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AEROBRAKING	  SCENARIO	  
	  
	  

	  
	  
	  
	  
	  

4)  Monitor	  change	   in	  orbit	  and	  adjust	  pericenter	  via	  small	  apocenter	  maneuvers,	  

to	  target	  nominal	  aerodynamic	  deceleraFon	  expected.	  

5)  Perform	  small	  pericenter	  alFtude	  maintenance	  maneuvers,	  if	  it	  is	  requiered.	  

6)  Raise	  pericenter	  via	  small	  prograde	  maneuver	  at	  apocentre.	  

	  

1)  Capture	  to	  high	  apocenter	  orbit.	  
2)  Lower	   pericenter	   to	   the	   upper	  

atmosphere.	  

3)  Perform	   aerobraking	   to	   lower	  

apocenter.	  
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AEROASSISTED	  MANEUVERS	  IN	  THE	  PAST	  
	  

	  	  	  	  	  Hiten	  (Earth)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Magellan	  	  (Venus)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mars	  Global	  Surveyor	  
	  
	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mars	  Odyssey	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mars	  Reconnaisance	  Orbiter	  
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•  Proven	  technique	  for	  reducing	  speed.	  

•  MGS,	  Odyssey	  &	  MRO	  used	  aerobraking	  at	  Mars.	  

•  Technically	   more	   complicated,	   longer	   and	   operaFonally	   more	  	  

demanding	  than	  a	  fully	  chemical	  orbit	  inserFon.	  

•  However,	   aerobraking	   strategy	   is	   implemented	   because	   it	   allows	   for	  

large	  𝛥𝑣	  and	  propellant	  budget	  savings	  for	  the	  	  science	  orbit	  acquisiFon.	  

•  Its	  use	   is	  becoming	  more	  and	  more	   common	  and	  has	  evolved	   into	   the	  

concept	  of	  aerocapture	  (design	  of	  missions	  to	  the	  outer	  planets	  that	  can	  

only	  be	  achieved	  with	  this	  technique)	  

	  

USE	  AND	  ADVANTAGES	  OF	  AEROASSISTED	  MANEUVERS	  
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SCOPE	  OF	  THE	  PRESENT	  INVESTIGATION	  	  	  	  
	  

•  Time	  to	  maneuver	  compleFon.	  

•  Orbital	  elements	  evoluFon	  under	  typical	  aerobraking	  scenarios.	  	  
	  

The	  dynamical	  model	  includes:	  	  

	  

•  Central	  body	  gravitaFonal	  a]racFon.	  

•  Atmospheric	  drag	  and	  atmospheric	  density	  model.	  

•  Third	  body	  gravitaFonal	  effect	  of	  Sun	  and	  Jupiter.	  

•  RadiaFon	  pressure:	  direct	  solar,	  albedo,	  and	  planetary	  thermal.	  
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DYNAMICAL	  MODEL:	  GRAVITY	  FIELD	  
	  
	  

𝑉(𝑟,𝜑,  𝜆)= 𝐺𝑀/𝑟 ∑𝑛=0↑∞▒(𝑎/𝑟 )↑𝑛 ∑𝑚=0↑𝑛▒𝑃 ↓𝑛↑𝑚 (
sin 𝜑 )(𝐶 ↓𝑛𝑚 cos𝑚𝜆 + 𝑆 ↓𝑛𝑚 sin 𝑚𝜆 )  	  
•  Stokes	   coefficients	   model	   from	   MRO	   Gravity	   /	   Radio	   Science	   Field	  

InvesFgaFon	   (Doppler	   shic	   data)	   [Zuber	   et	   al.,	   2007][Konopliv	   et	   al.,	  
2011]	  

•  Complete	  to	  degree	  and	  order	  95.	  

•  Singularity	  of	  acceleraFon	  at	  the	  poles	  eliminated	  by	  Pines	  formulaFon	  
of	  V	  and	  its	  gradients:	  

𝑉(𝑃)=𝑉(𝑠,𝑡,𝑢,𝑟)=∑𝑛=0↑𝑁▒𝜌↓𝑛 ∑𝑚=0↑𝑛▒𝐷↓𝑛𝑚 (𝑠,𝑡)
𝐻↓𝑛↑𝑚 (𝑢)  	  
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DYNAMICAL	  MODEL:	  ATMOSPHERIC	  DRAG	  
	  
•  AcceleraFon	  produced	  by	  drag:	  
	  

              𝒂↓𝑨𝑫 =− 1/2    𝐶↓𝐷 𝐴/𝑚   𝜌   |
𝑣↓𝑟𝑒𝑙 |↑2    𝒗↓𝒓𝒆𝒍 /|𝑣↓𝑟𝑒𝑙 | .	  
	  
	  
•  Lic	  is	  not	  considered	  for	  this	  study.	  

•  Drag	  coefficient	   𝐶↓𝐷 	  and	  the	  raFo	  	   𝐴/
𝑚 	  	  are	  those	  of	  Mars	  Global	  Surveyor:	  

	               𝐶↓𝐷 =2,0,    	   𝐴/𝑚 =2·10↑−2 	  
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MODEL	  ATMOSPHERE	  
	  

•  This	   model	   T	   [Mars	   atmosphere	  

model,	   Glenn	   Research	   Center]	   is	  

valid	  for	  h	  <	  81	  km.	  	  

