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Effect of Mars rarefied atmospheric dynamic
error during aerobraking
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Abstract; Aimed at the problem which Mars can rarefy atmospheric dynamic errors that caused by seasonal variations and diurnal changes
during Mars areobraking, the orbital dynamic equation including aerodynamic force was established. Through the research of aerodynamic parameter
calculation method applied to rarefied flow, the effect of dynamic errors on aerodynamic force and aerobrake result was analyzed. In consideration of
the application in Mars exploration, the characteristics of aerodynamic and orbit during Mars aerobraking were simulated under the condition that the
atmospheric dynamic errors exist. To assure the safety of spacecraft and the aerobraking duration, the corridor of aerobraking and the requirement of
navigation were proposed. The result can be a reference for the aerobraking implementation of future Chinese Mars exploration.
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Fig. 1 Schematic diagram of aerobraking in Mars

RAH SRS, i Tl SO B, R
SHRH AR, AT I g BE R ARAR 5 R 5 R
ShAIY, B 28 K iR BE A AR 30 2 B i
/NSRBI N B K e BE R AR AL, B R
REECRREE.

2 HEFEE

2.1 HAh=EFE
AR TIZIE, AR R IRVE AR R T

TR PRI g 08 SR A M PUE s R
125 kmitf, KHEE KT 2 x107° kg/m* , K31 N
RFFI I 17105, I BRI g E A KR R o
PRI 0 A KR RS, TE RS [ 3% AL b 28 T il
R Sz SRS . s R TR R TR
PR AR AR 28T AT 1, P I 5 2 7 46 3]
KR AR R T
TERAZIN, KRR 2 AL bR 2R R BB 3l ) o

LEEE

_ Veosycosy (1)

rcosA

/'\ _ Vcosrzsmx (2)
r = Vsiny (3)

Tcosa — D

-+

m

v=-£&

> sy +

2 rcosA (sinycosA — cosysinysin ) (4)

Tsina + L

Vm

(2 rcosA (cosycosA + sinysinysin) )
A ()

- Vcosycothan/\ (Tsing + L) singr
- r mVcosy

2 rcosycosAsind
Veosy

cosa +2L)cosycosA +

- (V_n
)/—( rorv

) cosy +

20)(tanysinycosA —sin) ) —

(6)
Horp:6 MASE A WA, r AR 2 IO R
BV R AR A Ay O U AR L U
LT S, D By, L o3I, 02 0
SR ARMERE , o WIS, o HIRFE S, m NE
e
FER RGN, LR T 3R A 1 32 2l AT 4
YR

. . 3 * * *

5 _V C(:SX C(iSX (7)
r’ cosA

. . _ * * . *

A _V cosz* siny (8)
r

r =V siny” (9)
V: =—%sin'y* +1 (10)

T m

vy _(r* er*)COSy (11)

.. —=V"cosy” cosy " tanA *
X = r oo (12)

Horb 8" IR g, A7 AIREs " R B K0 1Y
HIES, VI ON BRI AR B3R L,y N BB A T R
it A, T AT




- 66 - B BE K 2= 2 i

5538 &

2.2 SEHBEItE

KRR K F K AEEERKR, L SH
VI 25 O AR, — MR AR Bl ) 2 3
WP LA ZLA B R 0, Y sh 4+
-3 B i RS YRR AE RUBE AR S B, AR F
(i) DT 5 17 56K 25 S B0 A ok, % B AR A PR
SEPOTEL R A ORI AR Bh R Eh B RO
[P TR o R 3 L ol S W B2 QR =
Trikio

VR FECR A n., CEWRIRE N T, 51
TR RV, V,, V. RIMHEE RV, o A5
F BB A R ECH

3/2

ff:”w(zfnkn) e"p[ 2kT(u +o +w )]

(13)
Hdh k2 Boltzmann # %%, u’ v, w' B/ FHIEE)
BN 3 Nra
u' =V, -V,_sing
v' =V, +V,_cosh (14)
w' =V,

AR 73 Ai R, B T A e (V, >0 1
NG ) i RSB 701 (V, <0 B %
Shoy1) Al E R Sl R GE T S (B AL AT LA 29
PRI T 1 FBT VI )

V2
P :f’;S; [Q+R[1 +erf(Ssing) ]} (15)
2
-op, V, cosf
F=—tt =N (16)
2 f

'#QRNE’J%%_I B

Q= Ssng +\/7 — (Ssing)?
T
= -0’ ~ 1 2 [ Tw .
R=(C-0 )[ 2 + (Ssing) ] + 2\/;(Ssm0)

