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Abstract Ultra LEO spacecraft has become a hot research field for a wide range of application in mili-

tary, remote sensing, scientific research, etc. Due to the special space environment of ultra-low orbit,
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many technical difficulties need to be solved, mainly focusing on atmospheric environment prediction,

aerodynamic, aerothermal and so on. The main atmospheric models and inversion methods for typical ul-

tra-low orbit vehicle missions are studied, and the model data is compared. By combining various cases

of aerodynamic passive stability, the methods of aerodynamic calculation and the important impact of

aerodynamic structural design are investigated. Aerodynamic design and stability control methods un-

der aerodynamic interference are introduced. The aerodynamic thermal environment and simulation al-

gorithms of ultra-low orbit satellites are studied, and various thermal resistant composite materials and

their application scenarios are introduced. Detailed analyses were conducted on the technologies for vari-

able switching of heat and heat dissipation for ultra-low orbit satellites, and the advantages and disad-

vantages of each scheme were briefly reviewed. This review is helpful to promote the key technology re-

search and test demonstration of ultra LEO spacecraft, turning the ultra LEO spacecraft from test mis-

sion to space application mission as soon as possible.
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120 5100 560 110
110 21000 2300 460




718

High temperature gas
radiation heating

__________
- -

- -
- Y

y-ray
X-ray
Ultraviolet ray
E Visible light

/’
7

N
Convective®s
heating

_/ Microwave 7
Radio wave .*
.

ki Infrared radiation K

Chin. J. Space Sci. =IAFAFFIR 2023, 43(4)

Chemical
heating o
....... Radiative heat
o® L . . .
” S dissipation
A ’ .
\ ll ————————
VA AB Y eemmmmeee
1 - ~
H VB
] B-S 4% o \
' 5\ P ‘W"l Excitation
— 2 \
H % o "
R '
H ]
' '

........ E
.9 §\W.De-excnat101}:
’
P
.

’

~ -
..........

...........
S s

- Tk
' Tl r/{??/ T2 “I

W/ /

A7 1 ’,'

