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1.1 I =S 8] B M 3R R AE 5 A B A 1B

1.1.1 YIB4H1E

I 3T = 1] i A T3 FAT 23 RAT X3R5 R T2 03 2 [R) B 25 e 05, R PR D <l A TR Y
‘ﬂ%k\f%nﬁt\Rﬁf%%%f”ﬁﬁéawﬁm%%2wﬁflﬁﬁﬁﬁ
WEFE b, HR LS A N 20 ~ 100 k. 0B 1 FoR, shm B 7 PR E . bR JE A DL #
JERCHES (PR ZE &% 2012), BA S8 I B BRE M I A R i KRR S e iR B s R AL
6 B D, A 5 80 22 A HORE G AR A e R o 2RI H 2 A R R SOARR AR R R T AE A [R) RS
DENAAEZESR, RO EFEMIESR A1 (United States Standard Atmosphere-1976, USSA-
1976). FR 73X S5 I Re 14, I 30 75 18] 4 58 2 50 2 30 L i 2P ) 25 AR A 5 AN E i Oy AT
52 K BH R St S5 DR 3R R, 2 B B R R AR B R Bl ORI W 2 2 ROEE SN ) i R AR
R, R BT V) 5 s P (Fritts & Alexander 2003).

1.1.2 KBMNE

1 305 2% T) R G AURR PR T 5 FE S DB IR B SO B R — IR I R B AL, — R AR A&
P AT 7 B R ARE R Wi il s (8] RS S BH D BRI PR B, Dy 8 8 48 R0 e DA S LA v
AT R T B SRAT (M AGE A 2018). SRR B e A 2 AR (Bl 2 PR, e A
T A BE 8 AE I /DN IS PN S I 4 BR B IE MURS R 4T o, X ILA BB S A R BT IR B I
W, B8 h AR R B 88N G MG EUE BRI, T 2026 45 3 A <0 B - 27 e P O
PR SR AR (ALK 2026), HEELRE R H R BRI s M s & R Re ), #t— 2 T
REIR AR D EEtE. R m T REFEKE B AL, FRZE W EOK H R
AP SER AR HE R MR, Eaa ) HAFR I m. MR TR EE, &K¥a
HA R RIS I 28 . 5 v A 23 7, RIS 5 T Rl 4E 47 5 R G B A4 (Gonzalo et al. 2018).

BT bk s 25, S S UK 0 E TSR TR 1A SR I A 8] AT AR AR BE AR SE R AE
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ZAUR A BN, [ Ge A BRPUE AT 0 RIJT R T X-51A i A AT SR BT, JEAE 2013 4R
6 K KAT I 2 S 5.1 (15 (Spravka & Jorris 2015); 7ERHH R J7 17, & <R 5T
TR AR R BRI H 1K BH A5 T8 AMLAE 2001 4580 R T 29.5 km B AR K #7800 RAT AR
4] w5 FE 20 5% (Teets et al. 2002). 4% 2 17 W0 25 T i b 7 3 Q8 19 S0 R A0 30 2, TR R T B B2 (04T
o e . Hohe B A E R A R O T 2023 SR IRAR, JRAE 2024 4 2 H KA S 0 22 kG, i
B — 4B (Sayler 2025). KK BT 2014 4F J 3) HEXAFLY-INT (High-Speed Experimental Fly
Vehicles-International) & 1 i+, B £ & Sk 7 BA _E#) €47 358 56 1E (van Brummen et al.
2015). [ 7 i b 75 s 45 R Stk 78 B A R g, AnAE 0 P BN R AR A R A S s T
A g HER 80 JAAFE Ko B A TF A AR R-17. 18 f-21 45 &l e o, AR B 1 3R 78 & 7
FI i 6 B I 35 AL e A, FRE T 2025 48 J5 3l 2 1 I 3T 2 B) IR 5 R M S R0R 4 T AN
LG, R TR E S AT S FIALE /R A oS B H R (SR 2025), NG ST 55 K R
BESE A SR R OR T, 5% [E A iy EE P T840 1 A0 A A S AE SRR T 9 R R AN AR A B e
b ARG B 0 e e TR R R W T S e LM AL T AR, HEE . R Eh B AT
56 1) 56 BE AT R BE O% MR P W B T g AR A Ul B A, O SEBIL B e de B A 2 R 2 % 1Y) SR
MR B FEETREESZANERXNRA IR Z EHEETR, BESBERN TR
HE. BB COAE @ E AT &P 6 Il 25 1R PRS0 70 5L il 5 55 7 1] A W 3 0k e, R 7E e s
K AT 3 2B £ B RN IR A b B AE T LR B, B LR IR B T IR AR A5 A 0 A 11
TREAG B 5 TR AT B UE 2 560 77 T A5 B T A ).

=

1.2 ImiE= 8 KITE8F ERA

M 3L 25 ) AT % A 5 7 IR 30 22 18] RAT IR BAT AR AE 55 10 RAT 4%, ARAI 2L AT IR, wloRe e &l
I3 N AR KAT 28 P12, AR 555 520 00 BT 1.1.2 755 b B e 2 P AR
e 301 7% 8] ey 3 AT 25 13 B Tk il A O (Ma > 5), Hovi b 2 00 i B 2R S A A [ 3
Fizr, L X-43A 9B, FAE Ma 7 TOLT MR GEE AR, RAT 88 R0 AR 0 A < JR) A 1 ik Al

BOFFIEEAE . BRI BT AT & . B AT 8. B R LR A AL A SR
PR, BEWE LUK &5 75 3058 AT 55, I DA KL T 2k 0] 55 i, B A PR T B 55 B0 A1 2 R s i B A
IV 0. O B AR A2 36 [ X-37B, H 2010 5 H RS DR C T e 2 IBE RATAE S5, Hop
SN IAE U [A] 4 TX 908 K (Boeing 2022). B —1 FH W AT #4585 b T BhAERE N v 2 vl 46 1
JE BT, AE i 3 23 18] M Y S Bh T 0 STt B s 3 I B0 . AT B R B o AR 9 B S
IRHAIE, Re A RONEAL G T ARG R BAE AR, SEE HTV-2. P <S8 S m . W
X e A T AT S DB R R R BB & R BN A% LBl ), 3 REAE R LA /A
RG— AT, ARIERAENLEHG X-43A 5 X-51A. Z M4 R HE NSEHIML G, 7 2 AR o it & Al
AR BCER BT E B Z 18] B &, IB Y R B E A R — A T %6 (R AR 45 2023).

i T 22 (A IO AT & B ZA G R 2 RER CFIE CRERT 2 KT e AHL. w2 SRR 5
BT A, TS LV, S RAR TR BRI, R R IL A (R A S T BT e (5
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X-ABAEGH 7T RBE TR T A EAENE R CkIF: £EMZE MK/ (National Aeronautics and
Space Administration, NASA))

5 25 2025). RHE BRI E BRSZ WAMNE 22, 2 BRI TR S R ROER, (AR R
NN E, SRR ZE, HRRIPIE. LT, i)z WL 3l L 4
AP R G LD 2 RAT, BEE SC DL E sl 845 . 45 & T U0 2 XH 70 A1 R AL 45 3 20 fpe I S
SR TCOME 1Y) Y TR R R IR T AE 17 ~ 25 km (Alam et al. 2023). HAZ O BAR PR A5 5
Ji e RE R 52 KA RH AT ] UL B S22 PR B R B 83 /U P ) e S AN e AL T 2R B i
SR HLBNE, EH R K RS2 LENLIR . H sl ) BUBT BE 2 71 (A /KB BE) B (M 5%
2020). B DR AL OB R R B A R S AU bR, B APLRR R4 s PR RE it
5 AR REYR . SRR IR 3 TAIR TR AT A8 KL EESHOS LR ISR 1(H IR 55 2024).

1.3 BXEMSENRH

Wt A %o I 30 72 ) TR R R B RN, R O S5 B BIF 90 R H 2 328 . AR SCTRE T Il 2 () 31 456
X RAT R AE R, H R0 A G 1 LAE AT R BRI GN =28 e — 2 i 3 = A A B (R 2 B 00 5
B, AR R R S OB IR B B R I S A LR SRR (B AT 4 2009). H
RRETIHIESE VITHEKNAERT. REEARERE S TRAKET M (HE/RA 2009,
Sziroczak & Smith. 2016). H = 2 R\ R € R 5 RN B H 0T K AT & i 2 AL (B iE 4% 2018).
X LEAF T AU B e T R SE e S TR AL, (EBEARORE, O SRR M AR LE S I I 2 1)
RATHI R G TR T HANAFE LR R IR HF R A B N8 —, 2 R TR e ¥R sUA 5 K
JS2, GBS A5 R L B A B S ], N RAT R R G A B R AR B % TR
G — o HTAE SR AT S0 D, HE DL SCPE S 7 B R B U5 0) I i 2 [F) P4 58 AR A4 38 1 1) % 58 8 AN
SE TEFFR G LRI R EA L, MRS e ST im . [, . BHE2
R E AR AT S AT LA PRI T K AR T i S I RIE AL AD; ATBE PR RS 8UD, X T il
) Ak B A . K RS SRR AT, Bl BRI T RE
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F1 ABREEEREVTRREIESE (B % 2024)

HAY ey i % ®ATEE/km  RATRE AT E ke I
LDBAER = 30 21K 900
g ULDBA 2k EE 33.5 100K 1600 BRIGEA RN LR L0
Loon" S Bk £ 20 100K 15 BRIEM L 5N (76 pm)
JAXASER HA 53.7 2.7h 3.2 ERIEAT RN T 0% (2.8 pm)
HiSentinel-80 %[ 20.16 8 h (i) 39 K61 m, 14 m
HALE-D *H 9.75 2.6 h (i3R) 22 K73 m, Ef£21 m
ISIS EH 19 ~ 21 90K £:300 m, Hf£50 m
S CE
BEE EH 30 #H 45 K53 m, %30 m
& 2 W 20 ~ 23 4™H 1200 £:150 ~ 250 m, H/250 m
KFHAE DIRERT 21 34 1800 £190 m, %60 m
R + EE 24.4 14.8 h 67.5 HIE37T m
IR BH eS| 29.5 24 h 329 HE75.3 m
B K nT “PERS Eiog kS| 22.5 602 h 5 HJE25 m
N ! SolarEagle & %[ 20 54F #Hg122 m
“ERRMEET2 EEH 0 195 (Wit) 5~ 7K (&) 454 HET9m
“AERE"RQ-4A £ 19.8 42 h 907.2 FE35.4 m

PEPERE ] ASHAE PR B AL VRAN DLRCR BE B R SREE R, (B R AR A RN 5 AN
B YU FESR  BOR B 5 A . R T HATAIT FEBUIR, A SCHASL 13 T3R5 — R AT 4848
BRGBEAARNETTUEN, BN L LRI R G TR SRR O, 2 GBI i i 22 18] 1
B ARSI B R T e A O AT AR S T RGN R ZIR, IR AT IR IL 2 (A AT AR A R A
(R R BUIR HEAT 28 St 2R 8 22

AN SCH SR 2R B A A A R B I A A TR AT S SR SR I AR T T A
HRBIUIR, FFXF I 3T 2 8] RAT #2047 7 40 2%, R B 1 98 SO A AN 45 4 2 HE; 58 8 IR BT -
RATE A RGO BRI e, E R B Tl A R A BRI, A S REh. s, 4%
il MRS AT 8 A T R G O B )R T ABUE , AR GE I A 1 2 A I TR AT AL
RAT AW F1 LR, BN RAT A8 BT IO A 0 T 1 A2 0 o 3 3K S IR B RFAIE 5 58 = 2 A 550N
B RET TSR L RS, oA NS SRS S RS SR A
RATEN N2 SRR RS MRS BT 3 R 48 DY A TR N PR A i A 5T I AL A TR R AT R
TG PR AR 5 BEAR XS 3 8 LR AE R4 AR L S 5 — B N B AN R HITRE, REM
BT %7 ARG BB AT BOR LSRR AR J7 ). A SO 8@ L B IR R ek iR B A 45, 9 R
Kl i 22 18] AT A5 10 2 2R R BT . AEE R . RS R RGUT K DL A
BIF S g 4 P xt 5 RO HE 2 5 ) LT L.



5 x B, (RS, JEROT, b, XX I 5 a5 R AT 58 1 P LB S A 22 7
2 ik = EEhFSMESES VTHEBE UL 24

I 3 = 1) 52 45 A% GE IO 225 LR 2 T8 (0 X3, — A 9 L R FEAE 20 ~ 100 km, o R
Bibr 7 3R B P SRR A AAh, £ AN [R]RUBE A I TR A 225 8] Bt A7 7 8 25 () 22 57 Il 2 1)
T 4% QAT I, PRBErh i 8 T2 0 1 AT 8% BT AME 55 BRI S5 AT o5 B, iR, B
B B U AR R SRS I A AR ELRR RS W AT 2% I L S AN AL B A, X /AT A8 B K
LR RLRL DL R AT RO P AR (Z i 5 2019).

2.1 IEiE= EXSKEHRE

FENR T 23 18] A, E T30 5 3 3 R /b T 3 T S S A, EL sk /D ARV R T BALA B, R K
SRS S A EE T 10 km PAF B3RS R IE DRSS (F A4S 4§ 2009), HAE 4Bk SF e )
B, AT 10 km B K2 70 km s FE G B ORRORE AR AL T 4R S P BT IR A (Fomichev et al.
2002), X —fE WAL B B T LA B N AR B KR L R 45 4.

N T R R ARUIA B A AR ARG, H AT B b R i BOK B 5E E AR v R R R
(Committee on Extension to the Standard Atmosphere, COESA) T 1976 442 th 1) 3£ [E A5 #E K<
USSA-1976, 1 J& % 2 Z7E 56 i i % 1) USSA-1962 KB B Al L, Sy fif v USSA-1962 £55 7 11
T 7 KU B i 22 ) i BT 4 ) b o DR U R, A2 T RO T A R A DK BH S Bl T TE) (K BH S 3)
RN BT AR AL, o, H8 SR, Rl a i KE RN, maeh 75577 X
X b ER KA DA S 2% 18] RAT #4838 A2 ), B T 21 1000 km Y FRAE AL S5 1 Hh 4 B2 S 35 K R4
M (B XRAE 2023), %A B35 KA BREVE AR S ) #3707 R4 T, I 456 SRR
B A= . Bl 4(a) FE7n 1 USSA-1976 A B 52 4 (1) 0-100 ke 5 A 42 BR P 25 K 0T B2 36 LR
2k, BRI AR RO ST, TEXHARZ (10 km BLR) A1 50 km LA b X380, KU B B v BE T T

b KAJE#/Pa
a 10-% 10~ 10* 10® 10° 107  10°
100 * 100 T T T T :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i
_________________________________________________________________ -
80| 80 |
g g
» 60 M 60
~ ~
T Il =
flE [ M Iz
= 40t E 40}
= =
) L b 20 f
‘
0 1 1 1 i 1 €3 0 1 i 1 "
160 180 200 220 240 260 280 300 107 10~* 10°% 10~ 10-2 10° 102
KARE/K KAEE ) (Kg-m—?)

& 4

AR TFHRAKBSBEELQATL () KARE, (b) KAEBMAREE. (RHE USSA-1976
A L)
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Bee AR, T o T 3 < Tk v 58 384 0 ) P v . X el T K BRI S 7E P B R AU OR H 2 RO A IR
JS2, TE 5 BUK SRS AR A I R IR T Re &, B a0 78 K BH S8 AME S IR T, AU — S8 0 KR
F 5y 3 I Sk A S N T G s FE AL T4 30 km I SRAZ, SAZ N AN B e TR
T2 A RO R B A5 K (B A4 25 2009). B 4(b) s T USSA-1976 FE R HR AL (1) 0-120 km /& &
RS o A0 2 B0 AT R 2, 55 TR R B R AN TR, KU ) o I 2 L A R I
PR IR B DR, HLN B R B, 7R 0-100 ke & BEARAG YA Y, R AUES BE AR R T
B T ) 5 N R

2.2 IfiE= B XSRS HH I =T EE

USSA-1976 11 4 52 £ i) KA 5 2 B e AU R A BR 1 248 sl v 26 2 3 XA 4R~ 2301, H
B AL KA I AL, FE SRR AT LR, RAREERZ 4 B . 2797 BL KB 48 R R IR
By, R H 5200 AE 2 B S AR E . H BT, NRLMSISE-00 (Navy Research Laboratory Mass
Spectrometer and Incoherent Scatter Extended-00) 7& 1 ) 2 B #F A R AR 2 —, 1A H
3 Eg 0 7T S5 % (Navy Research Laboratory, NRL) T 2002 4 7E MSISE-90 (Mass Spectro-
meter and Incoherent Scatter Extended 90) K UHE Y 1)L fifi A JE MK (Picone et al. 2002),
A RE AR TEHEIL . BEPES KEHRD . DEIES. KK IME 2 AR5 (Hed-
in et al. 1974, Hedin. 1987, Hedin. 1991).

[ 5 % - NRLMSISE-00 8, J&ox T ANF AL . Z=715 USRI BN 19 KU 26 LR 4L
ANFE A EEMZEATN ) 2 OK B S N A B 22 5, RIS R 2 AR, I 5(a) T, £E 20 km
o B, AR kb X B 2R 00 B B R TR T AE 90 ke [ H ) T IX 48k, B ZRIR KA 130 K DA
T, AT TR v B AR TE M XL RN 2R B T ORAR R BN B3 B 5(b)(c) Fiw,

a — 7RI (0°) ——Hdh (80° N) b — 1 (BF) =71 (%) ¢ — 10 (XF)—-71 (EF) ( —00:00 (F#&)==12:00 (L")
120 - i (45° N) 4 (FF) 10 (K -4l (FF) 101 (KF) === 06:00 (3#/2)18:00 (F7H)
R g 4

—’;,, s ,\d ., Ko™

E g0y s

i B0 TR e

by 0 ) PR R . . S [ SO S T . WS [ S S N NV S [ SO R S .

= 40
20

oL ; 3 ; ; i ol : ; i ; ; i
150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300
HE /K /K /K HE/K

& s

FRHZAGTAABEEARELE TAFRGERRBEELF%; (b) 3 (80°N) £
FRKRABEELFSL; () FE () FRFFTAABREELF%; (d) FH (0°) KABEEE
B % B E A (R4 NRLMSISE-00 & S A 2 #))
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o 4 P b DX RS 0 2 4T M A A R B A S L A o DX B e B B RO B B R AR AL
B 5(d) o, i i 2 6] A AR O3 B B A A e B2 50, =il U8 8 32 AR rp A v ] J2 TR

XTI 23 (8] KRB 0 S R SR A, AT bR b AR A 2 5% [ AT S e = R AT
) HWM14 (Horizontal Wind Model 2014) & %Y | 28 R b 38 [F] [1 2 25 W K Jmy BBe & 25 JiR K o
T, s T R /S AR HWMO7 R HWM14 1) 5887 R0 4 47 B 5% [ 22 78 50 50 & E 45, 752
I 5% T 20 A K J) 2 T 3 98 7 480 ) & BB R SRR R SE B HWM RPIBIR R T PR L KE A
b K T O P VA R UL U AR R, B R (I A b T A R RV B N B A R R R U B AL
[ 4 1) K5 48 7] X4 B (Drob et al. 2008, Drob et al. 2015).

6 5T HWM-14 8 J@IR T R4 11647 B AN 7] 43 BRI 2= 15 R0 XH 48 X0 A 1) 3 B4y
A i 22 N 6(a) o, 7E4ZE, X370 B 8 43 2 T vy S D0 A8 35 0 o g IR, opvs i R A
DXAE S J2 T 28 1] )2 7R 5 40-60 ke B AR — AR B0 KU AZ O, BIBRAR RO, 1Z B 3 5 A0k
S0 A b 350 e A IE A 5%, A IR E 1 D R KR 1) T S BRI R AR A B R B R 2 —
1 I A B A R R R ARG I DA R U M T RSO AR JLR BRI ) RS A R AE W (Hitcheock
et al. 2013), 1% [X 35k ~F 3 XU 0 fH B2 001 50 m/s, #H24 F HuR 15 R B 6(b) fE7n T A Hb [X
(80°N) 1 X 37 %2 2= 5 R By F v Ak, AT DL O 3= B s 4R o AE b ) 2 e L B 2. B 6(c) S T AR
T DX 0 R 37 52 2= T DR S AT A, AT L HG A R AR S U T L B A D S R X T A 2 A X
A B AT A AR FE BN AN R 26 FE I A 1) 32 B AR ARHAE AN [R], o 26 2 3 X 52 24 1k i
T, ROE AR AR AR, HLAE A 1) J2 T 10 XU S5t 28 K T 705 38 4 X IR 26 B b X R B 1 A& 2= A
A, F 7R IR BN AL AL R FE BN

a120 - = b — c —
’ T — i (0°) Sy —1H (%%) - — 11 (4%)
T s (45° N) AR (BE) < 4] (HF)
o == (s0° N -1 (%) -= 771 (5%)
100h e (80°N) v 108 () = 10 (%)
I S e S S T o
g
X
=
= 60 ._
40 WA S &Y e
ie
20
0 "“’ ] ] H ] 1 ] | ] H H ] | ] H ] ] ] ]
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
RGELERE / (m-s~1) RGELERE / (m-s~) RGELRE / (m-s~1)

& 6

HF HWMI4 HEARA W R Z 116l L =[] A A RNE L EH Z oA 8% )1 A (XAF) FRSE
By R 2= 525 (b) WAL H X (80°N) Mk ey ZE ¥ Mg 1k (c) s M X (0°) WUk oy &= % 14 1k
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2.3 NRE-CITERMR A AL H

e 30T 2% 8] K52 KB J3 % R A6 Al 7 0 AR A5 42 ], 3 28 [R] 3R 25 45 5 1) A 49 I T 2 1)
KASHHA G A i (8] A0 25 8] ROBEARAE (R e 45 2021), I BAS[F B9 R BE B A AR UK
FIAEFEHLS, B =B R AR B 3% 2 7% (Kaifler et al. 2017, Mayr et al. 2011, Pancheva &
Mukhtarov. 2011). I3 7% [8] F5 455 (14 9 B AR PR AN XA A2 A0 032 5 2% A, 1T 2 BR N RAT 21330
HEBE . A5 55T RGN BN 775 A R, FE R IR S A AN TRAT BHIRES 2 1RDE O 2% IR & 082, X T
e R RAT AR, T T AR i ) K ARER B DA R R R ) BN A DR M X T RAT SRR s vt
BBy 4 R4 ) R G0 R MR A B AR S I R R P RAT AR BN R A 1 R e R
PG, HTBEHERE 77« BB 3 B a4y B A B A B (KRS A A AE 2001), HoHB T
Ma % KAT, S Bl #E F 7= A= 1 e P00 25 B R0 e AT B RN B 2 A PR R I, v T RS
AN B EE B R SR (BR DTAE 5 2009), BbAk, BT A AT AR O T B SR = TR
FERINLED PERE, AP — MR A, H T I 2 1) A KSR S IR 5 S B R I, xR AT 4%
1 1 R o 2 DA R iR A 1 36 0 T BT I R A (Kennedy et al. 1999, Brandeis & Gill. 1997).

2.3.1 IMEHFIEEE T REHE® R R TR L AR

M 30z 22 18] P KR0S B 28 A 38 o R 8 ) BE AL A% 0% 28 AT 8 S 0T R 4, R % R4t
AR PEREAR PR A B 1 R AT &8 KAT B MO B0 J . KU AR 9 B T8 AT A8 SR8l [k 1Y
SRz —, X AT AR R W B2 (Moss et al. 2006), 75 4ERF— & AT H B
T, RAE Bl A A Bh 8T, IR & AT S S R G RIPERE R E T WIT B
MR G, T3 S 2 IR T AT A BT /R, R T R BT, THIRE R UE LR B
LRV TR B, TOK U LR A TR BOT B, T R B IL R AR I R i 2 — KU
FERIFR B A AL, TR B, RAT B 0 2 A0 30 TR i A% 0 B e i . e A, KU BE AN I 7 [
PR 1 R 52 1A% 8 5 O AT R AR R i, HL T KRR B T R A A AT AR AR T A B AR
JEAN 4 BB, o R KRR A — R B, KRR IR 2 AR S T R A R, 5 IR AN % R
o, M R AOR S ROE TARIRGS . BeAh, KR B 2 A RO A A RS, Xt KAT 48
BARISAT TOUA R B sh 9  S2m, BARAR IO AT 25 SEBR a5 (Ma %) A9 5 DL AR & % oK
T T FH R EAN R SR

AT B BB B, ARG B TS R R R R R AT R AR AR R R AR, JF
FE UL HE Al b 5T R T A0 B 7 P A% 0 B R RE 2N e () G T 0 R OR T I (R AN A
I 2 RUBE F) 34 358 4 1l o AN [ 2 i S KR B S B, Ol il W B AL A A0 R RO R AT %
T ORI PR 1, AR AT SR A BRI T 0L S, FEXT &7 RGUE RIERE L . Ho, B R
il () RAT 45 5 T R YL (B AE R AR HORE & RN, 3t — B Remi RAT PR RE, BN AT R IL R 3h
SRAFFAE. LR A% T LA SRR & RN Rsh i 5 S5 M AR 4, sl & 5 B RHEL R Tt
e T SRS B T P AN . g R R 4%, b0 51 R G AR T, G5 AR T S il R A T S B AN B A R T
BN AT AT R A AR T A AR B [ i HERE . B SR RS G, R B HL
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s ER
_ . e AR
— 17 4
- FHE KA -
KR
I ERRN— K !%ﬁﬁ%|Y@ﬁﬁ§|ﬁﬂﬂ%ﬁl
S =
- - R
W | A DAL "
3 [ s a : % AL WA
s % L L T S |
e Zhyiz # Ea ) 2
| e LB E ey S
§ A |G ;
.
(e [iegs] o sanpersmns |2
il
P

RGERELT R

I 2 2% B R38R0 R x4 KAT £ M Bl R v AR 1 R A

BEAE R LS AT E AR SN & RS G, PR S B0 AR A0l i 5 i R AR R R A
S5 RL R R B HLHE ) AN AR AR E 1, T IR HE ) A8 A 5 AT 2R S AR, RIS, i R 4
R MR B IEERIERNES S LRGSR, 54T SR 55—k )~ 3l — 42 i e B2 8 & 2%
L. U F R AR A RO AE B T A R I AR R R, B X R S % R I ) B A O A o i
12, fe I 2 R A BT i R B 3
2.3.2 AREEBITRNNESHE R M

(1 30 725 18] 7K AT 5 4 HE KA 3 BE 32 0] DAy GO I 30T 23 1) AT 28 e 2T A )R AT A (fE
IRZAS 2009), Horb, ARIE ©AT SRR ABR . HE L TE ANURIORBE A ROBLEE. I 1T 75 [) ey il 75 R
E%Tufﬁxﬁﬁﬁﬁ~l%ﬁ—%ﬁMEWM@VwﬁﬁWmﬁﬁfmﬁﬁmxﬁ%ﬁﬂ
HEAFHZES (FHH 5 2019), Ak, 18 HKH B T H BB Do Al 2 0 i i = a), A
SCN R FC VA Ay I 30 2 TR v i P K AT AR

BT AR ATSEALS TR SRS AR R 225, Ho i 2 [ K0
BARZEH AR BUEEARR, & 2 45 7 AR AT 88 AT L0, U BURE 5E 2 2 R L ) 2
M HLER (MRS 2018, ST S5 2023, XM & 2017, XSWL 55 2018). X T DAL G giE S o8N
REMHEAEFANX AT, BT HEANRE S, EiRiEs @%ﬁﬁ@&¢k%%ﬁm&mﬁ%%
RATAES R A B (R 55 2017), 10 X6 T i 8] AR 78 16 0 25 TR0 P, DA R B S0

ﬁmxﬁ%%%lh&lﬂkwﬂﬁiwﬂ%ﬁ%%mTT%ﬁJHﬁﬁﬁ&%mm‘Mﬁg

TS H A N BURARE RN S B 5 AT LA R, X — SR TS AT kAT A b
STEINLE RS
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® 2 AETEATER MR EHE UK S RYEREE MO I8 =

AT 2R YRR T WL
—— R BN~ AT B H MR- K AT 88k
{3 kg7 (FEAH) &i# (Re=10" ~ 10°) & (MR A 2018)
Kottt () Bi% (20-30 km) A IR/ IR 2R BT T /SRR
a (|2 /R 7S 2009)
LU IREEIE 775 FE AR AR S AE ) 2 R S
B Bk Sk B i (Ma=0 ~ 10) IR CAT B AR A Bl 2
NHLAT (WA FIZE AR 2015)
o e R FE AR~ 1A GRS PR AR S T
B SR ﬁjﬁgifjfm B (Mazs ~ 20) @ (Feiie 2 2018)
AT BAROs 7SI (0 ~ 100 km) - RS 030 FR SRS AR R kAT g
BLENAEHLYE .
(Kimmel et al. 2015)
WAREAE g AR (Mab ~ 10) U /RUAAE b M B R R R
AT o P57515 (0 ~ 30 km) E-RAWIIEK (B % 2018)
A TR B B A AR P T R -
A 2 45 KTFBE LS B 207 (Peters et al. 2024)
B RS K T2 i s A A TR B B T S T

(F2iE % 2018)

2.3.3 INE-XKITHRBEEESTMKAIE

i

H HTRE & P55 A0 AT 8% I B AR BRI PR AL VA L b, R EARAE A A — & KA
FFAE SR ZL IR IS 25 A DG A, T 3 3 A P AR R AU A S B S RS AR i 22, 7 0 A A 3k A7 &
PEVPAG DL RAEIE (BR5E 55 2014, HAF9E 2009), LATE AT 23 3% 01 AT S50 1 A2 42 g HE R I 2 5%
TR RO XSOV AE T RAT SR R AN FT, T EECS 2 ERHL R R O I A 1A KA
B AT a8 BO/E T R RO BT AT, RN TR RSB 5 IS B A AT &80 05 BROPIRE
SERANRTRL. WAL DL R VR R SR IS (R kA 45 2009).