N=e 5% 4 /ar(Ssin@) [ 1 + erf( Ssing) ]
(17)

Hrpp, HRIMERE,S BV, / J2kT, /m,

M (15) ~ (17) AT LLE B, Yo P R Tm i
LIJJP MBIV 7 IS8R R WA AT pa L Ve

RETHNEL B MR R B b T, /T, k3 Ay T
E’JE’%% 0, VAR ME EEN R o', o, 7T
E mg

AT RE AU T BRIk, AT LR
P2 e M RR I UEAR B3 20 T ik
AR ) 32 ) T AR R, DT A 3 A 1)
FREC, k1 FE Cy FRAT IR ELC,,. 0

HRBCR 3N 1 22 80T LAAS 3 4 ) F0 a1 <8 )
RN A 2

A= %pvz C,S/m (18)

N = ;—pyz C\S/m (19)

FEJ3 D Ty L Al )y A 1 ) N Z (8] )
WG RN

D =Acosa + Nsina (20)

L = - Asina + Ncoso (21)

2.3 KHER

KRR BT R UK R ZR R
RSP, — o h b b R =2,
200 km D) |2 FJ2ZRA,45 ~200 km fy )2 R
5,45 km IR R FZRAE

KEMRIBEEAM G mEAX, WHAEA
R Z A AR AR Y T AR KRS
BB RZEWAFTE AN Hﬁﬂ" 5500 B 1 K
BRISE R, ME 2 Pk,

135 o il gl g

1010 ODY/Mars-GRAM

Old MGS/Mars-GRAM

130F
125} Old MRO/Mars-GRAM

New. MGS/Mars-GRAM

120F

By 115} ODY/Mars-GRAM
g

110} New MZRO/Mars-GRAM

105F

B2 MGS,MRO,ODY il i) K5
Fig.2  Atmosphere density measured by MGS/MRO/0DY

KRBT SRR R 3 2
JRBER  Mars-GRAM AR RIZE 3 P Mars-
GRAM AR ], FCif B A T % i B
= BEAAL R I Z AN 3 Bz o

AR R AR B A I LA ], LA
(EAA S, W3R 2 fr7s o =Ff R SR SR H

KA I AL M TSR 4 A7 2508 P R 3
F£30 km DUF, HAH 5 B dg m R B RO 5
Mars-GRAM $2{E ) 204 76 30 km DLF 45 5 75448
Ufo HRBCRABEIAE 50 km DL E A5 Mars-
GRAM R 22 AR, 6 18 L 1K 21 125 km B, 3
FEEIkE] S « 1



55 DR SRR A B S B 67
400 1 R 2 FAEIKXSEBEIEXS
350 | Tab 2 Comparation different atmosphere models
300} N KA/ (kg - m™) EL Bl
i/
20T km MIs e NASAAMS /@
g 200 GRAM2005%
=
150} 130 3.76E-09 1.73E-08 — 0.22
100} 120 1.19E-08 5.86E -08 — 0.20
sof 110  4.14E-08 1.93E-07 — 0.21
of 100 1.59E-07 6.16E —07 — 0.26
S50 = = = s 90  6.01E-07 1.88E -06 — 0.32
w00, e 80 2.29E-06 5.51E-06 — 0.42
ol 70 8.73E-06 1.55E-05 — 0.56
20l 60 3.18E-05 4.21E-05 — 0.75
2ol 50 1.08E-04 1.12E-04 — 0.96
¢ 40  3.40E-04 2.95E -04 — 1.15
2 Lol 30 9.80E-04 7.74E-04 1.04E-03 1.27
ool 20 2.63E-03 2.04E-03 2.48E-03 1.29
sl 10 6.47E-03 5.39E-03 5.99E-03 1.20
ol 0 1.55E-02 1.44E-02 1.50E-02 1.08
&0 , . . . . .
R = T PRI, 78 R KA BB 55 o, SR AT AR
4007 — R R AR A B A 6 78 KR KA R AR
350¢ A, W% T K B R RS RZE BS
3 {HESH
g 207 RT T RS R 2% i SRR 52
=

150+

100+

400

350+

300+

_50 1 1 1 1 1 1 ]
101 10 10%  10% 106 104 102 10°
o /(kg/m?)