~ -
~~~~~~~

K10 KB CA T dea i B

Fig. 10

C/C composite materials

N~~~
S

2 N

ID 2D 3D 4D Resin  Pitch Sedimentary
carbon carbon carbon
K11 /RS FORHR AL

Fig. 11  Schematic diagram of carbon/carbon

composite material composition

JRAC SRS A5 o BB 3P B R A AR A T 45 i 23 i
AR AL

FLR A B P 37 2R 48 2 2 LARIVE B e BT . SRk
B B GE AN A i AR 3P R G 2, [N AE SR R
S SRS R X R e /B SRR
421 W/BREEMH

B /Bl 52 5 BB B 2T A3 7 1 22 (4U) AR
B 245 M B, LA AN TE] 11 R . R AR
1o FUSR R | i FURRRE, BUbenh ., DUR IR Pk 2 has
Find, B e et s, J& H ATiE—BERS7E 2000°C LA

R R U RE AR,

Surface thermal load of ultra-low orbit aircraft

/ / / Tungste{nose \1 'I

Carbon-carbon
leading edges

. Haynes 230
L

X-43 A T IRER S

e 12
Heat protection system for X-43 A

Fig. 12

UL REAR, DRk e A R A TR R R R,
T /= T A A B /i 25 A RE T LR AR ST I B R
P, MR AL X-43 A 2. 2004 4F 11 H
16 H, X-43 A {47 73E 10 Ma 4755, %47
Sk e B TR IR 2200°C, SR i A /R A R, A1
TRV T R R B E R R . X-43 A (B R g5
WE 12 Fim.,
4.2.2 NIHEEER

AT XU JES A v Tk DX 3l R R R P
BRI RS, TR PR L . M AR R 2 R
IR EALREIR N, P 4T e B A FL S N & 13 Fp



D F RRALEATRAREFERL N F LRGP TER 719

K 13 BRLr4Epi sy

Fig. 13 Photo of ceramic fiber thermal tile

IR o BRI B P BL 322 T LI FALEEL T 26 TR
9 600~1260°C [H# iR IX . Hh AETB B % FL2
— Rl BB, B AR | AR A L AL A
FEMR SR AP A S Al Al T I PR = F W e mT LS )
R[5 B AR g P e 2T Ak B B
4.2.3  REimarat

S A B 4P 2 LA AR ) B I ek 46 BB PR 1Y
BB 2Tk B RS T R, TAEL 4
S RO A, — PR YT v 0 14 J2 280 e JF e e 4
FERLE AR o o SR I, TR T B A
SRMEPAE T H— U R, BAEM RIS, &
B INE S R A, A RS A FkG . =i
il AP SRR B AR AN & 14 s .

R R Rt 2 B N FH TR AR e ks R4
315 453 SR FH 2P o T Bk BRSBTS I 5, 1
Yy BAT S 5 L R PG 3 B KL O s T
AR FR A B [ AR AT 55 R i (B G 235 R BiAR
I ARG A 2 7 KR TR I 8 32 1 W 1 A U 2%
N 1.97 MW-m ), BB B bkl EA 25 | it i
I 1 7 SO R o1 e | N 2.0 S S GIVA O s W 2
W (0.22~0.33 g-cm ) Btk H a4 £ fLak
) T T B 0 s o P g e £ AR AL S AR A )
4.2.4 ZERMAHF

Z IR MR Z o FH A R U, e i R 5 R
R 0] o A0 M 5 1T i, oy S 5 o P B 46 6 S 4 44
B2 T 3k, 2 2 ocE e G
GHF 10~30 Ho0), BIRR Y8 SRR R
10° #2%.,

22 2 W AR A L BE T 20 D (Rl . il

= ‘. X
R s
5 P REFRIN A Y B B RS

K 14

Fig. 14 Heat resistant base of the Orion

exploration spacecraft

*2 ZERRAHRNFIELITEH
Table 2 Types and descriptions of multi-layer

insulation components

E e i
i R RERERE AR (R AR5
[ )2 IR B 2T 4R 4R B )
TR ~200~100°C, & 1T £120°C
LENS RE RER M+ & B (50 4R4F)
[ )2 BYILFLUELR, i S
TR ~200~350°C, 4 1450°C

[l SR EEECREM ., B H5D)

WIFRZ R BULT A S LA
I ~200~1000°C

TR, T LRI AT 45 75 B K AT AR
TG OLHEAT R . (R 2 R AL IR T T b
T, A3l TR SN ER s, 2  T
R 2 2R 34 . T8 15 284 T B (i
LIEFPRMLE ) .
425 FEABR—iLEH

TG IR 28 0 7R 1 R BT 30 254 43 B0 AT
B, 3 e S O R T 1 SR LT 728 TR
PR, BE R R R A EOR (RN, i
FLB BRI RS 19— AL AR 18 BN Dot R R . i
B ARG XS T 2 R, HAK
IR 55 2 3R P L (et s, s
JRILTR . W EOAR | W | MR MR R FEgE
(R Bk, LSRRI B SR

i Bapanapalli® 2 48 H 11 2045 g 1 16 B
o I B G e S AR R I T AR



720

High temperature
multi-layer

Low temperature
multi-layer

—=

B 15  Z2aEITY

Photo of multi-layer coating

[ Heat flux |

Fig. 15

Roof TFS

Thermal insulation

materials
Web plate

PCMs

;* Baseboard