BT I 2 (] PR A AT S 2 () . RAT & & 1 RG Z A A E W WA & 28, Hil, kg
— BT SRR AT SR Bt AP B AR R 2 2 1 i AT A TA) B B - TRAT A IO AR A R ANV T v
T b L NI S HO I A RS SOV T R R AN O S S T RAE A — RN AR, TR
—[l- A2 YIRS HLE], FELAPEF I KAT 8RB0 D) FORAS, IR —YE SR U R I AT 7 [A) K AT B
THMEE T AR PRI B 22 4 RE I L 3o Ve B v, 0] 2k T FAR PR BT I 25 A48 A0 Re AE 19 1 5 1 it % 748
DAY A2 RAT 2% B v A b i 580 2 1) = O AR T T 2 (R PR B B A B AR A0, AT BRI
PEA AR AN T B 2 4EFE, SRR A IR A, AT SRRV A AT B E R E W E A,
UL R B T AR . B P 4 25 1R I VP Ak 7 R O R R B AN E 1 S B T S
]/, West 55 (2014) #2017 —Fh 2 5 A PR 20 SR 0 i 35 T = 38 R 8508 1 U0 3k, B
B 93 MNANH E Z 2 v P AR S A e B 4 & 10 A oS HE S 4, B RE A B2 95% 1O Ha
H 77 % . Mohammadi-Amin %5 (2018) 3% T Co-Kriging J5 32, Bl & 1 KR ARKS B (1) T FE A 5 44
5 /b m kg B SR 1% (Computational Fluid Dynamics, CFD) #s, s Dhty i 1 78 5 %
IR (Ma 0.2 ~ 8) MU BN HE PE, THE ARSI 1 — AN Z. A X I 3 23 18] R AT
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B BOEFIE 5t FEASHE R 1) B, Tiwari & (2025) & 7 — P T m #2815 1) 32 30
FIREZR, SRR D B CFD FEA WA 1 A A Vi Bl A 10 e A SR s A A

3 8|3 [SRESRHVIE

D UGG e 1 R ey N 0 =</ i R R S VAN R S v § VA WA R ol R 7 W VA S 2
ol RGN (R A RS AR AR FEM T, Wsh#E AT R it HE R X, IS R 2
HTR A  ZRR TR W AR B S5 7 VAR s AE vl PO AT 2 E T, SR s 45 R A Ao
ARRE SRITE &, SURIRSIOR . B B EE— R E SRR, 3 B 2 LR 2 1 3
AR TR AL S ORI, R SRR B A TR TG R, R VE RS W R R R S
Gy R R B SRR, AR EERL . IR T KB K. A, ik 22 18] KR I
2 (FER U1 SE) it —2 5 ER R A sh Al AR, S m0 K AT &5 0/ sh R 1k 5 il i
B2 X R AL RE T RBINEAT RS AT R T, Rl 10 AR F RS i s A R
FOR A A G AR A, K IR VAR I AR . MORLEE T RS M, 7 AR S G R
ZHHLEL A S Al E, R I A R UL S T T VA R AR D 2 R] AT S e SR A T FE SCAE.

3.1 SEBEREIGESERINFE
3.1.1 5=HERD

e 307 2 16 fj 28 HE R Bl 2 22 5 2 —, A SR UL T i I8 e 48 A S (R L I3 F L 9. 24 kAT
e JEE 8 I B R SR AAE PR el /N T N I R D & R A TR I, R TE SR A R R ) Navi-
er-Stokes (N-S) 77 P& AN 38 FiI . 13 4% 1] 3% % LA Knudsen $( K, = % CF39 A RS RE R
ZE0) MR, S SRR RS IR B B AR B . B I S R
Wow, IR . I BEER . Knudsen /2 55 45V L R @k W2, MM A8 4% 4t Navier-Stokes i
SRR R LE Y RS IX 5 R X R TS FE B B R B (Yang W et al. 2025). Bird (1994) %37 H.#%
RS2 4E R 3% (Direct Simulation Monte Carlo, DSMC) 77 i, it Bl K &R T 23 . filf i
FN 2R THAH BAE F R Gu v 72 MLIA 3, 1l ok s 9 3 ) RO A 1) B 2 T L. D Bk e N-S 7 FE 11 2%
MU F, Boyd & (1995) i it %t E CFD 5 DSMC 45 5, # H LUBS FE 5 5 3 A0 K B B s X o
SEERBAE N HIYE, 18 2SS HOE T 0.05 I, N-S J7 FE I AR T 45 1 L 5 2 W 25 . 2T DSMC ) gt
TR FHALHE RAT 2 A0 TN L, 10 Fang 25 (2020) &1 602 H BR3R [0 46 78 P (0 H B 80 K% 3 13
Hh T 1) A, B TSI ONHRE A AL IR T i dE DSMC 7 ik, W 8 A, LT 38 45 o
BFEEZN 95 ~ 97 km, 5 KAT WIS H ) 97.1 km FEA —#. A, DSMC )32 N T K
BT IR S, W Rafi 5 (2019) REUHEFL T BEH MK AES TUAT TR X w8 4 0. b & 1
REFRI 2 . SR T, DSMC J7 AR HURL 780 B K (B8 E /1 B8 =4 ), HAER &L %4 %
TR AL M A, 3 B0 5 A & . D T R TH 1) B 4L 22 2% (Graphics Processing Unit,
GPU) KRB AT 5 (TSR E 24 2025), R ITHTH ARG M8 E. RN, &5tk s
6] R AT 8% 1) 2 R SR AE, R FH N-S/DSMC # 4 (5K 98 3¢ 2018) S 3L 3% 42 It 21 % W 1) 42
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HIXFA, H =090 km HIXEAN, H=095km HIXEAN, H=97km

Fp: 2.3E+409) Fp: 2.3E409 Fp: 2.3E+09

&8
ABMBEME —RBNNBEAFE G ER N BB R A E, k2 Rt 23 GHz (W H T H(F F
B, B 3 o 43 G fF P W (B2 Hz)(Fang et al. 2020)

SR, AT S B R R A . AN, FE B H TR A (B0 85 AREL > 10), i Bl R U UK
oy ¥ 5P BOA EAE S S, TR 23 1 TR Al A A e, BT DL BRI A A 51 O T Rl
WEh, AR B A R AR ) 5 AR 2 Jo R U Boltzmann 75 A2, — Rl LASR FH BIR A, AT
LA JE 4% ) DSMC 77 1%, B XKL 552 Ff K& (Test Particle Monte Carlo, TPMC) J7i% (7K
& 45 2025). T LW ESLRIEH X CFD/XUR /- 250 5040 /E38 7% /i 3 XK kLT
Ji % (40 DSMC) B8 i 5 7 92, 78 5 38 1) e SR 2% - WL TR 5 SR, DAFE RS B 5 AR 2 A 9
o 0, A B ST R B IR N B N AT S M AR AR B, IR E W TS A U
Boltzmann 3K fif L 25 & B9V G HE L, A3 17 5 00 380 8 A AE i 30 = 1) 3y 7 5 Il 7R e ) i R 5 oK
(Yang W et al. 2025).

Fe T PR 2L 2 T T7 1 R R 1 B T 925 [R) R A0 M R ORI R . 1X 3RS
V2% 30 o B T IOE R A 1) SR AR R o AT R A B s T R, 0 5 18 B B RRUORE 5 B AT A i 4
PR AR R A RS, AT AN B B R T DSMC [ A i Ge 1 5, diE % T I8 Knudsen %
BT B Hh RO - kv 51 R B TE SR A, JF R PRAK T TR R AR (B SR A 2022). XF Tl
2 T A g A 55T ) o 7S RAT, X AR B (2020) $E G — SR I A A B R AR A
TRLT TR 5 A AR I R OR A B Bl B S T SRR S e . s AU, &
1k oy F T W A 2 ) e A R AT S A IR SR S I 4 — B, Guo M Feng (2024) 4 4%
T34 /R %% % J5% (Lattice Boltzmann Methods, LBM) 57 PR A& RE SR i 5 /8 & 7 FEAH 45 &) K
LT AR 10 PR RS i s A R e T A, B ISR RN, A A 2 A AR S I AR
T LBM 0 H B B (Sharma et al. 2020), Al 25 6] b @il s 36 -1 i it 3 A L s 4t 1
BrLHE Ik, B ORIRIR KR TG 1 s AR (9 G2 — BEHLRL ¥ 7% (Unified stochast-
ic Particle, USP), R A% G ki -1 J7 12 1) I 25 35 A BR ), Wb T & A8 3 8 482 Ve ek 1 o B A e
PR T ILANBE S (Fei et al. 2020, Zhang J et al. 2019, Fei et al. 2021). H4h, A ff iy 2 o4 5
VRAE v A A A b SRR RO MR, E RO AR A, RO IE AR BL & GPU R
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AT A FORIEAE SR ST, KIEHTT 7 TR AR, R F, 2 T 3R S8R5 R 1 1
SEWTIEIEZ A By N-S J7 R M DSMC 2 AM 3 = 5% B TR IR A2, AR T SRR S5 T
PR FURE 2 TB] F) 1A I 3, Ao A W Al 2 1) A B8 — AT 3 1 & RN B 7 o TR 20 ).

FEERTTRE RN @ VAT - BN N i R I et 1l TR 0 Py == R = = e I D S 7 e )|
DI ITIHG P S BEFA T . 1K — WL A% 0 S HON BE & N R 8, B8 T AN T 5 EE
T35 B T 22 T T B RE L 3 B R A 16 58 418 SO, 38 N AR B 0 Uk N € 4 4 T B S
(Maxwell 1879). X1, £ ML) 5. 2 4 Maxwell #5880 iy A3 NS F2 & JF 9 B — R 3L, 0k X 50 1)
IFi) 2 B8 3 ANV [ g B0 . Dl T S b A R AT AH BLYE I, Cercignani 1 Lampis (1971) #&
7S PN SL 2 B UM AR R R R e NS S A Y & S IR A5 R, IF A Lord (1991, 1995) it
— ¥ R fE DSMC J5 % H SE LY Cercignani-Lampis-Lord (CLL) #&%8Y  [A] B 49 X\ ¥ 3)) 5 Al
RBNBE A . IS, Epstein (1967) B 5 t 17 A & B 5 BRI, O 3 1R I E 70 1 il AN
e T AR SE A N Y BRI R AR AL 1 R TR IR AER, BT BURZE 2 TR RGP 4
7 1A TR AR LA PR RS R0 v R P T 9 97 T ) 2 2. Basdanis % (2022) 38 i 3R ff £k
1 Boltzmann ﬁ%%ﬁtt?tliﬁﬁ%ﬁ:, R BT R TIINAG FE X & N R B AR U . X R
AR R LI R R B V- RN R R ERER A L E R DN A WA EE ch N TR v & b
g R, PR, e B NG A ) PR SR ASCTDA EL AR FRBERY ) O B 0 il 3 = 1) QAT 2% 5% B SR T A
BT & N R ) R G0 & 5 AR €, © MOy T 86 w8 7 /#0005 2 1) 352 0F 58 7 19
(Wu & Struchtrup 2017).

3.1.2 KXz zh

KA BA 35 DR AR R, JORE AT 35300 A 003 o 1 o 1 i o1 A7 7 SE 252 (RN
G5 5 2019), HET R0 AT MR IS P, BB E R AELPE S R R E IR BN
PG (1 ~F SRR N PR R, 5 2T A 3% D) AR O, (H H AR 438 B B/ . BRI, PR R
Sof Il 0 23 ) AT 28 1 5 EAALAE K ARG b (VGG 55 2016). BBl SRV 3548 5 8 R 240 3
) IRURR R B IR B AT P e 3 BBl S A M B B . S5 AT DL RCRAT B ) E R RR T R
TSR EA R 5, B XU B WOR IR 35 W B, AR R R E— A I E (W Z et al. 2019). RIHTE
5 18] b BE RS P 1 SRR R 9 AV AR . BRI HE S (2019) 48 H I 2 ) RU) AR 23 06 KAT 4 7 AR R 3
AT A, BAE 69 km 403k 3 f KAE, XF SRR ECHN 3. 5 H1 8 11 K AT &%, KA AT Ik 8.5°, 5.1°H1
3.2°. BFXF KA T3 Bl Sk AR g, — J7 TH 75 2292 7 I PRI 5 B 6E 77, W1 Song 4
(2022) 3 M AY 75 I AR AR 2 3 G 2 ) SRR T ORI B T e B S ORI A 2 KO T
15 20 2 UL b B2 ST R SR = 4 KO B8, o 1 T2 KT I/ RBE L PO 3 F
FE. 53— 777 THI A FH 6 47 1) B0 1 o N7 4% 1) B0k, DT 972 v i o 2 1) AT 2 A0 A 1.

3.1.3 SH;HH{EHRUFIELE

il i 25 [0 A B B RS ASAE AN, RAT S E S A AT KM, B T3 K46 5 B MERE|E,
shRe R N N aE, FEAERIZUS . B 9 B~ G B30 5t 2 A 205 FE ] 515 6000 K,
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AT
5B Tk

9
AR E R B At G B bk AR R A G s & B (Mansour et al. 2024)

ST R SR RO IR BR AR (Mansour et al. 2024). [FB, fEm AT, S50 FRAERNEK
B, Ba. HESE- RINERIR. B RN 8] RUEE 5 s R E I (] REERE 2, it &
Bl Al 2 AP BT R AR (Stalker 1989). 3K A #A A 27 A 11 RN 2050 VAT A8 F B 7 Al o Bk
BE AR R DAL S (2023) RGHEL 1R Gl 5 0 JUE S EE R, 0 IR
TR A A i s B T AL /08 TS 2 S R AR T T IR S AR T A U 3 RSl AR R i A
Chen X &5 (2022) 5% e B 75 38 vy K% 10 72 BO W FU 485 SRR WY, S0 2 AR - 4 20 2 I8 =5 4 i
TR SRS E I, How ORI TV BB 35 2 il A B R I BRI AP0 I — R 2 i R Y A
Park (1989) #i& t iUl FEREAY (R -1 2 — % 3 T FE AR 31— i B2 A IS & Sk T SR A 1 i
SRR RGER) RGN AR T IR B IR B A BB A A R PR A, AT B
e PR SN BB (A AR BB ) (TR B2 2. JR BB T S DA A ) 2 AR BN TR R
Ao TR R S — AR L 7 ) T s T 5 8 9 SR v A 22 AR A B T AN A S P, DR TS 7
— Bk TS A A HLE AR R T (iR 4% 2023).

3.2 WRAEREHRERRELZRE
3.2.1 HiREWE
WS R R R R s N E BN i AL #2 . I A R B3R E R s f Uk sh AL T

PERCR, JEX WAT R E M 5 R ERE R AT QB2 M. R, B4R IX A I Fr) B8 B AN SR o o B 5%
(Xu D et al. 2022), % B 4 R GEHIRS GHAL B TE 3R 17 B v BE5KR . IR R4 7 5 SR ML B O A o A A Tl
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WT7i%, 2 ml AT ST O 2 —. iR BA 2 0L 5 iR U R sk 5 il
MBI AR A P O (Ren & Fu 2015), # W RERAS G 45 K B (FE00) B4, H/N A
GMQ%ﬁﬁﬂ&«ﬂ%%ﬁGmﬁmmcm%aaawﬂ%%ﬁ%@mn%ﬁ%ﬁ%ﬁ

AR R Z Z K REH (WE 10 JioR), RNy =28 cmEEFER PN R 5 (W
BE T il %ﬁ%%iﬁﬁ”ﬁfﬂﬁ M) CAES o R R LR 5 AR, DA AR A EF JE IR .
FETRIN T7 % b, B TR e VE BRI o 7 ik e H — R O AR, 4792 T b A B R Al T
B R TG AR EME TS, B R B KR Ry, R T AR S o 507 5, HMERLAE TR
MR IEAT CFD 5P SEPL 2 N . O 1 A8 T 5Ll 78 S AT RE B0 38 G SR % AR 2 &, Langtry Al
Menter (2005) $& i 1 % T 24 HAH < £ [ 4% Jt @ 1L (local correlation-based transition modeling,
LCTM) M2, JFEL | & HY-Rey Fe AT, LG8 5 H1T CFD M & KM, 1R T2 27t AL
F.BR T LCTM HEZE, BT E R BN R i e A B 45 3 1 )32 503, Hoh a3 46 H s 77 12Xt 2
BN RE AT BB R AR 1 k-k Fe IRBER (Walters & Leylek 2004, Walters & Cokljat 2008), DA %
AN A b 2 (1) 4 B AR I 18] ROBE JEAT T AL k-o-) B R IE 8L (Wang L et al. 2012). [f1 X = 48 75
HCRAT SR A A B UE TR oK, 0RO R AT RS AR 0 O B R R K AN R E N, B
PRAZ B R AT 23 O L B ) 5 e sh 1 ) P 38 (Kimmel 2003). Hrfr, 3 3l 4% i 75 3 40 BE i W<
(Lu Y et al. 2021). % /#47 (Oz F et al. 2023) 55, B A BRI IR IE B GE 7, (HI8 % 7 25
NBUIN R R B AHEE 2N, AMKIA B R B4 A B RE T (Ren J et al. 2016). W iR 5 4%
(Paredes et al. 2018). %MK (Zhao R et al. 2022) S5 s 45 77 % 2 A ) fa 1) T2 N H
A 5. AN, BLAS 7 S0 78 e R B b e B H — 5 B BT A MK € 8 /5. Chang 5 (2026a) 1%
W ah A S Hl . AR SR X DL 4y AR A DA BT B R v B A i), R T A
7 [ B4l SR SN ATL A% 5 ST HE L, R AR G2 Ve P A B 7 1k 7 R AR B R 000 B S B 17 ) R
6 o B 1K) kG P PR T, O AE L BRI B — P 455 K-means 5 28 Fl ResNet18 IR J& I 45, 167K

* A s - DEE B
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T WA S AU T SO AR A7 B IR A R B8 7T 51 A M AL IR B e ik AR, IR S8 T B R
FEHRAELE“Z X —" M IE LR MWL X R (Chang et al. 2026b). X4 TAE MR RLR SH. K
JEEE - HdE b R B R TUIN U5 ik SR A T B B BOR IR AR A A SR A At

3.2.2 imimiE#l

FE I 300 25 ) o P T RAT 261 T, FEATSKIRAS (2017) Wikl 7= 2 7 2 T8 B i i 8 H -
B /AE 40 2 B FE I AN 7 R A e R, HLIX — 2% R DL 00 A P AR T AR B O ARER, X T
B0 A BT T R AT 8 T A AT BARVEAL . — Bk B R, WA N 282 R IR A
SRR R ER TR . BEALRMRES . i it i) BUE B, AT B IR 5 5 i R A
Z A LT B EUE B (Direct Numerical Simulation, DNS) B 4% 3R i B & R R 80, X
S ¥ 221 0 fo B S A T, A TR B AR AR N OBl S T O 1) K S I TR B Rep, 22 N ~ Rey,”™ I
UK (Choi & Moin 2012). SZ R T vHE BV, BN MEDUN B8 4 TR B . L2 T, K
R (Large Eddy Simulation, LES) 1 5 ELHEMRAT K U, I IR - RSB 04 /0 R
T, A5 P AH O B0 B TH SR BT U (EDG T e TR T OB T U, B AT A BE X SRR A i v,
K F BEAL R B AT 4L (Piomelli & Balaras 2002). 1 [ 7] T.F#2 M A, SR g 5 #7489 N-S TR 1 F
Wi -3 N-S (Reynolds Average Navier-Stokes, RANS) 7 VA(KIH G4 = S AL, HFAKEH T4 6
RANS & 2R 1 LES & 0 AL 3 10 RANS-LES & ik (M EFE 25 2017). &% Lk 3 Eim i
BLTT I, BRI RS (2023) RGEMEL 1 HAF FRHOR, FE4E bt B M 75 50E T T IR) 2035 4F 1 B
BYEEM (3R 3 i) MoK 2.

3.2.3 HBPEHEFE TR

BE RSB 1) 8 W R SR R M BENL I, E R O B 5 v R HE 3 B I 5T Y X IR % B R
(Brunton et al. 2020). 1% 77 2 8 ik WU H 42908 52 2 i O 2R . A 8 v AR ER AR AR ) Dy e it Tt
it it SR A SR AT S PR T W A R T B, Zafar 55 (2020) LLIG G R FIH SRR BI AR . R
BN, T HHRMAE ML (Convolu-tional Neural Networks, CNN) il il J5 & 34 4 2 AT PR
TR NAEFE A TR AL E B, Yin 55 (2020) $&H 7 —F0 i ) RANS i i 28 152 1 L 48 5 ) AE
2, R T S N FRIE IR 3% 5 T VR R ) A 8] 7 TR 22 e IR R AR D7V, IR AE FRLCIR I S IE T 1%

® 3 IERREMAENEESERR (FRRRE % 2023)

KEEFA Z 0 5% 20354 Hix
DNS SHGEHE . PR HER. JUAANERME RS Rei£107, Man] & &l WK AL X AT 5%
LY HIER A A L T B R 2 S
LES AT JEAE 5B AR ) R, B IR /TR G R AR 7% Redd 107, Ma W] & i AR AR E 2R
B R i DA R RS 3 RIS 7 v ) R AN AR Z A

TR R R R RS, 55 AN R0 R
RANS  ETHEMSHEIM, AR s, L TRE LR LA
SRR BRI, HOR A ST -
RANS- JRIX v J i o 52 4 ik, RANS-LES K Josssiss, Man] & & W TR AR IME;
LES HhitH £ R TR A
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TIERIA . TR T (2023) JE T IR EE#H 4 M4 (Deep Neural Networks, DNN) # & | M=
L 7 o< B ) B R B R AR S T TR) B DR T TA) A R A O AR AT B AR Gy B is T RE SRR OT 5
SST k-o i VA YRS 75, SEIL T 0f E 5 3ol = 2 30 5 J B UL R ) v ST . R N D B RO
BB TR R A, (HE TR N IS 3 8] i 0 EER L SR AU
2 v A, B U K2 T WO AT A R TR, SRk Z G — Fn k. 3 R AR s TR Ve E0 AR
¥ PP AeroFlowData” 8 i 1 2 iy A 8 AT as AR T 40 MR B 4l (Zhang W et al. 2025),
AN AU R ) ST B UR. R B — Bk e, AT il . AUE TR R
6] 32 IR T 2% B BB S 5 T30, AR A R R Gk 22, R, #ESh = KT BUR L&,
FETT FR T — A AT ST T SR R (S 4% 2023).

4 BNESLE: EHEEXERERE

4.1 IE=EFNFREHEK

AN TR) 28 B ) i A 2 1) RAT 28 AR 55 e AL is AT 77 N E e, X3 RGi R T 2 R ae
JIER (RS 2009). AR im0 25 7] KAT &% (A0 28K, WIE AR TE AL) T2 T X 45
e, AE 4k S KSR B SRR 55, I8 E TAE T 20-30 km & G, dRAE) ) REAMRIE . K
LI S5 1F T B w8 SR 1, LA KR8 I RREEHRBTRE 70 (WIJE A 2018). AHELZF, miid
It 3T 2% 1) K AT 2% U B 22 1T e) PO R BT . AR AT T FRARIT s R AR IR IS AR S5, R
A7 IR A AT P I R L 110 3 A o AR AN, X BN ) R G AE I T T R A N R R
CEREIPRH T OB R (SRR A 2021, B A BE A 2024). o, BhHE-WE A8 AT S KB 46
BRETE MALBIE A, Bl /) i SRAE b AR AR RS 46 hn sk B B W v o 7 S K AT 8 U 7 2 )
73 2 GEAE i 3 25 TA) A RSO B2 b KRR e AR, DA SCHERREEITAE 555 T 28 R AT IR 98 RAT A4
PSR B AR R, X B 70 F G HE R B 0 AR R R T SE O R R R Sk
M&E, NEMES ST AT AR S EA B E T K3 ) RGEAAEHETI K. TIEQL LIS
TN S5 T T R 0 5 3K, D0 R A Il s (8] R MG . N K o) 2 8 H 3 1
HI2AE T, AR i3 ) R GRS € AR XA 32 3 P kg BRI, 30 1) RGEAEHE T IRI . R ORKF A AR
10 G4 i 45 7 TR T Il — AR BRI 7 oK 5 Pk Ak
4.2 LA ESBRIHELZ B

PAh R R B A% O O HERE R 4G, Dyl il % 8] ey b 75 RAT 8% 40 R T 2R A R . b R K )
WU AR AL 2375 ] 43 9 WA REE AR PR AS . AN 11 (a) Firow, @AM R S HLE i 1< R G
e P R HEAT B A e 4, R AR A S N B AR A LU, W AR, IR R K AINIAE S
AL 6 LA L1tk RE S 25 0 T R R B L, AT R AR YE AT 26 Ma 4.0 ~ 8.0 (Jackson et al.
2015). SRT, BRI R S 251 T, B TR A 48 J5 1) S i AR e /K FA BR, BRRHsE
Ja A K R A SRR B s R e DA A 2803 S, DAL T M DA 4 45 A 1 8 A8 A o, RN i B
JEBNAREVE. Dy SIS B A ) S R AT, B A A R R S AL AR R - R A5 80 ) (B 11(b))
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(a) AWk JE K 1L & B (Liu C et al. 2025), (b) WAL A # WKW E X s Wl 4 # 5 & B (Urzay
2018)

(IR & B . 2 b 2R T T MR R S e B, SR T A S AR 1 & B LSS, RSBl
BERCR I DB & AR
e 30 2 Vo e e R B A T8 KO B8 B AR R T g s IR R 3R e e ok, B 3R
BB A BB AT DA BRI, B S I A A AR T A i SRR RN R
F, AR T HESTE N BRI, AR R AU T AR B R S AR A IR A
NRBEERPEE (FEEFE & 2022). BETTE A B A SR SIHLR S8 e 48 501, bk R B3 ok
€ THE SR ARES IEH TAE. 3B NI &A%, W LB O T R EAR . Sk &
Lo FEARE W WA R 3 5B R s BL R B /0 5 R AT R B RE RS B e = v I ik sh o
W, AR N 22 5IN > B R R e, BRI TC VRS B RO, K 5 kot UE
AR BN, SRS A R G 5E A i Ah G S B, BE WA E AR R O B D R ik
B, BESE R BB TS RN 5 T U L A A AR R, Pk A S LK IR AR AR
S (X/N B A 2024). FE A L T, RARHE R be S P9 IR I B I TR DO 2 A0 B2, Xk
AR OB S ok R E P TR R (W E AF 2024). DI BRIARL S BRI IR &
7 P T AR PN T R PR AT S — AT SO R EES T S 5 A i it — A A FH
SRR RO AR LA R HE VR . BT IRIGR S O AR e Mk R, H R T B I U1 B i 2 P
J5Je) B B X, A DL 08 VR B ) B R M R R, DS T B4 VR B 5 S LT G I 1.
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R i s A S LA Dy v e P RAT B0 B O, A B DR R PUIE AT AR A
KRALIRREST. 200, B WAMIESO) T S Bt — e . A2 AR P RO, J2 FLRE Wi . = RL
TRE 5 RR B SRR IR FERR K. A G 78 COBUAS B B itk Rl , JF IE7E BRI A AL 5 0 R R
R B, Fa b i 1w AT IS0 5 TR R . 72 1 R TR S8 R 77 [, 55 [ HIFiRE (Hypersonic
International Flight Research Experimentation) T+ & — /M & VE S 61, 1% 1k il i 38 1 2= 9t 5%
SEI S 5 WO ML S HEEE, T 2012 4F SeDh SEBL T iR SR IR b IR R ShHILAE B 6-8 + %A
NI RAT, S0 TR R SR R RS B i DA SR T 12 A e S A MR, 9 e SRR
2 A KT AT A B 7 LAl (Jackson et al. 2015). 7 BX ¥ 7 i, HEXAFLY-INT
(High-Speed Experimental Fly Vehicles—International) i H J& 24 §i [ Fr I g H AR M ) &l 75 T
H br A AE TR Z —, BRI R R B AR 2 W KR 2% 2 B LA 3L A JF 8, H A2 76 5
7—8 S AN T8 A R R S LA HE BT A AT A i AT 58 (van Brummen et al. 2015), %
DUH S5 BB AN B TE . R R G A B T B UE G50 A T SR FH R T e B AR AL
A AR BE— A BT, 0 PR AN B0 R BR b s R ShALFE OS2 RAT I N TAR R R H 5%
Hirfa.

