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e e e R i e i 1
| ' '
| 1 | I ]—4’\ ! I
| [T e ) | - I
| | | |
| [ | I
| E—— | | I
- I I
| — — -
i — ! —1 1
: e | L, Wi I
O S | Z - Heating
Cooling panel Wall :
I - B
~
| Inlet Branch \\\i\‘i;é[\%}ic g"";m | Cross Section (z plane)
IManifold Channgls - — > SHleader | === ~="~=—"~="="~="~="="=="—"——-=
[ il =S N S /2 Adiabatic Wall

: e I /b %t :
| P, 77 wo |
L L el L
| ?H???H?????H?H???HyLl
| X1

Heat Flux Boundary

Kl 14 FAEV R E R 6
Fig. 14. Schematic diagram of regenerative cooling channels(®]

3.2 Hifbkeiin

A RAT SRR UE RIS b BRI SR S SR A AR, KR
Fe ke ms. SRETUIA AR P A A A . ARBEIT S R
TER-B TP AR AT -0 5 2 TP A5 R R Y 25 5 5 I Jm B A v K 47
i, TR ELSE R T ) AL, 2558 Pt S S ) LART M S AR AR T RS 2 224k
B2 U R BIL A BT AR R G AL R R, TS E R . MhbeRe e
JIZE S BOLAHL AR AT ST EE I S NS b
SGEP B Wkt R AR BATLE L IR RN R B M L
NIBT B TS AT TERE T 32 O B SO

foe bt A5 I SE BRI S0 T e s KGR L 558 5 - F I A28 4 1 o5 DAL
SR o P RN 2R 7 A% SR P B b T A SRt R S I M 0 B 2 5 14
JRIRIERE . R SGE Tl S R A M R A A4 s XU L i v LAk R
ASCPH T A okl 2 2 T UL BE I ) IR S BORA  vk T e bl R o R T T AR S 8L
(RO B A P A, O T s AL R AT e SR 1 vt P e SO

Feti i R M AUE R T M A iU i S A R BT . A XESRIAX, K
F13ET Navier-Stokes J5 R I AL 2 AT AR, 25 FEBRIE AT RF AL N THE
IS R AR SR TS RN . NASA Ames BFFE H10 ) Chen S5PCSIIFJ  — R A1
TR S5 AT AL RS B A, T IR AR AR 3P A R o P R REREAT
TTZHEE, 15 RARRES HEAT 0 FUERAE, J0 0T 1 et A 5] 5 RS0 SRR 5l

16



IS, RS (40 Kn > 0.01), BEERLIZER® (DSMC) Jrikil
B ERRL T I3 SRk, B S R RIS AL . Stern S8 fe T A
PN A AR e i AW RBE DT i, SREL T A 4R el si, il 15 FiR. Uk
bh, B RIERETTEE (W0 Marching Square 595 4 FH T8 AT #ibeh A E, o2
WA 5 R MR R A RS G o 1 SCZE SRV 5T T BRI R A B Tl 1 DU R
NBh f1 2, fEFRS S RE T CO 5 COx BiANBEt =¥ )n , Beihid 2R [ i B 1A%
W H IR AT &, 5RHEE w2 G, v DU T8 SRR EE L R T
ML K S5 82 BB BAUHE 7

K 15 ZALEF4ERDRHEE T ML)

Fig. 15. Mesoscopic simulation of ablation in porous fibrous materials®!

