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Research on Thermal Modal Test Method of Rudder Structure
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ABSTRACT: The purpose of this paper is to explore the influence of high temperature on the modal test results of rudder
structure. With the high temperature environment, the missile rudder is studied by the approach of structural modal test. The
thermal modal test platform mainly includes the heating system of quartz lamp and the modal testing system. For the excitation
part, the high- temperature resistant extended exciting rod is used and equipped with water cooling device. The high-temperature
resistant ceramic extension rod is designed to improve the vibration signal collection scheme. The feasibility of the thermal mo-
dal test schemeis verified by the comparison finite element analysis and test data. The test results show that the transfer function
value of exciting rod is close to 1 when sinusoidal sweep frequency in the range of 20 Hz to 1000 Hz, which is very ideal for the
excitation part. However, for testing system, the ceramic extension rod has a little influence on the first four-order modal fre-
guency and the results are within acceptable limits. In the end, we compared the influence of rudder structure stiffness at differ-
ent temperatures on the same of excitation frequency, the test data show that the stiffness of rudder specimen decreases with the
increase of ambient temperature, which leads to the frequency of each order mode decreasing gradually. The modal parameters
of rudder structure will be reduced due to high temperature, the research provides the experimental means and technical support
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for the thermal modal test of the following products.
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ceramic extension rod; simulation analysis; thermal modal test

S TE R S BREC AT A, H T IR I 4 R 2
T I e Ay 7 T ) e TR IR, RS A I iR 2 (L
oA LRI 285 ) ) s i 2R B L AT 25 e 3 v A
T 465 P A s e e A A, 0 S o A S U A e A
PR P A AR s D, S T AE ) A
PROOUH K A PRBE T A5 25000 2R A5 1 e e ot 0L 1) A
LR, X F s C AT e g M SR B
FEE A, Y RATHEEE RS 3 Dkt HoE v AR
TR 235 W 7K A7 14 7 TS5 31 500~600 °C . Ky T 3458 3
500 °C A4 o LA BT T S e T AE o TR R sh 2 A R
B F ARSI S8, R s R RS SO0 R g S
BRI RGN A, S v g M 5 S 1 A
500 C i M T T IVBES AT R e R e, E
A BRI AR 6 A 45 A 1 5 vk T R v IR 4 R A
BRI HEOBFSE , ke R S 99 A 4R 3 AR A 1)
S — o B i D I

MFT, R AMA 2L ST 0 AT
PTG PR | PR IR AT T RIS A AR
HAESE - Lee 2P i 45 BROT AT BT BT 5 12,
5T T B 21 4 31 S8 B 52 A 4 R o A A 7 v 7 7 3k
SIMPRERES R A BRI . Brown X X-34 K ATHe
TE T iR R T & sh ML A A2 361 A A0 2 A1 41 0 A8
TR BEAT T BRAE0Hr VB 8 . Fu 2B i R | AT
BE AR REREE ML T 3 Sy 2R Mrd i, SR 5 &F
Xof AN [ 30 B S AR S i SR AT T 40T o R T 73R
BRA FREE T IS | SRR 10 B8 0 #7752 01
REUE, PR R A A RS | IR IR I R PR e
AR Sh AR A IE B L 20 14D 60 4EAL, 35 [ NASA
= FfL 2 523 (14 Vosteen 2510717 139 °C 1 2 L 3 455
T X A B 1A 45 A T R R AT TR R MRS IR Bh
FePEFF R Tl mroY . 20 t22 90 4EAY)G , W& HOE
I 2 A 114 2% J AR SRR, Kehoe il Sny-der!® 9 {ifi
B CMIRALAE 245 C 1w IR IR SE R4S T I Ble
T PSP M 6 2 A v SRR S AT R 4 M R Y . 21 ik
o LA, AR T R T e TR AR A e I 3 A e e
Ve R A e . S5 NASA 510132 S RLAFHLAL (i
FH T v I AL IR AN AE 482 C ) i R B R X
X-37 BT e IR A 7 T REEAT T R AR 5 H AR
WhsE. 21 May), sEZEHEYEMERREGHT T
500 C &L T MAE IR -t g A A sk, (8
T AR b ) O I R 7 T ik R B S i ) R B
fF5 AT, S T RAFIIRCR . X B s
X R R DN B A, [ P A S A TR
IR - AT T A G AR ST o WA IR Tl K2