MEE A AR RT3 [ 72 B MR P e A S AL AT IR I AR A R e P B 40 S 4 K, X-51A Al
HIFiRE R4 21t 58 7 2 UGB T B 242 AT, LR T 51 AT 8l ; B HEXAFLY-
INT MR 1 2 [ & MR HEZE N I R sl AT 550 A i 2 5. 3 [ I A0 SR A8 A o I R B AL
THI 56 A0 23 RAT 6 E 7 TH] o R I, (H A TF R 3R AN TR] L 3 B AT e s A e D
H 2D B, AR AT S0 R Y 455 B2 1 AN TR O T 5% [ v A 2

4.3 BAEREZHPFEAKR

BE & A D R R SR IR R, B B — B R e s 1 96 0 B KT A B2 (R A5 30 0 T Bk
i 3 7 T A 1 1) B BB B NASA B R AU R R W, B A IR T e, A 0% A T ik 2 35 PRI
T B2 52 0 ) 6 1 4 2 A SR TR AR AR AR, 3 SO A 0B g AgE RUB B R R 2 3 JR 2> (Fomichev
et al. 2002). X Ff G v v PR BT S R ARG R AR UR S HLER T B e R, fE AR i e b R
KAHLEI R E TAES B 2R T29 30 km DL (R 4 2019).

1 T 2 ) TRAT #5575 Do o R rh s B R R T, S R T A S AT E R M F P R
A, NGRS SE R Hooi 3 KRBT 225 224k PRt 58 B 30 =4 18] 5 e RAT AR 5%,
A5t BER B 77 R G R A8 T e B 2 P B P B AR A S e o R HEE, A IR ) &
9 RO B R, Wik 24 A 7638 (TBCC, Turbine-Based Combined Cycle) ‘K #i 2 21
& i ¥ (RBCC, Rocket-Based Combined Cycle). 75 < im % i e K 3 Bl (ATR, Air Turbo
Ramjet) LA J¢ TriJet =@ IEH &3y MBS . g1 25 (6] 26 41 T, BB RAT @B Th sy, RAU% B
AN B, AT A A AR R O R S K A SRR AR, HES8 I 5 4E 20200 kPa
6 B (Moss et al. 2006), A4EFRFEAGE % s 77 5 1 AL & BRYE L, T6AT & 75 72 8 IE Tt it
PP ORFF B e ARG E , R 75 ZE B A A B R TH s AR AT 5 52, 3X XS 3l ) R e V) ey
KLW. UL TBCC M, TBCC il 4 & imie 5 oh s /A K& L, 28 Ma =0 - 5 (6)s =
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JEZ10 — 30 km U IE & (B %5 2017). HE38) 1 RETE Ma = 2.5-4 ATELS DI ET, Wik
P IR R Bl e DT IE i 8 ARG s D) e B R O B E R, (RO 10 R BN FA h R A A
FFBR 1 v 2 U I R 2 SO0 5 Bl U B R B, PR R LA A R R R L A
e ST . N, A ER R S U B E T 20-60 kPa (BN IR X (8], SRT, H1 T B R A 1
e & I ) ER R, T i R RS I AL T RS B 1 2k, AT AT /N 0 B TE R R BRI P R B, AT
SR PRSI B E, G ARG R HE ) R BARS BT AT, BT a7
“HEJTFEBE (B 45 2018).

B TBCC TEAR A VI e By B 5yt B4 B B o, 30 25 7] 24 6 2 ) 38 G0 300 T i s 258 2R
55 I HE 3t 0& B ) @ X JE ¥, RBCC. ATR 1 ATREX (Expansion Cycle of Air Turbo
Rocket Engine) 25Ky BLHE ! 7 A | 4 R 4% . RBCC 78 B — i 8 P AR & i« ol T A8 R e
JE 2B, AT KHET B AR, PO AR B B IR Y A 40 km BL B (B EAR 2012). X
TR RBCC A 3h /1 AT 8000 &, IR I 25 (8] (AR 25 5 IR A% i R 37 2 i K B e 5 20 57
e VT e S8 B8RS 72 Ma>b %A R, 9Pl sl # 0 A 38 3 75 € T 22 30-40 km, fH IR 25 <%
FEA & X 43 02 IR 45 R vh IR LA I AR e TAE X (A). b ab, s 3R 8 o R 3a P 3hid 2 33 — B ik

BEATE R A1, 15 R A AN G R AR AHE IR Y, DR G R TR 2L G D] A T AT R LA

T8 S R 4E FE R E TR (WK A 2018). ATR FI /N B K & 8RR SR AR 48 77 A2 1 v R S IR B iR
%JT H AL, FFAE AP P ESA R Il T b 78 U ) 4 R AE P BE s ATREX TR FH U T =0
DK Zy B X, E I B B SR ALk I 8 AT, s B B D46 g e, 3 o A PR A gk IR B DA Il
AT 2 6] A ERR A TR TARRE F1 (B HEIE 4% 2022). 5 bR 3 B A A BR IS N A R RS [
TriJet =i iE 4 & 3l J7 W BT B 455 06 BT IR 4E 7 e BF 1) 4t o, JHCod o e B IR KB pL. K i gl
S R BN SRS oot i R B AL = 2% 8, 75 AS 7] S 7 251X [ S B HE g 2 2, AT % At i 66 1)
UL et s V7] 46 B DRI 18 2 < B0 4 0 22080 (KSR 45 2017).

SRS, IRiE S AN HE ) RGN EERRAAERES I LR IERsE. it
SRR ARG AL E . %F TBCC 5 Tridet, 255 % B IS0 K (R B £ I 455 B 25 11 46
F, S U1 B ol R A 7 3 gk 2 <HE 1 B BE; X T RBCC. ATR Ml ATREX, & 2K % F%
AT R DA S SRR AR A — B BRI T Fee ARG AR, & Bl KA . 45 AR
A 1SR AT R 3 S0 55 T BB T PR IR B R, e 7 S e AR P SRR E AR
V) e R HE g #E 2, 2 Winaf 2 R 26 30 70 1 v 1) DR 1 R

7F H Br b, 36 B A =S Ak 42k Hermeus A &) 5 A % 20+ 5 & 38 I8 5 & 30 U 1) 28 56 1
Pratt & Whitney 2 715 A E, 78 TBCC #E 3 i3k U 18 1 & Kt e, H i & 1 Chimera TB-
CC &3 7)1 Z 4 A1 H Pratt & Whitney 2 7 81| 1 F100 & L, T 2022 4F 4G 1 Hb [ 48 245 %
BRI i ST b Ak, 22 EIRLE SR-71, SR-72 45 15 H kK B A B 7 TBCC e84 A, 76 i iR

R ENHUZ O, B 4i50 50 E LR il M B TR R T8O £ & 1 TR s, &RE
M B 2R 80 AEARTF 4G T AR R ELARB 5, 75 5 R BT I . — it Be KOS M55 7
AR EAS T — & Rk, Sk EA A T8 &R B
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aTBCC b RBCC

¢ Trijet

IREEHL
B

B 12
WA 4 A3 R B E, (a) TBCC. (b) RBCC. (c) Trijet f7 (d) ATR

4.4 TEEEIBREMHIEE

R AR — Tl 4 BB RO R IR e A B I AR, LB T s TR 4, o v 1 DA &5 i A%
FEHAL G . BRI L, IR IR B Rl AR . AR . S5 R A
e, 1AL L e 0% S IS v 1) A R AR RN B R R AR S eat . R, SR R R A e U X
BE 2R G0 R 0 T HE E B RN AR A T R I 3 A [A] s AT A3 (Wolanski 2013, Bk
FHE & K 2024).

BT R R AR IR B AR R R R BN, IR 2 AR Y A BRI AT SR IR R AHA LA
SER) R . TAE VS O A e 7% 4% B K 3 HL (Rotating Detonation Engine, RDE)(Raman et al.
2023), G 13 Frow; A ok 5 ) i F T ek A T AT AR R K 3L (Oblique Detonation En-
gine, ODE) 45 H At #8240 2000 2. X Ee R BR A2 1 3L [F) H bR & 78 70 K AR RR R IR IR 7, N
AR AT SR PR M A PR R B R TT R

FE Wi 3 % 18] F KA T, RDE JEILH 22 77 1 10 2 35 00 3. R4 AL ) 45 07 sSU AN ]
RDE F# /] 73 kil (B84 ) Sab ksl CRin s O EAH) P2k, & HAEXHEH
Yy st AR I SR RE. BEAh, BliBE S AL S 38 (TBCC) (WK ik 5 2023) NREH &3/
B, #—2 40 & 7 RDE (18 FH a0 5, 8 4 e 5% 1 iR A Be % 5 i R R Bh Bl XU & R Bl
BE R, A HE S I RS TR s T ) 4 e U

T 56, Wi R R AL R & O B U R N A ). R R A 4 18 AT A 1000-2000 m/s, G
o T AR G S 3, HOOS SR AT 2% 1 SRR B2 BRI, 8 50 06 7 25 7 L PN 250 T 4R FE AR E AR b e X
RDE (Frolov et al. 2018) JiH i& & H###4 3-6 B 1 2= A1 &K i, 1M -k &7 30 RDE (Anand & Gut-
mark. 2019) WA 7E R AM 3 2 J AR N AR E TAE. #E— D, 376 RDE 5| NH S TEM
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e %% Wk E W 4 A Bt 7 AR B A (Raman et al. 2023)

B IR R B L AR AR B et . DAk R NN S RDE 1R il , WG B ff 1L 4
TBCC 7E it %6 [a) v s /68 R o s o 988 o R o /) <4 0 590 0] L. GE 2 ) i e 6 7o XUBE o i R 3
Ml (Rotating detonation-Dual Mode Ramjet, RD-DMRJ) [ % ilF 45 B & #H, RDE W] 7 # 5 3% K
TSR T SEBLHRR AR 5 BRI, o I 0 e B 1) v o P R HE O B e R SR A TR B R B
1. FLIR, e R R BN R % . AR, TR RINZIE 2 B R = veit, Jokbe s
B2 A AR GO R R R B AL 2 1/3, B A T LBl AT S R E A S AN B K
RDE K MK # it SR G, BEARSE ) 5 N4k (Yokoo et al. 2021); #f £ 20 RDE M@ it 5 it <38
— A Bt (Frolov et al. 2017), M — &t RG KRG L. B )5, Wel IR K NHIE B 1E M1k 5
B RCR T T R P, FEIRBEE B U7 1, RDE #R5EIE F2 A0 M0 R 4, %o SRR B SR M o %
%, P LA Wi 30 7 ) 4 K U6 A R A AT R AR B HE E 2R, HAEE — P A S H S AL 5,
HCAR Q2T 4 g 28 0 6 T RE 5 o FE G T, Dy ) B A5 A P s P RAT B AN R R B )
BELS

RDE 7E Iff 3T 2% [8) BR 5% o (R OB At A, 76 T I B AR > B F T e IR R R I S . 4 ¢
5 R84, T AN R IR — R A A 3R 2R G T N 0 EG A R R B B ) . — Dy T,
MR AR R SF A S BUR RIS . 4. AR MBIRILTE (Sato et al. 2024), JFE — B 5w %
AR AEIR . [N XA KU JE A M Ab g Ak A, T S48 RDE KRS E ek 5 B R TR A
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3 — 77 1H, RDE 1% fe & B WO 72 R ASE 8 B HAL B RS e 1, Tl 3 23 1) R el e v 5 R &
MR AR = R AT IRES BB E, BB KR ZPERSIKIT, 2 SEUREER.
FELRRAIHE 7 . A, RDE BAke % N i A1 % 1 00 ik 2 188 1k W v 11 5 flk 45 3% 0 T 1 i I 1t
G, AN FR 5T N W Fe 28 A R UC G S0 o UK, 5 51 R WHE AN Y L R4 IR 9 A0 A 1m) i 3 W AR
Bk — 2 H 55 48 R B I LR RS E AL 1. 5, W 14 BT, RDE K¢ A 1w B ) 15k 2l A TR 56 i #4
R, 3B 2 TR I3 2% () A S0 I 4 0 RE T 52 PR o BE T AR A A AR A% 0 R o el B T+ . ) 5
T I ) A R A VR, DT S R A 2 5 g v 4 A T Il B P B B 57 5 T A PE PR R (Tian
et al. 2026).

WRn, MR GE AR S I % 0 208 N 8 ) & 2 A2 K (Plachn et al. 2023, Anand & Gut-
mark. 2019). RDE 5 #F<3E . FEWEE 1 — 40 B o 78 90 1 30 1 i Pk ke, R O =03 47l 3 0
e SEWE KRB LCRFURFE . He /¥ B AT = B S R R 2038 A, B A e =N
FI26 A, 72 TR R TH, X 2R R FE e SEIN AN IR 5ok RUIRAS . IR 2h 25 T 4 PR} 8 732 SR s 5 04
e = JUAT () s 7 ik, DL S I AT 8 7 B B e IR R LA I B i e i 5 4E KR, iIX & RDE £ )
SEBR AT B B OB I R BEE AR R AL . MR L2 S gl sRes ik, e R E R
BN B A IR 7 8] ol 8T AT 8 AT E R T RAGS) ). Shls) T T & 5 S sl
LR Homd, g, S DARRE, K s s A) AT 883 ) RG R — R A A )
R 37 T fofp e 7 R

TEE = DA T, RBEHESE (Oblique Detonation Engine, ODE) E A 5 77z B 8 H #i
5, AT (20 ~ 40 km) TN 0 CATHE B Ma6 ~ 16 + W /) (£ & 5§ 2021). Inix
%% 18] ODE 1) 88 n] B 32 2R U5 T = KRI85 S N 1 R AH B R & 7™ A2 R 808 : 6 5 B I 1) 1 1)
AR FBR  TRIE 4 5 1 Bk 2 R, DUACORI 2 B0k 3 51 & 1 HE € HON 1SR AL
WFF R W] (Sislian et al. 2000), = SAFECEAE T, BB S AN EHHRES SR EA TSR, B
F ODE b F R8T 30%. #Ab 27 HE 17 2 oo A8 s S b ORI (1 S L8 g 7 ad 1. Horr, 5
WO T 4 2 A SR 43 1 1 A B IR B Be e e WOk, BV 23 e B T I i A7 AE 2 T IR 3h B H B2 b, T
U I R 5 5 e BRSO AR . A — 8 T, P4 TR OK R R4 A R R S S I AL D

e
Wi

& 14
RDE #1 4 1% L % 52 % & RDE 2 %% 14 3L % (Taehyun 2019)
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T IX, WA FI T RHRE S I B 5 SRR, 21 25 5 4R 3l 3E 1 7 1 2 B 55 45 20050
H SR I G ARG, B X ODE #E 3t P fe A0 e e M (0 52 w3 3E 50 g 2 F, i 2 B o T Bk
L. D b, HR 2 AR 0T R AR AR, S SR AR R R T Ui iR 3 R, AT TE — 8
FERE B R S Ra e (Wu Y et al. 2025). #8722 A5 V47 37 3h Hb Sk S B 45 40 5 o0 ik
BT, RS ENE T IRE S A AR, ERS R ERATRGE, £ ODE EikIEH T
B (SRR 55 2025).

UE AN, HEE 2 G0 A IR IR B B B R RE, SRR . MR, YT DR
Ik IF 1 S B4 2 5 ODE W RHE Z 45 KT e 54k, A B TIR M (5K 54 2020, 230
% 2023, Yang P et al. 2024), R FE I ¥ -5 88 0E B X J5 B0 e i X 35 2 3 A+ 4 BURK.
Mk 4 B R Rk B T SR IR R B I ORI, TR A ST REAE R R TR
AT R AESEHT B HR. R, JR SO A I S Eh ME LA ROk R g AR E AR A, 3T S BUM S
RN IX 0 B BRI S5 kR e B . B 15 44 7 ODE buyh Bt < 4 &b . BEmEk
B, RS & R FEiE R ODE Wb = A 2248 B A @R N B AR I, £ &N
1 4b, Lby i 28 308 B W AE, 15 KRR SR X ODE & ShHLHE /3 E RE 4R THE FH BB . R AT 28
BLE) AT Id i, A [ B BRORHAR & B 45 2 I R S P DI 8 K. ODE [ #8018 . [5] i,
SRR B0 T B SO JE AR R S U R MU B 2 ZEARAS, P s R B TR B 4 FH B[R] R B 5
FEMARE G R RE, fEUR 5 R SRS 70 KB AT, BB R . Pish i B R, A 5 T i €
VINE

AT E Y KAEE, #Ems2m ODE RIS M & T, R Y & R n RS Al A e 2
FEAE K, TIEYER e, T e 2 B R B Lk R 2 R AN FR T, 3 R B A
3l (Jiang 2023). 7R M, WU EL T WHETEABHER FELINHAMGRIH R (Austin &
Ju 2015). 7E 5 58 AT QAT A, ®AT @ BE 5 T B n0 R &V K 0 — 20 52 e R 0 R U R 1
USIZSS

a = b 2700
2800 L Ma =10
| Ma = 10
2400 2500 |-
n I 0
22000 F ~ 2300
~ ~ Ma = 12
1600 | 2100
1200 1 1 1 1 1 L 1 L 1 19001 P | P 1 n el ol
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 300 400 500 600 700 800
¢ T,/K

& 15

Rl MR (a) BEW . (b) BIEWEMN (KT E 2020)
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78 Fx b 58 8 75 e 4 45 58 R L R4 J7 T Ak T 4158 Ho A2, General Electric A &) H 2023
LRI T — #4nh & RDE i, JF T 2025 4 BB 58 i 1 =45 T R B HLR T 1 5 588 2%
s RDE MK, sb4h, 4 2 50 A 6 T 2025 456 % 1 B K HE7 8 RDE K47 01t; #4[E /£ RDE
SERMAIT 7T M e A0 N R R T I AR T R, 2 RN LA AL T BN 8
IR 5 AR &R, JEER T — RAUHEI N AT S8 E. £ ODE J7 i, R /15 B T 2025
FEAE JF-12 R K58 BB TR K, A T [ R 490 50 i Ao

W 5 W 30 75 1) QAT AT 55 1) B v S b . B v B ORI BE I R, Bh ) RGN B &
32 BE K B ) 20V e R B S SR, B B Ak 7 AR HE /AR — R AL . BN . T Bh
B P R B A ) 45 7 T SE L [E) BRI N e BT — R B — R be—45 w1 5 RUBERS S ML B A AT
M F R HEIEIA . TR G158 AR JUAT DL R = 0 S PR BB & AR, A BB 2 v RO
o AT EE L BRI BE N B I G AL B Ak AR, Dy S R R B AT IR A R S B
.

4.5 EBHEHKEA

H A 0 R R P AR T RS I s AR DA AR HE Dy, B Lt (1500-8000 s). A il KA
SENS, T 2 BT WK & B AE PUHEE AR R MAE % (Goebel & Katz 2008). HL 45 I Hl
HANTE], A RE AT 2y Jy s, B A R =38 (B 16). o, ol X8 41 ) 4 A gE /K
A2 BT EWR T F (TIA45 45 2014). BEAR A0 A HE ok i) AR PR 8T DLAE 2 (8] 4 32, HH
SR e R U RS N W £ 19 G SN 877D 1B 22 5 5 2 N 17D il 1 N B 3¢ 0 e R R v

R GHE D 3% i U 4 L aCHE D &%

[ 1 1 [T T 1 1
i Jik %
i i m aN i ] [ & B %
Hh Hh Hhe % ) 7 & 2 Z %
A (R O|R| | ™ N EL AT A
) A é; 2 éé 71 %ﬁ 71 %f
i b 7 M
— = = = %
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| IR ] |
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P JR B BB A S A A5 R B A AT I TR — € IR R R RSO FAE D
(8] K AT A ) 2 R 20 B VR A BT, DA B ] ZE UL, iz e 3 R (IS HOR T M RIS %

5 BNFESESH: RERETHREESHS

5.1 IiiE =8 %173 J1 24T

I 307 2% B S, A% G i 25 25 3805 A0 2 25 ) 22 T8, o2 e B R A0 AT B 58 45 25 1) PR S5 R AAE 1) 0oV
DX 3, FC 5 3 e e A0 A T D B A AT o PR A R (R AR AL, IR Bl AL 2 AN B SR A IR BN AR e U
BRI LR R E BT, &R TR F TN R AR AR, R 2 S (R BB 4K
BH % 5 A B8 7 BRBERE WAL, T J S A% IR B SR AN RAT BN 0 i BE R N 30 TR ) AT A [ B
FACENE . SR KA F a3 )% 5 m Dikd. M/ mis s, PURs s T =
T2 B ) RHE (Zuo et al. 2022, BRE 5 45 2016). Q1B 17 AR, i =% 1] il ol AT 2%
P IR AT B, IR BIIR A B i B AR AR R AR AR, W ROE S WA IERURE B IR
AN X3, HFFEBEREN . RN 2R G SOl (S 5 R RS ) /R, AR T BRI AT B )
W78 B2 A A

M35 8 BN E, llﬁi’i?l‘ﬂ%)ﬁ?%ﬁﬂﬁqz%pVQE%YJEE/J\, I B B A
%Eﬁ%lﬁﬁ%fﬁ%ﬁﬁ?ﬁ%, A ¥ 0 2 RE AR 55 5 KB L e BRI X TS shiz il 1 as B, [
FEME AR T 7= 25 B 08 Uk /0N, St IR T A R 5 R s il R A E TS B BELE YRR /RN /
PHJE S B AIC, 2350 BT R BHJE, X 3 BE MUK R I RSN R S T, 4R TR ) B L 4

Re =

-~

P BT SRR RHTIE
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W, SO /N ST B R R RENSHOR ZEEBUR. N T RIS, R R
AN, TR A FIETE S NPT BL RO X /i A R G 55 1, XA BN ) o 5 Ak G ] e 3R
FAEARRZ S (LiY et al. 2011).

e PR I I A R KAT AR B ) R A ) W R A A S 2 RS S
B RATOIRAS B AN AR L R O AT B A ) ) R B R M TG, DA R M LA
et R0 5 45 M3 77 % 2 (B s AR AR R, 2 OB Bk < — (Xu & Shi 2015). 7 T & 412
THI, 168 P I8 AT SR A AP R SR — i fh . IBTEFR AR S . SIS HAHESNE, F
;3 1% 2R R R AEL M SR S RFE (Ding et al. 2022, 5K A5 #E AR R % 2019).

I 300 2% 1] s 76 7P T RAT 32 2 M A SR SR ] ) 40, B R 5 B R FE L S . mT AL
A A, W fE R DL R TRX A, X N K AL F B e T AT SRS A, B RS
KWEFLAR H, R T B ZE A B DG I #5015 R4S ), JE 512 S m . HEE PR
1 1F 2% i (Ragnoli et al. 2024). I %3 (8] K473l /1 % AL TR 280K BEsh A5 8RB & P il 56
HAEXT =3 /IR R 5B IE.

