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tion[3
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Fig. 18 Aerodynamic drag coefficients of VLEO satel-

lite with surface smoothing at different orbital altitudes!’]
— PR A U AR R 2 5 2 TR 10 9ok B S s

BT BRI R B, A SCPE#E B E
BABR H T — B A LA i B4 5 3R TR 1 1 A
PRSI T E . Z R A LA R
HH (18386 KK 41 T RN 2R T 1 00 T e R e <
BRSNS, DL RSB0 T

P HEA ST KA Fre=1 Mle=8 () IE B KE T A,
Yo IS FH A A 388 DR A 41 L 50 T ' e ik BEL 5% s 5 T2
BB AT T s, Bk R a9
Fim. AITCAEH, JKgibbe=1F, B0 TH %
1B 2 RSB 7 A55.38 mNJ/$51.86 mN,

4.2.4



it

H}

HE

i

TP R IE6.4%; K41 the=8IN, B FH N T )6
W BRSSP M 22.65 mNJk /N F]15.6 mN,
TP R IE31.1%. Rk, 386 0K 41 bb A 4500 i
6 AT SR AR PR G . R, SR N
M e ) P2, #RKanth, TESFIHIIM
55.38 mNE /D $122.65 mN, I8 FH 215 59.1%:
T R e i A, Wk Katk, PR
SBNFH 77 A51.86 mNE/NE]15.6 mN, Jak BH 2% S
1569.9%. DRI, AT ST A58 45 38 04 4 BL i 5
FEC PRI 9B BE SR 38 K

DL BB ST R BA, 79 gk L S5 s 1 9k FEL A5 SR AH
BAREE, PRbRgsR, HARA B AR B R AR S
LT B ORAREE AR IRHCR, AT AR BOE K
IRHE PR MAE A,

E: oHABIER R i
THL, 29 HRKLRE 5@

S F/mN

D,=5538 |
Dgy=50.35
Dgy=5.03

o1 SEPEA/mN

Idl HAKAL ol

E R

D,=22.65
Dyy=1258
D},p=10.07

A=32.73

‘01:1

(a)

A4=3.52

0,=0.3

s

()

P19 S FTHE KA A B 5 0 T ' 9k EL 93 Ao SR )
IER A RSB

Fig. 19 Aerodynamic drag of the satellite with a square

D.=51.86 EAKALL
D y=50.35

Dp=151

D4=15.60
Dgy=12.58
Dgp=3.02

A4=36.26

prism form applying two drag reduction strategies!’]

1%‘\2:55@%

AR Bk TE TR BT RS A, B
AR POE K, B RPE PR E M E
) SR TR, FEEXS HOI . B 5 5
SRS BT SO I E R . B
RPUEHSE T, K015 TR R 2 AT
SR KABA AT 20, R TR A1
il PUE T AE A ocsE R R . Rk,
308 T ES SNBSS B BT
T RRELIE AT 0 B Al BRPUEIREE RIS
Wm s B A N E B, HAr, HE
T X F RS SE JK AR KT
TPMC. DSMC ZERiF ik, 1imZE KA
B BCHE 0 rT S A GST RS R (1 HE A 1 xS 3h BEL
NHREFRMEREE., Nt —PREBRATE

5

HEAE

BB TN B, SR AR AL A A
B 7 ASCIESCHID B A A Ah, 12U AR R 7 3
FRUE LAT JUA 2K B 17 «

D 583K GSI A

BHL 77 A E R RS FEAR R BT GSI
PR U HERAE o AR AR R I R PRI TN
SPRLT IR (R R RS M. DMK
FRAECHBE S 55 R FIERS). N TR
FPH ARG L, RR G Bl st . BE M
AR TR 1E N AR B AT B RGN T, AT
H AN IE A R R R SR T A AS [R] AR R SR 1
GSI BiRY, S Erf I E SRtk 7> T HUNAT . %
TRXMEEEN GSI AL, 3P SR
PERSBIH AR A 20