K16 Jsokt X — Mty
Fig. 16  Corrugated sandwich integrated structure
RS G . REHIRENE R M 10 5T U1 0y, IR B —E /Y

U FBTHIAE ST .

Jemtas A KT R AR R L C/C-SiC B A
BHE A B, DABR BE BRHAbA L R B AR 2, T —
IALEERIUNIE 17 PR o IG5 HG R PR e T A 4 s 42
ETHURZE 200 LIRS 04 0 AL 45300, It P 7 4
KIECAE L I AFEPRBER A RN, AH FAZ I 5
2 34%.

4.3 PR SHHAAT TR AR

145 1AL AR B A X3 i, 7 Kl
Ay HAS A B T X3, DX ) o — AN AT e, 3
BN AT BT R G £ EOR SR I 5 B
PobrkH 75 2, AT RERE RSN S A

PEAEk, Bl N FH 7 R R R, AL KA 7E )
it R, & F T e BARGE LT 8 A A
AT 55, QR e 225 AT I AR L DN | A8 [
RIFRHA AT VI BT K o 7RIS BT
YAV RS AR S AR AT 1 23 (B A, T 3R RE
TR FE R, RO R AR A R G003 N Al T 4

Chin. J. Space Sci. =WAFFFIR 2023, 43(4)
C/C-SiC

Ceramic fiber
insulation felt

s L Aerogel

SR

SiC screw

K17 BREERRHEE R — A4
Fig. 17 Integrated structure composed of gradient

insulation materials

Radiative heat

23259 282

[T

Vacuum and
insulation support

AN

OFF ON
Insulation state Heat dissipation status
K18 HIFC AR

Fig. 18 Working principle of thermal switch

TH LR

A AR AT DLBH PSR S B, [ SCRT LA
TE T L2 IR A T A, BRRE AR D L3R [n) &, T TE A
AT AR R A AR
4.3.1 FTEHRRE

AT AR & 3R J2 AT LAAE AN e A% R T R i 2
R R AR R KRR, S AR AR T A AR
AR B R S AT 43 o BT R B0 0 ) AR R A R
PP U 2 R T B (A T R R A B i 2,

S 23 A PR A Re U MR 2 5 ST voi ks (S AR
FRSTEAAR ), TR B
4.3.2 MIFRX

PIT S — MRS AR BT K A 3l Wi
BB B P B A PRE B R Z A (e B TR
AT IS A BB | REABAG T DG — R4 il T4l 1 1Y)
MWW, B NASA i i MEMS B - A1 i AT
KA SR (ESR) B0 T ML 4 7] 28 #5637
AR, B 18 T TAERHE

H FANZ R R ELT A & SR ARS8, S 3
SFORRAR A RN, QIR R R SR



D F RRALEATRAREFERL N F LRGP TER 721

Closed state (a)

Expanded state  (b)

| Heat transfer
Heat source | Heat source | by heat pipe
- | Radiative
J_J T - - m—— heat dissipation
[
8 3 3] 3
= = T2 =
2 2 2 5 |
= = = s s
T2 S =8 S Radiative
T T = T heat dissipation
ol b e L
\. ) \
K19 IR S TR
Fig. 19 Working principle of the deployment radiator

WIEMORL, # 2 19K 3 v K3 n 2= U E AR, Bodk
SRR

it RBUN,

B AR AN O B B Bl H s A0
ok B S
4.3.3 FERANXIEH

A S R S o] DAAE N AR TR AR S5 a1
HIAR T, FmE B e TR AT AR, e DAZE M S A he
s TR R A R i % o U S A AT
PR, (] A P A B A A 5 %) R T R4 i e S
PAE S, 19 KR TAR ST RS B T AR IR

Pesi: ATEEEm, 9 R AUR

B, 3 TR
4.3.4  EFHIEHI B0 E %

E B 5 2R YRR IR AT S P B, SR
B S DX D AR, ICHR R e A T g LR R, —
& Z IR i BARE i, I B SR i BV, o A I
PR B PR AR A T 3, SRR AN ] 20 o . SRR
DX AR 52 BBl R, R4 ) AR AR B, e A
M AT IR LA, B2 2 sl b n
RHGRRE I, A Bl P IR R, K Bl B B S
T 5 Y R L, AN 2] P BT LI FCS

i E BRI T PR TEC #5S P 1Y
B, it TEC =R R 22, Bk ) 22, P
WK TR s AT e i ik, B 21 s %5 %
RERS A RSN R A S FT§E T, S S
RICER A AT AS UG, WX R SR 2R A 55 7oK o

Dowie AT e, MR RE PR, T3 TR R LR,

Stop excitation point

N\

Start excitation point

Ohn
L 1111

Q .

i . Wick Evaporator &
a Compensation ‘8,
Zg chamber g
g g
— >

1 1 1 o

20 Sl A I
Fig. 20  Active control fluid circuit
AERS 5E PR B U shTA.
R A AT B AU R
:l__: N
5 Zhip

VRSB M BT FE AR ST, AR IR AT 4% i T4
TR BR 25 (B R 5E, TR0 B m R iR B R AR
SO T ORAEME TN DT AR SERE R, A4 T H
R TIREE S Y Sy 27 PR D7 T BB AE R AT
R RINIE TN A - TT 10)

LRI, AR AT 2R U AR SIS IEAE PR &