i 2 PR g A £E 300 C iR R HEAT T RIS
WK JETHLH TR ST BT AR i . 9% 55 S 21
o S SR T ) VB ES  0 R  IR JRIT TAIRSE, AT
SEILRIA SR AR A T g TR AT R 1 ik
U3 3 4k Bl Bt I ) O v R AT R AT AT Y R
PRS0 Sl it o 3 o b B A A 5 R
2 DStk R 25 ) S AT T St A0 i A 68 T3
SR (4 T 32 A8 AR Jin B I A 7RG T AR S R S
B AEFMEES R K 2 0 2 R 7 Ha M vy T i
IREE T ARSI 78 B BUPRBR Al 86 R 48, %F 1200 C
1o Yk PR BT T M 25 4 ) BB R B AT T Y R
AL, [RIBFIAXT 1100 °C e ik FREE T o 75 o S 5L )
AR 25T R T BRI, i 1000 C LA
IR BT T B S R A IR Sl R 4 BT LA B 2 4 aT
SEMER A T EE IR T B S K

SCH AL A T 255 4 1) S5 R RR T AR R AT G X 42
FERE T B8 )7 vk 5T, et T F A Bl in
BN AE 5 B9 KB BLPR AT R A5 5 03K % it s L P
BolMEr. R MTS 6 RS0, @il B 6E PID 477
7, A ST R A m IR AR . W T AR
R, WU PSR sk i A5 . A
B R TC5 BT Sk B0 A4S & 0 B, 15 M TR XA
e G ANEET

1 PSS ER

TS R B M 1 — [ A e, TR R 22 1 8%
Wi 2545 AR [ 75 Ak, DRI 7 S AR [ B PR 2 0o A 2
S0 TP GT o AR AT B, 257 5
R A S BT (1) SRR

(K -0*M)p* =0 D

P K O9ZH RN EERE R 5 MO 4548 4 o A
s o AR IR [ 1

Fl PR AR AE N, SR BLS SR T2 R
PEASA( ph il B2 AR A RS )RS A4y A BB AR 3 A2 Ak
PRS2 B 5356, XFT AR AR B L5 1
LR, R 25 B IR AR AL 5 1R iy LT R Ltk
7E A A PR 2R 1O 1 L T 454 52 ) e YR AR AT
Ja, (L) PR A B R MRl
AW, AT IR 45 A B R S P B L
A AR AR S A BRI R o 77 Tl BE PR 3R Y 2 )
I, 8 RS I AR ] 3R O

KT:IQBTDTBdQ )



F18E 8l

EREE: MeT a5 P ST R ‘9

Kb BOAETHRJLITAERE ; D o548 s kA
AN ECA 5 A PR AR R

5 IRI I, e PR A A B A AR A 2 R B
TR EE R R AN R OB g o PR, 7 M RE R

WEeon iy, 5 B2 RN T R 25 A6 W A s, AR
T35 | P JRE R e ) A A AT RN A
K, =[ G'TBGdQ 3)

P G NS AL = AR A NI BE sRECE RS s T A
LRI 45 A8 B4 B ) I

ZE B RTIR , TESK fifp el PRI T A e A R AT R
LIRSS BT, E R AR 2 RO g il
A RS 5 1R I EE AR AR AL o RIS N i g
SER A SN BE R M KRR -

K=K;+K_ (4

X (4) 1, K SEHMBIM RSB SRR T
M 5, SR EE Ty, S EORRL B SEAR E
W, BORE, SNIREREFE KORE 238/ o B 51 AR L
F14 PO JEE R A, D055 8 11 4 ) ) R R T i A 5 o
I S AR RN S, K, HIE(E, R
SRR I A AR BB TS R B R R B
BB JImE, K, SR E, I 45 R B [ A 00 A B
TR TR G R EERERE K, 54
PSS B 2546 I B2 FE K X 235 4 61 A 4903 14 52 0
VRIS, AR PRS0 Ar oh, 2580 % 1B 3
PR IO 7 A ) BRI B R 7 M 2 R K, A AR 2
Hrin, A AE X e W BE R KA S AR i v o 4
PRI, T8 2T [ A A8 A 2 X 45 RS 2 0™
EEPNUE A

