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Fig.1 Pyrolytic ablation model
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Tab.1 Test data
S8 A

WRE/C 100 300
JR A% ¥ kg e m—? 507
JRUR LA /KT » (kg » K) ! 1.7641
BRI FER /W (m - K) ! 0.093 0.101
RAE kg e m 3 305
RAR I /K]« (kg + K) 7! 1. 4698
RAEMF /W e (m - K) ! 0. 069 0.088
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Fig. 2 Hot wall heat flux of test
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Fig. 3 State of coating material before and after ablation
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Fig. 4 2D plate finite element mesh model
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Fig.5 Experimental and numerical model back temperature result
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Tab. 2 Material property
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TC4 %P /kg +m? 4440
JE AR FLBR R 0.1
HALFLBR R 0.7
ATAE 2
SRR s 1832. 24
1L BE /K] * kmol ! 6. 24
AR/ K] « kg ! 50
BB R /m? 7.13e-13
A B SR T/ kg kmol ! 40
BN FERE R B/ Nes em™? 0. 0001
A AR BE ZE T, 0.5

*3 MHEEK
Tab.3 Material property

R TC4 # TR TC4 HBEE
/C J/We(m+K) ! /kJ - (kg K) !
20 6.8 0.611

100 7.4 0. 624

200 8.7 0.653

300 9.8 0.674

400 10. 3 0.691

500 11.8 0.703
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Fig. 6 Probabilistic design process for thermal protection systems
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Fig. 7 Reliability assessment
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Tab.4 Uncertainty of material properties

TG A R 0. 00973 AL A B B 2 0. 04
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Fig. 9 Probability distribution characteristics

1 2 3 4 5 6 7 8
e S
B 10 AHhE S 50AY Sobol 48 %L

Fig. 10 Sobol index of uncertainty parameter
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Tab.5 Thermal reliability varies with

coating thickness

2R /mm CIET3 R R /mm CiE T3
6.8 98. 9986 % 7.1 99. 9916 %
6.9 99.7958% 7.2 99. 9980 %
7.0 99. 9487 % 7.3 99. 9998 %
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Probabilistic design and reliability assessment methods for ablative
thermal protection systems

ZHANG Rui', ZHU Wen-xiang', ZHANG Ao*, HOU Wang-shu', SONG Shu-feng',
LIU Xu-yang', LI Chen-guang®, ZHAO Yue', ZHANG Kai', YAO Jian-yao™'
(1. College of Aerospace Engineering, Chongqing University, Chongqing 400044, China;
2. Xi’an Aerospace Propulsion Institute,Xi’an 710100, China;
3. Aerospace Research Institute of Materials and Processing Technology,Beijing 100076, China;
4. China Academy of Launch Vehicle Technology,Beijing 100076, China)

Abstract: In order to reduce the weight on the premise of ensuring the reliability of a thermal protection
system,a probabilistic design and reliability evaluation method for an ablative thermal protection system
considering multi-source uncertainties is established in this paper. The finite element method is used to
calculate the thermal response of the system,and the validity of the method is verified by comparing the
experimental test with the numerical model. A surrogate model for the uncertain input parameters and
target output of the thermal protection system is constructed,and the probability characteristics of the
target variables of the thermal protection system are analyzed based on the surrogate model and the
Monte Carlo method. The sensitivity analysis of uncertainty parameters is carried out by using Sobol
index,and the probability design is carried out by taking system reliability as an index. In this method,
the probabilistic design and reliability evaluation of thermal protection systems are carried out for multi-
source uncertainties such as flow, geometry and material properties. Taking the two-dimensional plate
model as an example, the probability characteristics of the maximum back temperature of the thermal
protection system and the sensitivity of the uncertainty parameters are calculated, and the reliability of
the system under different coating thicknesses is obtained. The results show that, compared with the

design with safety factor n =1. 5,the probabilistic design achieves 24 % weight reduction.

Key words: ablative thermal protection system; uncertainty; surrogate model; probabilistic design;

reliability assessment