J&, B IEFEARPL AT AR R AR R R B SR, A7
W ETT REHT LB AR BB TE, X HOAR N TR R A 5
(ST | R PR EA T IR ATIE, B X I FH 2o A 14
SR RVEHEATRITSE, S vp DR AR AL AT e R e it
HoR %



722 Chin. J. Space Sci. ZIAFAFFIR 2023, 43(4)
Heat dissipation mode (a) Anti heat mode (b)
.1:"19 oe
g0 |Radiant panel o Radiant panel
00 00
MLI MLI 5
0 UJJE
s 0 00
0 > 00
Q 7 ® o0 <
—> 5 "
Heat - —_— Heat J‘. q_
source Aunu source v
o —> o <+
00 L 00
00 Radiative heat 00 Aerodynamic
o dissipation . heat flux
e 1
00 00
"gs 0i$
K21 B o] A2 D
Fig. 21  Variable switching between heat protection and heat dissipation
g g
%%j{fﬁﬁk [10] EMMERT J T, DROB D P, PICONE J M, et al. NRLM-
SIS 2.0: A whole-atmosphere empirical model of temperat-
[1] CRISP N, ROBERTS P C E, LIVADIOTTI S, et al. The . N .
. . ure and neutral species densities[J]. Farth and Space Sci-
benefits of very low earth orbit for earth observation mis-
ence, 2021, 8(3): e2020EA001321
sions[J].  Progress in Aerospace Sciences, 2020, 117: [11] BOWMAN B R, TOBISKA W, MARCOS F A. A new em
102619 i A , . q pirical thermospheric density model JB2006 using new sol-
[2] WANG Caiyun, LIAO Wenhe. Development status an ar indices[C]//ATIAA/AAS Astrodynamics Specialist Con-
application in space attack-defense of stealthy satellite[J]. ference and Exhibit. Keystone: ATAA, 2006
“_lfmsz)“; El“t;"mc W“Tfﬁe’ 20LL 27(): 1719 (B2 5 pRUINSMA S, The DTM-2013 thermosphere model[J].
Z\Yiﬂ;ﬁm%ﬂaaﬂ/‘]fﬂ'{k&/\ﬁﬁiIFﬂIﬂIIQTEF'B"JF‘ZFﬁ[J]. LES Journal of Space Weather and Space Climate, 2015, 5: A1l
XL, 2011, 27(4): 17-19) [13] JIN Xuhong, HUANG Fei, CHENG Xiaoli, et al. Atmo-
3] CRISP N H, ROBERTS P C E, ROMANO F, et al. Sys- spheric drag on satellites flying in lower low-earth orbit[J].
tem modelling of very low Earth orbit satellites for Earth Journal of Tsinghua University (Science and Technology),
observation[J]. Acta Astronautica, 2021, 187: 475-491 2020, 60(3): 219-226 (FHLT, ¥ &, FRmEwT, 55, B IkbEk
[4] LV Jiuming, LU Jiangong, DIAO Jingjing, et al. The iﬁﬂ%jﬁ%lﬂﬁﬁ?ﬂﬂ'—j%ﬂﬂ lﬁ?%ﬁ[ﬂ {%%jﬁ%%ﬂi(ﬁ?jﬁ
status quo of ultra-low altitude satellite technology and its BIEIR), 2020, 60(3): 219-226)
future use[J]. National Defense Science Technology, 2020, [14] DOORNBOS E. Thermospheric Density and Wind De-
41(1): 33-37 (B AW, B, A dndn, 45 B ICHLIE TR termination from Satellite Dynamics[M]. Berlin, Heidel-
AR EJRBUR I v ). iR, 2020, 41(1): 33-37) berg: Springer, 2012
(5] KIMOTO Y, YUKUMATSU K, GOTO A, et al. MDM: A 15 BRUINSMA S, BIANCALE R. Total densities derived
flight mission to observe materials degradation in-situ on from accelerometer data[J]. Journal of Spacecraft and
satellite in super low Earth orbit[J]. Acta Astronautica, Rockets, 2003, 40(2): 230-236
2021, 179: 695-701 [16] PICONE J M, EMMERT J T, LEAN J L. Thermospheric
[6] COESA. USA standard atmosphere 1976[R]. Washington densities derived from spacecraft orbits: Accurate pro-
D C: USA Government Printing Office, 1976 cessing of two-line element sets[J]. Journal of Geophysical
[7] JACCHIA L G. Static diffusion models of the upper atmo- Research: Space Physics, 2005, 110(A3): A03301
sphere with empirical temperature profiles[J]. Smithsoni- [177 MOE K, MOE M M. Gas-surface interactions and satel-
