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Random vibration response calculation and fatigue analysis of
thin-walled structures under heat flux environment
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JIANG Zhuoqun, ZHAO Fengtong
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Propulsion System, Liaoning Province, School of Aero-engine,
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Abstract: For the problem of random vibration stress response variation law and fatigue
failure time of thin-walled structures under high-speed heat flux environment, numerical
simulation calculations and high temperature random vibration tests were carried out. By
comparing the simulation results with the experimental results, the modal error was less
than 2. 8% and the stress response error was less than 4%. The structural fatigue failure
time error was less than 3430 s, verifying the reliability of the numerical simulation. Based
on the coupled FEM/BEM (finite element method/boundary element method) theoretical,
the Fluent software was used to simulate the high-speed heat flux environment, and the cal-
culation of the random vibration stress response of the thin-walled structure under high-
speed heat flux environment was realized. The dynamics response and fatigue failure time of

thin-walled structures under different vibration magnitudes and heat flux environments were
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obtained. The variation law of structural thermal random vibration stress response and fa-

tigue failure time under different environment temperatures and flux rates was analyzed, and

the reasons for these changes were explained. The work completed can provide a reference

for the estimation of thermal random vibration fatigue failure time of thin-walled structures

under high-speed heat flux environment.
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heat flux environment; thin-walled structure; random vibration;

fatigue failure; experimental verification
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Fig. 1 Geometry model of simulator structure
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Table 1 Material parameters of GH188 under

different environment temperatures

6/C E/ b )/1076 o/ e/ A
GPa Cc' (kg/m’) (W/(m-+ C))

150 199 0. 307 12.2 9090 16.2

300 184 0.313 12.9 9090 18.5

450 170 0.320 13.7 9090 20.1

600 156 0. 326 14. 4 9090 27.1
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Table 2 PSD of vibration magnitude

alg (Dy./g*)/Hz
2.0 0.1593
2.4 0.2294
2.8 0.3123
3.2 0.4079
4.0 0.6374
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Table 3 The first six thermal modal frequencies of

thin-walled structures

WEEHE/He
6/ C

B 2B 3B 4B SB 6B

25 94.61 676.8 686.4 1261 1998 2646

450 85.21 605.2 617.4 1133 1798 2365

Equivalent stress/MPa

157.84 Max
140.30
122.77
105.23
87.69
70.15
52.61
35.08
17.54
3.64x107"* Min

(a) 0=25C, a=2.4¢g

Equivalent stress/MPa

210.48 Max
187.09
163.70
140.32
116.93
93.55
70.16
46.77
23.39
4.8508x107'* Min

(b) 0=25C, a=3.2g

Equivalent stress/MPa

163.20 Max
145.07
126.93
108.80
90.67
72.53
54.40
36.27
18.13
3.8560x107"* Min

(c) 6=450°C, a=2.4g
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Table 4 Axial stress of thin-walled structure under

different conditions

alg 0/ C Bl I 3/ MPa
2.0 450 145. 64
2.4 450 174.77
2.8 450 203.92
3.2 450 233.05
4.0 450 277.63
2.4 25 163. 95
3.2 25 218.62




57

Uz R A PR FR I W RE S5 R B DL ik 3l i R TS S 97 O3 B 1407

x5 HEEMELRARIRTESE®
Table 5 Fatigue time of thin-walled structure under

different conditions

a/g 0/C B 57 1] /s
2.0 450 285218
2.4 450 70596
2.8 450 53005
3.2 450 16561
4.0 450 13920
2.4 25 104001
3.2 25 48511

5 BB
Fig. 5 Test equipment

TE 0 A 2070 AR e o 72 3 M I 4% T 00 T T R
SERL GRS A B IR B T R e e Ty o AR
WA B 6 fras. 3% BAB350-5AA250
(11D)-150 A A B M2 N A2 11 7T H 8 IF #
HE o A3 6 I a7 ) 45 SRR 22 TN

K6 AR e Ty 5 0 e B AR 07

Fig. 6 Clamping and measuring of test pieces
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Table 6 Static results of frequency,environment temperature,

stress response and fatigue time of test pieces

e Y I T
CWH/MPa /s BUR/Hz

2.00 450 151. 44 283053 82.916
2.40 450 190. 03 70960 84. 90
2.80 450 208.13 57680 83.625
3.20 450 223.95 22331 84. 374
4.00 450 270. 24 15968 82.625
2.40 R 173. 39 106750 89.48
3.20 H 214. 34 42273 88. 86