R v e R T T B AR G AT A, AR A AT
B HAH SR AU B AENE &S BB BE . Wil 16 s, Rodriguez ZERONFF & T —
NG B PR T 5 e b o LAY 5 2 BT HESR, Tl e i A
ARG R SIS R SO0, HEE M S AT IR UL T IZAESRAEY D
BT BERE AT Bl B O M Bl 35 5 ARSI PN, N IR 82 SRR TG B
€ T A pbAh, 5 LIRS IOy R A RAT SR AR, W e A
AT SR IR A T AL AU 26 AF R AP AR R m] A F- 2B 7, B
PSSR B b= S OB AR AL I B AN . ELRRE M R BB SRR
JAJpe R E AN S e o RIIE, AT 5 B AR P e it AT 817 4 2 1) “ TN 5 4%
M perh AR B RE”, 18 H 6 4 & 1 3hi AEOREEAT — st

17



Combustor model Reference Temperature Ablation 1D model
Convective

Mach number Star values heat Temperature profile
Flow state E— Convective coefficient —_— Mass loss
Local equivalence ratio Adiabatic wall temperature Recession
T Wall temperature

K 16 A R S LR R A A 120
Fig. 16. Coupled ablation model for a scramjet enginel*°4
3.3 B 77 5 A A A i

SEGH— X2 R T RET AR, nf ER A A a2
SRILAGTF A RELE B RAT ARSI B 71 5 S AE R, RIS s 202 [ %
UAES AR G AT DR A S5 40 e B PE b5 D g T S ED02108], 7E pb s 5T, Mtk
JUJ I AR e i JEE T i e 1) DA RT ELR O AZ o  BE T B . AR SRk ME BN
3 Mt 5 GO LA A2 B I RAT A I O oK Bl AR S - A R
RONAE Sl A T ICN TR o )R A I 1] i TS AT A R i AR . AR R
BESHLEN AT SR BNUE ST, HBOiHLEI R 2%, @7 w4 5 75
TR T SR AT 5% v 3 520 A i DAl ) S SRR AR 3.

FE IR AR BE, AT A8 AR 55 BAT PR 58 O F A% S8 (0 L — U ) i 34 T8
ARG A AR E H B BT 5 R AL R IKE 0 2 A SR . £EIX
Pt LO0 T, SR I RO A I AR - 98 97 28 L« FBREe RN, DA K SR AL T
TG IR FE B N AARFAE . FESEUQHF 5T J5TH,  Schoneich S5O I, 4 & TR AR ZE
PR A R AR & G BUR IR IE B RIBE 2 400, JX Al LA AR
PR I IR 2 P O RHR 8 3 B I e AR PR O FEE N BB B, R AR A A
AN AR i SRR 15 R S AR A B 57 AR A LA . Bencivengo S5MOVER X e
P N C-C AR Al S48 WIS, S0 AR 1 S5 LA B A 5 1 A
FARLA BB LRG3 A YRR LR TSR 1.6 AR, X R o046 (s 3 i Hi 95
LT Y- SE R TR SR, N T SR ASRIR AT T IR o7 A RS . AR
15 AT, Culler S5 0OOhE o i - [ - P SR A AR B, i B THI /2 AT A I B ]
DRIARE re R A A A R R, bR U S S LA PR AT 25032 5 A T 2 R B 5 i 2
I AR S, 3R 51 AR IR ) S IR B % 57 R A . Gulezynski
SENOTIRIE S 1 A B A A P K A B g 25 N BEAE S S N4 E0 I R T AR 9% 55 A
i s %R TR T — R AR AN TR BT P RE AR AL (K98 55 453 1 T SR A
R, UESEHE ) 3 BE () R R0 T B R IR R AR SR A R BEIR L BT 2 8. AHEL

18



T ARIE AT G R0 55 B SN B TR S IR A AT SEE . Dewa 450108
Mt SRR WHLHLIOE R R AN ) S b R BT ik 5.6 1, RREUER
SUIRABLAGIR i A (K B R o B0 < AR e R 7, W S0
B TR WA 2 <o o PDRE 0 v JA 5 577 ) 57 R St 1] T e Ak P S AROUR ik B 1
R AL . Shi ZMOMR W T — il T2 R S B4 A i i BOF B 2% BT PIRES
T BT AR, SEANIR] & e PP 5 BT 0 A 2 H 4% R A B TUIAS B, i
17 iR o SRR RAT 8 QTP R TR 857 5 7 dr AR A, SR T vt 75
ARSI i BEANIE 1, A% ST AR M5 i T 12k 320 e LA 12 S s
RS IEHTEKR