2) FARR

EBIRPUIEA BT, &R T4 (Atomic
Oxygen, AO) XX TLE Hh 3 IH KA BLE A
A, PR RB 5 Re . B 7 X ARk
PEA5 05, TR SR 2 R B 21 TR AR AR T i R AR T
T4, FOMRIME N A28, A5 P2 &
M ATE . tesh, HAnE IR 2R
THIFR T B E M BHIE N R 8. BTk, B
AR AT RRE GE RN REEDN ) HIRR AT LB
ki 5 P ER M S B H b TR IVEL T A,
NIIE SRS o)1 s IS D AP TRIEY YR SRR )
7C 5 FEH RE BE RE WS HRTIR 7 8RS RESR N R 3)
BT EIARE . B BRI BT 7T 5 MR AT AR R
DRSS ekt K R R
HAT KRR St

3) W et

N T B RRHURAI A, HEE R G S Hs
FERE . MR AR AR B T BOR IR, AT DA
O A 7R 7 AR HE D0 e AR B o W KR
( Atmosphere-Breathing Electric Propulsion ,
ABEP) FAR 5 4 SA 3k A0 A0 A e A IE AN ],
‘B LKA RE it SR A ae IR, i S AR B IR A A
SRR SRR AR DN ORI, A A
T3, AR NYER PRBGERIZN ), DRI FTHEN
5t RVl AL R R B B 5150 . ABEP HURE
fii 7 BLA R R UTE TR AT AR S50 HEBE )25 1Y
R, A7 B i DR (R 2 B R IE B AT 1)



=
H}

HE

]

(2]

(6]

[10]

[11]

5

=

£ X W

ASLANOV V S. Chaotic attitude dynamics of a LEO
satellite with flexible panels [J]. Acta Astronautica, 2021,
180: 538-44.

CRISP N H, ROBERTS P C E, ROMANO F, et al.
System modelling of very low Earth orbit satellites for
Earth observation [J]. Acta Astronautica, 2021, 187: 475-
9L

MCCREARY L. A satellite mission concept for high
J].
Technology, 2019, 92: 972-89.

LLOP J V, ROBERTS P, HAO Z, et al. Very low earth

drag environments Aerospace Science and

orbit mission concepts for earth observation: Benefits
and challenges; proceedings of the Reinventing Space
Conference, F, 2014 [C].

LIVADIOTTI S, CRISP N H, ROBERTS P CE, etal. A
review of gas-surface interaction models for orbital
aerodynamics applications [J]. Progress in Aerospace
Sciences, 2020, 119.

HAIGH S, LYONS R, OIKO V, et al. Discoverer-Radical
redesign of earth observation satellites for sustained
operation at significantly lower altitudes; proceedings of
the Proceedings of the International Astronautical
Congress, IAC, F, 2017 [C]. Discoverer Publications.
ZHANG S, YANG J, LI C, et al. Mechanism of capture
section affecting an intake for atmosphere-breathing
electric propulsion [J]. Chinese Journal of Aeronautics,
2023.

ROBERTS P C, CRISP N H, ROMANO F, et
al. Discoverer-Making commercial satellite operations in
very low earth orbit a reality; proceedings of the
Proceedings of the International Astronautical Congress,
IAC, F, 2019 [C]. IAF.

CRISP N H, ROBERTS P C, LIVADIOTTI S, et al. The
benefits of very low earth orbit for earth observation
missions [J]. Progress in Aerospace Sciences, 2020, 117:
100619.

HUY, LU Z, LING K, et al. Multiplexed MPC attitude
control of a moving mass satellite using dual-rate
piecewise affine model [J]. Aerospace Science and
Technology, 2022, 128: 107778.

ROBERTS P C E, CRISP N H, OIKO, V. T. A. E, et

[12]

[14]

[15]

[19]

al. DISCOVERER - Making Commercial Satellite
Operations in Very Low Earth Orbit a Reality [J]. 70th
[TAC-
19,C2,6,1x50774] International Astronautical Federation,
IAF, 2019.

SHAO A, WERTZ J R, KOLTZ E A. Quantifying the

Cost Reduction Potential for Earth Observation Satellites

International Astronautical Congress

[M]. Proceedings of the 12th Reinventing Space
Conference. 2017: 199-210.

B, WS, M), & —METHEELE LEO
TR 2% B SRS (D] A S 4R, 2023, 44(16):
327994.

WEI D B, CAOY, YANG L, et al. A routing strategy for
LEO satellite network based on space-time-level [J].Acta
Aeronautica et Astronautica Sinica, 2023, 44(16):
327994 (in Chinese).