an Contributions to Astrophysics, 1965, 8(9): 213-257 lite drag coefficients[J]. Planetary and Space Science,
[8] CHAO C C, GUNNING G R, MOE K, et al. An evalu- 2005, 53(8): 793-801
ation of Jacchia 71 and MSIS90 atmosphere models with [18] BIRD G A. Approach to translational equilibrium in a ri-
NASA oderacs decay data[J]. The Journal of the Astro- gid sphere gas[J]. Physics of Fluids, 1963, 6(10): 1518-1519
nautical Sciences, 1997, 45(2): 131-141 [19] BIRD G A. Application of the direct simulation Monte
[9] PICONE J M, HEDIN A E, DROB D P, et al. NRLMS- Carlo method to the full shuttle geometry[C]//5th Joint
ISE-00 empirical model of the atmosphere: Statistical com- Thermophysics and Heat Transfer Conference. Seattle: Al-
parisons and scientific issues[J]. Journal of Geophysical Re- AA, 1990
search: Space Physics, 2002, 107(A12): SIA 15-1-SIA 15-16 [20] WANG Dan. Approache and Application Research on


https://doi.org/10.1016/j.paerosci.2020.100619
https://doi.org/10.1016/j.actaastro.2021.07.004
https://doi.org/10.1016/j.actaastro.2020.11.048
https://doi.org/10.5479/si.00810231.8-9.213
https://doi.org/10.5479/si.00810231.8-9.213
https://doi.org/10.1007/BF03546372
https://doi.org/10.1007/BF03546372
https://doi.org/10.1007/BF03546372
https://doi.org/10.1051/swsc/2015001
https://doi.org/10.2514/2.3937
https://doi.org/10.2514/2.3937
https://doi.org/10.1016/j.pss.2005.03.005
https://doi.org/10.1063/1.1710976

[21]

22]

23]

(24]

[25]

[26]

[27]

(28]

[29]

2 RAKIUE B9 E R SRS AL A 5 5 e R AR AR T

Aerodynamic Shape Optimization Design[D]. Xi’an: North-
western Polytechnical University, 2015 (T J}. €478 380
SME DAL BT D7 i W58 5 B D). P9 PE L Tl R,
2015)

ZHOU Weiyong, ZHANG Yulin, LIU Kun. Aerodynamics
analysis and reduced drag design for the lower LEO space-
craft[J]. Journal of Astronautics, 2010, 31(2): 342-348 (J&
155, SREAK, XIE. BARBUI R A <3 1 0 S BRI ).
TR, 2010, 31(2): 342-348)

HU Lingyun, ZHANG Lihua, CHENG Xiaoli, et al. Meth-
od of aerodynamic design and calculation for ultra-LEO
spacecraft[J]. Spacecraft Engineering, 2016, 25(1): 10-18
(B =, skor e, B, . BT R SEhiat 5iH5E
FEBRT). MR TR, 2016, 25(1): 10-18)

ZENG Qiyun. Applications of Aerodynamic Torque to Ul-
tra-Low-Orbit Satellite Attitude Control[D]. Harbin: Har-
bin Institute of Technology, 2009 (% H:%. <5 Ji 4 AEHAIK
U T A SR AT D7 T BB HIWEE (D], MRS IR EE Tl
K2, 2009)

WU Hongxin, TAN Shuping. Spacecraft control: present
and future[J]. Aerospace Control and Application, 2012,
38(5): 1-7 (R, W, MURE R IR G AR, =
Il fil A SR, 2012, 38(5): 1-7)

SCHLANBUSCH R, LORIA A, KRISTIANSEN R, et al.
PD+ based output feedback attitude control of rigid bod-
ies{J]. IEEE Transactions on Automatic Control, 2012,
57(8): 2146-2152

LAMBERT C, KUMAR B S, HAMEL J F, et al. Imple-
mentation and performance of formation flying using differ-
ential drag[J]. Acta Astronautica, 2012, 71: 68-82
WISSINK J G. DNS of separating, low reynolds number
flow in a turbine cascade with incoming wakes[J]. Interna-
tional Journal of Heat and Fluid Flow, 2003, 24(4): 626-635
RASKY D J, MILOS F S, SQUIRE T H. Thermal protec-
tion system materials and costs for future reusable launch