Gas turbine aeroengine

Turbine blade

* Superalloys

= 10°-10° eyeles
Fan blade
« Titanium alloy/ Turbine disc

Composite material * Superalloys

o 10107 eyeles = 10%-10° cyeles
Compressor blade Combustion
* Titanium alloy/ * Superalloys

= 105107 eyeles

Superalloys
* =107 eycles

Pipeline
» Superalloys
« 10%-107 cycles

Compressor disc
* Titanium alloy/
Superalloys

« 10%10° eyeles \_/ Pl
Xis
Bearing * Superalloys
* Superallovs = 10%107 cyeles
= =107 cycles

B 17 AU R BN ZE B K S5 ARSI 559 57 7 i 1A0]
Fig. 17. Material types and fatigue life of various components and structures in an
aero-enginel11

BUAT [ R R 2 2 T M SR A i B e, IR 2 R 45 T2 12 e 5 T 5 -
[ R & SR AF AT A DRIRIRR A A N ER RS LA, (B 4 RIS S5 4 1 i A v
HRIAL, KRR A S A OV EAR T, EDLSON R RS R AR S . R
et i L 5 R AR R T AR A B e A AR TN AR DA R A% ) e, AR AL
N EREES IR AR, 7E 1500 K LA ETEHGRZ R E . bR [ AR AR 1 AL S
SRR A AR 00N PRI AN AL 3 I 52 PR Y 2R A

BUAWT TR E, e A AT S8 57 IF 7C AR R R B R N SR AR T A )2
FHELAR Y= AL I AR RE W s ksl #7791 45 e A AT A LA B AW S Al %o
PR L (A 25 U 55 RN o SR, TGS 4L P o B2 A P R AU AT IR ™7 2K,
AR AR AE e ORI R T SR A R i TS A B T B iR . 2 IR &% 57 DA

19



5 R VR RS, 0 24 R T S90S 92 R 80N T s R
FERA R AL I B A B, B 5 A B i 5 MR A SR 5 IR T A R VT
it DT S o R P AT B AN BV RAT TS IR ) 5
4 REHEXE

TEIR S 7 AT B89 - T - 3 PR A A L T, R i 5 B
AT S A A PR ER B A L AR o B33 77 5 SR E R R B
VLC IS TRDRS A e ). BB A 5 B, R R R B S IR . ROk
AT AR AR A TS . BRI SRR, R SR et
RS FE IS A . A T, JEIRIRIAR T (5 3 BB L A3 i 52
BRI AHES, SESCPLRA. RS R 2 A A B RO e B
4.1 Bl ity i

S I B A IKORS JEE SR0R, BLBUOE T 2B A B AL 75 25k
SISEBR IR, RSCHUEA. Bk 2 A A B R S AR R AT
TS o B B B A 53 R O B T B A, R A
SRR, SCRT 43549 34 121130 b ey i 3 114 8T8 2K

