chERE: HARRE

2024 F£ 54 % 11 H: 2193 ~ 2205

ChERE ) Atk

SCIENTIA SINICA Technologica

it X

techcn.scichina.com SCIENCE CHINA PRESS

CrossMark

& click for updates

PG ) 26 ROERGE N BUE T . AT RIE S

58 ] A

MOE O, B R, X, KL E A, HRE, A, R, BEE

FERUTEREN IR SR & EE RS E, 4 621000

* E-mail: yanxiadu@163.com

WeRE 1 9: 2024-06-20; $25% H 11: 2024-08-29; W48 i % 3 H #: 2024-11-11

WE ZeMBMEREM ZNRATH - KTERGF AR, EAEF AR ERALZU-ENE RERHA

FORFAE, AR ATNE AT 2R AR BN R RB AR, AXHNTEREN S RERATH, £
TRMR%ZREZRLEY THMM-CVFVME R B & RS TN %, HEaMEmgREmTE SATAELE
MRS RE M BRI, ERARR ATHE, ®ET HREARE TN A EZNTRIEER;, £TER
ERATHFNARER @ FREE, XADTHRIUFHETAREAEBEMFT ARG IFEMEL, RETHK
BN, HE LA AT L RHE, LI T RE L EIRNE R A SCHE LB RS 75 RE SO TN 7
&, ]I R A AR A A e IR A AR T B, TR VAT BT R R BB AR R

KEIA AT, BRE, A, TR, B EiEE

1 515

Bt AT AR I L R A T 1 R
JEU S RGBT PR AL AR EAR
7R SR, ARTUAR SRE BT R HiEa
P R R, BN T RS A
RICTL ShREBEEERRI, DR — g
e 2 4 Ky A AR 1) 2 RLBE R ALE B WA AT B A
PAPRIERE . St e Thee, I AL a5 B A
BB W ARBEERE Z IR H Y, BABISEEL
B R GRS VERERI R P 5Tt

ST EEPRH BTG, A2 LA LR

RS M RE, RSO RE R R R 2
RN, TTZE #B P RGP Bk MIPF Ay
RFTIIPEER. — i, R R B BRI
K, AR flam UL 2E T 2 PR R A R R i S B
HCKEL B PUR REZ AR S MARE S JUFTRAE. 5
T, R SRR A KD R ER T 2 A
FHEAL. MAVELEL AN, BT RRAI N RS
YRFAIL HY A FA) S T A0 5 g B 28, N 2 B G5 4 P9
GHG X RS MRS AR, T
BRIRAE AL S A 2 1 2 R RIS ARFAE!™, AT
28 TXAT A AL A KRS 4 TR 45 v 2T 4 SRR R Bk
15?4[16].

SIRES: Wi, MG, XIE, S5 PR R BRI T ATIOE S 58 . o E Rl SRR, 2024, 54: 2193-2205
Yang X F, Xiao G M, Liu Q, et al. Numerical prediction, flight verification, and targeted regulation of multiscale thermal effects in thermal protection
structures (in Chinese). Sci Sin Tech, 2024, 54: 2193-2205, doi: 10.1360/SST-2024-0153

©2024 (HEMZFE) FisH

www.scichina.com


https://doi.org/10.1360/SST-2024-0153
http://www.scichina.com
http://techcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SST-2024-0153&amp;domain=pdf&amp;date_stamp=2024-09-09

P Vs B MGG 22 RO AN BB U AT SRR S € A IR %

BT 2 REERN R Ve K O AT AR 2 4 1)
BB, AT FUB T A BT RE B RAT BT
PR ATE TP RV AR, SEE RAT AR AT 3P R G X b
B 11 (design THE material)-5“F# £ 5811 (design
WITH material) (A HLELAT, MR K 8 5§
J7 1A,

FE AT 28 iR IR S5 AN, ARG T R A R
DVE S AL R S5, ©OHE DORE 240 T 4 B 4
REIPi AR, WS 2 RE T B, mods
B T W RUBE 2 AT 3 1D v T RO U 23 W 3 4 1)
FatfTE, COED OB A PR & 2R S5 8 [ — Fh it
FARM Ferguson2e N"WHE T 2 AR 2 FLA R
W 2 R 23 HT(porous microstructure analysis,
PuMA)#EE, LSRN 5 G0k 2 REERGENAER T
S A T, Arnold % N0 ST T B A
MR Z REEAS B EINESE, FEMJE PR R @ T
TRy IE S G R 2 REERIAL, 3R1G 17150 A LT
EHRIMESHL

P2 2 A X AT 38 B Bob L 22 LR B
Z REERHIE, MIRBNE R ) 22 ROBETIONHESE . Ji 4
PEA RS AR SRR & 22 R R R 21 2 R e
IERIT I, 2 RIS T B A e 5 i 2
FETFRE T ADHEA, RS T4 Ns PR Bt ek .
FIREETT, BIELREFIEE A MR R RER = S5
PE, TR 2 U B S5 A R TC A A LR AIE 2 ]
MIRIBRR R, F6 7~ T 20 WL RS 2H 76 0t 2 WL e ) 9 A
ALK