WOOD M, CHEN W-H. Attitude control of magnetically
actuated satellites with an uneven inertia distribution [J].
Aecrospace Science and Technology, 2013, 25(1): 29-39.
SR, HARCSEARPUIE BRI TR E 55 KR H
[31. EBr K7, 2018, (09): 50-3.

HE H D. Japan's super low altitude test satellite mission
and application [J].Space International, 2018, (09): 50-3
(in Chinese).

CRISP N H, ROBERTS P CE, LIVADIOTTI S, et al. In-
orbit aerodynamic coefficient measurements using
SOAR (Satellite for Orbital Aerodynamics Research) [J].
Acta Astronautica, 2021, 180: 85-99.

OLIVEIRA D M, ZESTA E, MEHTA P M, et al. The
Current State and Future Directions of Modeling
Thermosphere Density Enhancements During Extreme
Magnetic Storms [J]. Frontiers in Astronomy and Space
Sciences, 2021, 8.

L, kAR, =HARH, 45, SLATS BRI TR ©AT
55 B Ja o [CLEE\md E CEBR) Rl iR i
Wiz, 2022: 16-22.

LETY K, ZHANG N, GAO M Y, et al. Very low Earth
orbit satellite SLATS mission and its inspiration
[C].Proceedings of the 8th China (International)
commercial space forum, 2022: 16-22 (in Chinese).
FIR. AT =R R R S R T R
G TR IR E MK, 2016, No.461(09): 13.



[20]

[22]

(23]

(24]

[26]

(27]

WANG J. "Changerding"has successfully launched the
world's first quantum science experiment satellite with
three stars [J].China Aerospace, 2016, No.461(09): 13 (in
Chinese).

FEARN D G. Economical remote sensing from a low
altitude with continuous drag compensation [J]. Acta
Astronautica, 2005, 56(5): 555-72.

ROMANO F, ESPINOSA-OROZCO J, PFEIFFER M, et
al. Intake design for an Atmosphere-Breathing Electric
Propulsion System (ABEP) [J]. Acta Astronautica, 2021,
187: 225-35.

HE C, YANG Y, CARTER B, et al. Review and
comparison of empirical thermospheric mass density
models [J]. Progress in Aerospace Sciences, 2018, 103:
31-51.

CALABIA A, JIN S. Assessment of conservative force
models from GRACE accelerometers and precise orbit
determination [J]. Aerospace Science and Technology,
2016, 49: 80-7.

AVANZINI G, DE ANGELIS E L, GIULIETTI F. Two-
timescale magnetic attitude control of Low-Earth-Orbit
spacecraft [J]. Aerospace Science and Technology, 2021,
116: 106884.

WANG E, QIU S, LIU M, et al. Event-triggered adaptive
terminal sliding mode tracking control for drag-free
spacecraft inner-formation with full state constraints [J].
Aerospace Science and Technology, 2022, 124: 107524.
GUILHERME M S, LEITE FILHO W C, THEIL S.
Strategies for in-orbit calibration of drag-free control
systems [J]. Aerospace Science and Technology, 2008,
12(5): 365-75.

JIN X, HUANG F, CHENG X, et al. Monte Carlo
simulation for aerodynamic coefficients of satellites in
Low-Earth Orbit [J]. Acta Astronautica, 2019, 160: 222-
9.

MOSTAZA PRIETO D, GRAZIANO B P, ROBERTS P
C E. Spacecraft drag modelling [J].
Acrospace Sciences, 2014, 64: 56-65.

LI Z-H, PENG A-P, MA Q, et al. Gas-kinetic unified

Progress in

algorithm for computable modeling of Boltzmann
equation and application to aerothermodynamics for

falling disintegration of uncontrolled Tiangong-No. 1

(30]

(31]

[34]

[35]

[39]

[42]

spacecraft [J]. Advances in Aerodynamics, 2019, 1(1): 1-
21.

QU Q, XU M, LUO T. Design concept for In-Drag Sail
with individually controllable elements [J]. Aerospace
Science and Technology, 2019, 89: 382-91.

VALLADO D A, FINKLEMAN D. A critical assessment
of satellite drag and atmospheric density modeling [J].
Acta Astronautica, 2014, 95: 141-65.

ANDREUSSI T, FERRATO E, GIANNETTI V. A review
of air-breathing electric propulsion: from mission studies
to technology verification [J]. Journal of Electric
Propulsion, 2022, 1(1).