2 REHSRAERE

e it AR A B AR R o A o e i PR
S ARL (WA 1R ) REEA . MTS #l
R YR BURE 9 7 g e e (I iR 3R 5, SR
PR i 2L S A AR A I 2R 8 S B A« i A K
V2R BT g R AR AT C A P& 2 s Dt Tl
FHTRS v Uk g B A C &l 3 fos ) AT PR a5 5 i sk,
TS e ik ) P e 5 | AT Tl LA sl A R 2515 5 Kl
P A WO 2 e P B o Y B A B 2
—BUEIFRRE G , HEAT BRI, MR — i
TR SE

2.1 K

R TR B S G 0 A AT, R IR 2
T3 BUE IR 454 P S BB T A, T R R ) Ay e T B
H A4 (06Cri8NioTi ). g/ K 350 mm, %>
300 mm, JEEEHR 10 mm, ISP EA 8 N E
7R 6 mm AL, FHFEEE TSP, ST Rsh
5 I U8 A T A — > B0 8 mm Yl AL,

T IERGEIRFT s M 3D AR 12 mm (AL,
TREEIRRANT. SFEAEALR AL 4 R .

&0 e A
Ooo 00 00 go_ 000 oo/ﬂumﬁﬁaﬁn’g’
e e
ﬁgﬁi@egoooooooooo feYe) m%ﬁ B
BRI 4T S
= B R
ﬂmizgﬁ*“3 AR 5 gkt
115 B 1 << |
° oo 1
o B
/_ﬁ_ﬁ | Bdopdo
==

|
R E 2L

K1 SiRAESRR RS
Fig.1 A diagram of high temperature thermal modal test system
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Fig.3 The high-temperature resistant ceramic extension rod

O O O

K4 sty
Fig.4 A diagram of the structure of the test

22 BRELEERE

RS IR00e B A EE B A4 - RSP, D
FMORAS . WARAT . SOABL . 0 = R AR L 1
Ao M AT A L 9 A UL I R AR L XL
ek | MR RAEAL BB TEAIESE . BB E SIS
B b 3 2 i IR A R R G S . IR BN Y
AR G 1 45 48 BT 22 D R RS 55 i, o e R sl



-10- g HE TR

2021 4 8 A

FWIE o IR P 2 BUB A e o LR R 5
LSRN R 5 B2 D RORAR ™ A SRS, A
117 9% S IR A% A, Al Sl v I K v AR AT 2R AT
i, fEAHAR R AR PR BN o U, T IR i A
R S A B, R RAE RIS B K
THRAAG S o AU JT S 8 A N JEE 12 %
R SEAE I A R MRS 5, RERIMIRSN(E 5
S R AL BB ), A BT R AR
SR FABEA, HATE SN AL B, A
IR R ISR 5 R

T R AR Y BRI AT

| e Pl

[
mg/ T O E
e (e P

K5 mikf AR RS
Fig.5 A system of high-temperature thermal modal test

23 BRAKEEE

e Tl T 6 2 S L e A e A A [k 1 L
G, GEAERES, HACNHEEGY, AR
PRERG . MTS #AE RGARE S R A5 5 017
T B A RT3 1 Oy SN A ST A 1 T R K
ANHEATINAR, DT ARAS i R AR S5 o BB
Uity 3 ARG IR HIK , XIS AR TR . A AT
WA RGEME 6 s

K6 s kTGRS SRR S
Fig.6 High-temperature heating system for thermal radiation
of quartz lamp

2.4 PEINERE

K A7 KT S vy Tk 1 2 AR A a2 L
Frefd, BIaT 2 s e i 2R 40 o 1 Pl o v 2
e B E AR AY b, 7 AT I B 1] R TR K T