5.2 D5 BRI F 5k Bg

Il 05 2% 18] R AT B0 25 R 55 1 M\ i S T B0 A G AN A 2 7 ) 3 T A T P AR B K=
7z AT DX, FA 0 2 ORI R T R 1, R B s R A RAT A N R AN S B A B L
HEE. EIL I RE AT R RN B ) SRR DR R VAT B S BRI A S R
AR PRAR, T FEORS BE B I b SN ) )

Bt bk Hhdlk, AT )5 508 32 E 50 bR PR T R ] 5 R O — A IE A KR

T R B 3208 PR B o) TG VU 7 4 A R AR LI I A AE AL BT S R, 7R SEBR AT I
DR QAT A PR TS R TE AR AR, X SR T R D) R TR A . R TROL I R R R
AR [E S #2 (Harpold & Graves 1978). £ xf il it 77 AT 2 B2 KRB AT AR PUE B = A J7 )
1B B AL EN AT 5%, Gurley (1993) $2 T — Bl K B S BN K BRI ) 3 77 2, JE ik i B K AT A%
HIAR AN & 25 R BR R 2 5 HLIE Y e & . Bharadwaj 55 (1998) it 7 — Fh 3t T s 15t 26 P4 40 1 < 3l 5l
By CAT U R g ) S, DA N A O ER R H AR, DU B AR AR RS B R A O AR B, AT
TR PR A R 2 o) A B B 3 A N T BL R 6 9 SR B R 4. Rozanov %5 (2008) #4 H A8 & MK [A]
A LA R, JF A AR 45 4 2 1] BR R 2 %ﬁﬂﬂﬁ’]rﬁ( 7 [a]. Chai 5% (2018) $#&H 7 —F ] H T
S B 0 R PR B I 4 ) R 8 0 XU HR R BV A e TSR TR P RN TR AR
e R, A A B V25 AE DR IR AT AU s A0 1 10 T B R R A B K B M R B 3E B . 3 — 2P, Chai &F
(2020) $& HY 1 — Al I TR A 48 I 4 1) SIS ] S P 50 AR T P9 BRI A SR Dy
fiith, l_l_ﬁﬁwléﬁﬁ?ﬂﬂfﬁl_fhf RIL 7 EFe 16 S 4, %7 3T 2 80 sh 4l Bh L sh
RNEEME G, T EV . W, Lu P M Dayami (2025) #2H 7 —Fp 3 T AS8) & 50 4
A FU ] 5 (Model Predictive Guidance, MPG) 7772, 455 284 Fi I 4% i) i) 80 4% A0 AN 75 46 2R
FR) O e R, 3 e 1 A% G U7 R ORISR A AR MO, S AR T SR AR S TH
] S B —HE ST RN B 5 AL BN, BRI A% (2006) 51 Lyapunov sl R %, Wit JE4k



30 al 2% it & xxxx & x &

P B M it R R 4% 1) Yao 55 (2024) 2 — M [F] 5 I 8] [ 5 S i I ) 3 59, A8 U I ) ER
BEBR PR ) B A b, Vvt T O A O R A ) A R BRI AR PR P ) AR, SR T A
BHME MRS S

T W — A 1F 1] T AR A TR 2 v IR S O7 v AN [\, BT E— 28 2 N B P A% IE (Numerical
Predictor-Corrector, NPC) fill 5 F1fif #r 70 dll —£% 1IE (Analytical Predictor-Corrector, APC) ffill 5.
NPC ] T 18 3 ZE AR 43 50 77 57 77 R S IR 50328 i P, 3 T 75 22 v RS E 2 iy 24 SR 1 P N % [
AR5 5 B AL 5 & 85 38 AT A2 55 . Gamble 55 (1988) BURAR T I R B R BB B NPC %
75 1% PredGuid. 7E Al b, Dicarlo (2003) 18 i 76 1 F1 M B I RS 5 4% il 2%, AT {3 500 R

TN REEUIE . Lu P 4% (2015) 2S04 B B 1) @, #8057 RARE SR 0 10 A4 0 £ ) T 52

It bang-bang £5 8, I3 T HIF R T — M B U A NPCO il 5 5k, Fda il 3 i 5 [ iR IR
Cheng L &5 (2018) #&tH T — M2 L0 N A NPC #il 3 5%, Bt 17 & & W0 A & Lo
E*E’]?ﬂ I8 R T @3 A g SRR 0] R, (RIS S HH T = R 2 RAT B 7, R T RS T A e 4t B i

T AE G AN A A2 A R T PRI — A5 1E SV AR JIAF AR I 20 R e 1) . Lee 55 (2024) X K2 A
Hil- ST EREAT T RGER LT, b 1 AR R - BR R U5 VR B PRI - 1E DT iR AE ML a8 AT 55 A1
MNAESS LB A5, 48 AN [R5 07 925 S AR 8 A 25 M AN =R SR F AT 1 . H 0 s NI E VEIR I T
)& R ] 3 0] J, Rataczak (2025) $& 1 7 — M 45 & & Ik B3N ) % A E M B & S50
AR AR SR, 30 v 0 A e A ST R A R SIS AT AN S I A B v A
FE 3, F-3E T 7 0 R R AR T S 1 e 1 ARl L g I 42 ) A A ) 2 BV

APC il T 383 3K A B0 gt b 22 i 2SI 5 82 TR AT B0 ) PO T, A i T S SRR
52 BE PR 5 38 AT B B oF BEL g R T 1) B A BU AL BN AE 55, Bryant &8 (1998) $2 Hi — F g 7 [H
HFEH L, Fe T A 2R, il il Bl ) 2 3 WU A5 30 7 RE 0 hnod B ) g ik =G, TR A T
fige dfr i 2 4. Cihan M1 Kluever (2022) 38 i 3 {bA 18 FE A RAT BR AT 1 B2 2 1A B AH SR, TR R T 56T
RH 7 il ¥ APC i) S J7 . 1 A5 W AR 77 8 i 77 T, Cerimele (1985) % T8 2 H FRiz O £
JE Fit 7 2210 2 % 1 FE AR AL S HE Tt e ol ) e i 008 2, I SR B4 SR BR A 10 i ) 2. 7E
Befili b, Masciarelli %5 (2000) W2 30K 7 R APC #1577, F T KR RFE R BT 55 B S
K. 3 —20 ) Hamel 55 (2006) 55 KA RA 0w P24 N B T 520w M5 1), $2 H — Fhel
BESRME , A RAT AR AE RS RAT B BORE 8 F) ] S I 5 AR v S B EAT I, SEIlE s AR R R
E AT, (HIR BT EFREBRE S S E B E N EE, %F@Ei—&j(i%ﬁﬁ Cihan f1 Kluever (2020)
F th — M 2 R FE B MR B0 B Al 3K APC ) 3 5%, 3 23 0 2 HA B s BE AR AT B AR
1, AT A5 380 DR M 13k B ) e P 3 ik ORI P B o) e A %Tfﬁ, T E R RN A T —Fh
BB RE B S, A DU B AT R 2 AR RAT I G2, Chen J A (2024) 43 # JE A

g5 7 ARV S B B R 37 5 AR B D0 S ) AR AR AR, R HH — b R T 20 BOIR A5 0 BL A FE 5%

M APC il T 77 3%, il i 4y B E A5 ek BN G e U0 328 A AR A, SIS 1R AR AT SR 55 P A o
S 1T T O E A SR B A LG T NPC 5, APC i 5 5 V5B & B T E R
{EAE PS5 50 I AT I 5 T, FL I R AN R 1 EE A A BR.
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I RF B 905 AT e 6 0 2 A R SR 5 B, A% 453 T U B ) 5 7 7
T R 2 15 1 U 0 . 4K, S 9 050 B ) 57 D A i — 1 R A1 T
$7 B Ghiugan % (2026) % T30 3% (00 BEB) 01 3 H AT T XY LB, LB T AT B 2
1%, T SUIPEBURL . 3003 51 15 1 5 4 8 (8 T~ TE J7 VR A0 1 R, 26 AR DML 3 T 1 505
R MR TV BIE AT I 1), 0 HLB ) B 5 R 0 L LA 2 T S AE B MK S
50 K 2R B ) 5 7, (R A0 RS T O 9 7 25 7 i R i 2 4 55 5 )
S ok Jy TH M0 78 1

G L, T S SRS B ) 5, A 5 3 9 0 o 2 B 4 T R B R
F 5 HE 4 T ST, 3 2 ) AT 28 9 K I B~ U 2 b BB A R
e P LA B0 LT T 15 79 3 2606 25 B 5 3 ) 26 SK R R  oR 5E Ae vle,  BLBS U
B SR LED KT oK T E KB
5.3 BB E R

I 3 2% 18] KAT 22 KAT WL B 72 o i e 5 2 2% RS B PR B A0 22 U AN Wi 52 . B S 5 o
FELRAERR IR AR . RV LR 2L s . B BN SR R G2 T . AT LA T A0 5 i
e 55 R 2%, {454 1) 2R 0 150 T i 7 0 Bk L A 0T X G ) R, AH DR AR R R T 2 BRI O v, 1%
AL T B0 R i 1 R T 3 Dy 48 A 2 o R 482 1k 2 i R 26

LA 1) 7 ST/ 22 B VA B AR R AR Atk AT Bl g SR T e Dy - i BRI R R R A
BN IE FH 2 ) T vk Bt d ) &, B8 T B s R g vt AR TSR 2k
2R PE T VR T 35 ) 45 . Charles 25 (1998) K FH 1 25 1 B 10 5 7%, SEBL 7 X-33 Ml KAT R RS
PR AT AT PRI AE. SR T, FEALBEORAR LR R & RGN, Ltk RG B R A RS0, J1AMER
KA E LT PUAF AL, 242 i) U7 3% 0 P BE K 2 2 PR AR

M AR, kT A 2 P 42 ] 1 07 VR AE Wi 2 1) KAT SRR TP A 2] 7T N R B AR e v A
B 77 A FE W A H] (Yang L & Yang J 2011, Yan et al. 2019, Qu et al. 2024). J= 5% £k ¥4 1k
(Sieberling et al. 2010). H &M ] (Ma et al. 2023, Li Y et al. 2021). &l (Kanellako-
poulos et al. 1992) 4.

TR AL ) B S e Wi 3 7 (A RAT SR R S R N BT S Tk — AR g
A ) T ) e 4% o R R GOIR S L RAE TR T, X UG S AN M B S8 e & e e (H Y%
il SR B ) 2 PR ] T SEBR N . Yang LAl Yang J (2011) 42 1 3F &7 5 bR 2 i o A5 4%
il 77 2, 38 BT A 2 M i R T S B A BRI A UL SR, TR I R G 1 A G A i i R T e A ]
Yan 55 (2019) BF 0 A2 )5 SAR R B AT %, SR T OE MR MR e T R A R U5V, R R B T R
AREREGG T FHRILER, RN R EF 7 X 2 EOR ) & 1.

B 5 S VA 15 B 25 38 5 3% 3 Ao R TR 0 A R AR S Ve R G AL N ZR MR R G, T TR AL £ ) %
Bt SR, A% 4 00 A 2 % Bl 2 10 5 92 0] R RORE R M v, SR R O S B RS WA 4 A R e
Sieberling (2010) Z5 4 i 13 & A 2 1t 3 A5 390 7 3238 1 A FH A% R U 2 1) AR g A5 R, AN 2
2 28 R P T T 7R S B R AR Y, B2 R 1O R AN E PR S R, 1S SR S Bk
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g
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&

AR AR 30 73 8] AT AR

B TN A5 ) T — T Oy A B AR SRR AN A S Ak S T e b A R O 0, R A E E B4
)R L N A ) ST A ) T e R N 2 O AT Al T O 5 S At ) 2 T ik,
K A5 VA B AT N B S 2 ] s v 58 O 42 ) 25 10 BTt BLER B O B ) T R A X R
T B 3 AR 42 ] AR R4 1) 25 0T R 5 O 4 A A B B TE . Mac S (2023) B0 AT 8% A2 I
A7 A IR LN S A PR ER AR ) )R, SR T — M & N AME T R LY A (2021) B E K
A7 s BR R A 1) 1) RELBR HY 1 — b S R A N A A B ) SORE) N A T R

OB — M LB A Bt B I 0 055, MR RAELIE RGN AN T REG, RE
MR B SEBR I RN T RGIT IR, B NEA T R G000 R 6 B o A8 A, I
e, B &S R A BE DR IE 4 R AR 8 M SE BR 4% 1l 4 (Kanellakopoulos et al. 1992). Sun 5§
(2014) $E i 7 —Fi 5 AR AL SRSV &8 AH 45 & (9 S B ok S Byl K AT SR 0 B i iE . b
AR R G RO RSE EUE I BR™A RII etk R, EAEEEN s B AR R G, SOy R IR
1) B ) SR 3 T <Al MR N R, R BT SR ] i U A A BEAR R R UM AR ) B R R T
1%, RIS 25 i % ).

MELETFETT VA, SR Eh 5 R G 2 IR AW 2 VE, AEZe k42 1 U7 58 & e i i il i 4%
) R A B ) 35 ) R SR ) AN A R AN PSR B e BE— 2D Gl I P S LI 2 mOIR A Al T 28 3R
AN € PEAN P B B A VR, AR5 A A o BEAT BT IR AT BE % T2 S ARE LB R, AR fRIE
BB A0[RI 5 A A L BE A T SR BE e N R B R — P R, B R BOR S S it s ) B
VO AH S5 B B B 5 1) D7 VE B T 4R 1 S H T Il 3 A ) TRAT g R AR

5.4 BREEFIEEERRK

Bl A Il 30 2 1R) QAT AE 55 2R FEAN AL 7 SR I AN KT 3 v, 1% SEARIURS 1 3 0 =2 B L 5 13k
BEVHR AR A AT PR 5 A R A BT R B I — € SR PR L = () AT s RATIE AR, A
R EAE SR AR . SR A DL RIS S T IR AR E WUT, B /mEANSEFHE T A%
—ERERE TR SRR . Fik, A A TEESHE ERGEAR, WEREA A M. M
R 5 RHEHE T I B AT IR IR &, OB I 2 [R] KAT 4% i 5 R 1 1 B2 Je U il

N T fE 5 St 12 ) B8 10 &5 & 2 T AE SR IO BT 78 #3678 2% ST 3 1 O vE R L 4%
5 2 SR WNEUHE TP 5 31 2R 4 Bl A5 R R 0 A SR, AT 92D XoF G A AR B [ 4K 8. Cheng H 55
(2025) THI A) 52 2% R W AU v B A T RAT S R 1 3R T SRk 2 ST AR ) Sob B ) O i, R s
I3 5 IR B sl =2 S, I sl 2 S e 2R 0k OB 12 3 2 8, AR DRIE S A2 RUR (1 ]
I SEEL T 2 P RE I B IE S AL . 8 0 4 1 3 4% ) e T Ao 8 90 4 7 2838 I R N AR 2 T B A
SR R G A E PR & RLAME . Lin 55 (2022) $& T FE T 000 4% SEA 1) O N 4 1 7 ik, R
PP AN Fi 28 W 2 93 33l 25 2] AR GE ) IR [0 B A A 3 2, i a4 2 2 SRR ORAIE T 0 48 AU i) Wi 8k
PE, SEBL TG R R KAT A AR Z Ak 1 B & AL 125 iR AR B AE T 0 R R R B
TR (B B A RF S 4 1 DAORAIE Z Bl S, T e i A R AT AR S IR ERAE 55, QusE
(2025) £ — 2D 4 ) T 28 56 [m] T 45 A 08 i Ao 28 I 2% |5 3 I 92 1) ) 800l 2% 1, e i B ORI g sk
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Hdl g o SRR, I SR B 0k 5 SR 10 S R R AR R X SR B, A AR R T S A A
i 8, H T R R PO LS AR T PR RE. R, Wl s . BBLEERAIBA (Zou Q et al.
2026) i R G AR AL Jy 2 BN S & R T5E, LB T B 18 B W E AL R T AL -
FHE G RN B, 1 JORZ 2B B AT S I S AT E IR T 62.5%. 1X LLHF IR W], e S ik 5
M 5EREFEIEMLE &, BEUE e 0 KAE DI WIS, D9l i a3 18] KAT A5 1% 4R 00T 0 g o 8

BRI B R AR R R S ERIAY, Heiiln = KBk A sR AR Ty A HRE
WL AHR, DURZIRE ) TR S M2k A G AR A S BEE R G BOX e f ok, i
R, FFHI K] (Sequential Convex Programming, SCP) AiAK LT THE —MEE. IHEBE R
H 5T B E 52 W4 (Diehl & Gros 2011), T BN PR A4 AT 385 b 85 AR A% G Al 28 1 L RI
JTEREE TR (Malyuta et al. 2022, Messerer et al. 2021). Liu X Al Lu P (2014) 1t 58 8F] H
A SR AR AR o B I A ) ) R B E T B B, AR TR AR A SR . AT PR HE ) BUIE e B R K
R ETHEG S R3] TN Mao 55 (2016) $& i SCvx 7732, i &AL AR N 3) 7y 2 95 5L RE
P2 ) 5 (5 AL, B2 1 AR M e AL R ) 1 1 ) U AL R AL Sagliano (2018) £FXFEN ST
B 5 4 ki ) A, K D iR S SCP 4, 37T T B B 2 5 I S0H 2 . Bonalli 55 (2022) 4 iE
2 Ta] f A0 A% ) )RR B T 48— A HE R, R ARG T B A B H AL BOR SEBL T I AT Ak Y
I KAE. Oguri (2023) $RHY T — M EE T84 7 hu A% B H WU SCP J7 ik, il id 77 vt @ R
A7 R i AT AT PR ORAE. I, Xie (2025) &F it — B IR Y T 4R U B& B SCP 7 ik, g «d
FIAT Ja B e B SRS, g R 17 S I DA A v 17 B B0 2 DR e S AT SO ipl sl D il e, R AR Y
FENPUELAC I S B0 AIE T B 5 SR 1A RO A& i

RS R A ERFGELIKIE LT 5EEMMESUIH M LRES, AL . AEFM

2 A A R PR B W48 25 B ESh )
— R
1B, E (A2 A ot RN s

T R) o LIRS . gﬁgi%*%%
(ii) 30 /1% & ® RE HHE AL
® LR ® AR e o ﬁggﬁzg
® SRR MU (AL, R, SIEKE) o MY &F o HARHIL R2
(i) 2% Gi) Al o | [ 0w
® SR (A TP — o [ R

WHE ST A 06 T T g — WG S o G R ] Sl S B
o st /R o [ [ 2EIR ® Lt WKWy ik
o iR e ’@ o EHEM LI
LIS 3073 ® JF[X ® [ R IS

a / K b / \ c | ASME applied
| ™ Tata: a0aot.

= 18

CERA R AT E N -5 A8 S BUR 97 ) 8 4 8 42 4 K #E (Zou Q et al. 2026)
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RIS PR B DL AR 2 AR T . DU R B 32 R Gl R A <R — R — s —
AT I 730 R 580, PR S G SR AE 1 )= H bR 5 i 2 42 ) 2 8] 7K 48 SRS 0k 5 54 55 8 BN M e
ER (Nesnas et al. 2021). T2 &, ZH#MHI RS HRAER B EAELSME . HE. BRI SZ
WAL H AR 0, NASA S UM LENT R AT 55 B 3l A& B D7 i 1) TR G, A Se I ml & iR
HERKERG A T EESHE (Jones et al. 1993). M ARBR LK E, ILA KB o8 =2
— R T RS SRR DTk, a0 R AT 25 M 48 (Hierarchical Task Network, HTN).
L) IR A BHONRN G, XKL R R ] B e A v S, S T RIEZ RS 4R E
IR AE S5 5 (Zhang & Lyu 2024); 5 — 2852 1T 5 R BRI K R 19 B8l SR 30 77 3%, Bl an s 1 5
27 2] RN B 3wl WL By 7R AT K e 3R it #2 (Partially Observable Markov Decision Process, POM-
DP) )k SREAR AL I 28 J7 v AE b PR AE J% B4 B AN 1 5 A M AE 2 SR D0 A T D e I AE AL B
(Harris et al. 2019); 55 =3 W J& 45 AR U772 5 5 2 FOL B R & JL SR AR 22 i i A F 745 5 ) Ok
WER G2z 5T S, R 2 2] SRS s Mg AR AL 58 70, Bl e RR MU RAE 55 E 32 8k
HKIEE K ETT IR (Zhang Z et al. 2023).

6 MBEEN: AENMEZHREE

W 3 2 ) ) A i KA B 2 A, DA B s il P AT i e O PR AR s sl A 5, 0 W 2 1] e
PO RAT AR HOMRE . SE R BETT SR T A e ORI B A B 2% A RAT 4% O 45 A B, SR A
Te, PAKH B IR 3l 5 06 75 Ty T 2 3 RS [ RE B RS2 L, TR IR b T RAT S8 AN R LA o7 B DA R 45 4
T s P P 858 2 1 B A 22 5, A Z5URR A0 AN [R) P 358 2% 1R R R A e 1k R R O 2.

6.1 lfif = BN R 5 551 T 7

6.1.1 SRS RIKEEIRE

TR AT A W 30T 2 1) AT 4 45 R BT TR 00 27 ZEBR R, 7E AN A AT S R RN [ RRAE. 4
TRAT A DA v AT I, BLAUB) R A R EE O AR ke R B ) B AT AT 9 R AR
i PRI A P Sk b I 7 A I R s B R B B (Mahulikar 2005); w5 8 7 80 R 4% & R
I (B3 3000K)(Ye et al. 2025); #% 3 #4486 B (1em 25 5 P9 =170 °C F] 3000 °C)(Peters et al.
2024); LA S A B B e AR B R T 45 B TR (Glass 2008, Chen S Y 2020) %5, Bb b, it A |
AT, T RE SR B T AR TR . B AR A RS I AR P S T e 4
AR AT, BI BT IE I il B SE SRS, (Anderson 2019, & EIL 5 2020), [EEF, 141542 W8 5
BT B A3 TR BE TR R AR A0 TR A A A 255 R N I R TR B v i, BIVBE T A4 A 280, 1222880 I kB T
T S AR oy M BE R 0 A B AR 22 (Goulard 1958, Ingeri 1966).

6.1.2 SEhHBE SRR

e A AT A TR AT AR A, A S BRI, A, B RAT AR
EL[R] I 5 2 e A IS T I 9 PRI AE 55 7 R, HR 2 13 I T B AR BOK, RAT AR A
Jo it BN BT 0. B RAT SR N IR TE B, — R BB T R R AT MR AR, R
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FESG R, VAT BN e SURIIE K, AT &8 8 T B BE 70 0 B Bl 2 2R3 K, 0 ) AR AL 4 B 5l BE 0 R
T B, 20T e A T e Y R AT A L IR RE I FRAR (M AL A 2018). BEA, BB
TR R AR A 18] P KR A A AR A B AT A I I AR AR AL LR AR R BT
BRI XGH Dy AT #e 5 Mt ok 1 R % (AR 58 W MLBRGE T, H U785 SR 1 3804 5 B I s R
G, N AT B8 45 R B 1 R A DL B Bk K. McNamara 55 (2008) FIS sh #BIERT 7R, &
A RAT AR BB I & T B MR B R B RN R (A4S 5 ) ) B IR 2 S R AR
I 40%, H AR 5 £ A7 B RGBT A 2B A i BB sk SR AR A, X v A R M 5 2
AT E T, West 55 (2014) (125 T R A 70 Hr A 22 000 0 R T 1) 22 20 AWl o 1k A O 1
NIX A EVEDL BN ) AR 1 g ok S8, b KA SN T S5 BT T R T & %
6.2 BEEMEEEHARHIPRAR

2 AT R BN A R AR, AT AR AN A B I 1 T R B R AR AR AR e A |/
MARE T 228 2 R AR N E A T1% FF (Mario et al. 2025). 78 J0H i IR 58 T,
AT i T I ™ 0 << R B R

MBI R 3 AT, A R AE AT AR A S SR AU R AR TR B R 4, B R e AR A D B
e, FHEORBE N AR H IR R R B 2 L (Sidor et al. 2025). BIF TR B, S e B
TS RAT IR =R 5 BCIE B TR A e R U R\ R T RGE Bl X Rl R 2 ) e O
i RAT AR IR S AR T IE BT IR B T K (RO R FHAR ), HFEL) 1 em BV 3 ER
B4 =170 °C A 3000 °C LA B BRI BEAR 5. AN, mIE 107 ~ 107 Pa Y BE UK T AR
AR 0 7 A 1 S ek MR A S AR FR BT, o — B IR T A SR S AL R Tl S LR ik (Marrio
et al. 2025).

ST, A G s < AT 3 ) TR B e i B A TG A A v R R AT AR A AT
fFERH L AR T 4 RE . v B B AE A1) 2 23R (Sidor et al. 2025). #4445 #) (Hot Structures) 5 #4
Bi 4 % 4t (Thermal Protection System, TPS) HJ ¥ i B & 1E AE A A2 i 20 BL: A% Gt 1) 4 50 B
AV G5 K 1) e B R 305 7 PAOBUE D RE R« — AR AL B B S5 > R, e R R I B2
A BEAS SRERE IR — AT AR, AR R RE R A, 2 R FE E
FARZE . R REARMIE REEZER (Zhang Y 2025).

6.2.1 HEHERMIPRE

Ak, K 5T RGAE R ARG G KR — A 25 K 40 b BTt B K 2 3 7
HENRE=ATT IS T B E SRR, SR E (Ultra-High Temperature Ceramics, UHTCs)
F BRI SO 3000 C HAEAE 2000 °C DL EE E I AR RO AR E IS PR R (B E N
55 4-5 RRL B R AL P . BRAC Y BE ALY ), S ) R B AT S B SR B R G O AR AL S
2R Y sR AL B AR 2L UHTCs 00 [ A7 JE v XU, 2 B AT 2 SO o8 BOAS 1 B8 S0t e v B AR
PN I AR A2 A5 e it ) R B AR U B /B 5 AR (Carbon/Carbon-UHTC, C/C-UHTC) H &
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ARk £ 5 T, 38 I IR AR B R S I HEC K ZR M IR AL AR G, R TE T AR 2300 °C LAk
FIPike P (Hu F et al. 2025). H4h, NASA (Goldsby 2024) B & 3% B2 41 4E 8 50 e B 3 2 &
¥ &l (Ceramic Matrix Composites, CMC) il it &5 & P B 4 48 . 3D 9u 23280 IR &R B 12,
KUESETE 7 HEHE R G 55 25 /) i AP 78 46 Tk K % F 78 31 A 7E HIB,-SiC-TaSi, iR /=14 5
HiEoR T — R BB ENLE], ARHE IR ) R P A RSO, iR R TaSi, B2 5B AE S
RAEAIA 5 IR, AR R A TE R 3k BB AH . 1% 0RH BR 08 T RN I 3 PR R god i, FH A
FARRZ Y B X —HLHILE 2000 °C BL_F i S 2R B AR AR Re 5 AR e Ak, ANERIR BSEI TR
7 ER KN ®AT B R E RGBT IEE ) (Hou et al. 2025).

TEMEME R TH T, N TR RS LA 5 2] R H B2 3. Jb iR KRS 5 i R Rk & T
S AT AT I T ] AR L 88 52 2] IR 5 (8] %% (Machine Learning Interatomic Potentials, MLIP)
R FOL B A AT = B O, BRI AE S -k - % (HE-Ta-C-N) 1k R 37 T 4431 K (2 4158 C)
MRS FUBTad . X — RIAER T RS S sE T Gk B AR BO 95 2K 38 TH 18 s 34 75 24 4L
il (Stewart 2026). £ v HE KAT AR T K, 5 A7V JE WM S K IT R AL A 9 Bl H I T
12 L5 8 W44 (9-cation Porous High-entropy Diboride, 9PHEB). Z A4 B FI H 2 e R IR &
FEA R A B TR T SR AT fn A R E , £E 2000 °C BN PR EF S PR R B, H O 50% B FLBR 26 8 2
IS T AR B, SEI T RCER /BT B — A Ak Ik S R o P o I e R A R LG, AR SR A W ST B
% HARE R Z AR, M3 T R A B AR & SR, KGR SE56 3R B, 78 B R £ 10
DA B B SR BT o, R B U 0 SRR BT V) KSR B AR B B o TR s i ik, £
FHE A ALY R BOU A K R BRI, (8 22 WS B 850 R 7 4F F R W) 5 A8 2 TR 2 5 B
it (Spallation), ‘3 B fA 2 2. XM sk Ba W Il 5 AT ol 2 18] 1) s 22, o 2 T A RS SRR A
15 RAE T BOAE AL i 75 B 3 RN BT V) 5 AR T SR A BN ) SRR SR T THD R SR BR A

B o L By 300 R T 5 4 2 R A, AR T B — 144k R4 (Integrated Thermal Protection Sys-
tem, ITPS) R &5 4 (I C/C-SiC Jeithiin) [Al Iy s I 1 # g 4% i3 15 P U BEL I (2 T 4%
2023, Chen S Y. 2020). A fiff 132 4 JE AR 51 3 1)« R % > A Jm) 38 8 Tl i) R, AR 983 51N T XUR
JEFRAMUALHELE : FE RO RE b 2 AL B IR AT JLART G B4R, o5 R BR B2 A K A 32 B A% I 41 1
BRI AE R EARE B B 20 A R AR A AR B X b it R SRS A6 TTPS 1 B Ptk g
55 W R B 32 T 20 50% (Xu Q et al. 2021a).

TE Sk i 1& s, 5T 3D FTER A E M Bl (Metamaterials) R IR . W 72 N 51 52 D52 M=
MR G &, FFR T AP (Janus-like) HFAE I X 4 J& &8 A4 &L, R B4R ] ) I 22 52
AR 7 T 1847 B 52 1] (Dong Z et al. 2026). Tang %5 (2025) | H A& Yt %] (Vat Photopoly-
merization) 3D T I HE A il % ) = 5 J8 {14 /) il B AL A (SiC) B e, e B L A L B SR BE 1 e
WE 19 7R, Schoen Gyroid (SG) #4145 14 Be % 18 1 5 A% = 4k £L R X 2% 35 4k 45 59 4 1, Schwarz
Diamond (SD) £ #4 W 7 18 = 7 ¥ th Z2RRAE, 76 4 £k 45 44 S 93 1) [7) I o DK BR B2 BELAG 75 1 i, e
] A% AL T PR AIG 22 L AT 4 B 3R TR BR.