MARCOS F, BURKE W, LAI S. Thermospheric space
weather modeling; proceedings of the 38th AIAA
Plasmadynamics and Lasers Conference In conjunction
with the 16th International Conference on MHD Energy
Conversion, F, 2007 [C].

MARCOS F, BOWMAN B, SHEEHAN R. Accuracy of
Earth's  thermospheric neutral density models;
proceedings of the AIAA/AAS Astrodynamics Specialist
Conference and Exhibit, F, 2006 [C].

DOORNBOS E, KLINKRAD H. Modelling of space
weather effects on satellite drag [J]. Advances in Space
Research, 2006, 37(6): 1229-39.

MOE K, MOE M M. Gas-Surface Interactions in Low-
Earth Orbit [Z]. 2011: 1313-8.10.1063/1.3562825
COOK G. Satellite drag coefficients [J]. Planetary and
Space Science, 1965, 13(10): 929-46.

MOE K, MOE M M. Gas-surface interactions and
satellite drag coefficients [J]. Planetary and Space
Science, 2005, 53(8): 793-801.
MOSTAZA-PRIETO  D.  Characterisation  and
Applications of Aerodynamic Torques on Satellites [D];
The University of Manchester (United Kingdom), 2017.
LLOP J V. Spacecraft flight in the atmosphere [D];
Cranfield University, 2014.

STORCH J. Aerodynamic disturbances on spacecraft in
free-molecular flow [R]: Aerospace corp el segundo ca
vehicle systems div, 2002.

BIRD G A. Molecular Gas Dynamics and the Direct

Simulation of Gas Flows [J]. Oxford University Press,

1994.



fmn =2 ¥ R
[43] ZHENG P, WU J, ZHANG Y, et al. An atmosphere- [54] TUERT W, SPRINGER G S. A test particle Monte Carlo
breathing propulsion system using inductively coupled method [J]. Computers & Fluids, 1973, 1(4): 399-417.
plasma source [J]. Chinese Journal of Aeronautics, 2023, [55] ®rjB4r, %, FEORNE, 55, EARPUTR S e
36(5): 223-38. PO TR IR 56K T Monte Carlo 777 [J].1 55 243K,
[44] TISAEV M, FERRATO E, GIANNETTI V, et al. Air- 2017, 38(05): 120625.
breathing electric  propulsion:  Flight envelope JIN X H, HUANG F, CHENG X L, et al. Test particle
identification and development of control for long-term Monte Carlo method for rapid prediction of aerodynamic
orbital stability [J]. Acta Astronautica, 2022, 191: 374- properties of spacecraft in lower LEO [J].Acta
93. Aecronautica et Astronautica Sinica, 2017, 38(05):
[45] SENTMAN L H. Comparison of the exact and 120625 (in Chinese).
approximate methods for predicting free molecule [56] BIRD G A. Monte Carlo simulation of gas flows [J].
aerodynamic coefficients [Z]. Am. Rocket Soc. J., 31. Annual Review of Fluid Mechanics, 1978, 10(1): 11-31.
1961: 1576-9 [57] BIRD G A. Molecular gas dynamics [J]. NASA
[46] SENTMAN L H. Free molecule flow theory and its STI/Recon Technical Report A, 1976, 76: 40225.
application to the determination of aerodynamic forces [58] BIRD G. Forty years of DSMC, and now?; proceedings
[R]: LOCKHEED MISSILES AND SPACE CO INC of the AIP Conference Proceedings, F, 2001 [C].
SUNNYVALE CA, 1961. American Institute of Physics.
[47] CHAMBRE P A, SCHAAF S A. Flow of rarefied gases [59] PLIMPTON S, MOORE S, BORNER A, et al. Direct
[M]. Princeton University Press, 2017. simulation Monte Carlo on petaflop supercomputers and
[48] ThT. MiS ks 12 M) E B Lk R AE, 2003: beyond [J]. Physics of Fluids, 2019, 31(8): 086101.
148-50. [60] PALHARINI R C. Atmospheric reentry modelling using
SHEN Q. Rarefied gas dynamics [M].National Defense an open-source DSMC code [J]. 2014.
Industry Press, 2003: 148-50 (in Chinese). [61] #& K, VLE, FEEREN, &. —H DSMC 7 FIiE T
[49] FULLER J D, TOLSON R H. Improved method for the B FFlE L7328 [J] 0175 54K, 2014, 35(08): 2174-
estimation of spacecraft free-molecular aerodynamic 81.
properties [J]. Journal of Spacecraft and Rockets, 2009, HUANG F, SHEN Q, CHENG X L, et al. A new
46(5): 938-48. predefined method of particle weight in DSMC
[50] FULLER J, TOLSON R. Program for the Estimation of molecular  simulation [J].Acta Aeronautica et
Spacecraft Aerodynamic Properties; proceedings of the Astronautica Sinica, 2014, 35(08): 2174-81 (in Chinese).
47th AIAA Aerospace Sciences Meeting including The [62] MUNGIGUERRA S, ZUPPARDI G, SAVINO R.
New Horizons Forum and Aerospace Exposition, F, 2009 Rarefied aerodynamics of a deployable re-entry capsule
[C]. [J]. Aerospace Science and Technology, 2017, 69: 395-
[51] REGAN F J. Dynamics of atmospheric re-entry [M]. 403.
ATAA, 1993. [63] VOTTA R, SCHETTINO A, BONFIGLIOLI A.
[52] GRAZIANO B P. Computational modelling of Hypersonic high altitude aerothermodynamics of a space
aerodynamic disturbances on spacecraft within a re-entry vehicle [J]. Aerospace Science and Technology,
concurrent engineering framework [D]; Cranfield 2013, 25(1): 253-65.
University, 2007. [64] ANDREWS S, BERTHOUD L. Characterising satellite
[53] DAVIS D. Monte Carlo calculation of molecular flow aerodynamics in Very Low Earth Orbit inclusive of ion