Ty B RY R EE SR A AT BT A, $R A
TRIASE, IR EB T 2 R A, T LLE R EIK
A BERT 48 B SRR HEA TR N, InFAES i S04 28 — el
B P A B A T IR BT I BT R R AR L S A
R IEE T b, J BATT dte F  5 1 P O T
Herp 2 B BT, PN T um R S A I, R U i
JE AL R INTATEA T T B0 o o X AR 31 4k
BRI ER AR YR NG 3 AR, IR I
(WLIE 6), #Ar R MR 7 S s
R0 A2 19 TS [ T e 90 4 SR AT A Tl , A
AT PRSI W S0 . BEAT . EARAT . Sl
) B % T S 7 T

K7 SR 23 =
Fig.7 A diagram of installation of thermal modal test

3 BRTHEESH

A (A BR T4 B0 BT 32 B2 X A 5
LS TE B TR T W shAS R, T 00T 1 T i 45
SRR AR B AL LA, R — 24 S
TFRE . B A BRC A T RS BT A
Pz BN . SCH e = 4E AR F CATIA B 74
&, BT A = 4R R S A BR JC E AR
ANSYS Worbench #4174 IR A (5 B 43 A 2
D5 o FEA RIS CF AT | 2o . AR
JEME . MR RIS 0R, BB AR A BR T M B
ANSY S Worbench # 17 #BS FL 41T, A Hras R4
i e Ak ER T DL AS B A T A8 1 45 B 1 A AR S
PRAAE AL, PUEZSO5 BAM T BRI & 8 TR,

Stet:]z;dy-stiite Static st;;ctural
ermal > 155 H AT
s R A
—= P& RIS [ Modal
70
v
BTG R
(C-LipES i)

Kl 8 AR BT A0 R
Fig.8 A step of thermal modal simulation analysis



F18E 8l

EREE: MeT a5 P ST R - 11-

3.1 #EEBES
FEBIERLE RS RELES S
( 06Cr18Ni9Ti ), IS MM EHE M ILE 1.
*1 MBERESSMHEBENY

Tab.1 Properties of high temperature resistance nickel alloy
material

wEE O SRR BURIkRE R

PR ig-em™) IGPa  J(10°C™?) /T

194.0 16.4 20

184.2 16.6 100

o 175.3 16.9 200
06Cri8Ni9Ti 7.93 0.3

169.2 17.2 300

164.1 17.5 400

162.8 17.9 500

3.2 MIEELAR

R T ORUE TR B RS B L 18 R 45 A8 2R H HEX
NS 5>, £ ANSYS Workbench Hf sizing
PRAS R B o RN, RESIT RS 2.0 mm,
A 473 932 S5 AT 101 865 NG, SEPRIRA T
TR AR L SR AT T T, A BROTRIAY
GO AEI I AR ER 3 A LA 5 L 5

3.3 BEESN

O A A E o M 32 2R R R A R O K1
ANSYS Workbench #111) Modal Zhfig 4715 B4 o
e B LA AT, B SE A Steady-State Thermal
UIREE AT RS I, S AREY; HUOHH Static
Structural #1500, 45 20 AR X A
PO S5 B, A Modal D BESR A5 F7 X5
BSERW , Zad LiRAHr, A5 B E R A
T AMERARNIR, B aE ., BRASESR,

HOR A 500 C il BB AT 45 SR X H L R
2, N 2 TR LI E5e: MERENT &S, %
WAL AR TR, 2 i T g0 15 4 1% I
Wi 5 T T v S T R AER T 5 | RS 01 5 Bt 5 A S B B 7
b, T 4 RS HIR AR AL B K AE N 8.10%; AN[R) il B
T, — =L AR WY, =AY,

*k2 HERNSEESIWIILE
Tab.2 Comparison of modal analysis at normal temperature
and high temperature

__ AWRERENE s e
HiE (20°C) Wil (500 °C)

—Br 260.82 246.62 5.44 Zth
—Kr 358.07 329.12 8.10 =
=k 713.4 684.13 4.10 %%
7 By 763 724.21 5.08 B