JRUE I A 7 () v P AT SR AT R AR S — AR RS I U AR T AT — R AR B
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B ] T EWEE

a+21=0.60]
a+1=0.55

o =0.50
a—1=0.45
a—21=0.40

- W s
BT

R

D =40 mm
d =10 mm

& 19

MEEENLEMN3DITH R A EE 4 A T Schoen Gyroid 5 Schwarz Diamond # $} 87 SiC
M % A Ay, AR A B LT M EIL IR E 2 A7 (Gradient Porosity) & “# # R, ”(Checkerboard)
JE %% 1t (Tang et al. 2025)

FR, AEAE AR ) 5206 F LB R B 0]« T ARG AR IR UE " e A A o, 2 0T A B R VR S 4
3 T2 4% S0 UE VA A 2R 5 7 T 4T R R L R AR SEANK OB S B SRR SIS o, LA
KT UHTCs M CMCs 1A AL b ph B 2 56+ 7 b 4 (0 J i 04K, T 320 58 RAT # 1 mT e ik —
NP ELE L FERA U S5 AF T, B e T ROBAR SR RHEAL 1R A7 AE B 2 K AR A A
SRR, AR 51 K TSIANE AR (WATE) & & A e A S i B S R AR A (R
B — -G AR ). BUB B M 2 SR R AR SN i 0T AT I AR TR G e 2 ) T 4 )
SR 7 e Rg00m (Bl 48 2020). Hk, iR P g IR < RBEBOR T #) T2 Pk
LA 52 56 % ) 4 T B (A0 Hl B bR & i HEC, il B 1 % W S BUE AL Sic MR AE T2
% Jay PR T LR /N il B 1 25, 3 A ELIR AL R O R B 2 i (B AT S B = . ML AT
G4, I SRR A AR P 0 FL B S PR SUE 2 TR, B Ja, B B A <A
7 a3 A5 UL R 5 R AR BT L BT IR G, H T B2 SR A N A i P AL AR R S UGIERESE, &
BUOF 2 PR REM BHS J A TR AR B B B

6.2.2 EHHEBEELHFTA

AT E TP RGAD LA PR E B BT RIIT K, HAE N R G TR, IE B LA M
FH % o P AN V8 HVEOR I 8 B i B4 PR 0587 i £R K AT 3 45 140 11 5 B A0 P R & 1 AR AR
SEME. AT X EE, i R G BB A, R A EF = (Peters et al. 2024,
Justin et al. 2020, Zhu et al. 2018, Al 5 2024), & H & H T AR BT %5375, B s B ik
R ANBL PR ST A AR EORR o R, E AR T A B R R I AR B R AN R
H AT HINGeUE, B E &K HA T EEM A, (OEH T B NSRS, 2330 &4 5]
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O\ FRE B B TR R T 0 R A PR 1 25 AR e R S A A RO B 1 K T AR S R
3 FH T o S A R EOGT U 1 A P R v R X . SR, A L R R A S ] e
PR AT, #0305 sl T B O S R REARBR , 2 AUR F BEE s B B R IR R A pe A AR
(BB I R G, DURR LR 5 22 11 45 4 5 B

T AE IS A EERJE YA A AT A O AT N, R AR AR A
A E KT A E (Fusaro et al. 2022, Liu Y et al. 2010, Naved et al. 2023, Zhu et al. 2018, [% &
Tl 2 2024, Tk B 25 2022, 2R E 25 2022, Goyne et al. 2006, Bunker 2005, Huang et al. 2015,
Xu et al. 2021b, L 45 2020), AR R ELE 20 FioR. 44 810 AT B4 05 E%
BHE R HF), AN BT S R SHLBETH P 0 &, WSS 3l A B N SR o8 #4 HRRLTE = iR
R AR R R AR S N T AR AR K AL S BT, A SRR AR T R B AL P IR B TR, B TR T
WL LB TR BE Sk R, S T B 4 5 HE 0 (0 — Ak S VA 0 T8 g 7 B T 4 B N AR TR A B
WAL, T BT 52 R AR 4 AR, o 245 v UL 3 I 5 R T Ak, R 0 3 T U P R I A A Xk
R ENF 2 FLA R RE TS A H0 ), TE SRR o RO ASUBAR A 2, BB s R4 20
MR RE T, BN e — PR BB DI B B ER .

e LB 1 BT AT R R T R A ED (Electron Transpiration Cooling, ETC) A& 142
AL, ETC RGF T (Thermionic) #4475 b i &1 6 K EE%EE#&JZF\“. M T
MRS T AT 38 B A B AR, R T 2 S A5 BB RE I H 0, ELHRA AR i A0 D L R

a o /H};R ﬁ[lﬁ:}?}?& ‘ --------- -y

N T w RS
T q > T TTT TR TR
Ue, T, g ANTT v’ ;.;4:;7
//_— Yo:0'
77 7 VAV AV VA _. .
/'/ f i ez

B /fh

& 20

BHAFETEIIRECEEANEARRELRERE: (a) BEAH (Xu Q et al. 2021b); (b) & A
H (AL % 2020); (c) £ A4 (Huang et al. 2015)
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MNIE R 30025 3 I ) A R ML L I 2 Y 51 S L G S U B X A R N TR AT
fiti TR . B 2 SR BB i S T A R G S AR R 1 e N, UESE ETC AMY
RE A 200 AR AV )= 0 e o P52, B R B ARG A 9 T TR AT AR R A A R A ), RV AR T
HIBEEL4EE (Ni et al. 2022).

LG, ABRS T S A I 0T 2 ) AT 38 AN AETE BN Ak o) 3, R B0 7E T R0
B KB R 2 51 B 7F 219 sh S AR 57 (Eme 2 A2 2020, Alam et al. 2023). K51
FU KBRS 5 BCHE N SR K e, 1 TRD R ¥4 T S5 2 A9 0 51 R S S WA A st v TR L, A
P 4 AR 5 A T S TR 4R R FCOR B L 2040 R S 2R R R I 2 DA AR
R T A 22 2 B SR 8022 0 18] 1 # B R SINARAR APRHE g i i, BRI IR L
T W5 TR ], AT P 3 B UL P T 28 (Alam et al. 2023). 553 A9 2 KOMERE 1T 5% A L 3h i
L H AR (Zheng et al. 2019), 757 A] #h2 #4502k DAL FRRIE 8 = 2. BARABIR B2 5 w75 3 K
A7 AR ARSI, AH 38 JE R AL B T I 00 72 ) 2 A P05 T 1) s i) O B 4 A ik [

6.3 MR Sk in &

G2 AN KSR ESH R, BRESE5E) W& R E B, AR AT
A T AZ I B s AT IR 2R S M SR I RS e A U BT S R TR B e i M 5 DA SR
AFRE SR ER, 1 B 0 R FE AN E YRR AE . I W TR B R A AT A g
PSRRI LR EPE . KSR A 2 AU, I H it 5 B R bk A0 s ) 28 v
ATBE LR YE, 7E M AT TOL P RS IR E 2@t 170 dB (40245 55 2020). 0t s o B (1) 75 30
BEAMN 2155 K S5 A IR BN 5 98 57 10 R[] A 50 L 280K 85 A 5 80U 45 ) B 0 A o R ki

e R T RAT R BB R R BT S R B FAPR B R H SR AR SRR E, TS RAT IR AT
AR R WA AR B, R IR T, RAT S R I AORHE BN 7 R R AR it
BRI R AR T, A8l &5 1) DI B2 A2 B3R T B 5 ) £ A7 8 B i B0 M S TR R R B UK 2 B RS AR
B, N R e, BkAs 5 in) &, JF 20 H B A IRt 3 ) S B (o) BE R 52 e
2022). BEFE AT AR A R AR BN W IR Ry, AR S SO NI B IR AL S B B S, SRR
o R TR G AL B)) 7 S i R E AT T m). A, RBh M A AR e A SR, v R R T )=
R BAT 035 R 2 T A I U, F T SR AR SRR BN I U o BT R A A SR I M 7S 1T Al
S im L . (GEWITE 5§ 2020). Estorf &5 (2008) 18 ik S 56 W & & B0 1 /& 48 75 1 XU P g 7 R
B3N S DU 2R 2 T B B A Uk R A EU i o PR v tH 2 450 i, I AFAE 2 0 N AURAE ;A
TL55 (2020) MR BHES: 70 7S S R 905 75 BURIEE Z A58 R, DN s T8I 20 e 8 Tt 455 2 1)
LA P 5 i A R — B AT B e T A B AR

N e 75 VIR PR 22 18] 43 AT A B, v P O K AT 8 M A AT R g S M P b R S T S P R
FEAETE HLEE . A% R B8 AT S s i 30 [ b A7 A0 B 2 22 5, FH L FR) 4 i) 55 st 52 B0 AN [R) A 9 3 .
R A E BRI T RATR S SR Z A EAE N, AR QM s BESE . WREE T
Jik 5l LA B JBE 35 i Jie S5 R A ) B R L o e S R T iR SR R AR MR R 2, Bk B IR E R
8 HAEH (Shock-Boundary Layer Interaction, SBLI) f, “KAT #% 3% 1 2= JE 5 Jm 6 = ok B g s X
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T . 25 1 iR 5 R SR T R K B0 R ). B A YAT Th A6 2500 I, 20 52 2 A ) it 9 2 AR e e
b K 2 R R, TR BRI k3. BRIZEREE (2017) 5005 (2018) M 7L, & A
A TR RAN AL BN W A 7 A ) L EEORE, TR I A A R R TRAT A Bl AR R ) OB ) . AE
SRR PSRBT ) 2 B R AR M RGBS U I 0 R R B R D, AT R B e R
PERT AR A, XX — ), 2 FLBET . T4 WU 2 S BN R T Wi 7 i O T4 38 RS UK
B, AT SIS R P R KBl R (R R A5 2017). N M PR R ER AN AR B e A e B Ak
G810 A 366 2R A PR 72 RD T T B, A% 1R R 1P 52 1) 45 ) A% 366 1R 50 0 75 AR & ML R 3k [R) s . o [T 22
Z5 (2013) I8 4 A T P SR B0 R B, SR AR A Bl M 7S A AR b 2R Bk B A BE AL 4 AT, B
A 5 A IR RS AS G DB A T 2 30E N PAY TR e 7 i 2 R v 7 /D BUAIG B 25 R RS B . FH U 2 U A
AREE KR B AE AR R YR S 1 2 SR ER . SR A PR PR B 4 B PRI Bk & T SR
ik TALEE (2011) 7E & 75 ST AT 23 0F il 3ok A2 o s 4 7 22 o i 200 g o A 50, G o LR ol 7R R
E SRR . BT RS R AL R B RGN S ) . SR R R BT 1L 2R 5 5 i
FEAES A B BT 2L, AT RS MR R 5 A 1k

I 30 7% 18] ¥ AT 38 75 AR A0 72 Hpod o b T IR - -5 2 R & B . sl AT P AR B
I FEAK B ) 3L RIE T 850, 51 R REIR 5 R 5 98 55 55 5 4R 30 1 i . [ K 3 AR R
B4 DU AE 2017 4R, IR - [l — 75 RS B 20 B © B A% ST G B AT 5 1A (fE SR L 4
2017), Xt KAT RGBT 7 AR A AT SR SRR B e P ) B R kA, R
BN BRI R B MR REIR MK, 15 S8 10 IR B JE A R 23 2R 8k, #ARE ) 42 o AR 25 M [ A
AR R, T 2 TA) AT A% AR T Bk BN R 8 s (LR 26 B BT 2%), 5 s B L BIFA (Zou
Q et al. 2026) TR T Wl — 55 % G WU A0 1) 5% s A Il — e 68 5 BUER 0 1) QAT SR R R, H At 3= 2hE
MR E AR R R 2 T RE 4 M — AR SR T T R AT NG T A R AR P L S 2 A )
FEAFE NI /AR 5T R, BE SIR E AN (1-10 kHz) P& 10-15 dB, R &
AR B2 MR R T R B R N R B . R AR &ML, B8 54T (0-1 kHz).
ek P A2 ), S IS 1) 485 R B AR sh A

N T HER VP AL AT 35 A B R ER BT A 0 IR AR 1 A, TR R T K6 R R G T R i AT
ML PAE (2018) Fig Y, BRIRIE P S e AR O RAT A R AR — A T R Y
PR IS HEAT IO UE . B AT RIS T B AR A w00 . A7 i R I DL RE R BE LR
B I A5, T R B S AR B M . E B A B 5 T, Gt e & 42 A (Statistical Energy
Analysis, SEA) J7 354 32 N T i 45 BE B e 75 2R 55 Fo000) e ok g S PR A R 0L M 7S RS R 4, T
TE A ] [ B R 30 98 7 465 ) XU A0 A0 45 4 15 -
6.4 SFHEEKNSEHFEE

2 3 ) KAT 2% R I 25 1) K AT B BB I R G S AR R R Y T IR B L Gl A A R AT 4
A A R KT A IR A (AR, RESR) IR, SRR B E R H RS
B P KAT AR T K AR R A R . R . SRR RS KRR T, A 5 R SR TH
S A BB A 5 T FASCBRONTTRORE DU 75 N0 v e R e B 2 AR A S R T I A R A
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MR S B R AR T A R R, LR U T A R ) S AR S5 R AE (Annamdas et al. 2017). % T A%
0 1 T G 45K I AN IUCRE IS FE 77« A9 A I, 38 W7 B8 1 N kAR A, DR Ik T AL A I AR I 45
) A i 1 (Structural Health Monitoring, SHM) FRMNIE A 128 AR I 7k A 22358 1) 4% 2
LI RPIRAS KR LIRFN, 466 T0H 5 N TR REE, Mz, 75 ar il & ©AT 24
BEAT SEISPEAS (RhIE A 45 2025). H AT, SHM $RZ Y3 JF 3 2 N T BN 1% 3t
B ARSI KBRSV OR R (XTI 5 2024), %R EAE R 5 E RS IR 4 PR,

JUE AT HOR C i SHM ) 32 2228 5], AE &0 i 30 =25 (8] QAT &% R Bk 75 oK, B — T B AT
HMe DLl AR EESR, B XA AR 5 2 RS il & 1E O BT T B i 78 FBLE S ARSI, o0 i R R
KATS R =R, bR T AL LT (Electromechanical Impedance, EMI) #b, fif 4% K &
(Carbon Nanotubes, CNT) [ MXene 5 H BN & & A0 HE I BEORW ), T2 450 — AL Y
AR 55 ey An A I, BRI A O 25 R IR AR T S iR PE B (Zhang Y et al. 2025). 7E 3
PR G U, 51 S PSR BOR O s, a1 W FE S R Ltk 45 4, 3 T 0 A X
O AT 5 LA L B0 0 FE ik XA R T R, MR R R AR TE 5 s (Ogunleye et al.
2024). TSN 12240038, st 2 I (Comparative Vacuum Monitoring, CVM) & H T /& &
/AN A5 P ARSI T B R 3 2, DU A DL R 0 U IR BT 4 A TR A X 4% R B B A S I IR )
(Wild et al. 2021). $LAh, Jy Bkt 2% (8] () s e A 5 IR 3 40, 2 RS RS G (E B 50047
gia) W M, A FE PR IR A S G S IR AN T B BRI R BR % (Broer et al. 2022,
Qing et al. 2012).

®4 FHBRENKEASE (SR F 2024)

L/palesi BRTT % FEALREGERY ERNERE T JEL R A

R T T - Wiz 3 B 5 A R A A R 7 A P AR

. A, RGP T SRS
s _— o o FUBEARASE (%, BE) 1
Stk W AR/ R LA (TR e
e ESE (PZT, L RO R S (5,
SHREA BB S e L
MR (AE, R
By Acoustic Emission) (PZT. AE#R:k) * WA SIS S
fic i N E M5 ARSI,
MEEEA  pgrppsy TR RS SR 51
arkw pzrcems  mm pw USRS RS

TR A R b
A SR U 022 1 51 2 ) i BH
U543
i 3 3 ARk LB A1 AR A EE

VL FEPLEE (EMI) [EHLESE (PZT) R F5
akE (CNT)

RS RBBUEATR T b CLINNE G B 3

I Rk mEw xm =T Eﬁ%ﬁf@%ﬁgﬁ%ﬁgﬁw
o WEOTREW WREE 3 o S5 R T A7
ik )% (CVM) wppem e B U RS SR
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Z R T2 A S5 N BIAE 5 3k S A B A A B MR, H T4 R /AT SR B SHM R 4 0 AN B
A JUH R AEBAE R FF . BT 0 S e b R D7 T I PR vt S5 S IR B BRI 5 2 L
5 1) #7284 (Digital Twin) H5 AR BA B 680 K R IR O B SRR 1. 2 B30 R I R B 5 21 Bk
TGRS T RE A 5, SEILAE e S 80 5 B TN . 1 4, Dong Y 4% (2023) F FH #7284
AR R RE A, JF Rk 2 R 2 BiE R A W4, W5t 1 s 75l AT 28 00 W 2 W ks B
TE A (2025) MEE T RSB A dw R A SBIL T OB A TR R A7 i I B A T s Zou Z 5%
(2026) g ST 7 AR ATV A S AL A 4 A= i A IR AR AR AE SR 0T RS AT g, Bor AR
FEMEHH TR R B & B 5 H B Ak (Rawal et al. 2022). X UL B 75 R B, #0722 4 IEH#E3)
SHM A FRL IR <R 2 I [ea) << FRUIN 14 4 97 5 k.

AR, SHM $4A ) K R K 32 i 1 25 (B AE 55 20 A% 1t 5 B0 53 A% o i 1) XU R By, 52 0 HH R e A
Z B R G KA E . BEAE VLS ] BEE D (W ONN A B4R 3N1E 5 (Scarselli &
Nicassio 2025)) , SHM ¥ . £ B2 5 (1) S 453 4% 100 55 Pk B8 7, M35 12 W% 1)« 5 {0,
T I 75 iy TN AR TR B H T T DA A 2 4P (Hassani & Dackermann 2023). [F] B XF &2 & 44 K} 1
JZ N R, ISR RN MUk, RSS2 W R I R P B R, T IO At R I 4 5L 2%
THELIR 51 KA R TR DR R R E 0 A Ze HE L, PR AIS R R 4EH AR (Wil et al. 2021, Kosova et al.
2025). tbAh, JF i I SHM HE 22 K bR AL IR (4 Joyce 55 (2018) M) X FAE#EH A
NS E 5 ) A RO W AR Ik O A8 OC EE . AT &, SHM H R 1 1 A0 B HE B I 30 =% 18] K AT 2% 18
AR H SN A0 )< FI SOAR AR AR BE RIS EAE SN (Yu et al. 2025).
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HARRS G, RO sR A AL MR RORL. PR, S T I T U] v PR O R AT AR, H A AR T A A
T DA R AR D B4 1 DR OB Y TE K B2 A B 28 b i AN A2, 6 T il A, R SR mT AN T ) iR AT R
T, — e Ak B R JE R P T e, FRUNU B AR 0 AR, R T I R U AR R A S I R B
I, BEXT TRAT AR IS AT T I0N B B R AT 0 M VAl AR IE DLSR A SE I HE R (1 2% . iksh, BT T
I 30T 25 (] DR A BR S5 R R AT 25 00 B 2000 1D 28 A @ SR PP ik D7 VR AU /b, ik TR B 2 R 3R R
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PRI 5378 A REAIE 1) e RS B2 SN SR ) PR 8 VP A Y 2, T TR i — B E N RIS S H . ¢
A7 LU TH B B IR BT - AT 2580 5 ROR 1) SRR DA% D7 v, D AR SR A 7 T8 v i S R AT #S B AN
LI RAEHETR I 2%, 1k OE .

ghA B SRR BT AR H o B BORE AU I 2R I (35 4F), MKFEEL A NRLMSISE-00-.
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T B ERESRT 2 Bk I (3-5 4 ), T AL A ()l A AT AR R B T
—H TE ) 3, 8 B0 I ST 4 T B 858 400 2l B 0 L, o S AT AR RS B, AR R R AT AR P
& LT A AE LR 07 H IR, B10 VFA4 B RE 72 ) SA 48 O SEHLBOA 5 R TR RE. I8 (5-10 4F),
RSN ANHERE R G P R AR AN 3, D9 Es L ah RATAR S5 4R 06 50w BE 42, JF SEIUR Bk
(OB R e 42 1l 24, 72 BR 50T Sl s i LRl AN i e I 5 . M (10 AR BALE ), Y Uk
FI- R - SR — L B EAESE ARG, WA BRI AR S, . SGHET RGBS
BN S TR A e v, MARAS EFRTHEEAS B 32 VAT BE RS 1< B b -2 e VE -5 E - m 3
PRI ZR G KT, T SCE R R RER . ZHEFESH A E UTES. IR T80
BREFEH] S B RO I RE <& — 2 e S R — AT YRV IR B T 1 AR
7.5 WEMBEZHERAEHRE

W 3 2 ] e P T AT 4 £ I R ASC v T WM s B A SRl e A R B R LR T ) ™
Mt e L — SR R R SRR CXE DL A2 R OR TRAT SR R AR BUR B Al L v R B RN A el 1k
IR SR AR, R 23 18] R AT 4% B0 IS A 5 I B 4 R GUHE 7T, 0 BT AR GE A R EE A2 MR R
LD B REMIIE . Bh AVE B RO IR R 1 S 4R R OT IR A X, W R LR J LA KRR T I

Bt X e 30 2 T v 7 O AT A I AR A3 T i 4 A e B IS R R R K R B T A 3k T



46 al 2% it & xxxx & x &

R R B AR R DR A AR S S SR FE AT I 45 K (Graded TTPS) 1944 il 3& AR /& AR R [
BRI IR RS 2 ROE 505 L2 ] BECr R A SOR, gl &Rk e AL R
B PRI IR AT i TS Y, W] A 28R A% G e 36 W TR RO AR BT ST RIS, R 2 4R
A TG 1) 3 S B M 2 T v i M B B N R AR R R T L, A M LA S A U
2V Bk B il 0 P BT, K PR R T Ak AR S N R R BRAL, BT R 0% 2 AR I A B A
W, S a8 AT HIE N S AVE BEOR (WGl TE A 20 5 A AR BE T ), KN
B GE IR A 1 S I M 0 e T B A 0 SCHE

Bt s 5 S 2 e 5 M S AR S U R IS M IR BN L 57 451 05 B e ok RT SR R )R, T [
A-Ui- [ - 2 A I RS S 2 DR — R PR BOR B B2 S ROR R 75 i 5L R
) RN 5 ZE Y AR LM Y 22 S R 5 Bl 0 AR s 2 2% BE L AT 55 e 5 K 9 57 Y SR B B AL
. R AL B, R R E TR R M ST S A RS R T R R BT Tk, A5 A R R A RN
TP, LB T8 P AR AE R I RO I S R b SRR . BRIR. PO
WINHE T — R RO APRL S5 B et R ROA SRBR I I 2 8] AT T i g << s o 0B R o] ) o
1 3.

BT R B, T R M A0 2 TR e R P AT A DA S AT A S A e B R A A R e
IR R, SR LU 20 B Bt e i ) (3-5 4F), JALE AR 0 CMC [ 34 70 2 1 RERE Y
KA A 1 A7 1] 36 AN A5 R BOR, B e I B 97 PR e O PR AR A& A . A ) (5-10 ), JF RS o)
A1y 3UA% S 1) 45 M g BRI I 2R S, ST A 453 0 R R 2R M, R P B 20 A BOR 3 S 45 W 7 i
SR T 7, ST E A T AR 4R K (10 4E DL L), BT ERE ALK EEEN T &
HAEE Tl amal. BBRAD RS, 80 MM BT RITE A, F BB SE AT ROR,
HEZN AT KRG LR a VERERI AR R LA L Ik AT . R . M R &5 R R AR 55 K.

AR SC B 73R A G A B I A 2 1) PR B0 AT A A RS S B R S B BE R (H %
B T 40U 2 5 R L, A S BT U BN VU SR, A I A 2 T A R PR S A TR o
KL 15 R RE T TS G T )5 B S Al ) 2 78T 7T, 6 AR 55 5 55 7
T, R O e A 18] RAT 8% B SR e ih . REIHLEE L B RGeS AT AR S
POR G B8 e ek i, HESh I A A A R B AT R B IHLBh R B, sl
RRblng ., 40 E R 2 SRR S Imm 0 E, Bhi@E— 1A%, mTiE. @ans
K& KRR .

2 oE BEE ARRIFESTH (12325206, 12441202, 12472124, U2241240) X AHE 7T (1) % 8.

2 % X

M, WY, ZEAE, 4. 2025, ERL AR A T RSO U . R AR, 29(06): 1502-1514 (Cai R, Yang
Y C, Jiang L H, et al. 2025. Research progress of high-altitude scientific balloons in Chinese Academy of
Sciences. Journal of Remote Sensing, 29(06): 1502-1514).

PRI R, IR, SREEE, 4. 2017, Al A2 F R AU IUIR S R SR S . 2R3 1Ak, 85(03): 311-337


https://doi.org/10.11834/jrs.20255099
https://doi.org/10.11834/jrs.20255099
https://doi.org/10.7638/kqdlxxb-2017.0030

5 x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 47

(Chen J Q, Tu G H, Zhang Y F, et al. 2017. Hypersonic boundary layer transition: what we know, where
shall we go. Acta Aerodynamica Sinica, 35(03): 311-337).

FRiutde, M. 2006. S BhH B2 A R MBE RIS AR S 51 6. HiRIEH], 2006(6): 17-22,26 (Chen H B,
Yang D. 2006. Optimal Trajectories Design and Closed-loop Guidance Law Study for Aero-assisted Space
Rendezvous. Aerospace Control, 2006(6): 17-22,26).

BRigam, R, mESE, & 2023, HFERIA % 2035 . dbE: Bl HRAE (Chen J Q, Yuan X A, Tu G H,
et al. 2023. Computational Fluid Dynamics 2035 Vision in China. Beijing: Science Press).

Mo, B, XEEH, 45, 2014, KAL) F 1L 20 T A S BIF9E. AR 22274, 29(4): 774-779 (Chen L, Liu
D, Deng Z X, et al. 2014. Accuracy analysis and applicability of the atmosphere model. Chinese Journal of
Radio Science, 29(4): 774-779).

i, #L%F, SAME, 55, 2017, dbPERE 2 KRS HOEFN XTI 25 (8] CAT ISR . B 3238, 62: 1402-1409
(Chen M K, Du T, Hu X, et al. 2017. Effect of atmosphere parameter oscillation at high altitude in the
northern hemisphere for near space hypersonic flight aerothermodynamic prediction. Chinese Science
Bulletin, 62: 1402-1409).

FRA 77, B0, T IR, 55, 2016. M S ARSI A5 E fi gk . SUE I, 1(5): 9-24 (Chen W F, Zhao W
W, Jiang Z Z, et al. 2016. A review of moment equations for rarefied gas dynamics. Physics of Gases, 1(5):
9-24).

FRig. 2018, i AL AR W I AT [ AR s ] b JER K% (Chen X. 2018. Study on
hypersonic boundary layer transition [PhD Thesis|. Beijing: Peking University).

BRAEAD, 5REN, 2R, 55, 2024, RIT W HEORTE AT & BRI KR E. HHERE2 4Rk (HBAREM), 64(2): 318-
336 (Chen Z C, Zhang K, Li F, et al. 2024. Application and research progress of transpiration cooling
technology in flight vehicles. Journal of Tsinghua University (Science and Technology), 64(2): 318-336).

TEE, HAEDE, SAME. 2018. I 23 (B KPR =yl 75 18 RAT 38 B R M s i T gk . RS9, 2018(5): 22-

8 (Cheng X, Xiao C Y, Hu X. 2018. Research progress on the influence of near-space atmospheric
environment on the aerodynamic characteristics of hypersonic vehicles. Aerodynamic Missile Journal,
2018(5): 22-28).