B3 Mars-GRAM KT S R0A8 b i 26
Fig.3  Curve of Mars-GRAM parameters

RTELE M FEA BT AR ARG, 0 Rl 3l
O BEHEAT TR, X R RS R 2 R BE Y
W PEAT TR
3.1 EXRZITAR

TET T IO 5K, X KR AR A5 S P R 1A T 1]
PRALEE, 1A 4 25 1 RS A ) 40 gt g AR AR
P, AR R B I 3222 Ay il Sl i ( BITEERUIAT) o

A
ZA

X
< b7 o
2% 4 o) /,’
-7 v

B4 R sl Rl 2l -5 R i e
Fig.4 Angle between brake surface and

incoming flow during aerobraking



- 68 - EE TS A5 N o i %538 &
ARGEGIRFT T U0 I A R BRI 3
I AGE KA E R 110 ki GEX ST
47 80 000 km [ 5 ¢ B 5 4 A< B AR T L]
g 12 w5 Y BT TS AR D 30° R KUk 2 B 1 i
U HL 4800 m/s s W SHHHAE KK 7. 3 m; i 4 y |
HRXECH X J7m (=10 m,10 m) Y J7[( =20 m, S
20 m),Z Jif (=3 m,3 m) . KERTERERL 1
Mars-GRAM2005 £5 H 9 i BZ 1B 1 km R-URERY Ny
SRR T AT L A R A Be =K
Hermite ffi{H o 0 [ . .
AT 89 FE R H X I 1 %5 2% T s T
g e
B RRBUOLAR 30 S BE T R B i B i A2t th 26
%3 KEASEE-TE - SHREMEE Fig.5 Relation between drag coefficient and
Tab.3 Mars atmosphere heigh-density-Kn relationship coming flow density
m/ OWIE/ BARN WM RE ER .
km (kg-m?)  Kn Re K Pa Qi3
90  6.0lE-7 2.19E-1 L&AE+2 139 1. 60E -2 O:l
100 1.59E-7 8.27E-1 434E+1 139  4.23E-3 0.05 |
110 4.14E-8 3.06 LI3E+1 149 1.19E-3 U] — Tktk&\xxk |
120 1.19E-8 1.03E+1 3.24 158  3.67E-4 005
130 3.76E-9 3.16E+1 1.02 170  1.23E-4 o . | , AS**&E\* |
140 1.09E-9 9.08E+1 2.96E—1 245  5.20E-5 s ‘ Ss |
150 4.73E-10 1.93E+2 1.29E-1 288  2.70E-5
_0'%20 TR 0 5 10 15 20
3.2 KSHBENEBES -

ARG IR UH IR E AT R SR L
KHEPRTT o R SRR A S
SLTCTE IR B PR /N PR ACBLTE Rl Y H Y
BRI, 1] RE 2 T BURIN G 14 S BEAS AL B RIA .

KA B #e v, Bt g A3 1< sh
REAEHIEZ TN R AFh T KA AL AT
JEE TR BE ORI AR A B A DRI G X
PRI AR AR Bl A v i 8 1) 8 sl AR ik
AR A R Y

T oA R B TRL F) R 9 AR Bl
P AR HIE S SO SR 5 1 BEL ) R B A1
DUANTEL S Frow , S B 7 2 BORE R U A 6
MRS A0 R AR B 6 o, it /1
HEAR BT 15 ME #0 AR B, Wt i 1 ) 2 ik
e LB RERE

SR TSI A2 A 2 an 18] 7 [ 8 fr
7, 2l s B e R P ARG S i RO s i, B )
AR HoE— 2

TESEPR R A B A, D 1 ARG 1 Y
RABEITHEAT KA SN, 110 A 2 FBIRF A4

6 il Iy A AR RO AL h 28

Fig.6 Variational curve of yaw moment coefficient

157 T
— R
e B {R—30%
Simimin i fw—50%

Hifm+50%
.......... P +30%

M /Pa

0.5

0 : - e LU S
100 110 120 130 140 150 160

B B /km

K7 2l b B A AL e 26
Fig.7 Relation between dynamic pressure and altitude
S BRAS ), i ARG SE B AT AR DURT R
A RHRF LR 25 78 — Al B9 [, BICRE A 2 2
TET ) R 2 R AR T T g ) b T A BRAE A% I E —
SE DI o AR Tk A v B, R 85 BT 7K A2 1Y