M2 REE 7L FE 2 AW, RIZEH 0
Mk S IR 2 REE 7. HAan# — RN
W AR 75 AN R ROBE R o A, i A [R] s
Vi) 760 2% [i) R T 1) 2 B A e S IR A PRE RO ] (1) 5%
B, PSR S BEAHE: Voigt-Reuss 5 FRVE . Eshel-
by Je 2B T EER. Mori-TanakayE 21,
Z ZH ook — s TR 3 R i L # AT IR1S
TG RE, e LUK 2 21 1R I 40 5 R R AR R 52
Wi, EETBUERIL IF & 2 RIE TR BUE v A R
BEEAT AR R BT, FEIESS U AL A [R5 A A
M O RE SR, I8 e Al RE R @S —
ST RIS, ST R A A
777 (homogenization method, HM)P", ftFe 4470 )7
(representative volume element, RVE)®'", ¥ £ R

2194

J¥ 75 (heterogeneous multi-scale method, HMM)" /4,
HMM i 32 2B AR R IR 07 R e Ak s A e R 2
B ERITRE, BEMAE R IR _EREAT K AR, Ferh AR %n
2 H0E T AE B/ B ON I b i I 2 3 5 5% R 3R
A5 TEHMMOT R R HESE TR, 45 [ 25 4 A
FE )R R T 2 AR 2 REETT i, tndR )
% REH R IG5 ¥(finite element heterogeneous multi-
scale method, FE-HMM)™., JE39)5 2 R A IR A
J71%(finite volume heterogeneous multi-scale method,
FV-HMM)™ L JEI5 5 22 RS A BRAR AR BR T 7 125 (fi-
nite volume finite element heterogeneous multi-scale
method, FVFE-HMM)"** 714

HAT, SRR n 8K A 1) B0 75
A5G PRAKAN )i (finite volume method, FVM). &
FR G 77 ¥:(finite element method, FEM) & 4T -3 2 [f]
[ R A PRAAFNV (cell vertex finite volume method,
CVFVM). H A CVFVMILT] A &0k Gtk GLFVM 7 72
FESR i 2 b4 B # SRS & 1) 8 ) B W), 2
A G FEMAE SR fif 525 APRENE 7 i i B BB 72 3.
BREE AU S5 R I N S %, R B (0 KR P 4R T
MPTHRRCRESE ) TR, RE T R ik
R 1) R T Bz, ABATIARAE SR A DR RE ) 1) 2

REENSIMAFBRTCITRE TALEEMEZ R
FEAL AR PR TN B A SR 9T, AH 22 9 —fRcpha AR Y
AT, TR RAT SRR EE T # B araoRl gk S
B Pk e i) 2 ROBE [l R T i AN 2 L, AR 2 R #4
RO AH 5% AT B 4 A B8 1 4% 77 1 IF 9T B AT
RIE.

B Xof By it K 22 RUBE RIS — B 8 R AT 28 T T
e F0038T I A, AR SOk o 22 RO PR, 2 HH T HMM-
CVFVMIE R AL BRRPE T 7 v, el T =4
B B AREEH Z R NI A R, FEIT e 1
BRAT IR IR, fEAREEAE |, BT 2 REEHUT A
FHAIA R 58 ) A AR, Bert 1 P Re e 4 g i 7Y
AP SRR, I T HUE TR M SR IR A R AT
TS — A 1) 2 VR HE SO E, B AR T B RO

2 B R 2 ROE R Ti

NI RAMRON R e S5 R AE i S sh B T 1Y)
AT RO, SOERIT RSt EL. R0



hERE: BARE 2024 0 H 54 % 11

ARBLUE, T AL 2 RUSE AN TR R 5 T 75 5. |
TAFIZE R AR B K B A AN [F] R 4 R AL,
AP S R RN Y TR S K B A SO X gt
RAGT IR 2 ROBERF 05, AR 1AL AR 22 ROBE AR
LA T5 9.

2.1 MRS E MR R E M FTL

H B0 CATER B RA PR H M RS &M R E
FEBA BB )25 7] S PR, PR EE IR R A M KBl (cera-
mic matrix composite, CMC). % fL/ i ZEH k55,
I, G N S R REAE % B LSRN 75 AT )
SEMAATL A GRS A T VR TS, N T A R R
ZRIEGFE, REE/ASYEEER 2 RE AT A,
AR T AR A AT 1 TR 30 o7 B A g .