BT VR SR TR S, AN A A S

4 R e 28, DASEELY) B () 42 R e g, %R SR 3 o S A S 2R
FLEH R P nl . HAU SR EAE B e, REP AR ARHOETE I IR, R iE

B AL ER AR TEBUOR B LA R AN 2R (1 S HD, AR BEE T B, TSR 5 B
H RN 20 A2 R R . 25725 2 B HE Shepard J7ikIMO B 2% R 4
VEMTIDL R 3 A 52 B2 I AR ) B oy (M8 R S o A% G0RE 2 s B B 1E L
Y S AT B BEBOR 5 = AR AR R IR G, FLTE VR AR & 5 AT 00 Hdfs
PRI, S DA RAIE T s fE 20, 12 £k %L (Radial Basis Function, RBF)
TIER AR, AP TC RS o ks BE ARSI, 153 R R IR R H
1o P I ] - PR A P DT P A% (R B A5 A5 28 . Rendall S 112112204 4%
[71) 5 R BN TR B RLAL 3R A8 ) /o3 A, SR CFD/CSD #u 4 f8 f K
ATCALRE BA RAF IS I . A2 10 3 B O R A% O AR Tl B A i A 17 5 R i A
RIGIRZH. XL, B3R T 2 Mg as], an DI de et | 28 e
SOV R 8 B AL TR AR S XIPR IR S 2O H T LT RS JH — A R s 2
) AR B AL 5, AR RS, AR OB EEY R e 2 M a I R

20



R HRGRAE I EE SR . X B (i SR I T R A FE R AR T 3 = R HEAT B
TENABIE, REAR L Hff v SEBR & 2k ANE Y B8 o A 25 ) SRR AE A I,
18 fli7 o

[ g | mE 7 @ m
lg (Error_gq) —2 = 0 lg(Error_q) -2 =1 0

(a) JREEMQ (b) BEEEEIEMQ

lg (Error_g) -2 1 0 lg(Error_q) -2 — 0
(c) JREATPS (d) BRBEZIETPS

| =
Ig (Error_g) -2 -1 0 lg(Error_q) -2 1 0
(e) RIS C? (f) BEEIEEXC?

K 18 B H A ARSI R AR % = KR
Fig. 18. Contours of heat flux error on the surface of fluid domain of the wing-body
configuration(t!l
JRy BB A AE 7 3R I B A 5 5 T 1 JR) 7 XA R T B i B, Rl
KB ABAE ASUR P Ao 4 L QS PR 2 B R R A 4 L R 2o KSR 08 BAT TH
MERF o TEIRRZLS, oG e T e A = S B &S ()
AT, Xl A AR, ATREE R EUE R . R R A
T RERE, FEOFER TG AR EERL AR Sk AR AR T
(1291 30 S BE B A2 C(Inverse Distance Weighted, IDW) [130.18114% | Stejn 441281
SR IR RS, WA IR & R PR AL T R, B OR R A8 /I -4 . Chen
SEUSLR M BT ARARITVE, B R R SR A RN, W A i R B
SAE. ARBEETRURAL T AR E P IR E REL 12T T RAIBRE LN K4 i
FEEE o MBS —F 2 AR MO SEISR Je (1) R A PR IR A s, 2 T X v P T -

21



[ - AR A 1), SEBIL T AR RS T R . SRR R BRI B VA IE L T 5
H b s 50 B R R, JRRAR S A ) ST S B B INBGRA, 125
R )2 B B A AR, B s I e T AT B IR
AN S B B INBGEAE 45 RBATIEIE, A RKGEN, Bg PR R R = =
“Wre Yan SEISRH T R & 1 R K 2 SHOB R 1IDW ST %057
ARG T[RRI . FEA RN BE B R AE A R, Il I S HOR R = il {E
FEEE, TRAN T RZ %0 IDW J7E R B8 B3 A & [ R A 2 o Lu S5 R 1 H
N B AU ¥ Fe Vi BE R R D 2 R e SR S R U T AR AL, B T (A
T A AERA A o

AT, AR E A RETER T T&RRIE. KA ER X2
HOH IE B PE A OB A R, DASR T vt 75 S S5 M i 2 A T - ] - A 5 AL
I R, BEdEE 5208 i ) T L] S E R IR R &, RIS
FENTEBEEARRIINGE T, SEIARILECRIRS . BASME SR IFLMR &35 T 1)
I SRR, il ke 2 DB i & BE AL SR AL B8 T Fe I BeR
PREE
4.2 PIRSARIE T3k

WA AT BN E - [ - R & THSEL M Bh A A, AU A A4 X B st A
IR ZBOR,  ARSHE A S5 PG (67 78 SCi S8 A o0 LTI AL AR 55
SEERRRE T BUE R AR AU S S R R L