•  At	  higher	  h,	  T	  is	  modeled	  using	  linear	  

e x p r e s s i o n s	   b a s e d	   o n	   t h e	  

temperature	   profile	   measured	   by	  

Mars	  Pathfinder.	  

•  From	   120	   km	   we	   use	   six	   different	  	  	  	  

temperature	  profiles.	  

𝑇=−23,4−0,00222ℎ                              [°]
𝑝=0,699·𝑒↑−0,00009·ℎ                                   [𝐾𝑃𝑎]
𝜌=𝑝/[0,1921·(𝑇+273,1)]        [𝑘𝑔/ 𝑚↑3 ]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
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DYNAMICAL	  MODEL:	  RADIATION	  PRESSURE	  	  
	  

•  AcceleraFon	  due	  to	  radiaFon	  pressure:	  

𝒂↓𝑹𝑷 =− 𝑝↓𝑅 𝐶↓𝑅 𝐴  𝒓/𝑚        |𝑟| 	  
•  Solar	  direct	  contribuFon.	  

•  Planetary	   thermal	   (IR)	   radiaFon:	   	   although	  Mars	   has	   li]le	   greenhouse	  
effect,	  we	  have	   simplified	   treatment	  by	  assuming	   that	   the	  atmosphere	  
radiates	  uniformly.	  

•  Albedo	  radiaFon.	  
	  

      𝐶↓𝑅 =1,5                                                                                   𝑎↓𝑎𝑙𝑏𝑒𝑑𝑜 =0,25	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	   𝐴/𝑚 =2·10↑−2 	  
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DYNAMICAL	  MODEL:	  THIRD-‐BODY	  PERTURBATIONS	  
	  

•  Model	   used	   to	   calculate	   the	   acceleraFon	   produced	   by	   the	   third	   body:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
𝒂↓𝑻𝑩 =  𝜇′(𝝆/𝜌↑3  − 𝑹/𝑅↑3  )	  

•  𝜇’	  =	  gravitaFonal	  parameter	  of	  the	  third	  body	  

•  𝝆	  and	  𝑹	  :	  

•  We	  have	  considered	  Jupiter	  and	  the	  Sun	  

3	  
2	  

1	   R	  r	  

ρ	  
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SCOPE	  OF	  THE	  PRESENT	  INVESTIGATION	  	  	  	  
	  

In	  parFcular,	  we	  have	  invesFgated	  the	  influence	  of:	  
	  

•  The	   choice	   of	   the	   limit	   density	   on	   the	   computaFon	   of	   the	  
atmospheric	  drag.	  	  

•  The	  final	  eccentricity	  on	  the	  outcome	  of	  the	  simulaFons.	  

•  The	   orbital	   perturbaFons	   and	   their	   mutual	   interacFons	   on	   the	  
total	  maneuver	  Fme,	  from	  entry	  to	  final	  circularizaFon.	  

	  

Finally,	   we	   have	   esFmated	   the	   propellant	   savings	   in	   a	   typical	  
mission	  as	  an	  alternaFve	  to	  the	  direct	  inserFon	  into	  the	  final,	  circular	  
orbit.	  

	  



IPPW-‐9,	  Toulouse	  2012	  A.	  Sánchez	  Hernández,	  UPC	  

SIMULATIONS	  
	  

	  

We	  have	  simulated	  several	  sets	  of	  iniFal	  condiFons	  (orbital	  parameters)	  
both	  in	  the	  equatorial	  plane	  and	  with	  inclinaFon:	  
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LIMIT	  DENSITY	  
	  

An	   important	   simulaFon	   parameter	   is	   the	   limit	   density:	   we	   integrate	  
the	   trajectory	  without	   considering	   the	   effect	   of	   drag	   for	   all	   heights	   above	  
that	  associated	  to	  the	  limit	  density.	  
	  

Pericenter	  
height	  	  [km]	  

145	  

InclinaXon	  [°]	   0	  
IniXal	  
eccentricity	  	  

0,8	  

Final	  
eccentricity	  	  

10↑−2 	  
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Pericenter	  
height	  	  [km]	  

140	  

InclinaXon	  [°]	   0	  
IniXal	  
eccentricity	  	  

0,8	  

Final	  
eccentricity	  	  

10↑
−2 	  

•  For	   	   ρ	   ≤	    10↑−11        𝑘𝑔/  𝑚↑3  	   the	   Fme	   to	   circularizaFon	   is	  

unaffected	  and	  stays	  constant	  for	  a	  given	  set	  of	  iniFal	  condiFons.	  
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EVOLUTION	  OF	  THE	  ORBITAL	  ELEMENTS	  
	  
	   The	   orbital	   elements	   evolve	   and	   exhibit	   oscillaFons,	   result	   of	   the	  
composiFon	   of	   different	   sources	   of	   excitaFon	  which	   affect	   the	   orbit	   on	  
different	  Fme	  scales.	  	  
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EFFECT	  OF	  THE	  ORBITAL	  PERTURBATIONS	  
	  

	  

•  It	  is	  important	  to	  know	  the	  behavior	  of	  each	  perturbaFon	  separately.	  	  
•  We	  studied	  them	  as	  funcFons	  of	  alFtude	  above	  the	  surface.	  	  
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•  Thermal	  and	  albedo	  radiaFon	  pressures	  and	  Jupiter’s	  third	  body	  effects	  
are	  small.	  	  