rates through a cylindrical elbow and pipes of other
shapes [J]. Journal of Applied Physics, 1960, 31(7):
1169-76.

[65]

thruster plume-thermosphere/ionosphere interactions [J].
Acta Astronautica, 2020, 170: 386-96.
MA Q, YANG C, BRUNO D, et al. Molecular simulation



[66]

[69]

[70]

(71]

[72]

[74]

[75]

[76]

of Rayleigh-Brillouin scattering in binary gas mixtures
and extraction of the rotational relaxation numbers [J].
Physical Review E, 2021, 104(3): 035109.

LIU W, ZHANG J, JIANG Y, et al. DSMC study of
hypersonic rarefied flow using the Cercignani—Lampis—
Lord model and a molecular-dynamics-based scattering
database [J]. Physics of Fluids, 2021, 33(7).

DENG J, ZHANG J, LIANG T, et al. A modified
Cercignani—Lampis model with independent momentum
and thermal accommodation coefficients for gas
molecules scattering on surfaces [J]. Physics of Fluids,
2022, 34(10).
ANDRIC N, JENNY P. Molecular dynamics
investigation of energy transfer during gas-surface
collisions [J]. Physics of Fluids, 2018, 30(7): 077104.
REINHOLD J, VELTZKE T, WELLS B, et al. Molecular
dynamics simulations on scattering of single Ar, N2, and
CO2 molecules on realistic surfaces [J]. Computers &
Fluids, 2014, 97: 31-9.

KNUDSEN M. Die molekulare Wérmeleitung der Gase
und der Akkommodationskoeffizient [J]. Annalen der
Physik, 1911, 339(4): 593-656.

MAXWELL J C. VII. On stresses in rarified gases
arising from inequalities of temperature [J].
Philosophical Transactions of the royal society of
London, 1879, (170): 231-56.

ZHANG J, LUAN P, DENG J, et al. Theoretical
derivation of slip boundary conditions for single-species
gas and binary gas mixture [J]. Physical Review E, 2021,
104(5): 055103.

CERCIGNANI C, LAMPIS M. Kinetic models for gas-
surface interactions [J]. Transport theory and statistical
physics, 1971, 1(2): 101-14.

LORD R. Some further extensions of the Cercignani—
Lampis gas—surface interaction model [J]. Physics of
Fluids, 1995, 7(5): 1159-61.
LORD R. Application of the Cercignani-Lampis
scattering kernel to direct simulation Monte Carlo
calculations; proceedings of the Rarefied Gas Dynamics:
17th Symposium  on  Rarefied

Gas Dynamics, 1989, F, 1989 [C].

International

LORD R. Some extensions to the Cercignani—Lampis

(78]

(81]

(82]

(84]

(85]

gas—surface scattering kernel [J]. Physics of Fluids A:
Fluid Dynamics, 1991, 3(4): 706-10.