BT XY LT HHLWT 2 & (X-ray computed to-
mography, X-CT)X & ZPEMgE T34, 2 BB AL
PRI R = GE G540 i = . et AR A R, KRR
5 S 2 I 25 BT S A6 S5 R EAT I G0 A G 45 A
i, B REIRTT 5 AR 25 M TR S BN AR AR S5 44, (RA KL
TRAR BAEAE B 5. BRI, FEKim&E NPT R 1)
IRIE BT X 5T 4% (deep convolutional generative
adversarial networks, DCGAN)METY LA ) Bl 2%k
PAE AR DN R 8, 5INFLIRER 2% 2R 2 A
@ N AR A BHFAE. B, AR SRS X
R R b, SINRF o Ed O iR AL

O X-CTEH 3

@ NLTHERJUERY
Fully connected
neural nets (FCN-G)

B 1 (M RoRe B 2 AL A0 ot B A ) 5 R B e

V, =Dy Pes (1

Hr, poeMp, o3 L BFEAS R R A AR F RS — A1 it
FIRTR B, P2 0

Viotar = I/ED,G)+XVp’ 2

For, R ik s i S 4

W FiASe RE, A T E A R A4 dn L
RTRFAE R B PR S 1 R Re A SR, SEBAN[A]
LB PR REES TN Z AN R R
B R A . B X 4R 49 2L CMCH R 22 R 3o A2 G
K1,

TESREUSE G MR RO U RS A i Ji ity |,
THubk FBoltzmann 77 vERY, K @ T 2 i [/ 5 )
W7 255087 [ 22 FLAY S A RARE MR 0 AT B, ST T i
JUfATRG TR L 305 P i J97 % 7 TR 4 BE 52 52 i [R) 2R A8 4k 11
LR R IR BTN T vk, SRR AR T
Fikw A
kyy=f(xy,z,T,R.,-), 3)

Forn, x, yFIZAJUATARKR, TR AR E, R NZ S5

HREAR

22 RS ROEA RABUA IRIC T %

BN R SRS R G Z Ay B8 1A
WSS L R T A 2 R BAG, JOT 1 8 RUBE A By

OZ LA TR AR IR

FCN-D

Figure 1 (Color online) Intelligent reconstruction of thermal conductivity in porous media thermal structures.
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Figure 2 (Color online) CVFVM diagram based on heterogeneous
multi-scale theory.
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Figure 3 (Color online) Control volume diagram in the coarse-fine
grid.
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Figure 4 (Color online) Diagram of random inclusion composite.
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Figure 5 (Color online) Temperature contours solved using direct
CVFVM and HMM-CVFVM solvers.
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Table 1 Composite material specimens mounted on the experimental flight vehicle
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Figure 10 (Color online) Thermal response comparison of computa-
tion and flight experiment for CMC specimen.
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Figure 11 (Color online) Thermal response comparison of computa-
tion and flight experiment for FGM specimen.
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Figure 12 Geometric model of ceramic lattice superstructure and its
representative unit. (a) Gibson-Ashby unit; (b) tetrahedral unit; (c)
octahedral unit; (d) tetrakaidekahedral unit.
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Figure 14 (Color online) Two kinds of ceramic lattice superstructure
specimens with the same porosity. (a) 3D printing tetrakaidekahedral
lattice superstructure; (b) 3D printing Gibson-Ashby lattice super-
structure.
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Figure 16 (Color online) Ground experimental results of thermal
response characteristics of two types of specimens under constant
temperature boundary conditions.
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Ashby lattice superstructure.
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Figure 18 (Color online) Flight measurement of thermal response of
two types of specimens.
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Numerical prediction, flight verification, and targeted regulation of
multiscale thermal effects in thermal protection structures

YANG XiaoFeng, XIAO GuangMing, LIU Qi, CAI XingKao, LIU Lei, DU YanXia, WEI Dong,
YUAN XianXu & TANG ZhiGong

State Key Laboratory of Aerodynamics, Mianyang 621000, China

Composite materials and complex structures are integral to the thermal protection systems of near-space high-speed vehicles,
exhibiting macro/microscale thermal effects. These multiscale effects introduce prediction biases in heat transfer characteristics of
materials/structures, complicating the evaluation of thermal protection performance. This paper introduces the MMM—-CVFVM cross-
scale heat transfer prediction method to address these challenges. By integrating a microstructure intelligent reconstruction algorithm,
the method effectively predicts multiscale thermal effects in composite materials. The prediction model has been validated through
flight experiments with space vehicle models. Using multiscale analysis of directional energy transport, a new ceramic lattice
superstructure for thermal protection was designed. Supported by numerical simulations and ground and flight experiments, this
design achieves directional weight reduction and temperature control. The multiscale thermal effect prediction model established in
this paper provides refined evaluation tools and design paradigms for thermal protection systems. It provides crucial theoretical and
technical support for advancing next-generation near-space high-speed vehicles in China.

thermal protection, multiscale, thermal effect, flight experiment, targeted regulation
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