13 R as o &
Fig.13 Test structure’s heating scheme
5.2 Z5¥3EE) S e Rz &

S5 R il R PR S SR A R AT () I i B AR
EEAT AORAP Pt 2 A T A Tkt S A2 iR R i o O B
1 e i PR R L 0 31 S o SR P A o
BT R S5 R e 245 5 51 e iR PR BT A I,
14 7R, HH SRR 15-16 ] 2 28 uE B R i 2852 i 5 |
HPRT o 95 A 285 R P ) 532 W) % 80 Wi 2355 3 0 T2
Y RE s R T AR EOR AT LUR T I R

W
=

K14 S4By B AT 5 H R B

Fig.14 Ceramic rod extension device on measuring point

6 REMXSLERDT

A 54 P i s IR B R G 5 45 1
Pl /00 2R G AR ORI RS A DLl R B Y
b T B P S AR T, A 15 B, R OR O
{37 B e A W A2 49 a2 15 5 ORI AR A5 1R

|

L2

—

-

1
b
b

P15 b R 3
Fig.15 Ground thermal flutter test site

5, SR FH N T B A R W R Y A A . %
HE S B A £ AT a5 4 1 B I A 340 B st )
A R 7E RS FR e b A AR R i AR R
e 2 A U o A 0 R P AR R S AR B &5
g o) 7 SR 0] 3 0 XU, DA T S BT o A B i 31 B
4 B S 5 R A e 5 A e R R Bl A
W1 PID I 3 il £ 45 fi NTESEW {5 5 R G 9.

A YA 5, 1 2R T B B 0 G bR A B R
R BE IR B 3% (450-250-150 °C) |, % 1 3| 4% $ i
45 K e LA B TR] R 17 3200 BE 4R S T HOIR 3
J b, B E A S5 50 CHE R i IGR BE 4, 9T DA 5.1
5B R TR ARG B Y B T IR A
ZORBIWE Y, IR MR S8 ) 8h 100 s ik 5 9
TR AR B 3 )5 I i 1 SR 58, b i B4R R S A
T T S B R DL— A AR I B 25 s AT, A BK R
B3 50 W0 Lh R 2SR BE AT 5 s K A T R Chy S
55 BT A5 19 0 1R 1 (O F A O 58 2 1500 m/s) IF
TF e I AR 80 P i A B R A R G T A A5 0
D) 1o 5 R I B R it /16 BT,
w8 il A 45 25 TR 3R Y 0~5 s K IE Kk 5

7‘8 1
=
~ 0
R
A - L " ! " n n "
0 10 20 30 40 50 60 70
W) /s
(a) Response of structural monitoring point
n 140007 * Bk T HUE TR A S
g 1200 S ﬁ@?]ﬁﬂﬁﬁﬁﬁ%%%
¢ 1000 *
i& 800 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70
i8] / s

(b) Flutter critical velocity curve
116 b I B AR IR 06 45
Fig.16  Ground thermal flutter test results



906 Mow b

i %

PN 5% 54 %

f) 5~75 so
VB T A S Ab By B 2 B (RpE 16 /=
FAIEFRIC ) 5 ol B IR B AP AR XS b, 25 Rk 1

ez, Al LA H b i IR a0 45 2R 5 o A 4 R B
PRI, O IR 22 975 1020 LA, il A2 T B 41 ) 3K
R REEK

F1 HWHEIRKBERRIRE

Table 1 Ground thermal flutter test results and errors

BT A5 /s i XHE BRI /C 256 R I R/ (mes ) B VTS BRI S/ (mes ) W2/ %
5 450-250-150 1427 1362 4.8
25 530-290-170 1270 1186 7.1
45 610-330-190 1119 1025 9.2
75 730-390-220 949 886 7.1
7 z:él: -L/e Aerospace Sciences (EUCASS). Moscow, Russia: [ s.

AR SO ST ST R AT A R
RN RS R AT S I S % 3 N K F R B
T8 S0 BT A B, Sy v R AT A 0 B K
S5 T — AT AT AR 0 T B, Bk 4 e
mr:

(DARSCHES T 2 TOLS s hgi B Ak 4i B
T5 ik RO T B AR S5 R B 0 B B MR A T
A TRATALLR P Y i T B AR 3 00 T 2R

(2) X BLA SR 28 I 28 45 ) B30k 45 ol oy e
B MG AR SCHE TR 2 4 S0 T PID #5412
B e LR A 5 R 3 N B AR AR S8R 1 i
B PR T A TR IR E 20 A o 845 o RS B

(AR SCHEHE T Mo IR IR0 R G, LH T
T AL o P TR RAT A LS RAT AR Y R R R BT
R AR X J) T B 32 5 A R B 0, AR A TR R
o 5 0 A e ) S i

(4) 5% 7% ST SR 1) B 4 4, 5 3 Bk
Xt 235 ) R 41 e 1 A R R S R VR T R e e A
B T 32 8 Ak S B0 45 R RS AR R A L TN 35 5
T BE o A i B0 #RONE 7 X 45 ) B AR 4 R i S
Ko BUE 5B B g 25 e 35 R W1, B % 18 % T
T 45 A8 A B R A S R B PR I R R ) B E T
R, DRI A A B2 5 R R 7R R AT 2R E A [W] 3
B PR R A B O T 2 RO L kAT
o