WALKER A, MEHTA P, KOLLER J. Drag coefficient
model using the Cercignani—-Lampis—Lord gas—surface
interaction model [J]. Journal of Spacecraft and Rockets,
2014, 51(5): 1544-63.

LIANG T, NIE K, LI Q, et al. Advanced analytical model
for orbital aerodynamic prediction in LEO [J]. Advances
in Space Research, 2023, 71(1): 507-24.

JIANG Y, ZHANG J, TIAN P, et al. Aerodynamic drag
analysis and reduction strategy for satellites in Very Low
Earth Orbit [J]. Aerospace Science and Technology, 2023,
132.

TR, R, ZHCP, 5 RE T HRERIES
B IR R S TR R [ RANUR,
2015, 21(02): 106-14.

LIZH, WU J L, PENG A P, et al. Unified modeling and
calculation of aerodynamics characteristics during low-
orbit flying control of the TG wvehicle [J].Manned
Spaceflight, 2015, 21(02): 106-14 (in Chinese).

BreLr, Bk, FRmEN, &5, B R ERAUE TR RS
BEL 73900 5 52ma I 3R A M (0138 SR A (A 2R R
22hR), 2020, 60(03): 219-26.

JIN X H, HUANG F, CHENG X L, et al. Atmospheric
drag on satellites flying in lower low-earth orbit
[J].Journal of Tsinghua University, 2020, 60(03): 219-26
(in Chinese).

FReSE, WAL, mE, A BT S B R
T [0]. LSS IE R A 2], 2022, 56(08): 1089-100.
WANG X L, YAO X S, GAO S, et al. Aerodynamic drag
characteristics of ultra-low orbit satellites [J].Journal of
Shanghai Jiao Tong University, 2022, 56(08): 1089-100
(in Chinese).
KOPPENWALLNER G. Satellite Aerodynamics
and Determination of Thermospheric Density and Wind
[Z].2011: 1307-12.10.1063/1.3562824

XUHONG J, XIAOLI C, BING W, et al. Predict
acrodynamic drag of spacecraft in Very Low Earth
Orbit using different gas-surface interaction models [J].
Aerospace China, 2021, 22(04): 35-41.

Wz, AL, TEIEEN, 5. ERPUNTRE 8k
TSR SRR [J]. 4R TFE, 2016, 25(01): 10-



=
H}

HE

]

(86]

(88]

(89]

[91]

[92]

8.

HU LY, ZHANG L H, CHENG X L, et al. Method of
aerodynamic design and calculation for ultra-LEO
spacecraft [J].Spacecraft Engineering, 2016, 25(01): 10-
8 (in Chinese).

MARCH G, DOORNBOS E N, VISSER P N A M. High-
fidelity geometry models for improving the consistency
of CHAMP, GRACE, GOCE and Swarm thermospheric
density data sets [J]. Advances in Space Research, 2019,
63(1): 213-38.

MARIN C A, SEBASTIAO I B, TAMRAZIAN S, et
al. DSMC-SPARTA aerodynamic characterization of a
deorbiting CubeSat [Z]. 31st International Symposium
on Rarefied Gas Rgd31.
2019.10.1063/1.5119578

R, W77, B, & B R XGBIRHTR 4R
MR T F I D] BEERUR (th #30), 2022,
39(05): 124-33.

GUO CL, CHEN F,ZHAOY B, et al. Fast acrodynamic

Dynamics:

calculation method for ultra-low orbit spacecrafts in

multi-flow regions [J].Aerospace Shanghai, 2022,
39(05): 124-33 (in Chinese).

TR, R, PEBENE, &5, KBRS R T
S8 DA AR, 2015, 35(01): 69-76.
HUANG F, ZHAO B, CHENG X L, et al. Numerical
investigation of aerodynamics on low Earth orbit satellite
[J].Chinese Journal of Space Science, 2015, 35(01): 69-
76 (in Chinese).

FUJITA K, NODA A. Rarefied Aerodynamics of a Super
[Z]. 4l1st AIAA
Thermophysics Conference. 2009.10.2514/6.2009-3606

YU S-T, FAN C-Z. Aerodynamic analysis and drag-

Low Altitude Test Satellite

reduction  design for ultra-low-orbit  satellite;
proceedings of the IOP Conference Series: Materials
Science and Engineering, F, 2020 [C]. IOP Publishing.
JFEE, waEk, ME. BIRIATRESE S ot S
JRBHBELE [T]. M), 2010, 31(02): 342-8.