WRYE PR ARTE 5 IR BB =, AR o N B AARBGE TR . 3
AR 2 B FOR AR ALRS , TAREGE AR - W ks A B AR B 5 XL
SUAAT T R RECS H . W BT ssEse, s AR g 237
PRIk l0IGE SRR A% 0 JE ARG U R S o B AT MR s, LR — A 2
ARG, IR ST R S B AL o SRS IR AR S e 5 %
B, BT U PR SRAETRPE TR o o 75 REVE B T B R e W
WA SRR AN R SR AR Y o IR LTI IRR 2 T EOR MR LR T RE 4L, A AETHER
TPAHBRCR IR R, ELXE DL T R R RAR T 00 1 ]

AREE T ZAE: Delaunay 7 5% IR S (VAN SRR BB 77 V£,
A% 17 o O (V049455 . Delaunay. BIBUR T VA THELSOR &, (HAR TR B Sl
SR, 5 S1RARE I ANE S S BT SR L, 20718 5 AR S AL T k4
EIU IR & B VLAY, 8 IDW 7 i I s 18] BR DR B 5 SORCEE I 56 LA

22



BBy, BARFPRE . THE SIS, EEDCE S A B,
AR ] A RS L R, (£ KRB 5N 5 3 B0 F R L A2 T R
XX — B, AllentMehi (7 7 Rl e 4 8 232 I B AR 7 ) S BE B8 AL R L 7
IR AR F2 5 e 5% B A o, A5 T AR I 2 A5 5 AR AR A 1 R 14
PIREASTEMESE, MARAS Lk 7 4% G S B B INASL T 12320 5 I R IE A4 22 A% 0 1)
o e AL [ - AR A TR, A AN S R R H AR K, ELRERH
G i S B BN iR T S AR BT ST A o B O T 55 R R80T
Luke S 3¢ 7 XU BOBUEE o6 B0 SRR B IR RS AR T 0%, d i RS pRe A e
MR R I LR R, FTACEEE 14270 RORHURE A%, B0 45 R &l 19 s
A DL AT B B RS R B AR | S AR 1Ak e B A 2, HAE SR T B A A% I
ANEDRFF R

i
KCH
AVAVA‘ >
AVAVAVAY, Y=
AVAVASIAN
WY

A,

IR
AVAVAY
\VAVAVAVAVAVAVAVAV

FAVAY
K/

St
L

VAV
N7

%:v‘w
Y
AN

KR
RVAN

VAN

S
<
K

A7
&
e
SavaY

Ly

av)
FAVAVAVAN

AV
K PO

)
KIS

%

ERRRAEED
PATATA

SRS

7AVAY
5
A
g

0
L8
:‘

VAVAVAVAY,
Sy

TAVAVAN
wghuv‘v

'A'V

AVAVAN
%A%AVA
\VAVAV

(@) JEMH (b) RBF (c) IDW

Kl 19 IDW-5RBF AT W 4% i 0T L e7]

Fig. 19. Comparison of deformed mesh quality between IDW and RBF methods(*47)
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Review on Fluid-Thermal-Structure Interaction
Computational Techniques for Air-Breathing Hypersonic

Vehicles”

SUN MingbolT) WANG Chenglong® XIONG Dapeng® SUN Yongchao? YUAN Yu®? HU Zhenyu?

GAO Zhan? LI Binhao? XIAO Yiwen? ZHOU Zibo? CHEN QiV LI Suodangran® SONG

Ningning?

1) (National Key Laboratory of Advanced Propulsion Technology, School of Aerospace Science,
National University of Defense Technology, Changsha 410073, China)
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
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advances will enable real-time structural health monitoring and autonomous trajectory
adaptation, substantially enhancing mission resilience and operational longevity of

hypersonic platforms.

Fluid-Thermal-Structure Interaction Technology for Air-Breathing Hypersonic Vehicles
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