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Fig. 1. X-51A experimental flight vehiclell.
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Fig. 2. X-43A test modell!.
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Fig. 3. Architecture of the multi-physics analysis software Kestrell's],
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Fig. 5. Challenges in fluid-thermal-structural coupling for air-breathing hypersonic vehicles.
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Fig. 6. Displacement and deformation of the hypersonic vehicle inlet under coupled mechanical-thermal loading?!): (a) Displace-
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Fig. 11. Thermal protection structure materials of the X-43061l,
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Fig. 17. Material types and fatigue life of various components and structures in an aero-enginel'®.
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Fig. 18. Contours of heat flux error on the surface of fluid
domain of the wing-body configuration[''?:: (a) Original MQ;
(b) gradient correction MQ; (c) original TPS; (d) gradient
correction TPS; (e) original compact support C?% (f) gradi-
ent modified compact support C°.
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Fig. 19. Comparison of deformed mesh quality between IDW and RBF methods!'*?: (a) Original grid; (b) RBF; (c) IDW.

AR, EACHL R L ) e DL e i 9 i T4, JF ), BRRE S TSRO REMEZ RE ), 5
TR P o — RIS DR R 457 DK ) S R BIK 8 i 48 ) AR WS i A 2. 12071 C I T R A el
PO FE. Selim %5 1481 i1 1l 5 SR e SR, 5 BRAT AR AR ARTE, AR I s T RE R AL 2y
BACH I R AR AR O (n®) B2 500 s. Xie &5 191 1 H 0URR ] 4% 1) 6 pR K031, ol
O (n?), Horbr n R 8 O(n?) . Fang 45 149 I HEEEE S Bl 5 i 3 U R Y XU ] R, TE
feih T ARH O RIE, i HR AR oK iR 22 1T Jey# WK AT hORS B O P 1 1L ST A 3 R S
4 Ry iR 22, E—2 I 1 Skl A P IR, BRI AR, Deng 5192 £E Xie S5
WRETHE. Hu 55 10 21 T —Fh s 2 ki RBF 18 A R - i 22 20 P XU ) 2 1) s o K00
PIARASTE ik, O AR R 1Y s BRI 43 (67578, ¥Zor kiR B 2K MRS A2 L.

n AR, MEET RBF F{E 4%, KA R 1EEE TR AR AL BRI R 2
RETRIRE B 4028, SR 22 AL BRI TR RTE, 4n ARG TTLE ), SRR B RBF 5 ik
K20 B s %05 B0 B AT T A A AL &t TEVH R G R RS R 2 (A US T R4
RBF [ O (N2) FE 2 O (N2 /n?) (N, AR5 5 . Wy SIS A T BN | T B LT s/

Stationary domain

Far-surface domain

Near-surface
domain

<= Nearest sub-RBF interpolation

oooee

method

Inverse distance weighted interpolation
Trigonometric functions weighted interpolation

The first sub-RBF interpolation
No interpolation

20 80 RBF Jr i s 25T 0 s 150

Fig. 20. Strategies of mesh deformation in the multidomain
[150]_

AR )AL X TR ) R, JE H R e 2 S S 3k
Fr R AL, HAH SR B IRIEFE R, BT 2R
B (7 85 BAT HAERIPERE.

SRSRT, IR ASTE A 32005 1k © P BRI
PEA LA BRI BE T HE 5 A RO (B (AR e
IR A 1) R pR ) O FEIFE R A | R
& IR T BUALSCR, #1717 ' IMER
AL T 1 R B

G B 58 B A TE AL GUIR BT vk ) 4 fiE
. w PRIECTT T E . RORORE T A R A TR RE S
SRS RIS FUE LA, RS & B L
VAR ORBE R S, (RIS AR Bl P RE T Ak B R
BRI, Be R R N e L e HL TR S T A b e
PR, A S e AT e (R O B 1t
Bl SHE.

5 LMEGR A K G i mE Ty ik

THT Ao 4 5FRL TR AU Fsp B4 0 B 5 i Bl A Bl s
PSR K, MR SR i B ok L SR

191002-15


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026) 191002

F 1 AP AT R

Table 1.  Calculation complexity of partial mesh deformation method.
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Fig. 21. Schematic diagram of the loose coupling strategy!!5.
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Table 2.  Characteristics and application scenarios of different coupling strategies.