ZHOU W Y, ZHANG Y L, LIU K. Aerodynamics

analysis and reduced drag design for the lower LEO

[94]

[97]

[99]

spacecraft [J].Journal of Astronautics, 2010, 31(02): 342-
8 (in Chinese).

PARK JH, MYONG R S, KIM D H, et al. Aerodynamic
shape optimization of space vehicle in very-low-earth-
orbit; proceedings of the AIP Conference Proceedings, F,
2014 [C]. American Institute of Physics.

WALSH J A, BERTHOUD L. Reducing spacecraft drag
in Very Low Earth Orbit through shape optimisation;
proceedings of the European Conference for Aeronautics
and Aerospace Sciences, EUCASS, F, 2017 [C].
WALSH J, BERTHOUD L, ALLEN C. Drag reduction
through shape optimisation for satellites in Very Low
Earth Orbit [J]. Acta Astronautica, 2021, 179: 105-21.
HILD F, TRAUB C, PFEIFFER M, et al. Optimisation
of satellite geometries in Very Low Earth Orbits for drag
minimisation and lifetime extension [J]. Acta
Astronautica, 2022, 201: 340-52.

HIZE, EPHE, RS, BRPUEAN K i T2 e
Hr [CLAER I A28 21 Ji AR & AL sk TR
TR 22 JaE AR R, 2015: 190-7.

HU X, FU DY, CHEN L J. Drag reduction analysis of
very-low orbit slender body satellite [C].21st Annual
Conference of Beijing Mechanics Society and the 22nd
Annual conference of Beijing Vibration Engineering
Society, 2015: 190-7 (in Chinese).

HIIBLL, BK, REBENE, fE. AN AEHTR AR
BRI SR (0] F A AR, 2017, 38(01):
10-7.

JIN X H, HUANG F, CHENG X L, et al. Analysis of
aerodynamic properties and drag-reduction design for
spacecraft [J].Journal of
Astronautics, 2017, 38(01): 10-7 (in Chinese).

WE, HK, BB, & TSR EERABEEAE)
FIRFPERST [J].349 5, 2021, 6(01): 1-9.

SHEN Q, HUANG F, CHENG X L, et al. On

with an open orifice

characteristics of upper atmosphere aerodynamics of
flying vehicles [J].Physics of Gases, 2021, 6(01): 1-9 (in
Chinese).



e

H}

¥ i’

Overview of aerodynamic drag calculation and reduction design for Very
Low Earth Orbit satellites

ZHANG Jun' *, JIANG Yifan'!, CHEN Song?, LI Shuaihui®

1. School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China

2. Sino-French Engineer School/School of General Engineering, Beihang University , Beijing 100191, China

3. State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China

Abstract: Inrecent years, Very Low Earth Orbit (VLEO) satellites have become a research hotspot in the field of space
technology, due to their great advantages in terms of Earth observation resolution, data transfer speed, and communi-
cation capacity over traditional satellites. In VLEO environment, the atmospheric drag caused by collisions between
atmospheric molecules and the satellite surface can’t be ignored. It becomes not only a critical issue affecting the atti-
tude control and orbit prediction of satellites, but also a key factor limiting the operational life of satellites. This paper
starts with the basic fundamentals of satellite aerodynamic drag and discusses several key factors that deter-mine
aerodynamic drag, with a particular focus on the computational analysis of drag coefficients. The gas flow in VLEO
environment belongs to the regime of free molecular flow, where collisions between gas molecules can be neglected.
The gas-surface interaction models between gas molecules and the satellite surface play a crucial role in evaluating the
drag coefficient. This paper introduces and evaluates the fundamental characteristics and common calculation methods
in the field of free molecular flow, followed by a focused review of several typical gas-surface interaction models. Fur-
thermore, based on the computational analysis of aerodynamic drag characteristics of satellites, we have provided a
review and analysis of the research progress in drag reduction configuration design, focusing on three aspects: increas-
ing aspect ratio, shape optimization, and lateral side smoothing. Finally, several key issues that require significant at-

tention in the future of this field are prospected.

Keywords: Very Low Earth Orbit; atmospheric drag; gas-surface interaction; free molecular flow; drag reduction
design
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