FENE, HAFIE, kv, 45, 2021, i 2 A KU BE S Alox el 7 8 AT S B IR RO RE M. JE ST i R K727
%, 47(4): 754-764 (Cheng X, Xiao C Y, Du T, et al. 2021. Influence of atmospheric density disturbance
on aerothermodynamic environment of hypersonic vehicles in near space. Journal of Beijing University of
Aeronautics and Astronautz’cs, 47(4): 754-764).

FERA. 2009. 1573 6] RAT A F0 R IR R OB HOR R /. 77573k g, 39(06): 658-673 (Cui E J. 2009. Research
statutes, development trends and key technical problems of near space flying vehicles. Advances in
Mechanics, 39(06): 658-673).

WL, AL, BT, A5 2017, HIFIRE W H th (3l /A — Al il A s T8 bt 7. Segaiiidh /o, 31(2):
73-80 (Deng F, Ye Y D, Jiao Z H, et al. 2017. Research on HIFiRE project’s hypersonic vehicle
integrated design of aerodynamic and scramjet propulsion. Journal of Experiments in Fluid Mechanics,
31(2): 73-80).

WL, A7) g, 5. 2018, F B E K ZHHLA HIFIRE Wi B WATRIEHF B, Wi2s5h 1244k, 33(3): 683-
695 (Deng F, Chen J, Xie F, et al. 2018. Research progress on flight tests of HIFiRE project based on
scramjet. Journal of Aerospace Power, 33(3): 683-695).

L, 5T, B, &L 2017, A AR A RAT 28 1 OGS B AR 2 1) A SR AT UH R A LR . E R AR Ak 4
31(2): 109-114 (Du S'Y, Fang D N, Meng S H, et al. 2017. Review of the achievements of Major Research

Plan on “Key Fundamental Scientific Problems on Hypersonic Vehicle”. Science Foundation in China,


https://doi.org/10.7638/kqdlxxb-2017.0030
https://doi.org/10.3969/j.issn.1006-3242.2006.06.005
https://doi.org/10.3969/j.issn.1006-3242.2006.06.005
https://doi.org/10.13443/j.cjors.2013070702
https://doi.org/10.13443/j.cjors.2013070702
https://doi.org/10.13443/j.cjors.2013070702
https://doi.org/10.1360/N972016-00194
https://doi.org/10.1360/N972016-00194
https://doi.org/10.1360/N972016-00194
https://doi.org/10.19527/j.cnki.2096-1642.2016.05.002
https://doi.org/10.19527/j.cnki.2096-1642.2016.05.002
https://doi.org/10.16511/j.cnki.qhdxxb.2023.26.047
https://doi.org/10.16511/j.cnki.qhdxxb.2023.26.047
https://doi.org/10.16511/j.cnki.qhdxxb.2023.26.047
https://doi.org/10.16511/j.cnki.qhdxxb.2023.26.047
https://doi.org/10.16511/j.cnki.qhdxxb.2023.26.047
https://doi.org/10.16338/j.issn.1009-1319.20170386
https://doi.org/10.16338/j.issn.1009-1319.20170386
https://doi.org/10.13700/j.bh.1001-5965.2020.0044
https://doi.org/10.13700/j.bh.1001-5965.2020.0044
https://doi.org/10.13700/j.bh.1001-5965.2020.0044
https://doi.org/10.13700/j.bh.1001-5965.2020.0044
https://doi.org/10.3321/j.issn:1000-0992.2009.06.007
https://doi.org/10.3321/j.issn:1000-0992.2009.06.007
https://doi.org/10.3321/j.issn:1000-0992.2009.06.007
https://doi.org/10.11729/syltlx20160125
https://doi.org/10.11729/syltlx20160125
https://doi.org/10.13224/j.cnki.jasp.2018.03.022
https://doi.org/10.13224/j.cnki.jasp.2018.03.022
https://doi.org/10.16262/j.cnki.1000-8217.2017.02.002
https://doi.org/10.16262/j.cnki.1000-8217.2017.02.002

48 al 2% it & xxxx & x &

31(2): 109-114).

IR, FEOC, FHEE. 2023, =M m e AR S BUE S T VAT F LRIk . )5 bR, 53(03): 561-591 (Gao Z
X, Jiang C W, Li C X. 2023. Review of numerical simulation methods for hypersonic and high-enthalpy
non-equilibrium flow. Advances in Mechanics, 53(03): 561-591).

HOLH, 4. 2015. 188K H — AT BURI A MVLIE S M. SIS HIRIZEHEA, 2015(2): 67-71 (Geng G Y,
Li D. 2015. Mechanism analysis of rocket’s base-force during the 1st stage flight phase. Missiles and Space
Vehicles, 2015(2): 67-71).

FALAT, X%, $RAR. 2020. KMURT Sl A E AT IILEE PRI R . 2558 112524k, 38(4): 641-650 (Gui Y W,
Liu L, Wei D. 2020. Combined thermal phenomena issues of long endurance hypersonic vehicles. Acta
Aerodynamica Sinica, 38(4): 641-650).

R, XHRs, AR, &5, 2025. FR A S5 R I I R F it g . REIIRE S, 46(03): 1-24 (Han R Q, Liu W
S, Lin B T, et al. 2025. Research Progress on Spacecraft Structural Health Monitoring Technology.
Journal of Telemetry, Tracking and Command, 46(03): 1-24).

A&, M, 30, 5. 2019. MF-1 W4T uRI6 30 22 57 0 fr M OB S wE /e 253 J) 24224, 87(05): 777-
784 (He Z C, Xiao H S, Yuan X A, et al. 2019. Flight trajectory bias analysis and trajectory
reconstruction for MF-1 flight test. Acta Aerodynamica Sinica, 37(05): 777-784).

AR, 78, WRIBSH, 6. 2023, BT IREEAZ M4 R AE IR TN, ) 554, 55(01): 38-51 (Hu Z Y, Wang
Z L, Chen J Q, et al. 2023. Prediction of crossflow transition based on deep neural networks. Chinese
Journal of Theoretical and Applied Mechanics, 55(01): 38-51).

T, PR, SR/, AL 2025, BET WS -H G A U AR A BRI TROL A R REAE BT ik A A AR, 46(21):
532382-532382 (Huang L, Guo C, Zhang X B, et al. 2025. Aircraft structural health management method
based on flight parameter-load-life digital twin models. Acta Aeronautica et Astronautica Sinica, 46(21):
532382-532382).

BHE T, TRARE, BENK, 55, 2019, g AR AR R RIIR BN A T 5. BTk, 37(21): 46-62 (Huang W
N, Zhang X J, Li Z B, et al. 2019. Development status and application prospect of near space science and
technology. Science & Technology Review, 37(21): 46-62).

QOUSE, BB FRT, L 2024, TG R R SILIR SRR FEAE SRk R i A 4Rk, 45(3): 028696 (JI J H,
CAI Z, WANG T Y, et al. 2024. Flow and combustion process for wide speed range scramjet: Review.
Acta Aeronautica et Astronautica Sinica, 45(3): 028696).

5, WEE, SR, 5. 2022, B R R S LR SRR B0 AL SR S AR AR SRR AR EOR,
2022(6): 57-66 (Li H W, Lin G W, Feng W J, et al. 2022. Review of flow and heat transfer characteristics
of hydrocarbon fuels and progress in regenerative cooling technology in hydrocarbon-fueled scramjet.
Aerospace Technology, 2022(6): 57-66).

ZxAE (). 2023 PERER2H E=R)- 7%, dbxt: PERXER2H LML (Li J C (Ed). 2023.
Encyclopedia of China (Third Edition)- Mechanics. Beijing: China Encyclopedia Publishing House.

M (F4). 2012, I = 18] w7l AT a8 R AT AL dbat: P EF AR (Li J L (Ed). 2012. Research
on the development of near space hypersonic flying vehicles. Beijing: China Astronautic Publishing
House.

B, S8, K. 2023, @ TSR AL S NARBT T R vt R, SR 3R, 217(01): 8-21 (Li S, Ma R,
Wang L. 2023. A review of combined thermal protection system for high-speed aircraft. Tactical Missile
Technology, 217(01): 8-21).

RO, BOG, MRS, 5. 2009, k%R 5 FEIE Gl 1) B FU R f . R ah 022, 27(21): 40-45 (Lin Z B, Liao
G, Lin J M, et al. 2009. Progress of measurements in high-enthalpy detonation-driven shock tunnel. Acta


https://doi.org/10.6052/1000-0992-22-051
https://doi.org/10.6052/1000-0992-22-051
https://doi.org/10.7654/j.issn.1004-7182.20150216
https://doi.org/10.7654/j.issn.1004-7182.20150216
https://doi.org/10.7654/j.issn.1004-7182.20150216
https://doi.org/10.7638/kqdlxxb-2020.0078
https://doi.org/10.7638/kqdlxxb-2020.0078
https://doi.org/10.7638/kqdlxxb-2020.0078
https://doi.org/10.12347/j.ycyk.20250411002
https://doi.org/10.12347/j.ycyk.20250411002
https://doi.org/10.7638/kqdlxxb-2018.0065
https://doi.org/10.7638/kqdlxxb-2018.0065
https://doi.org/10.6052/0459-1879-22-448
https://doi.org/10.6052/0459-1879-22-448
https://doi.org/10.6052/0459-1879-22-448
https://doi.org/10.7527/S1000-6893.2025.32382
https://doi.org/10.7527/S1000-6893.2025.32382
https://doi.org/10.7527/S1000-6893.2023.28696
https://doi.org/10.7527/S1000-6893.2023.28696
https://doi.org/10.16338/j.issn.2097-0714.20220102
https://doi.org/10.16338/j.issn.2097-0714.20220102
https://doi.org/10.16358/j.issn.1009-1300.20220142
https://doi.org/10.16358/j.issn.1009-1300.20220142
https://doi.org/10.16358/j.issn.1009-1300.20220142
https://doi.org/10.3969/j.issn.0258-1825.2009.z1.008
https://doi.org/10.3969/j.issn.0258-1825.2009.z1.008

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 49

Aerodynamica Sinica, 27(z1): 40-45).

X, R E. 2020. BSECN T B E AR AR K HAERR L 2 RS g h R . 030 77 2% 2% 3k, 38(2): 197-216 (Liu
C, Xu K. 2020. Direct modeling methodology and its applications in multiscale transport process. Acta
Aerodynamica Sinica, 38(2): 197-216).

X, RER. 2022, SR E AT SRS IR G 3 Rt R, BE 5T, 49(4): 1-8 (Liu C, Wu C
W. 2022. R Research Progress on Thermal-Acoustic Vibration Coupling Dynamics of Hypersonic Aircraft
Structures. Structure & Environment Engineering, 49(4): 1-8).

XTI, BRiFE, Bryansky A, 5. 2024. iR E S MRS & RIS I BOR N I BERE. Z 5 M kAR, 41(09): 4563-
4588 (Liu Q X, Chen H F, Bryansky A, et al. 2024. Progress in application on health monitoring
technology for aerospace composite structures. Acta Materiae Compositae Sinica, 41(09): 4563-4588).

KNGS, EWIAE, RIS, 55, 2024, @R E R SN HLEEFC RS R . i A4k, 45(5): 529878 (Liu X Y, Wang
M F, Liu J W, et al. 2024. Review and prospect of research on scramjet. Acta Aeronautica et Astronautica
Sinica, 45(5): 529878).

MIJEFE. 2018, Iimix 23 (WK BH A8 $AT 8% BN — 25— AT 0 i & I T A [ 12 AR ST ) Kb BB R R
(Liu Z W. 2018. Study on aerodynamic-structural-flight dynamics coupling problems of near space solar
powered aircraft [PhD Thesis|. Changsha: National University of Defense Technology).

AT, WIAE, BRI, 2. 2022, FUA AL & (B IR RN A, 2 TE) /)22 4%, 40(1): 190-207 (Luo J M,
Yang S H, Mu Z Q, et al. 2022. Pre-cooled combined cycle engine technology. Acta Aerodynamica Sinica,
40(1): 190-207).

DA, skENI, W, 5. 2023, il A AT AT S PG 50 BEORBE S . 71554, 55(11): 2439-2452
(Luo S C, Zhang Z G, Liu J, et al. 2023. Progress in the high temperature thermochemical non-
equilibrium aerothermal test and simulation technology. Chinese Journal of Theoretical and Applied
Mechanics, 55(11): 2439-2452).

BIAA, BRET, BREE, 25, 2009. 61T 4 MRS R DUR. SR, 39(06): 674-682 (Lyu D R, Chen Z Y,
Guo X, et al. 2009. Recent progress in near space atmospheric environment study. Advances in Mechanics,
39(06): 674-682).

AT, BT, MM, . 2023, RIIEE R AR RHREE SO R S E RS R EUE AT T b E R Y
KW, 53(3): 234711 (Niu S Z, Yang P F, Yang Y, et al. 2023. Numerical study of the effect of a sudden
change in inflow velocity on the stability of an oblique detonation reflected wave system. SCIENTIA
SINICA Physica, Mechanica & Astronomica, 53(3): 234711).

ZA, XN, BT, S5, 2019, I 7 A] ke A AT S ) R G AR B LR AL TR R R (Qin
W W, Liu G, Zhao X, et al. 2019. Basic principles of control system for hypersonic aircraft in near space.
Beijing: Beihang University Press).

PR, BCHRSC, EWRZR, &5, 2023. ek BRI RE A ke R S LI Fo 4Rk . WA R ahil, 49(2): 1-12 (Rui C S,
Wu Y L, Wang X D, et al. 2023. Review of Research on Rotating Detonation Turbine Engine.
Aeroengine, 49(2): 1-12).

Tk B, BE, gk, 5. 2022, SEAE TR ET SR E AR AR, 25380 14k, 40(6): 1-13
(Shen B X, Zeng L, Liu X, et al. 2022. Research progress of thermal protection technique by activemass
injection for hypersonic vehicle. Acta Aerodynamica Sinica, 40(6): 1-13).

RHEZE )RR, WAl 2012, LS AT EE. JEED: Miaf Tk AR (Shen H J, Cheng K, Yang L. 2012. Near
Space Aerocraft. Beijing: Aviation industry press).

ST, BETE, AR, 20230 ZREAIGT A S TR MA B S 05H. TSR, 44(16): 228451 (Shi G Z,

Yang Y J, Zuo Z Y. 2023. Multi-element coupled modeling and simulation for multi-capsule near-space


https://doi.org/10.3969/j.issn.0258-1825.2009.z1.008
https://doi.org/10.7638/kqdlxxb-2020.0018
https://doi.org/10.7638/kqdlxxb-2020.0018
https://doi.org/10.7638/kqdlxxb-2020.0018
https://doi.org/10.19447/j.cnki.11-1773/v.2022.04.001
https://doi.org/10.19447/j.cnki.11-1773/v.2022.04.001
https://doi.org/10.19447/j.cnki.11-1773/v.2022.04.001
https://doi.org/10.19447/j.cnki.11-1773/v.2022.04.001
https://doi.org/10.19447/j.cnki.11-1773/v.2022.04.001
https://doi.org/10.19447/j.cnki.11-1773/v.2022.04.001
https://doi.org/10.13801/j.cnki.fhclxb.20240606.002
https://doi.org/10.13801/j.cnki.fhclxb.20240606.002
https://doi.org/10.7527/S1000-6893.2023.29878
https://doi.org/10.7527/S1000-6893.2023.29878
https://doi.org/10.7527/S1000-6893.2023.29878
https://doi.org/10.7638/kqdlxxb-2021.0294
https://doi.org/10.7638/kqdlxxb-2021.0294
https://doi.org/10.6052/0459-1879-23-196
https://doi.org/10.6052/0459-1879-23-196
https://doi.org/10.6052/0459-1879-23-196
https://doi.org/10.3321/j.issn:1000-0992.2009.06.008
https://doi.org/10.3321/j.issn:1000-0992.2009.06.008
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.1360/SSPMA-2022-0156
https://doi.org/10.13477/j.cnki.aeroengine.2023.02.001
https://doi.org/10.13477/j.cnki.aeroengine.2023.02.001
https://doi.org/10.7638/kqdlxxb-2021.0185
https://doi.org/10.7638/kqdlxxb-2021.0185
https://doi.org/10.7527/S1000-6893.2023.28451

50 al 2% it & xxxx & x &

airships. Acta Aeronautica et Astronautica Sinica, 44(16): 228451).

NG, BREE, WK, 5. 2016. IS () RSP BT @A R 0 TRAT AR . Fe 4] 51 2L, 38(05): 107-111 (Sun
L, Lian P, Chang X F, et al. 2016. Near Space Atmosphere Modeling and its Effect on the Aircraft.
Command Control & Simulation, 38(05): 107-111).

REESL, R, BOsH, 55 2023 Ml A S KT REWER GO . S RE) el 41(08): 44-58
(Tang Z G, Yuan X A, Qian W Q, et al. 2023. Research progress on the fusion of data obtained by high-
speed wind tunnels, CFD and model flight. Acta Aerodynamica Sinica, 41(08): 44-58).

[, ME . 2024, RUBSEENIRBEILR SILHLHL. Jbat: Bhaf At

F e, wigr, R, 5. 2021, BRASINIATRERE. R, 42(4): 721-737 (Wang B, Xie Q F, Wen H C,
et al. 2021. Research Progress of Detonation Engines. Journal of Propulsion Technology, 42(4): 721-737).

T, PHEFE. 2020 P2 KAEE LS Z A AR AT 7T, R TR, 17(01): 13-19 (Wang X L, Xie W
C. 2020. Thermal Characteristics Analysis of Stratospheric Airships Envelope. Equipment Environmental
Engineering, 17(01): 13-19).

EARE, RO, JuBEkE, 5. 2023, AN EE T8 U7 % BB RYE. &3 1774k, 41(08): 13-25
(Wang Z G, Liang J H, Fan X Q, et al. 2023. Integrated scheme of air-breathing high-speed aircraft:
review and prospect. Acta Aerodynamica Sinica, 41(08): 13-25).

&, F4. 2025 CUDA F £ #4645 KK DSMC J 47 83, i 8 79 24), 41(X): 20250348 (Wang Z,
Wang X D. 2025. Parallel DSMC algorithm for unstructured grids on CUDA platform. Journal of
Aerospace Power, 41(X): 20250348).

Fefi. 2025. AP AT 23 RABH RIS AT 2 Bl 2 [A) PR S5 R 1k A % 4 [ B i S = iR sl 2. bRt TR
22 IE W, 2025-06-18 (Wu N. 2025. BIT held strategic seminar on aerospace science and technology and
the launch meeting for the construction of National Key Laboratory of Near Space Environmental
Characteristics and Effects. BIT News, 2025-06-18).

AR, BEAE, ARV, 45, 2020, KM TG AN RBEEORST FT 8. e /R Dol oK% 244k, 52(06): 57-77 (Xiang J
W, Kan Z, Shao H Y, et al. 2020. A review of key technologies for long-endurance unmanned aerial
vehicle. Journal of Harbin Institute of Technology, 52(06): 57-77).

WAL, BEK, LB AT, . 2020. & S B AU A AVECR BT Uk R ROk BT 1) UM R, 50(3): 1-10
(Xiang S, Shang S, Shen Z, et al. 2020. Research Progress and Development Direction of Hypersonic Film
Cooling Technology. Aerospace Materials & Technology, 50(3): 1-10).

HAFTE. 2009. WiIE 2 W KA SRt 5 [ -LSAe s ). dual: pER R A S M AR O (Xiao
C Y. 2009. Research on atmospheric dynamics characteristics in near space [PhD Thesis]. Beijing:
Technology and Engineering Center for Space Utilization, Chinese Academy of Sciences).

IR, WS, BRee, . 2024, MG EGE AT R RIUIR S 2. T EfTR, 2024(11): 21-31 (Xiao Z, Ji R
X, Chen A H, et al. 2024. Current Status and Prospects of the Development on Low Speed Aircraft in
Near Space. Aerospace China, 2024(11): 21-31).

B AR, DT, XU 2017, %EHE RANS-LES W& BRI E &R . 755380 )% 5%, 35(03): 338-353 (Xiao
Z X, Luo K'Y, Liu J. 2017. Developments and applications of hybrid RANS-LES methods for wide-speed-
range flows. Acta Aerodynamica Sinica, 35(03): 338-353).

W&, MATYE, SR, 5. 2019, IfmIE 2 I R AR R R FE0 T RAT B M. AL RIS LR K244k, 45(01): 57-65
(Yang J F, Xiao C Y, Hu X, et al. 2019. Wind shear characteristics in near space and their impacts on
air vehicle. Journal of Beijing University of Aeronautics and Astronautics, 45(01): 57-65).

BB BK, FE00, B, . 2024, G2 AR IR . )8 Kk St 7. b CFER%, 26(05): 128-136 (Yang J
L, Jiang C W, Zhu M, et al. 2024. Development of Near Space: Current Status, Problems, and


https://doi.org/10.7527/S1000-6893.2023.28451
https://doi.org/10.3969/j.issn.1673-3819.2016.05.023
https://doi.org/10.3969/j.issn.1673-3819.2016.05.023
https://doi.org/10.3969/j.issn.1673-3819.2016.05.023
https://doi.org/10.3969/j.issn.1673-3819.2016.05.023
https://doi.org/10.3969/j.issn.1673-3819.2016.05.023
https://doi.org/10.3969/j.issn.1673-3819.2016.05.023
https://doi.org/10.7638/kqdlxxb-2023.0096
https://doi.org/10.7638/kqdlxxb-2023.0096
https://doi.org/10.3724/1001-4055.202505004
https://doi.org/10.3724/1001-4055.202505004
https://doi.org/10.7643/issn.1672-9242.2020.01.003
https://doi.org/10.7643/issn.1672-9242.2020.01.003
https://doi.org/10.7643/issn.1672-9242.2020.01.003
https://doi.org/10.7638/kqdlxxb-2023.0116
https://doi.org/10.7638/kqdlxxb-2023.0116
https://doi.org/10.13224/j.cnki.jasp.20250348
https://doi.org/10.13224/j.cnki.jasp.20250348
https://doi.org/10.13224/j.cnki.jasp.20250348
https://doi.org/10.11918/202004009
https://doi.org/10.11918/202004009
https://doi.org/10.12044/j.issn.1007-2330.2020.03.001
https://doi.org/10.12044/j.issn.1007-2330.2020.03.001
https://doi.org/10.12044/j.issn.1007-2330.2020.03.001
https://doi.org/10.12044/j.issn.1007-2330.2020.03.001
https://doi.org/10.12044/j.issn.1007-2330.2020.03.001
https://doi.org/10.12044/j.issn.1007-2330.2020.03.001
https://doi.org/10.3969/j.issn.1002-7742.2024.11.003
https://doi.org/10.3969/j.issn.1002-7742.2024.11.003
https://doi.org/10.7638/kqdlxxb-2017.0048
https://doi.org/10.7638/kqdlxxb-2017.0048
https://doi.org/10.13700/j.bh.1001-5965.2018.0175
https://doi.org/10.13700/j.bh.1001-5965.2018.0175
https://doi.org/10.15302/J-SSCAE-2024.05.013

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 51

Countermeasures. Chinese Academy of Engineering, 26(05): 128-136).

B, FEE 4, 2%, 6. 2018, LT il AT S8 A B M sem ORe 7. s S51RIR, 24(2): 133-136 (Yang L,
Kang C X, Li L, et al. 2018. The research actuality of aerodynamic noise and acoustic test technology for
the super-speeding flight vehicle. Vacuum and Cryogenics, 24(2): 133-136).

Bk, ik, Klide, 55, 2018. ml Bl R RO DR 5 d. B30 71554k, 36(2): 183-195 (Yang W
B, Shen Q, Zhu D H, et al. 2018. Tendency and current status of hypersonic boundary layer transition.
Acta Aerodynamica Sinica, 36(2): 183-195).

Mk, B, BREFRE, . 2020, A AR R AT R, P ES R EERR, 40(01): 54-59 (Yang Z L,
Guo N, Chen X K, et al. 2020. Feasibility analysis of air-breathing plasma propulsion system. Chinese
Space Science and Technology, 40(01): 54-59).

e P 2026, BIVE SRR 2 5 A R B AR HUNL BN BE /). [2026-3-2]. https://weibo.com/3266943013/
5272134152884093 (CCTV. com. 2026. Iran's Fattah-2 missile has terminal maneuverability. [2026-3-2].
https://weibo.com/3266943013/5272134152884093).

MK, SRIAGE, B, S5, 2018, I W) i A AT S AR FU B R . )24, 50(06): 1292-
1310 (Ye Y D, Zhang H X, Jiang Q X, et al. 2018. Some Key Problems in the Study of Aerodynamic
Characteristics of Near-space Hypersonic Vehicles. Acta Mechanica Sinica, 50(06): 1292-1310).

T, X, T, 5. 2014, 25 B . rg/RE T KRE H Mkt (Yu D R, Liu H, Ding Y J, et al.
2014. KONGJIAN DIANTUIJIN YUANLI. Harbin: Harbin Institute of Technology Press).

FOEE, XUARK, FiERE, . 2024, Bl ERGRTT AR, SR80 1554, 42(04): 1-13 (Yuan X X, Liu P X,
Zhou Q Q, et al. 2024. Progress in high-speed high-temperature turbulence research. Acta Aerodynamica
Sinica, 42(04): 1-13).

FOWRTL, YO, BTEROR, S, 2020. 1R A IR H A SR O R . ML R, 41(11): 224-232 (Yuan X J,
Sha X G, Shi X T, et al. 2020. Noise-turbulence relationship in hypersonic flow. Acta Aeronautica et
Astronautica Sinica, 41(11): 224-232).

WHESE, I, KB, . 2022, & SARECGE A S R SN BRI FERE IR . 25 AR, 54(2): 263-288 (Yue L J,
Zhang X, Zhang Q F, et al. 2022. Research progress on high-Mach-number scramjet engine technologies.
Chinese Journal of Theoretical and Applied Mechanics, 54(2): 263-288).

M, L, R, 2022, 4 T AR RN F ) B @A, R AN )1 AR, 40(2): 1-30 (Zeng J N, Li Q, Wu
L. 2022. Kinetic modeling of rarefied molecular gas dynamics. Acta Aerodynamica Sinica, 40(2): 1-30).

T, FRE, M. 2013, VAT 5 2 A M S BRI K 7 SRR S R 4. R BCE N 772, 34(11): 1157-
1164 (Zhang G J, Yan Y J, Li P B. 2013. Noise-Induced Vibration Experiment of Aircraft Structure and
Vibro-Acoustic Coupling Response Analysis. Applied Mathematics and Mechanics, 34(11): 1157-1164).

TKIRME, FME. 2001, WA S22 FERGT L. HARHAT RS KR, 23(1): 15-18 (Zhang H X, Zhou H. 2001. On
basic research of fluid mechanics. World Sci-Tech R & D, 23(1): 15-18).

k12, Wik, D, 2025, 1A EF. bR Bl kL (Zhang J, Yang H, Ma Q H. 2025. Molecular
Gas Dynamics. Beijing: Science Press).

BIE . 2018, KT N-S/DSMOC B & B0V 1 WU BS T S B MR, [ 012 (0 0 |, W AR ¥5E: WA AR 158 T k2
(Zhang S W. 2018. Nozzle Trans--Regime Flow Simulation Based on N-S/DSMC Coupling Algorithm
[Master's Thesis]. Harbin: Harbin Engineering University).

5K TLAL, ], mIEZE. 2011, MRS IS H AR AE i A 8T AT AT ) o 0 R TR, SR S A, 38(1): 31-35
(Zhang W H, Feng B C, Guo D J. 2011. The advanced research on application of acoustic test

technology indeveloping hypersonic cruise missile. Structure & Environment Engineering, 38(1): 31-35).