4 RS

41 RIEHLIE
4.1.1 EZEFIRE

PARAT 09 1E 52 080 B2 N T 1R 3 1
Tt v Y K VA AR AT A S AR o R BIR A % i ) i
2238 (KL) FNR AT 00 6 1 b SR s BRH 7
(K2) 3 BIREG — A s B A Jeks . Hiax 8 AN
JE AL SRR U A BRI 7 s Asr RS G ZE gk 1, 5
T Sl 20~2000 Hz, fiNEfEH 0.1g, F4RRT
B4 3min, ZYGRE L, SR E T 1000 Hz i,
P I 2 FR0E , UL IRAIRAT A B 0 X A% 38 1 EAS
I MR BRIT G BLAs S v AT, 50 Hz DL A 3t
PR AT . B, AR 56 15 B U A
50~1000 Hz, f=HWiihst[a] 4 3 min,

IESZAAMR A SD #E A T4, 7R IR &
PR 24 2 FORS NG Jn s B AR IR KL AR g il a5 AT
Jilh, A SRR AT T St a0 A U s R A R K2 A
I, A5 ] il S At 2 an & 9 R X L &2 B,
7E 50~1000 Hz, HIRATEA HBUILIRIZ S, L
PRECEEA L T 1, RAMIRATZ L M R A7, K
TR IR T & B

Brive level 0ok
081.07 mV

P19 SD 4l {342 i I Ak i 2 A% 326 oI 2K
Fig.9 Control curve and transfer function diagram of SD con-
troller

41.2 MEVIRshIXE

BEALYR 258 22 T RUE T B 5 i
EEAH, AT T IE RS S
MR o it il 50~1000 Hz “F Bk LR a5 5, Ml
YA AT, A I AE IR b R I e R
A IR R I 1 RGNS P B 5 AT, AR5 B & 5 AT
T i A AR 7RG 8 MBI, St BdE AL EE S oy
MG S BRI 2 8. TR E— GRS S
BORARAY, 5T A JCR &5 AT I BE LR S B Y
HPUF AR L 3, I 3 ITLIEH, FEges | it
TRIE AT U B RS AIR I SE /N, S5 KACH 0.84%,
It HEA SRS B R A, 500E T P % 5 ATk
THRAR A , ZELUG ) el il s v a] U 2%



‘12 % 4 5

2021 4 8 A

F3 ERE4ANESHESRE
Tah.3 The four modal frequency and error at normal temperature

TCPEERTIE A7 R AT I

RS inmz Ay DO TRE BREI%
1 268.226 266.448 B 0.66
2 365.144 362.060 il 0.84
3 695.862 695.715 A 0.02
4 787.596 781.033 5 0.83

41.3 BRESKRE

Fie IR 2.4 $4 A7 1) o IR A0 3R 40 0T e e s
ARG, AU G045 I A3 b 4 i S T P IR 5 ik
i ey Yk KV PR AT A T IR AR 5 0t fn L 0 R 43 e
RS R A R G TR TR AR, ZEIR 1 LR U Py
B FT, BT AT diid 2 AR ok G 8 % ek
AR 5T, 2l B b B 43 B IS 7S 2R
AT SE . WS R MTS $8:4F R 40R TR
BEAE A 5 O T2 AR iR Al S 4T PID 85 4%
il TLFN T3 FR A AR A Sy 0 e A0 3 ek B ) 5
AR Ak o DA 3 A ok 8 o A o i £ o O ) e — ik
B2, fRgef b 3 I IR B e I, IR ARt
P, ARSI g e . MASE s, dke TR 2]
TR A, AR A& A 10 Rk, HE
EEIRE: 1k, R 2 AR R A M

600
Feedback
© 500 -
£400t \
s Command \ |
§300 L \\
R 200 + \‘
100 | ‘
/ 1 1 1 1 1 1 b
22:02 22:04 22:06 22:08 22:10 22:12 22:14 22:16