555 1 T7HEAR A5 KRR Bl 2515 28 %0 1l 2 P A 5 169
30, (R0 75 28 A5 A A7 7 2 T WO, Ly L2 R
B i 10 FF R
o I = e WA 1112 7 L SRFFA SR BB
S T I . hrfm+30% PRSI T K 5 M 80 000 km B ZE 1500 km
g 15 x10¢
= 9 el —
10 ¢
14
5 b~
4
100 110 120 130 140 150 160 -2 +
FiE/km
3 -
B8 BT AL 25 ol =
Fig. 8 Relation between drag force and altitude o T "2
4 —=<| "o
FORFESTHE A B 21 T A1 T P00 25 10 2% £ w2

Fa 35 LIRS , Wh 250kt B o H 07 L5 SR T LAAS
ABEWS ST K B 3 2 R B e ) A A Bk
DAARFRAR T i 28 4 1], 7 5 B 100 km BRHIET, 157
AR 1 km, B FEAE AL 20% A2 47 3 A KRR
P22 %) 3l 52 AR K, 5 KA +50% (1)
w22 , WX L A4 35 P 5 R ARDRE o de /IME Y 3 £
PRI, A 3l 04 3 s fis 22 % SR DN i 114) 3k 26
PR MAAR A, 75 B A 7 il K 3 T
MR . 454 TR, BORSH 23 K
%7110 km.,
3.3 KESHIREXHER M

PRI 25 A shad i ep 2 3 43 M ml
PRI ZH7E R shad B v, &2 K25 IR
B IER . K HREIE 3h Sy AR n] DO 4R
WS AR AV R EAR L AH, 4k K15 4
AR B3 R B A AR R B

FERA B3t F v, 38 A U TE £ 2 AT AR 4
W25 BE ARV Y ] Bl DX 38 A il B 7 SRR TR A I
(2 DAAR U AL W 03B AR b i, I B 0k 31 i
PRI RSB EIE . KA S B &
9 iR

et | [FWERE] [ | [FRI
R P saone BE | SMts [ ity [ lusk
K | AR

B9 R S 7 HAE
Fig.9  Aerobraking orbit simulation block diagram
AR B A HEA BT S 8, H AR Bl 18 B
1000 km x 1500 km ¥R K HLIE , Kl S FE LY

B0 R sl R s

Fig. 10  Aerobraking process simulation result

x10*
45 -

i
35 hLLLL

o8
T

b
U

N

N

—
[

R K Rl /km

~
™~

N

—_

o
U

0 20 40 60 80 100 120
KA L E)/d

BT RISt FRUE A AR A 1% 1
Fig. 11

Semimajor axis variation during aerobraking

1

09—

0.8 \\
0.7 ™
0.6

870 &5 BIER IS

N \
0.3 \\
0.2 \

0.1

0 20 40 60 80 100 120
KA L E)/d

P12 A Sl R s i O A8 A i O

Fig. 12 Eccentricity variation during aerobraking process



- 70 - (FE TR SR S AN S

5538 &

FEFERT 29 120 do B~ aed A p R0 A (9 L TE 2z 2K
AR AN BT AR, Tl SRR I . Rl B
R AR 1 3 KA BE D/ T 1060 /s, 1] 45 2
440 kg AR

FER S B0 3], TN gt 76 3T e Ak 3
R B R 3l A s RE AR, P il o
PR o ORI SR, B U B AR
R RE S AT/ o A A P L A R
NSNS B3 R (PRS2 o <8

5 EE AT R R R RO R 22, H.
W Z AL, RIS B e R R B 3l ,
PRUET AR B 2o e ) ] S P, 6 R AU B Ay
+30% , = 50% 14 g HE 7 %5 Lo 45 &, 40 &1 13
PR

x10*

B E/km

FRpRE LY

— N W R Y N 0

FXBIE

10 20 30 40 50 60 70 80 90 100
KA L E)/d

(=

K13 RSB IS 1 SRR

Fig. 13 Aerobraking effect deviating from nominal model

ER R IR AE 30% LA L i1l 22
I, 32 ] BERR IR R L Ay B LU T AP i K
ERER o Rl A R S A, i T HE A
SRS , B0 KT I Koy P S I D
BRI LD R AN 500 km,

KRR PR AR AL, HLA2 3 D B
PR R, BIE g BE ARG P A Al i 2 . It
TEIT K AL s BE 1 22 S 00 ] Sh BB 52 B
UnlEl 14 Fros 3 KOs R BER T 115 km, SERR E
ARSI PUT 55 F5 FEMT 223 do XX T35
Pri) TAREAE 55 10 5, AEAE SR ME LU 2 1 o T 95—
J7 T 3 KR E BT R S BB T AR RO
Ko A5 3 AR W, 25 BUaE 3 Komd m AR T
105 km , R A 22 KT 30% , R T B8 K g
K RERRANEE IR 500 km DL b FELEBMACK R
B .