FRATM, TRIRDE. 2019. T 4% 1 ) =l 75 T8 RAT AR S B RS /i, (5 B 54541, 48(6): 700-706 (Zhang X


https://doi.org/10.15302/J-SSCAE-2024.05.013
https://doi.org/10.7638/kqdlxxb-2018.0011
https://doi.org/10.7638/kqdlxxb-2018.0011
https://doi.org/10.16708/j.cnki.1000-758X.2020.0007
https://doi.org/10.16708/j.cnki.1000-758X.2020.0007
https://doi.org/10.16708/j.cnki.1000-758X.2020.0007
https://weibo.com/3266943013/5272134152884093
https://weibo.com/3266943013/5272134152884093
https://weibo.com/3266943013/5272134152884093
https://doi.org/10.6052/0459-1879-18-247
https://doi.org/10.6052/0459-1879-18-247
https://doi.org/10.7638/kqdlxxb-2023.0185
https://doi.org/10.7638/kqdlxxb-2023.0185
https://doi.org/10.7638/kqdlxxb-2023.0185
https://doi.org/10.6052/0459-1879-21-547
https://doi.org/10.6052/0459-1879-21-547
https://doi.org/10.7638/kqdlxxb-2021.0378
https://doi.org/10.7638/kqdlxxb-2021.0378
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-6055.2001.01.004
https://doi.org/10.3969/j.issn.1006-3919.2011.01.006
https://doi.org/10.3969/j.issn.1006-3919.2011.01.006
https://doi.org/10.3969/j.issn.1006-3919.2011.01.006
https://doi.org/10.3969/j.issn.1006-3919.2011.01.006
https://doi.org/10.3969/j.issn.1006-3919.2011.01.006
https://doi.org/10.3969/j.issn.1006-3919.2011.01.006
https://doi.org/10.13976/j.cnki.xk.2019.9177

52 71 & it B xxxx & x &

B, Zhang Z X. 2019. Control-oriented Modeling and Analysis of a Six-DOF Hypersonic Vehicles.
Information and Control, 48(6): 700-706).

TRBRIR, 2500, HpR, S5, 2025, @ SRSk R e = AR R R R S RIS . AT AR, 46(9): 131167 (Zhang X
Y, Li J P, Ma H, et al. 2025. Experimental initiation process of oblique detonation wave in combustion
chamber under high Mach number conditions. Acta Aeronautica et Astronautica Sinica, 46(9): 131167).

TR, 2020 RHGEEHEH I HAR LHLIIUE [ 20083 ). dbat: hEFRERE RS (Zhang Z J. 2020.
Oblique detonation propulsion theory, technology and its experimental demonstration[PhD Thesis].
Beijing: Chinese Academy of Sciences).

JAE, HIEME. 2017, A ST 7 ] o 75 T8 AT 4RI SR R R AR AN [ AL 2B 1244k, 85(02): 151-155
(Zhou H, Zhang H X. 2017. Two problems in the transition and turbulence for near space hypersonic
flying vehicles. Acta Aerodynamica Sinica, 35(02): 151-155).

JAYL, RBEF, BRAOR, 5. 2020. HE A0 808 % o 8 75 A sh B ma it 55 . 5030 1% 53R, 38(4): 660-667
(Zhou K, Zhu X J, Ou D B, et al. 2020. Wall catalytic effects on aerodynamic heat of hypersonic flow.
Acta Aerodynamica Sinica, 38(4): 660-667).

AR, WEL, HERE, 55, 2020, ZIREE I T m Al AT SR SR T B LRIR . TR EOR, 81(12): 3-15
(Zou X F, Pan K, Yan Q, et al. 2020. Overview of dynamic strength of hypersonic vehicle structure in
multi-field coupling environment. Aeronautical Science & Technology, 31(12): 3-15).

MR, GRIRHk, £8, . 2021, & Al LA T SRR . AT =4k, 42(8): 77-93 (Zuo L X, Zhang C L,
Wang X, et al. 2021. Requirement of hypersonic aircraft power. Acta Aeronautica et Astronautica Sinica,
42(8): 77-93).

Alam M I, Pasha A A, Jameel A G A, et al. 2023. High Altitude Airship: A Review of Thermal Analyses
and Design Approaches. Archives of Computational Methods in Engineering, 30(3): 2289-2339.

Anand V, Gutmark E. 2019. Rotating detonation combustors and their similarities to rocket instabilities.
Progress in Energy and Combustion Science, T3: 182-234.

Anderson J. 2019. Hypersonic and high temperature gas dynamics, Third Edition. Virginia: American
Institute of Aeronautics and Astronautics.

Annamdas V G M, Bhalla S, Soh C K. 2017. Applications of structural health monitoring technology in
Asia. Structural Health Monitoring, 16(3): 324-346.

Austin J, Ju Y. 2015. Exploring Combustion and Supersonic Flow. Aviation Week & Space Technology, 57.

Basdanis T, Tatsios G, Valougeorgis D. 2022. Gas-surface interaction in rarefied gas flows through long
capillaries via the linearized Boltzmann equation with various boundary conditions. Vacuum, 202: 111152.

Bharadwaj S, Rao A V, Mease K D. 1998. Entry Trajectory Tracking Law via Feedback Linearization.
Journal of Guidance, Control, and Dynamics, 21(5): 726-732.

Bird G A. 1994. Molecular gas dynamics and the direct simulation of gas flows. Oxford: Oxford University
Press.

Boeing. 2022. Boeing-Built X-37B Completes Sixth Mission, Sets New Endurance Record. [2024-11-15].
https://boeing.mediaroom.com/news-releases-statements?item=131172.

Bonalli R, Lew T, Pavone M. 2022. Analysis of theoretical and numerical properties of sequential convex
programming for continuous-time optimal control. IEEE Transactions on Automatic Control; 1-16.

Boyd I D, Chen G, Candler G V. 1995. Predicting failure of the continuum fluid equations in transitional
hypersonic flows. Physics of Fluids, 7(1): 210-219.

Brandeis J, Gill J. 1997. Experimental investigation of super and hypersonic jet interaction on

configurations with lifting surface. 22nd Atmospheric Flight Mechanics Conference.


https://doi.org/10.13976/j.cnki.xk.2019.9177
https://doi.org/10.7527/S1000-6893.2024.31167
https://doi.org/10.7527/S1000-6893.2024.31167
https://doi.org/10.7638/kqdlxxb-2017.0016
https://doi.org/10.7638/kqdlxxb-2017.0016
https://doi.org/10.7638/kqdlxxb-2018.0130
https://doi.org/10.7638/kqdlxxb-2018.0130
https://doi.org/10.19452/j.issn1007-5453.2020.12.001
https://doi.org/10.19452/j.issn1007-5453.2020.12.001
https://doi.org/10.19452/j.issn1007-5453.2020.12.001
https://doi.org/10.19452/j.issn1007-5453.2020.12.001
https://doi.org/10.19452/j.issn1007-5453.2020.12.001
https://doi.org/10.19452/j.issn1007-5453.2020.12.001
https://doi.org/10.1007/s11831-022-09867-9
https://doi.org/10.1016/j.pecs.2019.04.001
https://doi.org/10.1177/1475921716653278
https://doi.org/10.1016/j.vacuum.2022.111152
https://doi.org/10.2514/2.4318
https://boeing.mediaroom.com/news-releases-statements?item=131172
https://boeing.mediaroom.com/news-releases-statements?item=131172
https://boeing.mediaroom.com/news-releases-statements?item=131172
https://boeing.mediaroom.com/news-releases-statements?item=131172
https://boeing.mediaroom.com/news-releases-statements?item=131172
https://doi.org/10.1063/1.868720

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 53

Broer A A R, Benedictus R and Zarouchas D. 2022. The need for multi-sensor data fusion in structural
health monitoring of composite aircraft structures. Aerospace, 9(4): 183.

Brunton S L, Noack B R, Koumoutsakos P. 2020. Machine learning for fluid mechanics. Annual Review of
Fluid Mechanics, 52(1): 477-508.

Bryant L, Tigges M, Ives D. 1998. Analytic Drag Control for Precision Landing and Aerocapture. 23rd
Atmospheric Flight Mechanics Conference, Boston, MA, August 10-12, 1998.

Bunker R S. 2005. A review of shaped hole turbine film cooling technology. Journal of Heat Transfer,
127(4): 441-453.

Cercignani C, Lampis M. 1971. Kinetic models for gas-surface interactions. Transport Theory and Statistical
Physics, 1(2): 101-114.

Cerimele C, Gamble J. 1985. A simplified guidance algorithm for lifting aeroassist orbital transfer vehicles.
23rd Aerospace sciences meeting, Reno, Nevada: American Institute of Aeronautics and Astronautics,
348.

Chai R, Savvaris A, Tsourdos A, et al. 2018. Optimal Tracking Guidance for Aeroassisted Spacecraft
Reconnaissance Mission Based on Receding Horizon Control. IEEE Transactions on Aerospace and
FElectronic Systems, 54(4): 1575-1588.

Chai R, Savvaris A, Tsourdos A, et al. 2020. Real-Time Optimal Guidance and Control Strategies for
Space Maneuver Vehicles. Design of Trajectory Optimization Approach for Space Maneuver Vehicle Skip
Entry Problems. Singapore: Springer, 133-161.

Chang W, Hu H, Xi Y, et al. 2026a. Data-driven fine-grained prediction of laminar—turbulent transition in
zero-pressure-gradient flat-plate boundary layers. Physics of Fluids, 38: 014103.

Chang W, Xu P, Tian J, et al. 2026b. Quantifying transition predictability: Statistical mapping from
initial disturbances to transition onset. Physics of Fluids, 38: 034118.

Charles H, Michael G, Neal H. 1998. X-33 attitude control system design for ascent, transition, and entry
flight regimes. Guidance, Navigation, and Control Conference and Exhibit, Boston, 4411.

Chen J, Qiao D, Han H. 2024. Augmented Analytical Aerocapture Guidance by Segmented State
Approximation. Journal of Guidance, Control, and Dynamics, 47(10): 2182-2193.

Chen S, McGregor O. P. L., Endruweit A, et al. 2020. Simulation of the forming process for curved
composite sandwich panels. International Journal of Material Forming, 13: 967-980.

Chen S Y. 2020. Modeling of Material-Environment Interactions for Hypersonic Thermal Protection
Systems [PhD Thesis]. Michigan: University of Michigan.

Chen X, Xi Y, Ren J, et al. 2022. Cross-flow vortices and their secondary instabilities in hypersonic and
high-enthalpy boundary layers. Journal of Fluid Mechanics, 94T7: A25.

Cheng L, Wang Z, Cheng Y, et al. 2018. Multi-constrained predictor-corrector reentry guidance for
hypersonic vehicles. Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace
Engineering, 232(16): 3049-3067.

Cheng H, Liu X, Liang X, et al. 2025. Reinforcement learning based optimized backstepping control for
hypersonic vehicles with disturbance observer. Chinese Journal of Aeronautics, 38(4): 103532.

Choi H, Moin P. 2012. Grid-point requirements for large eddy simulation: Chapman’s estimates revisited.
Physics of Fluids, 24(1): 011702.

Cihan I H, Kluever C A. 2020. Analytical Earth-Aerocapture Guidance with Near-Optimal Performance.
Journal of Guidance, Control, and Dynamics, 44(1): 45-56.

Cihan I H, Kluever C A. 2022. Analytical Guidance for Mars Aerocapture via Drag Modulation. The


https://doi.org/10.3390/aerospace9040183
https://doi.org/10.1146/annurev-fluid-010719-060214
https://doi.org/10.1146/annurev-fluid-010719-060214
https://doi.org/10.1115/1.1860562
https://doi.org/10.1080/00411457108231440
https://doi.org/10.1080/00411457108231440
https://doi.org/10.1109/TAES.2018.2798219
https://doi.org/10.1109/TAES.2018.2798219
https://doi.org/10.1063/5.0306515
https://doi.org/10.1063/5.0317861
https://doi.org/10.2514/1.G008322
https://doi.org/10.1017/jfm.2022.607
https://doi.org/10.1177/0954410017724185
https://doi.org/10.1177/0954410017724185
https://doi.org/10.1063/1.3676783
https://doi.org/10.2514/1.g005229
https://doi.org/10.1007/s40295-022-00316-0

54 71 & it B xxxx & x &

Journal of the Astronautical Sciences, 69(3): 857-878.

Dicarlo J L. 2003. Aerocapture Guidance Methods for High Energy Trajectories [Master's Thesis].
Massachusetts Institute of Technology.

Diehl M, Gros S. 2011. Numerical optimal control. Optimization in Engineering Center (OPTEC).

Ding Y, Yue X, Chen G, et al. 2022. Review of control and guidance technology on hypersonic vehicle.
Chinese Journal of Aeronautics, 35(7): 1-18.

Dong Y, Jiang H, Wu Z, et al. 2023. Digital twin-assisted multiscale residual-self-attention feature fusion
network for hypersonic flight vehicle fault diagnosis. Reliability Engineering & System Safety, 235: 109253.
Dong Z, Cheng W, He Y, et al. 2026. A Janus-Like Bio-Inspired Strategy for 3D-Printed Bimetallic
Metamaterials with Excellent Thermal-Protection and Load Bearing Capacity. Advanced Science, 2026:

e24116.

Drob D P, Emmert J T, Crowley G, et al. 2008. An empirical model of the Earth's horizontal wind fields:
HWMO7. Journal of Geophysical Research, 113(A12).

Drob D P, Emmert J T, Meriwether J W, et al. 2015. An update to the horizontal wind model (HWM):
The quiet time thermosphere. Farth and Space Science, 2: 301-319.

Epstein M. 1967. A model of the wall boundary condition in kinetic theory. AIAA Journal, 5(10): 1797-
1800.

Estorf M, Radespiel R, Schneider S, et al. 2008. Surface-Pressure Measurements of Second-Mode
Instability in Quiet Hypersonic Flow. 46th AIAA Aerospace Sciences Meeting and Exhibit, Reno,
Nevada, ATAA 2008-1153.

Fang M, Li Z, Li Z, et al. 2020. DSMC modeling of rarefied ionization reactions and applications to
hypervelocity spacecraft reentry flows. Advances in Aerodynamics, 2(1): 7.

Fei F, Ma Y, Wu J, et al. 2021. An efficient algorithm of the unified stochastic particle Bhatnagar-Gross-
Krook method for the simulation of multi-scale gas flows. Advances in Aerodynamics, 3(1): 18.

Fei F, Zhang J, Li J, et al. 2020. A unified stochastic particle Bhatnagar-Gross-Krook method for
multiscale gas flows. Journal of Computational Physics, 400: 108972.

Fomichev V I, Ward W E, Beagley S R, et al. 2002. Extended Canadian middle atmosphere model:
Zonalmean climatology and physical parameterizations. Journal of Geophysical Research, 107: 4087.

Fritts D C, Alexander M J. 2003. Gravity wave dynamics and effects in the middle atmosphere. Reviews of
Geophysics, 41(1): 1003.

Frolov S M, Zvegintsev V I, Ivanov V S, et al. 2017. Wind tunnel tests of a hydrogen-fueled detonation
ramjet model at approach air stream Mach numbers from 4 to 8. International Journal of Hydrogen Energy,
42(39): 25401-25413.

Frolov S M, Zvegintsev V I, Ivanov V S, et al. 2018. Hydrogen-fueled detonation ramjet model: Wind
tunnel tests at approach air stream Mach number 5.7 and stagnation temperature 1500 K. International
Journal of Hydrogen Energy, 43(16): 8195-8205.

Fusaro R, Ferretto D, Viola N, et al. 2022. Liquid Metals Heat-Pipe solution for hypersonic air-intake
leading edge: Conceptual design, numerical analysis and verification. Acta Astronautica, 197: 336-352.

Gamble J D, Cerimele C J, Moore T E, et al. 1988. Atmospheric Guidance Concepts for an Aeroassist
Flight Experiment. Journal of the Astronautical Sciences, 36(1 pt 2): 45-71.

Ghiugan C, Staber M, Lee D. 2026. Uranus Orbiter Guidance: Comparing Numerical Predictive and
Machine Learning Approaches for Aerocapture. AIAA SCITECH 2026 Forum, Orlando, FL, ATAA 2026-
0829.


https://doi.org/10.1007/s40295-022-00316-0
https://doi.org/10.1016/j.cja.2021.10.037
https://doi.org/10.1016/j.ress.2023.109253
https://doi.org/10.1016/j.ress.2023.109253
https://doi.org/10.1016/j.ress.2023.109253
https://doi.org/10.1016/j.ress.2023.109253
https://doi.org/10.1016/j.ress.2023.109253
https://doi.org/10.1002/advs.202524116
https://doi.org/10.1002/2014EA000089
https://doi.org/10.2514/3.4307
https://doi.org/10.1186/s42774-020-00030-1
https://doi.org/10.1186/s42774-021-00069-8
https://doi.org/10.1016/j.jcp.2019.108972
https://doi.org/10.1029/2001jd000479
https://doi.org/10.1016/j.ijhydene.2017.08.062
https://doi.org/10.1016/j.ijhydene.2018.02.187
https://doi.org/10.1016/j.ijhydene.2018.02.187
https://doi.org/10.1016/j.actaastro.2022.05.034

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 55

Glass D. 2008. Ceramic Matrix Composite (CMC) Thermal Protection Systems (TPS) and Hot Structures
for Hypersonic Vehicles. 15th AIAA International Space Planes and Hypersonic Systems and
Technologies Conference, Dayton, Ohio, ATAA 2008-2682.

Goebel D M, Katz I. 2008. Fundamentals of electric propulsion: Ion and Hall thrusters. John Wiley &
Sons, Inc. Press.

Goldsby J. 2024. GRC High Temperature Ceramic Matrix Composites (HTCMC)- Current Thrusts,
Capabilities, & Challenges/Gaps (20240004674). AFRL/NASA High Temperature Materials Technical
Interchange Meeting, Cleveland, OH, US.

Gonzalo J, Lopez D, Dominguez D, et al. 2018. On the capabilities and limitations of high altitude pseudo-
satellites. Progress in Aerospace Sciences, 98: 37-56.

Goulard R. 1958. On Catalytic Recombination Rates in Hypersonic Stagnation Heat Transfer. Journal of
Jet Propulsion, 28(11): 737-745.

Goyne C, Hall C, O’Brien W, et al. 2006. The Hy-V scramjet flight experiment. 14th ATIAA/AHI Space
Planes and Hypersonic Systems and Technologies Conference, Canberra, Australia, AIAA-2006-7901.

Guo S, Feng Y. 2024. Hybrid compressible lattice Boltzmann method for supersonic flows with strong
discontinuities. Physics of Fluids, 36(7): 076129.

Gurley J G. 1993. Guidance for an aerocapture maneuver. Journal of Guidance, Control, and Dynamics,
16(3): 505-510.

Hamel J F, De Lafontaine J. 2006. Improvement to the Analytical Predictor-Corrector Guidance
Algorithm Applied to Mars Aerocapture. Journal of Guidance, Control, and Dynamics, 29(4): 1019-1022.

Harpold J C, Graves C A. 1978. Shuttle Entry Guidance. Journal of The Astronautical Sciences, 27(3): 239-
268.

Hassani S, Dackermann U. 2023. A systematic review of advanced sensor technologies for non-destructive
testing and structural health monitoring. Sensors, 23(4): 2204.

Harris A, Teil T, Schaub H. 2019. Spacecraft decision-making autonomy using deep reinforcement
learning. 29th AAS/ATAA space flight mechanics meeting, 1-19.

Hedin A E, Mayr H G, Reber C A, et al. 1974. Empirical model of global thermospheric temperature and
composition based on data from the Ogo 6 quadrupole mass spectrometer. Journal of Geophysical
Research, 79: 215-225.

Hedin A E. 1987. MSIS-86 thermospheric model. Journal of Geophysical Research, 92: 4649-4662.

Hedin A E. 1991. Extension of the MSIS thermosphere model into the middle and lower atmosphere.
Journal of Geophysical Research, 96(A2): 1159-1172.

Hitchcock P, Shepherd T G, Manney G L. 2013. Statistical characterization of Arctic polar-night jet
oscillation events. Journal of Climate, 26(6): 2096-2116.

Hou J, Chen R, Zeng Y, et al. 2025. A self-healing HfB2-SiC-TaSi2 coating with outstanding long-term
ablation resistance above 2000 °C. Transactions of Materials Research, 1(5): 100102.

Hu F, Wang J, Sui Z, et al. 2025. A review on research progress of large area thermal protection structures
for hypersonic vehicles. Acta Astronautica, 232: 541-556.

Huang Z, Xiong Y, Liu Y, et al. 2015. Experimental investigation of full-coverage effusion cooling through
perforated flat plates. Applied Thermal Engineering, 76: 76-85.

Ingeri G R. 1966. Nonequilibrium hypersonic stagnation flow with arbitrary surface catalycity including
low reynolds number effects. International Journal of Heat and Mass Transfer, 9(8): 755-772.

Jiang Z. 2023. Standing oblique detonation for hypersonic propulsion: A review. Progress in Aerospace


https://doi.org/10.1016/j.paerosci.2018.03.006
https://doi.org/10.2514/8.7444
https://doi.org/10.2514/8.7444
https://doi.org/10.1063/5.0221289
https://doi.org/10.2514/3.21038
https://doi.org/10.2514/1.20126
https://doi.org/10.3390/s23042204
https://doi.org/10.1029/JA079i001p00215
https://doi.org/10.1029/JA079i001p00215
https://doi.org/10.1029/JA092iA05p04649
https://doi.org/10.1029/90JA02125
https://doi.org/10.1175/jcli-d-12-00202.1
https://doi.org/10.1016/j.tramat.2025.100102
https://doi.org/10.1016/j.actaastro.2025.04.006
https://doi.org/10.1016/j.applthermaleng.2014.11.056
https://doi.org/10.1016/0017-9310(66)90004-4
https://doi.org/10.1016/j.paerosci.2023.100955

56 al 2% it & xxxx & x &

Sciences, 143: 100955.

Jackson K R, Gruber M R, and Buccellato S. 2015. Mach 6-8 + Hydrocarbon-Fueled Scramjet Flight
Experiment: The HIFiRE Flight 2 Project. Journal of Propulsion and Power, 31(1): 36-53.

Justin J F, Julian-Jankowiak A, Guérineau V, et al. 2020. Ultra-high temperature ceramics developments
for hypersonic applications. CEAS Aeronautical Journal, 11: 651-664.

Jones M, Sorensen E M, Wolff T, et al. 1993. A review of mission planning systems. SpaceOps 1992:
Proceedings of the Second International Symposium on Ground Data Systems for Space Mission
Operations.

Joyce B, Dodson J, Laflamme S, et al. 2018. An experimental test bed for developing high - rate structural
health monitoring methods. Shock and Vibration, 2018(1): 3827463.

Kaifler N, Kaifler B, Heard B, et al. 2017. Observational indications of downward propagating gravity
waves in middle atmosphere lidar data. Journal of Atmospheric and Solar-Terrestrial Physics, 162: 16-27.

Kanellakopoulos I, Kokotovic P V, Morse A S. 1992. A toolkit for nonlinear feedback design. Systems and
Control Letters, 18(2): 83-92.

Kennedy K, Walker B, Mikelsen C. 1999. Jet interaction effect on a missile with aerodynamic control
surface. 37th Aerospace Sciences Meeting and Exhibit.

Kimmel R L. 2003. Aspects of hypersonic boundary-layer transition control. 41st Aerospace Sciences
Meeting and Exhibit, 772.

Kimmel R L, Borg M P, Jewell J S, et al. 2015. HIFiRE-5 boundary layer transition and HIFiRE-1 shock
boundary layer interaction. Air Force Research Laboratory Technical Report, AFRL-RQ-WP-TR-2015-
0151.

Kosova F, Altay O and Unver H O. 2025. Structural health monitoring in aviation: a comprehensive review
and future directions for machine learning. Nondestructive Testing and Evaluation, 40(1): 1-60.

Langtry R, Menter F. 2005. Transition modeling for general CFD applications in aeronautics. 43rd ATAA
Aerospace Sciences Meeting and Exhibit, Reno, Nevada, AIAA 2005-522.

Lee Y, Lee D Y, Wie B. 2024. A comparative study of entry guidance for Mars robotic and human landing
missions. Acta Astronautica, 215: 178-193.

Li Y, Nahon M, Sharf I. 2011. Airship dynamics modeling: A literature review. Progress in Aerospace
Sciences, 47(3): 217-239.

Li Y, Liang S, Xu B, Hou M. 2021. Predefined-time asymptotic tracking control for hypersonic flight
vehicles with input quantization and faults. IEEE Transactions on Aerospace and Electronic Systems, 57(5):
2826-2837.

Lin C, Wang Z, Gong S. 2022. Adaptive control of hypersonic vehicles with unknown dynamics based on
dual network architecture. Acta Astronautica, 193: 197-208.

Liu C, Ai J, Zhang J, et al. 2025. Research Progress of the Flow and Combustion Organization for the
High-Mach-Number Scramjet: From Mach 8 to 12. Progress in Aerospace Sciences, 155(May): 101094.

Liu X, Lu P. 2014. Solving nonconvex optimal control problems by convex optimization. Journal of
Guidance, Control, and Dynamics, 37(3): 750-765.

Liu Y, Jiang P, Jin S, et al. 2010. Transpiration cooling of a nose cone by various foreign gases.
International Journal of Heat and Mass Transfer, 53(23-24): 5364-5372.

Lord R G. 1991. Some extensions to the Cercignani-Lampis gas—surface scattering kernel. Physics of Fluids
A: Fluid Dynamics, 3(4): 706-710.

Lord R G. 1995. Some further extensions of the Cercignani-Lampis gas surface interaction model. Physics


https://doi.org/10.1016/j.paerosci.2023.100955
https://doi.org/10.2514/1.B35350
https://doi.org/10.1007/s13272-020-00445-y
https://doi.org/10.1155/2018/3827463
https://doi.org/10.1016/j.jastp.2017.03.003
https://doi.org/10.1016/j.jastp.2017.03.003
https://doi.org/10.1016/j.jastp.2017.03.003
https://doi.org/10.1016/0167-6911(92)90012-H
https://doi.org/10.1016/0167-6911(92)90012-H
https://doi.org/10.1080/10589759.2024.2350575
https://doi.org/10.1016/j.actaastro.2023.11.045
https://doi.org/10.1016/j.paerosci.2010.10.001
https://doi.org/10.1016/j.paerosci.2010.10.001
https://doi.org/10.1109/TAES.2021.3068442
https://doi.org/10.1016/j.actaastro.2021.12.043
https://doi.org/10.1016/j.paerosci.2025.101094
https://doi.org/10.2514/1.62110
https://doi.org/10.2514/1.62110
https://doi.org/10.1016/j.ijheatmasstransfer.2010.07.019
https://doi.org/10.1063/1.858076
https://doi.org/10.1063/1.858076
https://doi.org/10.1063/1.868557

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 57

of Fluids, 7(5): 1159-1161.

Lu P, Cerimele C J, Tigges M A, et al. 2015. Optimal Aerocapture Guidance. Journal of Guidance, Control,
and Dynamics, 38(4): 553-565.

Lu P, Davami C. 2025. Model Predictive Guidance: A Fixed-Point Algorithm. Journal of Guidance, Control,
and Dynamics, 48(4): 723-735.

Lu Y, Zeng F, Liu H, et al. 2021. Direct numerical simulation of roughness-induced transition controlled
by two-dimensional wall blowing. Journal of Fluid Mechanics, 920: A28.

Ma Y, Jiang B, Ren H. 2023. Minimum eigenvalue based adaptive fault compensation for hypersonic
vehicles. Journal of Systems Engineering and Electronics, 34(2): 492-500.

Mao Y, Szmuk M, Ac¢ikmese B. 2016. Successive convexification of non-convex optimal control problems
and its convergence properties. 2016 IEEE 55th Conference on Decision and Control (CDC), Las Vegas,
3636-3641.

Mahulikar S P. 2005. Theoretical aerothermal concepts for configuration design of hypersonic vehicles.
Aerospace Science and Technology, 9(8): 681-685.

Malyuta D, Reynolds T P, Szmuk M, et al. 2022. Convex optimization for trajectory generation: A tutorial
on generating dynamically feasible trajectories reliably and efficiently. IEEE Control Systems Magazine,
42(5): 40-113.