Time stamp

P10 BB il B 4 il it 2k

Fig.10 Temperature control curve for thermal modal test

42 HIWER

AR B IR A E T 200, 400, 500 ‘C4% 3
AT T A AR S it o A TR Y ek
B RS R A AR ILZE 4, 500 CEiRdiEE T,
A AR BN 11 FiR

R4 AEBEWNETHEMESINZE
Tab.4 The four modal frequency at different temperatures

MEC
20 200 400 500
1 266.448 262.439 256.414 253536 @&
2 362.06 360.452 347.243 349.995 &
3 695.715 681.192 662.219 651.924 %%
4 781.033 762.785 742.131 732919

BB

Ji#R:253.409FE 8 H(%):0.627 {RFEE] 253400 /2 Hi(%):0.627

| E
é# :

X"‘Y
WA Bi%:253.409 BB L6(%):0.627 fi3iE $iF:253.409 PHB Hi(%):0.627
in z
{2= .
————— :‘5‘ o e ——————_} -
30 -
z ¥ (1) z ¥
[ X X L-Y

a —prias

TUR:347.243 BLE F(%):1.829 [l B%:347.043 BB H(%):1.829

0
9 X
Y i
Ig 2
.1 Y %
0 Zj__, X
EWE $i:347.243 BB LE(%):1.829 QR Ji%R:347.243 BB Hi(%):1.829
:é 4
3 !
z % z %
L X x LY
b KA
ZhNAE $5:651.994 BB Hi(%):0.389 [l J552:651.994 BHJ2 Hi(%):0.389)
7 EE EE
x"\r z LX
ERE BiR:651.994 B Hi(%):0.389 fREl Hi#:651.994 BB Hi(%):0.389
P e Tt}
z :
Ly Xf-Y
c =

&l 11 500 C N i = Frsi g i
Fig.11 First three modal shape at 500 ‘C: @) first order mo-
dality; b) second order modality; c) third order modality

43 HRGW

il 5 PR T B )N BT AR Ak, AR I [ A 00 R
HRET A, (R IRB AR A, e LRt
Y 2E BT LIAS R DL 4598

1) Bl PR IR B AR R T, R R Ak ) W
JEE B REA, BN ERRE I3 4E /N T 56 A ) s R
S RRIE L, RIEAZ (4) AL 25500
XF L, SR 1 I AR 5 B4 BT 2 1 A0 e A i T
Rk

2) R BENE IR 20 CAREARfL 3 500 CitfE, —
MR T 13 Hz 224, iR T 12 Hz 2
H, ZRERT 44Hz ity VU REEL T
48 Hz £, IE RIEHR , fFA W,

5 #Hit

1) i@ 50~1000 Hz B HI45R 0 K B, IR AT
SRR S, HAZ s R EBCEA L T 1, £



% 18% 8l EREE: MeT a5 P ST R - 13-

WARFT AL B PERE R AF, KU T /K IRFF BT &
PR

2 ) 3 IR A TG R 5 AR R e B R 5 mT
B e 3 AT Xt S 8 1 T U A S A R 1 B i 48 /0N,
AR, ) B KT B A 0.84%, I H A el As ik 58
KB RAL, NIRTSAE T P 5 AT B Ak . A
BT IO IRAS AR J2 0 i, 3B G T A AT A SO GUR
BT, e LU B SRS p T DS

3) 500 Cridd s T, W T m iR EE R 4
R I J3E 72 T RAALG, BREINAAR 7 75 A Ay D 6 A
B ESER, S B BREAS B AR B R T S
TR

EEPEE

[ =KD, EEK, &2, 4. 1200°C m RGN R

PRSI S EUERAU). fiias 274k, 2016, 37(6):
1861-1875.
WU Dafang, WANG Yue-wu, SHANG Lan, et a. Test
research and numerical simulation on thermal modal of
plate structure in 1 200 °C high-temperature environ-
ments[J]. Acta aeronautica et astronautica sinica, 2016,
37(6): 1861-1875.

(21  RKJ5, EER, W, % S s e e

WML 1100°CrRif#hEE N i PERSIRE [T, E 5+
Rladk, 2015, 32(2): 323-331.
WU Dafang, WANG Yue-wu, PU Ying, et a. Thermal
modal test of composite wing structure in high-temper-
ature environments up to 1100 °C for hypersonic flight
vehicle[J]. Acta materiae Compositae sinica, 2015,
32(2): 323-331.