vehicles[J]. Journal of Spacecraft and Rockets, 2001, 38(2):
294-296

MARSHALL L, CORPENING G, SHERRILL R. A chief

30]

31]

(32]

33]

(34]

35]

723

engineer’s view of the NASA X-43 A scramjet flight
test[C]//AIAA/CIRA 13 th International Space Planes and
Hypersonics Systems and Technologies Conference. Capua:
ATAA, 2005

JIA Xianfeng, LIU Xuhua, QIAO Wenming, et al. Prepar-
ation and properties of phenolic impregnated carbon ablat-
or[J]. Aerospace Materials & Technology, 2016, 46(1): 77-
80,90 (BAMkWE, X ABAL, Fr ST, 4. )R I T Bk 5 4K
(PICA)RY 4% . 4k e VERE ). TR BN 122, 2016, 46(1):
77-80,90)

HUANG Wenxuan, QIU Hui, LIU Feng, et al.

on thermal-structural integrated heatshield structure for

Research

deep space explorer[J]. Spacecraft Recovery & Remote
Sensing, 2019, 40(6): 19-25 (¥ CE, I, Xig, 4. Wi
U225 Bl 3R T — PR AL R 25 M R 5 (D], 00 KR [ 5 3 Uk,
2019, 40(6): 19-25)

BAPANAPALLI S K, MARTINEZ O, GOGU C, et al
Analysis and design of corrugated-core sandwich panels for
thermal protection systems of space vehicles[C]//47 th AlI-
AA/ASME/ASCE/AHS/ASC Structures, Structural Dy-
namics, and Materials Conference, Newport, Rhode Island:
ATAA, 2006

JIA Fang, JI Xiaojuan, PENG Haoran, et al. The develop-
ment of variable smart thermal control
coating[J]. Thermal Spray Technology, 2017, 9(2): 9-16 (¥
05, BELERY, IR, AE. AT R REIE IR IZ BT
JR[J). #umiiREE AR, 2017, 9(2): 9-16)

GUO Liang, ZHANG Xusheng, HUANG Yong, et al. Ap-

plications and development of space heat switches in space-

emissivity

craft thermal control[J]. Optics and Precision Engineering,
2015, 23(1): 216-229 ($85%, BT, #H, . 25 RIAIF TR
MR A A R S5 R R (D). O R TR, 2015,
23(1): 216-229)

LIU Xin, LIANG Xingang. Adaptability analysis of de-
ployable radiator thermal control system to spacecraft or-
bit adjustment[J]. Journal of Astronautics, 2021, 42(3):
390-396 (XIk, FEHAN. W JR T 2R ST a5 A 0 ol R s il
TR B NS (). TLAAR, 2021, 42(3): 390-396)


https://doi.org/10.3873/j.issn.1000-1328.2010.02.007
https://doi.org/10.3873/j.issn.1000-1328.2010.02.007
https://doi.org/10.1109/TAC.2012.2183189
https://doi.org/10.1016/j.actaastro.2011.08.013
https://doi.org/10.1016/S0142-727X(03)00056-0
https://doi.org/10.1016/S0142-727X(03)00056-0
https://doi.org/10.2514/2.3686
https://doi.org/10.3969/j.issn.1007-2330.2016.01.013
https://doi.org/10.3969/j.issn.1007-2330.2016.01.013
https://doi.org/10.3969/j.issn.1007-2330.2016.01.013
https://doi.org/10.3969/j.issn.1007-2330.2016.01.013
https://doi.org/10.3969/j.issn.1007-2330.2016.01.013
https://doi.org/10.3788/OPE.20152301.0216
https://doi.org/10.3788/OPE.20152301.0216
https://doi.org/10.3788/OPE.20152301.0216
https://doi.org/10.3788/OPE.20152301.0216
https://doi.org/10.3873/j.issn.1000-1328.2021.03.014
https://doi.org/10.3873/j.issn.1000-1328.2021.03.014

	0 引言
	1 典型的超低轨任务
	2 超低轨道环境预测与分析
	2.1 大气模型
	2.2 在轨数据反演
	2.2.1 利用轨道数据反演
	2.2.2 利用星载加速计反演


	3 超低轨力学相关问题
	3.1 气动力计算方法及仿真
	3.2 气动结构设计
	3.3 气动被动稳定设计
	3.4 气动干扰下的高稳定控制

	4 超低轨热学相关问题
	4.1 气动热计算方法及仿真
	4.2 防热材料及复合结构
	4.2.1 碳/碳复合材料
	4.2.2 刚性陶瓷瓦
	4.2.3 烧蚀材料
	4.2.4 多层隔热组件
	4.2.5 承力防热一体化结构

	4.3 防热与散热可变切换技术
	4.3.1 可变发射率涂层
	4.3.2 热开关
	4.3.3 可展开式辐射器
	4.3.4 主动控制型的流体回路


	5 结论
	参考文献