Mansour N N, Panerai F, Lachaud J, et al. 2024. Flow mechanics in ablative thermal protection systems.
Annual Review of Fluid Mechanics, 56(1): 549-575.

Mario D S F, Diletta S, Luca Z, et al. 2025. High and Ultra High Temperature Ceramic Matrix
Composites for Hypersonic Systems. The Journal of the NATO Science and Technology Organization, AVT-
384-1-14.

Masciarelli J, Rousseau S, Fraysse H, et al. 2000. An analytic aerocapture guidance algorithm for the Mars
Sample Return Orbiter. Atmospheric Flight Mechanics Conference, Denver, CO, U. S. A. ; ATAA 2000-
4116.

Maxwell J C. 1879. On stresses in rarified gases arising from inequalities of temperature. Philosophical
Transactions of the Royal Society of London, 170: 231-256.

Mayr H G, Mengel J G, Chan K L, et al. 2011. Middle atmosphere dynamics with gravity wave
interactions in the numerical spectral model: Tides and planetary waves. Journal of Atmospheric and Solar-
Terrestrial Physics, 73(7-8): 711-730.

McNamara J J, Friedmann P P, Powell K G, et al. 2008. Aeroelastic and Aerothermoelastic Behavior in
Hypersonic Flow. AIAA Journal, 46(10): 2591-2610.

Messerer F, Baumgirtner K, Diehl M. 2021. Survey of sequential convex programming and generalized
Gauss-Newton methods. ESAIM: Proceedings and Surveys, T1: 64-88.

Mohammadi-Amin M, Entezari M M, Alikhani A. 2018. An efficient surrogate-based framework for
aerodynamic database development of manned reentry vehicles. Advances in Space Research, 62(5): 997-
1014.

Moss J N, Glass C E, Hollis B R, et al. 2006. Low-density aerodynamics for the inflatable reentry vehicle
experiment. Journal of Spacecraft and Rockets, 43(6): 1191-1201.

Naved I, Hermann T, Hambidge C, et al. 2023. Transpiration-Cooling Heat Transfer Experiments in
Laminar and Turbulent Hypersonic Flows. Journal of Thermophysics and Heat Transfer, 37(2): 281-295.

Nesnas I A D, Fesq L M, Volpe R A. 2021. Autonomy for space robots: Past, present, and future. Current
Robotics Reports, 2(3): 251-263.


https://doi.org/10.1063/1.868557
https://doi.org/10.2514/1.G000713
https://doi.org/10.2514/1.G000713
https://doi.org/10.2514/1.G008718
https://doi.org/10.2514/1.G008718
https://doi.org/10.1017/jfm.2021.448
https://doi.org/10.23919/JSEE.2023.000039
https://doi.org/10.1016/j.ast.2005.08.006
https://doi.org/10.1109/MCS.2022.3187542
https://doi.org/10.1146/annurev-fluid-030322-010557
https://doi.org/10.1017/cbo9780511710377.068
https://doi.org/10.1017/cbo9780511710377.068
https://doi.org/10.1016/j.jastp.2011.01.019
https://doi.org/10.1016/j.jastp.2011.01.019
https://doi.org/10.1016/j.jastp.2011.01.019
https://doi.org/10.2514/1.36711
https://doi.org/10.1109/cdc40024.2019.9029288
https://doi.org/10.1016/j.asr.2018.06.022
https://doi.org/10.2514/1.22707
https://doi.org/10.2514/1.T6626
https://doi.org/10.1007/s43154-021-00057-2
https://doi.org/10.1007/s43154-021-00057-2

58 al 2% it & xxxx & x &

Ni D, Cheng Y, Zhang J P, et al. 2022. Advances in ultra-high temperature ceramics, composites, and
coatings. Journal of Advanced Ceramics, 11: 1-56.

Ogunleye R O, Rusnakova S, Javotik J, et al. 2024. Advanced sensors and sensing systems for structural
health monitoring in aerospace composites. Advanced Engineering Materials, 26(22): 2401745.

Oguri K. 2023. Successive convexification with feasibility guarantee via augmented Lagrangian for non-
convex optimal control problems. 2023 62nd IEEE Conference on Decision and Control (CDC), 3296-3302.
Oz F, Goebel T E, Jewell J S, et al. 2023. Local wall cooling effects on hypersonic boundary-layer stability.

Journal of Spacecraft and Rockets, 60(2): 412-426.

Pancheva D, Mukhtarov P. 2011. Atmospheric tides and planetary waves: Recent progress based on
SABER/TIMED temperature measurements (2002-2007). Aeronomy of the FEarth’s Atmosphere and
Ionosphere, Berlin: Springer, 19-56.

Paredes P, Choudhari M M, Li F. 2018. Transition delay via vortex generators in a hypersonic boundary
layer at flight conditions. 2018 Fluid Dynamics Conference, 3217.

Park C. 1989. Nonequilibrium hypersonic aerothermodynamics.

Peters A B, Zhang D, Chen S, et al. 2024. Materials design for hypersonics. Nature Communications, 15(1):
3328.

Picone J M, Hedin A E, Drob D P. 2002. NRLMSISE-00 empirical model of the atmosphere: Statistical
comparisons and scientific issues. Journal of Geophysical Research, 107: 1468-1484.

Piomelli U, Balaras E. 2002. Wall-layer models for large-eddy simulations. Annual Review of Fluid
Mechanics, 34(1): 349-374.

Plaechn E W, Walters I V, Gejji R M, et al. 2023. Bifurcation in rotating detonation engine operation with
continuously variable fuel injection location. Journal of Propulsion and Power, 39(2): 267-280.

Qing X, Yuan S, Wu Z. 2012. Current aerospace applications of structural health monitoring in China. 6th
European Workshop on Structural Health Monitoring, Dresden, Germany, 1064-1072.

Qu C, Cheng L, Gong S, et al. 2024. Dynamic-matching adaptive sliding mode control for hypersonic
vehicles. Aerospace Science and Technology, 149: 109159.

Qu C, Cheng L, Gong S, et al. 2025. Experience Replay Enhances Excitation Condition of Neural-Network
Adaptive Control Learning. Journal of Guidance, Control, and Dynamics, 48(3): 496-507.

Rafi K M M, Deepu M, Rajesh G. 2019. Effect of heat transfer and geometry on micro-thruster
performance. International Journal of Thermal Sciences, 146: 106063.

Ragnoli G, Savino R, Cecere A, Rigamonti M. 2024. Hypersonic boost-glide systems: Flight mechanics and
plasma parameters evaluation through aero-thermo-chemical CFD. Aerospace Science and Technology, 148:
109092.

Raman V, Prakash S, Gamba M. 2023. Nonidealities in rotating detonation engines. Annual Review of Fluid
Mechanics, 55: 639-674.

Rataczak J A. 2025. Robust Aerocapture Guidance with High-Fidelity Modeling of Aerothermodynamic
Uncertainty [PhD Thesis]. University of Colorado Boulder.

Rawal A, McCoy J, Raglin A, et al. 2022. Recent advances in multi-modal data fusion: status, challenges
and perspectives. Artificial Intelligence and Machine Learning for Multi-Domain Operations Applications 1V,
12113: 1211318.

Ren J, Fu S, 2015. Secondary instabilities of Gortler vortices in high-speed boundary layer flows. Journal
of Fluid Mechanics, 781: 388-421.

Ren J, Fu S, Hanifi A. 2016. Stabilization of the hypersonic boundary layer by finite-amplitude streaks.


https://doi.org/10.1007/s40145-021-0550-6
https://doi.org/10.1002/adem.202401745
https://doi.org/10.2514/1.A35404
https://doi.org/10.1038/s41467-024-46753-3
https://doi.org/10.1029/2002ja009430
https://doi.org/10.1016/j.ast.2024.109159
https://doi.org/10.2514/1.G008162
https://doi.org/10.1016/j.ijthermalsci.2019.106063
https://doi.org/10.1016/j.ast.2024.109092
https://doi.org/10.1146/annurev-fluid-120720-032612
https://doi.org/10.1146/annurev-fluid-120720-032612

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 59

Physics of Fluids, 28(2): 024110.

Rozanov M, Guelman M. 2008. Aeroassisted orbital maneuvering with variable structure control. Acta
Astronautica, 62(1): 9-17.

Sagliano M. 2018. Pseudospectral convex optimization for powered descent and landing. Journal of
Guidance, Control, and Dynamics, 41(2): 320-334.

Sato T, Nakata K, Ishihara K, et al. 2024. Combustion structure of a cylindrical rotating detonation
engine with liquid ethanol and nitrous oxide. Combustion and Flame, 264: 113443.

Sayler K M. 2025. Hypersonic weapons: Background and issues for Congress. Congressional Research
Service.

Scarselli G and Nicassio F. 2025. Machine Learning for Structural Health Monitoring of Aerospace
Structures: A Review. Sensors, 25(19): 6136.

Sharma, K. V., Straka, R., Tavares, F. W. 2020. Current status of Lattice Boltzmann Methods applied to
aerodynamic, aeroacoustic, and thermal flows. Progress in Aerospace Sciences, 115: 100616.

Sidor A, Olson N, Bouslog S. 2025. NASA Perspective on the Future of TPS for Hypersonic Flight
(20250006125). Workshop on Materials Challenges in Reusable Rocket Systems, El Segundo, CA, US.

Sieberling S, Chu Q P, Mulder J A. 2010. Robust Flight Control Using Incremental Nonlinear Dynamic
Inversion and Angular Acceleration Prediction. Journal of Guidance, Control, and Dynamics, 33(6): 1732-
1742.

Sislian J P, Dudebout R, Schumacher J, et al. 2000. Incomplete Mixing and Off-Design Effects on Shock-
Induced Combustion Ramjet Performance. Journal of Propulsion and Power, 16(1): 41-48.

Song L, Hu X, Wei F, et al. 2022. Development of a balloon-borne acoustic anemometer to measure winds
for SENSOR campaign. IEEE Transactions on Instrumentation and Measurement, 71: 1-10.

Spravka J J, Jorris T R. 2015. Current hypersonic and space vehicle flight test instrumentation challenges.
ATAA Flight Testing Conference, Dallas, TX, ATAA 2015-3224.

Stalker R J. 1989. Hypervelocity aerodynamics with chemical nonequilibrium. Annual Review of Fluid
Mechanics, 21(1): 37-60.

Stewart B. 2026. The leading edge: Recent breakthroughs in hypersonic ceramic materials. Ceramic Tech
Today. [2026-1-15]

Sun H, Li S, Yang J, et al. 2014. Nonlinear disturbance observer-based back-stepping control for
airbreathing hypersonic vehicles with mismatched disturbances. IET Control Theory and Applications,
8(17): 1852-1865.

Sziroczak D, Smith H. 2016. A review of design issues specific to hypersonic flight vehicles. Progress in
Aerospace Sciences, 84: 1-28.

Taehyun K. 2019. Thermal management of rotating detonation engines [PhD Thesis|. Singapore: National
University of Singapore.

Tang D, He M, Tang H, et al. 2025. Vat photopolymerization of hierarchical TPMS SiC ceramics: tunable
heat transfer via gradient porosity and checkerboard design. Virtual and Physical Prototyping, 20(1).

Teets Jr E H, Donohue C J, Wright P T, et al. 2002. Meteorological support of the Helios world record
high altitude flight to 96, 863 feet. 10th Conference on Aviation, Range, and Aerospace Meteorology, H-2493.
Tian J, Zhang S, Tan X, et al. 2026. Numerical investigation of annular slit film cooling for thermal
protection in rotating detonation combustors. Aerospace Science and Technology, 168: 110816.

Tiwari B, Kassem A K, Romeo S A S, et al. 2025. Epistemic uncertainty analysis in GPR-based modeling
of pitch damping sum for 1 DOF reentry vehicle dynamics. ATAA Aviation Forum and Ascend 2025, Las


https://doi.org/10.1063/1.4941989
https://doi.org/10.1016/j.actaastro.2006.12.025
https://doi.org/10.1016/j.actaastro.2006.12.025
https://doi.org/10.2514/1.G002818
https://doi.org/10.2514/1.G002818
https://doi.org/10.1016/j.combustflame.2024.113443
https://doi.org/10.3390/s25196136
https://doi.org/10.1016/j.paerosci.2020.100616
https://doi.org/10.2514/1.49978
https://doi.org/10.2514/2.5529
https://doi.org/10.1109/tim.2022.3189629
https://doi.org/10.1146/annurev.fl.21.010189.000345
https://doi.org/10.1146/annurev.fl.21.010189.000345
https://doi.org/10.1049/iet-cta.2013.0821
https://doi.org/10.1016/j.paerosci.2016.04.001
https://doi.org/10.1016/j.paerosci.2016.04.001

60 al 2% it & xxxx & x &

Vegas, Nevada, ATAA 2025-3770.

United States Committee on Extension to the Standard Atmosphere. 1976. US standard atmosphere, 1976.
Washington, D. C. : National Oceanic and Atmospheric Administration.

Urzay J. 2018. Supersonic Combustion in Air-Breathing Propulsion Systems for Hypersonic Flight. Annual
Review of Fluid Mechanics, 50(1): 593-627.

van Brummen S, Pezzella G, Andreutti G, et al. 2015. Aerodynamic design analysis of the HEXAFLY-INT
hypersonic glider. 20th AIAA International Space Planes and Hypersonic Systems and Technologies
Conference, Glasgow, Scotland, ATAA 2015-3644.

Walters D K, Leylek J H. 2004. A new model for boundary layer transition using a single-point RANS
approach. Journal of Turbomachinery, 126(1): 193-202.

Walters D K, Cokljat D. 2008. A three-equation eddy-viscosity model for Reynolds-averaged
Navier—Stokes simulations of transitional flow. Journal of Fluids Engineering, 130(12): 121401.

Wang L, Fu S, Carnarius A, et al. 2012. A modular RANS approach for modelling laminar—turbulent
transition in turbomachinery flows. International Journal of Heat and Fluid Flow, 34: 62-69.

West T K, Hosder S, Johnston C O. 2014. Multistep uncertainty quantification approach applied to
hypersonic reentry flows. Journal of Spacecraft and Rockets, 51(1): 296-310.

Wild G, Pollock L, Abdelwahab A K, et al. 2021. Need for Aerospace Structural Health Monitoring: A
review of aircraft fatigue accidents. International Journal of Prognostics and Health Management, 12(3):
2368.

Wolanski P. 2013. Detonative propulsion. Proceedings of the Combustion Institute, 34: 125-158.

Wu L, Struchtrup H. 2017. Assessment and development of the gas kinetic boundary condition for the
Boltzmann equation. Journal of Fluid Mechanics, 823: 511-537.

Wu Y, Rao S H, Zheng P T, et al. 2025. Effect of thermal non-equilibrium on the instability of oblique
detonation waves. Combustion and Flame, 282: 114530.

Wu Z, Cao Y, Ismail M. 2019. Gust loads on aircraft. The Aeronautical Journal, 123(1266): 1216-1274.

Xie L, Zhou X, Zhang H B, Tang G J, Li S. 2025. High-Dimensional Merit-Function-Based Sequential
Convex Programming for Nonlinear Trajectory Optimization. Journal of Guidance, Control, and Dynamics,
48(7): 1525-1544.

Xu B, Shi Z. 2015. An overview on flight dynamics and control approaches for hypersonic vehicles. Science
China Information Sciences, 58: 1-19.

Xu D, Wang J, Chen S. 2022. Skin-friction and heat-transfer decompositions in hypersonic transitional and
turbulent boundary layers. Journal of Fluid Mechanics, 941: A4.

Xu Q, Li S, Meng Y. 2021la. Optimization and Re-Design of Integrated Thermal Protection Systems
Considering Thermo-Mechanical Performance. Applied Sciences, 11(15): 6916.

Xu Q, Lin G and Li H. 2021b. Evaluation model for fast convective heat transfer characteristics of thermal
cracked hydrocarbon fuel regenerative cooling channel in hydrocarbon-fueled scramjet. Applied Thermal
Engineering, 199(11): 117616.

Yan B, Dai P, Liu R, et al. 2019. Adaptive super-twisting sliding mode control of variable sweep morphing
aircraft. Aerospace Science and Technology, 92: 198-210.

Yang L, Yang J. 2011. Nonsingular fast terminal sliding-mode control for nonlinear dynamical systems.
International Journal of Robust and Nonlinear Control, 21(16): 1865-1879.

Yang P, Yu D, Chen Z, et al. 2024. Effects of thermal stratification on detonation development in
hypersonic reactive flows. Physical Review Fluids, 9(8): 083202.


https://doi.org/10.1146/annurev-fluid-122316-045217
https://doi.org/10.1146/annurev-fluid-122316-045217
https://doi.org/10.1115/1.1622709
https://doi.org/10.1115/1.2979230
https://doi.org/10.1016/j.ijheatfluidflow.2012.01.008
https://doi.org/10.2514/1.A32592
https://doi.org/10.1016/j.proci.2012.10.005
https://doi.org/10.1017/jfm.2017.326
https://doi.org/10.1016/j.combustflame.2025.114530
https://doi.org/10.1017/aer.2019.48
https://doi.org/10.2514/1.G009022
https://doi.org/10.1017/jfm.2022.269
https://doi.org/10.3390/app11156916
https://doi.org/10.1016/j.applthermaleng.2021.117616
https://doi.org/10.1016/j.applthermaleng.2021.117616
https://doi.org/10.1016/j.ast.2019.05.063
https://doi.org/10.1002/rnc.1666
https://doi.org/10.1103/PhysRevFluids.9.083202

% x i AR, RS, A, RIRISE - I 2 () PR SRR AT EE FH RORERIT TER J E 61

Yang W, Men J, Xu B, Ding H, Li J. 2025. Modeling Non-Equilibrium Rarefied Gas Flows Past a Cross-
Domain Reentry Unmanned Flight Vehicle Using a Hybrid Macro-/Mesoscopic Scheme. Drones, 9(4):
239.

Yao Q, Li Q, Han H, et al. 2024. Adaptive tracking guidance for powered aeroassisted orbital maneuver
under system uncertainties and input constraints. Advances in Space Research, 73(8): 4040-4051.

Ye C, Fang S, Ni Z, et al. 2025. Drag and overall aeroheating reduction of a dual-disk-dual-jet in rarefied
hypersonic flow in near space. Aerospace Science and Technology, 162: 110229.

Yin Y, Yang P, Zhang Y, et al. 2020. Feature selection and processing of turbulence modeling based on an
artificial neural network. Physics of Fluids, 32(10): 105117.

Yokoo R, Goto K, Kasahara J, et al. 2021. Experimental study of internal flow structures in cylindrical
rotating detonation engines. Proceedings of the Combustion Institute, 39(3): 3211-3218.

Yu S, Luo K, Fan C, et al. 2025. Advancing spacecraft safety and longevity: A review of guided waves-
based structural health monitoring. Reliability Engineering & System Safety, 254: 110586.

Zafar M I, Xiao H, Choudhari M M, et al. 2020. Convolutional neural network for transition modeling
based on linear stability theory. Physical Review Fluids, 5(11): 113903.

Zhang J, John B, Pfeiffer M, et al. 2019. Particle-based hybrid and multiscale methods for nonequilibrium
gas flows. Advances in Aerodynamics, 1(1): 12.

Zhang J, Lyu L. 2024. A spacecraft onboard autonomous task scheduling method based on hierarchical
task network-timeline. Aerospace, 11(5): 350.

Zhang W, Shan X, Liu Y, et al. 2025. High-reynolds-number turbulence database: Aeroflowdata. Scientific
Data, 12(1): 1500.

Zhang Y. 2025. A Review of Advances in Thermal Protection Systems and Insulation Materials for
Hypersonic Vehicles. Applied and Computational Engineering, 200: 104-109.

Zhang Y, Wu X, Guo Q, et al. 2025. Advances in sensors technologies for composites structural health
monitoring. Composite Structures, 370: 119448.

Zhang 7, Li X, Li Y, et al. 2023. Modularity, reconfigurability, and autonomy for the future in spacecraft:
A review. Chinese Journal of Aeronautics, 36(7): 282-315.

Zhao R, Wen C, Zhou Y, et al. 2022. Review of acoustic metasurfaces for hypersonic boundary layer
stabilization. Progress in Aerospace Sciences, 130: 100808.

Zheng W, Zhou Q R, Li Z B, Zhang X Y, Liu Y F, Li M. 2019. Performance analysis of a novel
stratospheric airship concept based on gas-liquid phase change. Applied Thermal Engineering, 159: 113748.
Zhu Y, Peng W, Xu R, et al. 2018. Review on active thermal protection and its heat transfer for
airbreathing hypersonic vehicles. Chinese Journal of Aeronautics, 31(10): 1929-1953.

Zou Q, Huang R, Mu X, et al. 2026. Breaking Through Flutter Barrier of Rigid-Elastic Coupling Aircraft.
ASME Applied Mechanics Reviews, 78(2): 020801.

Zou Z, Liu C, Wu X, et al. 2026. A Digital Twin Framework for Air-breathing Precooled Engine
Experimental System. FEnergy, 346: 139991.

Zuo Z, Song J, Zheng Z, Han Q L. 2022. A survey on modelling, control and challenges of stratospheric
airships. Control Engineering Practice, 119: 104979.


https://doi.org/10.3390/drones9040239
https://doi.org/10.1016/j.asr.2024.01.028
https://doi.org/10.1016/j.ast.2025.110229
https://doi.org/10.1063/5.0022561
https://doi.org/10.1016/j.ress.2024.110586
https://doi.org/10.1016/j.ress.2024.110586
https://doi.org/10.1016/j.ress.2024.110586
https://doi.org/10.1016/j.ress.2024.110586
https://doi.org/10.1016/j.ress.2024.110586
https://doi.org/10.1103/PhysRevFluids.5.113903
https://doi.org/10.1186/s42774-019-0014-7
https://doi.org/10.3390/aerospace11050350
https://doi.org/10.1038/s41597-025-05846-4
https://doi.org/10.1038/s41597-025-05846-4
https://doi.org/10.54254/2755-2721/2026.ka29021
https://doi.org/10.1016/j.compstruct.2025.119448
https://doi.org/10.1016/j.cja.2023.04.019
https://doi.org/10.1016/j.paerosci.2022.100808
https://doi.org/10.1016/j.applthermaleng.2019.113748
https://doi.org/10.1016/j.cja.2018.06.011
https://doi.org/10.1115/1.4070097
https://doi.org/10.1016/j.energy.2026.139991
https://doi.org/10.1016/j.conengprac.2021.104979

62 Vi xxxx & B x &

g3
&
&

Effects of the Near-Space Environment on Flight Vehicles:
Progress and Perspectives

TENG Honghui '*°  REN Jie 12 ZHOU Xiaoming >  HAN Hongwei %>  LIU Liu '?
ZHANG Zijian 12 HUANG Jinsong 2 ZHAO Rui 2 MIAO Long 2
LUO Kai 12 ZUO Lei'?  WANG Dongwei 2  LIU Zhanwei

' State Key Laboratory of Environment Characteristics and Effects for Near-space,
Beijing Institute of Technology, Beijing 100081, China
? School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China

Abstract As a transitional region between aeronautics and astronautics, near space is characterized
by extreme environmental conditions, including rarefied atmosphere, pronounced thermal stratifica-
tion, and strong wind-field disturbances. These conditions induce complex coupled effects on the aero-
dynamics, propulsion, control, materials, and structures of flight vehicles. From the overarching per-
spective of environment—vehicle coupling effects, this paper systematically reviews the mean atmo-
spheric characteristics and spatiotemporal evolution of the near-space environment, and analyzes the
transmission pathways through which environmental parameters affect the subsystems of near-space
flight vehicles, as well as the resulting constraints on the flight envelope. In terms of aerodynamics, key
issues are discussed, including rarefied-gas effects, wind-field disturbances, aerodynamic heating, ther-
mochemical nonequilibrium, boundary-layer transition, and turbulence simulation. For propulsion sys-
tems, this paper reviews the environmental adaptability and major challenges associated with ramjet
and scramjet engines, combined-cycle engines, detonation engines, and electric propulsion technologies.
With respect to flight dynamics and control, the current state and future trends are analyzed for cross-
domain and wide-speed-range guidance strategies, robust control methods under strong disturbances,
and intelligent control and autonomous decision-making. Regarding materials and structures, the pa-
per summarizes research progress and future prospects in thermal protection systems, active thermal
management, noise and vibration suppression, structural health monitoring, and digital-twin applica-
tions under extreme coupled thermal-mechanical-acoustic multi-field environments. Finally, perspect-
ives and several research recommendations are proposed across the above areas, aiming to provide sup-

port for the future development of near-space flight vehicles.

Keywords near-space flight vehicle, environment—vehicle coupling effect, aerodynamic environment,

propulsion system, flight dynamics and control, materials and structures

Received: 8 May 2026; accepted: 12 August 2026; online:
* E-mail: hhteng@bit.edu.cn
© 2026 Advances in Mechanics.


mailto:hhteng@bit.edu.cn

B x M ik e, AT A, LR, R Sl A N A 1) PRk AT 2 R R i B 63

Ji %, AbRUEE ORI B, TFRBFE SRR A K. 1%
FFAT, i3 7 (AP B R M e 8 4 [ FE S50 % A EAE. 2003 4F T
BE R K315 % 2240, 2008 4T v B B 22 B 71 2 0t 70 i 3145 1 &
AL EEE AT I N AILER . BRI R 7E Journal of Fluid
Mechanics, Combustion and Flame 55T R FR L L 100 Z 5. SKE X H
AR RS ZMNE OUEB) IAE (WFE A) DiH R, dAHE 7 REeEER
M ph G E AT H . Bt R E S I, BLAE P RIE 4L
Wl AHAE R E D B, BRSO RSB FARR G, MK RST R, A
Pk CIJA ST 2.




	1 绪　论
	1.1 临近空间的物理特征与战略价值
	1.1.1 物理特征
	1.1.2 战略价值

	1.2 临近空间飞行器主要类型
	1.3 论文定位与结构安排

	2 临近空间动静态环境特性与飞行器耦合效应分析
	2.1 临近空间大气平均特性
	2.2 临近空间大气环境参数的时空变化特征
	2.3 环境−飞行器耦合效应机制
	2.3.1 环境特性向各子系统的传递链路以及飞行包线约束概述
	2.3.2 不同类型飞行器对环境参数敏感性
	2.3.3 环境–飞行器耦合建模与评估方法


	3 气动: 气动环境与流动机理
	3.1 高超声速临近空间流动特征
	3.1.1 高空稀薄流动
	3.1.2 大气风场扰动
	3.1.3 气动热与热化学非平衡

	3.2 边界层转捩与湍流发展
	3.2.1 转捩建模
	3.2.2 湍流模拟
	3.2.3 数据驱动与智能预示


	4 动力系统: 推进形式与环境耦合
	4.1 临近空间动力需求与挑战
	4.2 亚燃冲压与超燃冲压发动机
	4.3 组合式发动机技术
	4.4 旋转爆震和斜爆震推进
	4.5 电推进技术

	5 动力学与控制: 极端环境下的稳定性与制导
	5.1 临近空间飞行动力学特征
	5.2 跨域与宽速域控制策略
	5.3 强扰动与不确定性控制
	5.4 智能控制与自主决策

	6 材料与结构: 热结构与多场耦合
	6.1 临近空间环境与结构负荷
	6.1.1 气动热载荷与极端温度环境
	6.1.2 气动机械载荷与环境扰动

	6.2 超高温材料与先进热防护技术
	6.2.1 热结构与热防护系统
	6.2.2 主动热管理与冷却技术

	6.3 噪声与振动问题
	6.4 结构健康监测与数字孪生

	7 临近空间环境与飞行器作用效应展望
	7.1 大气环境与耦合效应建模的演进
	7.2 高保真多尺度与多物理场模拟
	7.3 组合动力与跨域机动一体化设计
	7.4 动力学与控制技术展望
	7.5 新型材料与多功能热结构展望

	参考文献