MR SHRREE K N

B o 1 % REOHE S L4 O K A 5

ws o LSRRI T, I S T4 0 BB S ST
e s wm memmman R

191002-17


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026)

191002

L. R R R T S 0 R LAY, Huang
SR NOS] R T — PP T B 22 45 (R TR B 2 2T
%, W 23 P . 3207 VR X v R P S B A 3
PEAT T AR, SEE T R AR B RE 1 ) X i A
P Y R RS B DL T . Torres 25 (169 S/ AIORS
DA B 1 TN R 2%, B i BEAR o7 N
SN, SRJGURGE R W45 2, R R B A T
PRI 2. SRR SR B B RE RS RE m PR EBUE  T
SR/ 1R L, RIS S AR B
R B AR DG, PIROM B9 3457 T HAR B

TR A, D LSl R G BLAT A Y
ZALfE

PINNSs K45 il 75 7 1 5% 22 VF N 15 % R 80 —
FR R, R 30 2 9 265 1) i o T A ) B ST AR AL AR
ey R P L[] T 37 1 ) B — SO SR i 5 T, Mao
S5 W01 R ) PINNs A4t = 2 VR 4 i 3 9 0. i
B 5 308 A RT s 40 AT 5 R A g 0 B 24 AR A At
R PREL, B SEBL TN A BRI A L I R
PRBIFTE e BRI T 22 ] W 7 26 Ak P UL N 5] A
HERR L I R R, AN 24 B - T8 -
B IAD R A i R B L T B e ) 0 S B I (1] 5
ARG, A5 PINN 38 SCTE [ € i Rz )

M b, MELL EHEACPERS B FLTH . Farea S5 17U 42 T
—FRERF-FrMs B H PINNs 428, 124844 % I FiA~
TST PR 28— A BT RICRLA A 1Y) D 268 11 75K
ff AR, Iy — TR B H A R4 T THE
e El Ny e peawy) R T S R T SRR T L 7
PR (G e S AN ) ) EATHR AL SEHR AR
B, SRS () PINNs S8R £ A 40 e A 7 kAT
o YU T i 2P B3 R Al B S5 1) LI A L 5 — 284
i) PINNs, BG4 45 14 FR 10 (4 He 77 $5000 152 22 PG
10% 7oAy, JEAECRFR By 18 1Y W] R S T35

Generative AT #) 12 W FH7E /&5 68 7 i i S 1Y)
AR T b, 2 85 B AR IR A A R M 2
Az AT 28 5 AR I PLHIZE A (transformer)
S Li A OV T — AR BE AR BT 5 (3D fields
solution generative adversarial networks, fsSGAN),
AR 25 Frzs. PREE 28 S T AN R AT AL
B RAT AR BE T AR AN ) B P LS, T4 T
- - S TR, NS RS 1 WA T AR
S AR S Bt T A Aok Ae. Drikakis 55 0]
Transformer Z2 A 57 e 75 S BE AR B 7] . 1%
R LRE ] ) I i A, R 2k

Input Output g
Pressure on upper and Neural network model ‘ p
lower combustor walls (MSCNN_LGFG) |::> > ‘
y Fc Fc
A H»:, :, 0::2, 0::2 ¥ m Output
~ —|
Y, 0, 0::2, 1::2
> ; TPMSE(zg, y1)+MSE(y,1)
3 P 12, 002 | Second stage
- =g, 8, 1392, 1152 -l
c Backforward A
e |Fiststage Resh
- : - eshape
Global feature Rocombination
==
Input: pressure G C
pll, p12, -+, p15, pl6 e
p21, p22, -+, p25, p26 L
Conv6 LRelu
i Conv3 Besbled: Local feature
: ' Upsample
i Conv4
> ) 7]
Convl Bn GConv2 LRelu Convb

& 23

MSCNN S 8 i A2 [168]

Fig. 23. Implementation flowchart of MSCNN!168],

191002-18


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 19 (2026)

191002

x

x

B 24 BEHLEUA (a) S5 TRIBTAE B 22 50 (b) i A 25 B2 4 170
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Abstract

Air-breathing hypersonic vehicles operating in the near-space environment at speeds above Mach 5
encounter extreme aerothermal loads, combustion heat release, and structural deformation, driving a highly
nonlinear fluid-thermal-structural interaction (FTSI) problem critical to flight safety and performance. This
paper systematically reviews the state of the art in FTSI modeling and simulation, encompassing aerothermal /
combustion heating prediction, high-temperature structural constitutive modeling, interface data transfer and
dynamic mesh morphing, and partitioned coupling strategies alongside emerging data-driven acceleration
techniques. Despite advances in loosely coupled assessment frameworks, accurate and efficient prediction of wall
heat flux under complex flow conditions remains a persistent obstacle. Moreover, conventional linear
thermoelasticity inadequately captures plastic ratcheting, creep, ablation, and fatigue damage under severe
thermal shock, while rigorous conservation across non-matching interfaces and mesh robustness during large
deformations continue to challenge numerical implementation. Although machine learning surrogates offer
computational speed gains, their predictive reliability is constrained by sparse training data and weak physics
embedding. Future progress demands development of vibration-coupled life-cycle assessment tools, a paradigm
shift from static margin-based design to high-fidelity multi-physics virtual testing, and intelligent integration of
FTSI solvers with digital twin systems. Such advances will enable real-time structural health monitoring and
autonomous trajectory adaptation, substantially enhancing mission resilience and operational longevity of

hypersonic platforms.

Keywords: hypersonic fluid-thermal-structural interaction modeling, interface interpolation & mesh

deformation, coupling strategy & intelligent acceleration
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