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Abstract: The integrated thermal protection system (ITPS) needs to meet both load-bearing and heat-insula-
ting requirements. In terms of the ITPS with a corrugated sandwich structure, this requires the connection
structure of the ITPS to have high mechanical properties with low thermal conductivity. However, the re-entry
environment is severe, how to reasonably design the connection structure is key to improve the performances
of the ITPS. To solve this problem, 2 extreme load conditions corresponding to the maximum aerodynamic heat
load and the maximum aerodynamic pressure load during the reentry process were comprehensively consid-
ered, the objective function was constructed with the minimized strain energy and the net heat transfer rate,
the mass was used as a constraint, and the topology optimization of the ITPS connection structure was carried
out. Then, the configuration obtained through the topology optimization was reconstructed and the thermal me-
chanical coupling analysis was carried out. The results show that, the maximum displacement of the top panel,
the temperature of the bottom panel and the mass of the optimized connection structure were reduced effective-
ly compared with those of the initial corrugated sandwich configuration and the topology optimization configura-
tion in single load cases in the literatures. Due to the reduction of material consumption and the increase of the
structural complexity, the stress level of the connection structure increases, but it still meets the requirements
of use. This means that, the topology optimization strategy considering multiple reentry load cases can effec-
tively improve the stiffness and the insulation capacity of the ITPS and alleviate the thermal short-circuiting of
the structure. With the development of additive manufacturing and other related technologies, the topology opti-
mization method has broad prospects in the design of the connection structures for the ITPS and other thermal

structures.
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ical coupling
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Fig. 2 Geometric characteristics of the ITPS
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Fig. 3 Typical aerodynamic loads during the re-entry flight
F1 1TPS MRS
Table 1 Sizes of the referenced ITPS design
parameter value parameter value
ty /mm 2.1 h /mm 120.0
Ly /mm 3.1 L/mm 117.0
tp /mm 5.3 0/(°) 71.0
®2 MEMERESE
Table 2 Material properties
material Inconel 718 TC4 Al 2024 Saffil
density p / (kg/m®) 8 100 4 440 2770 50
199(393 K)
elastic modulus E /GPa 115 71 -
153(1 033 K)
Poisson’ s ratio i 0.294 0.3 0.33 -
1.26x1073(373 K)
thermal expansion coefficient & /K™ 9.6x107° 2.0x107° -
1.61x107°(1 033 K)
11.1(293 K) 816(255 K) 0.014(477 K)
thermal conductivity &k /(W/(m-K)) 7.6
28(1 273 K) 975(477 K) 0.154(1 144 K)
432(293 K) 942(389 K)
specific heat ¢ /(J/kg) 560 944
620(1 070 K) 1339(1 170 K)
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Fig. 4 The design domain and boundary conditions of the ITPS
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Fig. 5 Topology optimized configurations under different weight combinations
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Fig. 6  Configurational characteristics after model reconstruction
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Fig. 7 Topology optimized configuration characteristics in ref. [ 8]
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Fig. 8 Comparison of thermal and mechanical responses between topology optimized configurations with reference configurations
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Table 3 Comparison of structural responses between optimized configurations with reference configurations

ref #1 ref #2 opt #1 opt #2
Dy s /mm 5.16 2.97 1.90 1.87
Ty e 7K 393.20 346.38 333.57 328.33
St max /MPa 579.61 289.36 327.80 312.99
Sy max /MPa 291.90 353.02 384.11 383.51
Shmax /MPa 199.30 52.43 99.67 88.38
v 0.045 2 0.045 1 0.0320 0.029 0

MK 8(a) (b)) 53K 3 AU B, R Z T AT IR & BH FMIC A B AT DL 25 AR A A 7 L iR Y
T RALRS (5 PIRN S A BUAR L7 0 FRAR T 63.76% F11 37.04% ) FI ThI A ) S e it B (A5 0 225 M LA L
IR T 16.509% F0 5.21% ) , BT w25 45 K4 W 32 14 (] IR A DR 1 3 e 45 Ky AV B 1) 8002 T LR B 4540 119 B
A R L ThT AR A P 0 -5 3 P 8 M R 2 9% WA i i 2 18], T TR ) e o i B 7 20 SR S AL ) i g 7 2
HEFEAS AT AR i L 3B T 35.84% 1 35.70% 3% i 22 T LAY 4H ML AL /e D8 7 TR HA — 2 A AL 3.

HE— LK 8(c)—8(e) S HTRLIIIEBL, AT LR B RL 2 5 4225 Fg BUAR LA LR A ) 7 3 7K F- o)
BIFEAR T 46.00% FISENN T 8.17%. N J7 16 5 A 7 45 A5 A8 5 L T A i A 00 94 12 42 K A A TR 2 7T T AR )
JIKESSERAL T MR T 55.65% , LSBT 2 THim T 68.57% ,AH T 1A B R AR 1 3 KPS (O
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Fig. 9 Temperature response of the connection structure of the ITPS
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