T 1) RS RIAT: 55 PP B R 5K, 5 1k A
KA 30% 2% , £ R A X 3l i1
TR SZRETT B R B Bt o R Fp S i 8] S5 2953
R B B PUHLIE I K S IO 110 km +5 km

SO AR R A S HUE BRE L. 7E H AR
IE H BEAE 1000 km BT A KA Rl BRI 55
Hh AR T SR IR R A R VLS L, R0 T K
1R 3 110 kem S R 3 B U 28 2% SR
JEPLTF 5 km B FATRE ST, LORIIETRIN 25 BE S i 43
19 I i B DR 2 A A T AR BE

240

220 /

200 | | ‘ /
180

160 | | | | | /

140 | ! !

120

KA BT 18] /d

100

80 -

L

60 I 1 1 I I 1 i
105 106 107 108 109 110 111 112 113 114 115
1K RHNGE B km

Pl 14 RT3 K e 4 ) 3 e L ]

Fig. 14 Aerobraking durations of different perigee altitudes

TR

KERTZFN BRERNRERZE, RS
BRI ZRAFAE R B B AR 72 , R A KR R
ST S5 P25 B 2 o o X R il 50
SORERERTIVIE R N W PRI W R S D DN
SIS 0 L, BT T KRR SR
TR R IR Bl 25 22 00 1 s K gl s BHL
AR o (7 BEEREER M, RIS BB EIR
ZEXH SR I K, P 2 S ORI A A7 A fi
i KERIER o ZRa PRI B I 1R 2 fig
e KA BRI AR RS 8] 5 290, BILIE I K
JEEICA 110 km =5 km 2 FEAR A4 R 3 R0
FERRE . ASCHIBE S R BA — 5 19 RN H]
{701 W N DV TP O R el R R e o o ol
iR 2E B H SRR S 1 S R AR

S % 3k ( References)

[1]  Takashima N, Wilmoth R. Aerodynamics of Mars odyssey[ C]//
Proceedings of AIAA  Atmospheric  Flight Mechanics
Conference and Exhibit, ATAA 2002 —0809, 2002.

[2] Jah M K, Lisano M E, Born G H, et al. Mars aerobraking
spacecraft state estimation by processing inertial measurement
unit data [ J]. Journal of Guidance Control & Dynamics,
2015, 31(6) : 1802 - 1812.

[3]  Prince J L H, Chavis Z Q, Wilmoth R G. Modeling reaction-
control system effects on Mars odyssey [ J ]. Journal of
Spacecraft and Rockets, 2005, 42(3) : 444 —449.

[4] Justus C G. Mars global reference atmospheric model for



%5 4

T7TEIR A KRR B A5 R 2 00 i S L Py 32 71

[10]

[11]

[12]

[13]

[14]

mission planning and analysis[ J]. Journal of Spacecraft &
Rockets, 1991, 28(2): 216 - 221.

Johnson W, Longuski J, Lyons D. High-fidelity modeling of
semi-autonomous attitude control during aerobraking [ C]//
Proceedings of ATAA/AAS
Conference and Exhibit, ATAA 2002 —4909, 2002.

Finchenko V, Ivankov A, Shmatov S. Aerobraking and

Astrodynamics  Specialist

aerocapture ; aerodynamic and aerothermal study, applicability
of inflatable structures [ C ]//Proceedings of 16th AIAA
Aerodynamic Decelerator Systems Technology Conference and
Seminar, AIAA 2001 -2057, 2001.

Hanna J, Tolson R, Cianciolo A D, et al. Autonomous
aerobraking at Mars [ C ]//Proceedings of 5th International
ESA Conference on Guidance Navigation and Control Systems
and Actuator and Sensor Product Exhibition, 2002.

Hall J L, Noca M A, Bailey R W. Cost-benefit analysis of the
aerocapture mission set [ J ]. Journal of Spacecraft and
Rockets, 2005, 42(2) : 309 -320.

Tolson R H, Keating G M, Zurek R W, et al. Application of
acclerometer data to atmospheric modeling during Mars
aerobraking operations[ J]. Journal of Spacecraft & Rockets,
2007, 44(6): 1172 - 1179.