[3] LEEI,LEED M, OH | K. Supersonic flutter analysis of
dtiffened laminated plates subject to thermal load[J].
Journal of sound and vibration, 1999, 224(1): 49-67.

[4] BROWN A M. Temperature-dependent modal test/analysis
correlation of X-34 FASTRAC composite rocket nozzle
[J]. Journal of propulsion and power, 2002, 18(2): 284-288.

[5] FU Yi-ming, CHEN Yang, ZHONG Jun. Anayss of
nonlinear dynamic response for delaminated fiber-metal
laminated beam under unsteady temperature field[J].
Journal of sound and vibration, 2014, 333(22): 5803-
5816.

[6] WITHEY RR M, THOMSON R G, VOSTEEN L F. Ef-
fect of transient heating on vibration frequencies of some
simple wing structures EB/OL]. 1957

[71 VOSTEEN | F, FULLER K E. Behavior of a cantilever
plate under rapid-heating conditionsNASA R M
L55E20[R]. Washington, D.C.:1955.

[8] KEHOE M W, SNYDER H T. Thermoelastic vibration

(9]

(10]

(11]

(12]

(13]

(14]

(19]

(16]

(17]

test techniques|EB/OL]. 1991

SNYDER H T, KEHOE M W. Determination of the ef-
fects of heating on modal characteristics of an aluminum
plate with application to hypersonic vehiclesEB/OL].
1991

NATALIE D S, High-temperature modal survey of a
hot-structure control surface[C]//Proceedings of the 27th
International Congress of the Aeronautical Sciences. Nice,
France: French Society of Aeronautics and Astronautics,
2010.

ERLAF. ERIE AR SR ORDISE[D]. MR
MR Tl K%y, 2012,

WANG Ying-qi. Technology research about vibration test
under high temperature[D]. Harbin: Harbin Institute of
Technology, 2012.

BRIV, SRR SC. T T VIS S i g iR O i Y
[ HARSIEE A, 2013(6): 20-25.

MA Lian-jing, CAl Jun-wen. Study of rudder thermo-
modal test excitation method[J]. Tactical missile technol-
ogy, 2013(6): 20-25.

TR, Bk, BRI, A RSB
F¥[J]. BREFS5ER4E, 2011, 38(5): 18-24.

SU Hua-chang, QIAN Yong-bo, LI Zeng-wen, et a. The
study of rudder thermo-modal test technique{J]. Structure
& environment engineering, 2011, 38(5): 18-24.

RRT7, WA, WS, A5, R T T A p A
PREEA IR FE[]]. Mizs 254, 2012, 33(9): 1633-1642.

WU Dafang, ZHAO Shou-gen, PAN Bing, et a. Re-
search on thermal-vibration joint test for wing structure of
high-speed cruise missile[J]. Acta aeronautica et astronau-
ticasinica, 2012, 33(9): 1633-1642.

RKRT7, A, WIs, & mE T ds b s A
I PR SRR B ST J1o 54k, 2013, 45(4):
598-605.

WU Da-fang, ZHAO Shou-gen, PAN Bing, et a. Experi-
mental study on high temperature thermal-vibration char-
acterigtics for hollow wing structure of high-speed flight
vehicleg[J]. Chinese journal of theoretical and applied
mechanics, 2013, 45(4): 598-605.

BUOBZR, A8, =, 5. FAN; ) X HLE 25 44 [ A4 4
HE IS Hr (. ksh WK 52, 2015, 35(6):
1134-1139, 1203.

HE Xu-dong, WU Song, ZHANG Bu-yun, et al. Influence
of thermal stress on vibration frequencies of a wing
structure[J]. Journal of vibration, measurement & diagno-
sis, 2015, 35(6): 1134-1139, 1203.

Vb, T 4. ANSY'S Workbench 13.0 MUA T2k
[M]. dEat: AR i, 2012: 257-262.

LING Gui-long, DING Jin-bin. From introduction to
mastery of ANSYS Workbench 13.0[M]. Beijing:
Tsinghua University Press, 2012: 257-262.