S E Wk

[1] KEARNS J P. Flutter simulation[D].
Johns Hopkins University, 1962.
[2] SMYSLOV V, DIJKSTRA K, KARKLE P. The ex-

Baltimore :

perience in gound vibration tests of flexible flying vehi-
cles using PRODERA equipment and some additional

tasks[ C]//Proceedings of European Conference for

n.],2005.
[3] KARKLE P,

simula-tion method in dynamic aeroelasticity usage

SMYSLOV V. Electromechanical

experi-ence and future trends[C]//Proceedings of In-
ternational Forum on Aeroelasticity and Structural Dy-
namics.Stockholm, Sweden: [s.n.],2007: 1-10.

[4] ZENG J, KINGSBURY D W, RITZ E, et al
GVT-based ground flutter test without wind tunnel
[C]//Proceedings of AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamicsand Materials
Conference. Denver, USA: [s.n.],2011: 1-17.

[5] W, REN, B, 5. b e L0 i

AR5 WA B I BEUIT]. Az 22 i, 2012, 33(11) ¢
1947-1957.
XU Yuntao, WU Zhigang, YANG Chao, et al. Simu-
lation of the unsteady aerodynamic forces for ground
flutter simulation test[J]. Acta Aeronautica et Astro-
nautica Sinica, 2012, 33(11): 1947-1957.

[6] WANG B, FAN X. Ground flutter simulation test
based on reduced order modeling of aerodynamics by
CFD/CSD coupling method [J]. International Journal
of Applied Mechanics, 2019, 11(1): 1950008.

[7] SRIFE, EMSC, IR . I CFD 0 it 1 Wi 45 400

IR W A ) E I BN R T]. IR S e,
2022, 41(10): 40-46.
SONG Qiaozhi, WANG Binwen, LI Xiaodong. Un-
steady aerodynamic model reproduction method for
ground flutter simulation test based on CFD[J]. Jour-
nal of Vibration and Shock, 2022, 41(10): 40-46.

[8] SONG Q, YANG Z, WANG W. Robust control of
excitiing force for vibration control system with
multi-exciters[ J]. Science China Technological Sci-
ences, 2013, 56(10): 2516-2524..

[9] WU Z, MA C, YANG C. New approach to the
ground flutter simulation test[J]. Journal of Aircraft,
2016, 53(5): 1578-1580.

[10] WML, FFAZ . i im A B IR I OF o [T ], o 3



%5

I, A e P AT A M T BRIR A B AR I

907

(12]

H3R8E, 1984,11(2): 10-14.

PAN Shuxiang, QI Pigian. Research of ground ther-
mal flutter simulation test [J]. Structure &. Environ-
ment Engineering, 1984,11(2): 10-14.

ARRTR, b SCUE, T . T Sl BE BIL IR 1 AR S
W RBIFET]. B 5 FRET, 2015, 42(2): 52-56.
LI Xiaodong, YANG Wengi, LIU Hao. The study of
thermo-modal test technique based on true-random ex-
citation[J]. Structure &. Environment Engineering,
2015, 42(2): 52-56.

KI5, EWIC, A . B T HLIL B R KU 124 50 4
AL 3 T WA A A e (T ], TR 5 R, 2021,
61(2): 3-7.
SONG Qiaozhi, WANG Binwen, LI Xiaodong.
Ground flutter simulation test validation based on wing
flutter wind tunnel test model[J]. Engineering &.
Test, 2021, 61(2): 3-7.

Rk T, M3, ORI IR 4 PR T A 6
A #F 5 [EB/OLJ. (2021-06-10) [2022-06-10].
https://kns. net/kems/detail/11.1929. V.
20220608.1327.030.html.

CHEN Haoyu, WANG Binwen, SONG Qiaozhi, et al.

cnki.

Research on thermal flutter ground simulation test[ EB/
OLJ. (2021-06-10) [2022-06-10]. https://kns. cnki.
net/kems/detail/11.1929.V.20220608.1327.030.html.
WP A SR (M. db s mAEHE BR
., 2008.

MENG Qingming. Principle of automatic control[ M ].
Beijing: Higher Education Press, 2008.

RRT7, BARR, @2, 41200 CRpii 35 T R4
PR AR I WF 50 5 BB AL T ] it 25 %44, 2016,
37(6): 1861-1875.

WU Dafang, WANG Yuewu, SHANG Lan, et al.
Test research and numerical simulation on thermal
modal of plate structure in 1200 °C high-temperature
environments| J]. Acta Aeronautica et Astronautica Si-
nica, 2016, 37(6): 1861-1875.

MRt 5=, EMSC, RIGIA, 5. I8 58 48 i B0 P 45
PO I8 I BB L], W T %2440, 2022, 39(4) -
633-641.

CHEN Haoyu, WANG Binwen, SONG Qiaozhi, et
al. Research on the ground flutter simulation test meth-
od for time-varying system[J]. Chinese Journal of Ap-

plied Mechanics, 2022, 39(4): 633-641.

(%45 TR 32 )