Crack appear

0=450C,
a=3.2g

B7 REAFRIRALE (0=450 C,a=3.29)
Fig. 7 Destruction position of test piece

(=450 C.a=3.2g)

®7 HESREXILEE

Table 7 Comparison of simulation and experimental data

Rt o/ W ®HE 1B
a/ o

Ji st 8 C JiJI/MPa WHl/s $i%/Hz

15 B-1 2.4 25 163.95 104001 94. 60

Ke-1 2.4 25 173.39 106750  89.48

1j H-2 2.4 450 174.77 70596 85.21

i 5 -2 2.4 450 190.03 70960 84. 90
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Fig. 9 Structure stress cloud diagram of thin-walled structure under high speed flux
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Temperature/ °C Temperature/ “C Temperature/ “C
148.251 Max 148.423 Max 148.587 Max
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Fig. 10 Structure temperature cloud diagram of thin-walled structure under high speed flux and

different environment temperatures
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Fig. 11 a-stress PSD of thin-walled structure under high speed flux, different vibration
magnitudes and different environment temperatures
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Table 8  Axial stress of thin-walled structure under different conditions
Hfim) i J3 / MPa
alg 9=150 C 9=300C 9=450C

0=100m/s v=120m/s v=140m/s v=100m/s v=120m/s v=140m/s v=100m/s v=120m/s v=140m/s

2.0 118.63 119. 01 119. 41 133. 95 134.19 134. 46 145. 82 145. 89 146. 00
2.4 142. 35 142. 82 143. 29 160. 74 161. 03 161. 35 174.98 175.07 175. 20
2.8 166. 10 166. 64 167.19 187.55 187. 89 188. 26 204. 17 204. 27 204. 42
3.2 189. 82 190. 44 191. 08 214. 34 214.73 215.16 233.33 233.45 233.62

4.0 237.29 238.06 238. 86 267.93 268. 42 268. 96 277.97 278.08 278.26
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Table 9 Thermal modal frequencies of thin-walled

structures under different flow velocities and

different environment temperatures

RS 2R / Hz
v/(m/s)
9=150 C =300 C 0=1450 C
100 92.104 88. 767 85. 50
120 92.079 88. 754 85.493
140 92.002 88. 743 85.473

6=150C, v=140 m/s, a=2.4g
6=150C, v=140 m/s, a=2.8¢g
0=150C, v=140 m/s, a=3.2g
-0=150°C, v=140 m/s, a=4.0g
0=300°C, v=100 m/s, a=2.0g

------ 0=300°C, v=100 m/s, a=2.4g —

0=300°C, v=100 m/s, a=2.8g
0=300°C, v=100 m/s, a=3.2g

0=300°C, v=100 m/s, a=4.0g -

0=300°C, v=120 m/s, a=2.0g
0=300°C, v=120 m/s, a=2.4g

0=450°C, v=100 m/s, a=4.0g
0=450C, v=120 m/s, =2.0g
0=450C, v=120 m/s, a=2.4g

— 0=450C, v=120 m/s, a=2.8g

6=450C, v=120 m/s, a=3.2g
0=450°C, v=120 m/s, a=4.0g
0=450°C, v=140 m/s, a=2.0g
06=450°C, v=140 m/s, a=2.4g
- 0=450C, v=140 m/s, a=2.8g

0=450°C, v=140 m/s, a=3.2g

6=450C, v=140 m/s, a=4.0g

-== 0=300C, v=120 m/s, a=2.8g
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x-stress PSD of thin-walled structure under high speed flux and all different conditions
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Fig. 13 Fatigue time of thin-walled structure under

high flux and all different conditions
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Table 10 Random vibration fatigue time of thin-walled structure under different conditions
55 A i/ s
alg =150 C 0=300 C =450 C

0v=100m/s v=120m/s v=140m/s v=100m/s v=120m/s v=140m/s v=100m/s v=120m/s v=140m/s

2.0 340603 338501 334106 307590 305489 305194 278182 275698 270655
2.4 95466 92303 90166 83080 81388 80206 78070 75260 73737
2.8 82498 81317 80522 71183 70922 69188 56 894 55614 54157
3.2 35022 34439 32117 29791 28687 27658 21131 20658 18998
4.0 25762 24414 22190 19266 18829 17821 16000 15200 14435
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