Prince J L, Dec J A, Tolson R H. Autonomous aerobraking
using thermal response surface analysis [ J]. Journal of
Spacecraft & Rockets, 2009, 46(2) . 292 —298.

Kumar M, Tewari A. Trajectory and attitude simulation for
aerocapture and aerobraking [ J ]. Journal of Spacecraft &
Rockets, 2005, 42(4) : 684 —693.

Johnson W R, Longuski J M, Lyons D T. Pitch control during
autonomous aerobraking for near-term mars exploration [ J].
Journal of Spacecraft & Rockets, 2003, 40(3) : 371 -379.
Tolson R H, Bemis E, Zaleski K,

modeling using accelerometer data during Mars reconnaissance

et al. Atmospheric
orbiter aerobraking operations [ J ]. Journal of Spacecraft &
Rockets, 2008, 45(3): 511 -518.

Dec J.  Probabilistic
reconnaissance orbiter aerobraking[ C]//Proceedings of 45th

ATAA

thermal  analysis  during Mars
ATAA Aerospace Sciences Meeting and Exhibit,
2007 - 1214, 2007.

Smith J C, Bell J L. 2001 Mars odyssey aerobraking[J].
Journal of Spacecraft & Rockets, 2005, 42(3) . 406 —415.

Prince J L, Striepe S A. NASA langley simulation capabilities
for the Mars reconnaissance orbiter[ R]. American Astronautical
Society, 2005.

Graf J E, Zurek R W, Eisen H J, et al. The Mars

reconnaissance orbiter mission[ C]//Proceedings of Aerospace

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Conference, 2005.
Tolson R H, Dwyer A M, Hanna J L, et al. Application of
Mars
atmospheric modeling[ J]. Journal of Spacecraft & Rockets,
2015, 42(3) : 435 -443.

Lyons D. Aerobraking automation options[ J].
the Astronautical Sciences, 2001, 109(2) : 1231 —1246.
Justus C, Johnson D. Mars global reference atmospheric
model 2001 version ( Mars-GRAM 2001 ) ; users guide[ R].
NASA TM -2001 -210961, 2001.

Johnson W R, Longuski J] M, Lyons D T. Nondimensional
analysis of reaction-wheel control for aerobraking[ J]. Journal
of Guidance Control & Dynamics, 2003, 26(6) : 861 —868.
Hanna J L,
aerobraking at Mars [ J ].

accelerometer data to odyssey aerobraking and

Advances in

Tolson R H. Approaches to autonomous
Journal of the Astronautical
Sciences, 2002, 50(2): 173 —189.

Dec J, Gasbarre J,

correlation of the mars odyssey spacecraft’s solar array during

George B. Thermal analysis and

aerobraking operations [ C ]//Proceedings of Astrodynamics
Specialist Conference, Monterey, ATAA 2002 —4536, 2002.
Johnson M A, Willcockson W H. Mars odyssey aerobraking: the
first step towards autonomous aerobraking operations [ C |//
Proceedings of IEEE Aerospace Conference, 2003.

Coustenis A, Salama A, Schulz B, et al. Titan’ s atmosphere
from ISO mid-infrared spectroscopy [ J ]. lcarus, 2003,
161(2): 383 —403.

Mueller-Wodarg I C F. The application of general circulation
models to the atmospheres of terrestrial-type moons of the giant
planets [ C ]// Proceedings of Atmospheres in the Solar
System: Comparative Aeronomy, 2002 307.

Justus C G, Duvall A, Johnson D L. Mars-GRAM validation
with Mars global surveyor data [ J].
Research, 2004, 34(8): 1673 - 1676.
Justus C G, James B F, Bougher S W, et al. Mars-GRAM 2000
a Mars atmospheric model for engineering applications [ J ].
Advances in Space Research, 2002, 29(2) . 193 -202.
Lockwood M K. Titan aerocapture systems analysis [ C]//
Proceedings of AIAA/ASME/SAE/ASEE Joint Propulsion
Conference and Exhibit, ATAA 2003 —4799, 2003.
Lockwood M K. Neptune aerocapture systems analysis[ C]//
of AIAA  Atmospheric  Flight
Conference and Exhibit, ATAA 2004 —4951, 2004.

Prince J L H, Powell R W, Dan M. Autonomous aerobraking: a

Advances in Space

Proceedings Mechanics

design, development, and feasibility study[ R]. NASA Langley
Research Center, 2011.