•  However,	   the	   longer	   the	   maneuver	   the	   more	   important	   these	  
perturbaFons	   become,	   up	   to	   the	   point	   in	   which	   they	   are	   no	   longer	  
negligible	  and	  cannot	  be	  excluded	  from	  the	  computaFons.	  



IPPW-‐9,	  Toulouse	  2012	  A.	  Sánchez	  Hernández,	  UPC	  

Orbital	  

perturbaXons	  

Atmospheric	  

model	  

GravitaXona

l	  model	  

Maneuver	  Xme	  

[days]	  

AcFvated	   ExponenFal	   Complete	   108,9  	  

AcFvated	   ExponenFal	   Keplerian	   69,32	  

AcFvated	   Complete	   Keplerian	   98,8	  

DeacFvated	   ExponenFal	   Keplerian	   71,24	  

DeacFvated	   Complete	   Keplerian	   113,28	  

DeacFvated	   ExponenFal	   Complete	   60,52	  

DeacFvated	   Complete	   Complete	   169,59	  

Ac$vated	   Complete	   Complete	   𝟑𝟏𝟗,𝟏𝟖	  

•  Several	   simulaFons	   of	   the	   same	   iniFal	   condiFons	   under	   different	  
combinaFons	  of	  the	  dynamical	  perturbaFons:	  
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PerturbaXon	  deacXvated	   Maneuver	  Xme	  [days]	  

Third	  body	  –	  Jupiter	   256,1	  

Third	  body	  -‐	  Sun	   75,93	  

Thermal	  radiaFon	  pressure	   272,8	  

Albedo	  radiaFon	  pressure	   375,7	  

Solar	  radiaFon	  pressure	  	   91,2	  

All	  perturbaFon	  acFvated	   𝟑𝟏𝟗,𝟏𝟖	  

•  A	   comparison	   of	   maneuver	   Fme	   for	   simulaFons	   with	   a	   complete	  
gravitaFonal	   model	   (95	   x95),	   a	   complete	   atmosphere	  model	   and	   one	  
perturbaFon	  deacFvated:	  
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•  Comparison	  of	  maneuver	  Fme	  of	  simulaFons	  with	  the	  full	  perturbaFon	  
model	  and	  increasing	  	  resoluFon	  of	  the	  gravity	  field:	  
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•  Comparison	   of	   maneuver	   Fme	   of	   simulaFons	   with	   perturbaFon	  
deacFvated,	   exponenFal	   atmosphere	   and	   increasing	   	   resoluFon	  of	   the	  
gravity	  field:	  
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EFFECT	  OF	  THE	  LIMIT	  ECCENTRICITY	  
	  

•  Choosing	  too	  low	  a	  value	  of	  the	  limit	  eccentricity	  makes	  the	  simulaFon	  

	  	  	  	  	  	  fail.	  	  
•  It	  is	  important	  to	  perform	  a	  tradeoff	  analysis	  to	  select	  this	  value.	  	  

	  
	  
	  
	  
	  
	  
	  
	  

Pericenter	  
height	  	  [km]	  

135	  

InclinaXon	  [°]	   0	  
IniXal	  
eccentricity	  	  

0,8	  

Final	  
eccentricity	  	  

1,0991· 10↑−2 	  
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PROPELLANT	  SAVINGS	  
	  

•  The	   difference	   in	  ∆𝑣	   between	   a	   direct	   inserFon	   into	   a	   circular	   orbit,	  
with	   pericenter	   alFtude	   of	  140  𝑘𝑚,   and	   inserFon	   into	   an	   orbit	   for	  
aerobraking	   maneuver	   with	   pericenter	   alFtude	   of	   140   𝑘𝑚	   and	  	  

eccentricity	  of	  0,8,	  is	  about	  1,3    𝑘𝑚/𝑠.	  	  	  
	  

	  

 𝑚↓𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡  =  𝑚↓𝑠𝑝𝑎𝑐𝑒𝑐𝑟𝑎𝑓𝑡  ·(1−  𝑒↑−  ∆𝑣/ 𝐼↓𝑆𝑃 
·𝑔  )≈350  𝑘𝑔	  

	  
	  

•  This	   value	   is	   obtained	   by	   considering	    𝐼↓𝑆𝑃     	   of	  315   𝑠,   typical	   of	  
chemical	  bipropellant	  engines.	  
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CONCLUSIONS	  
	  
	  

•  If	   the	   limit	   density	   is	   lower	   than	    10↑−11        𝑘𝑔/  𝑚↑3  ,	   we	   are	  
neglecFng	   important	   atmospheric	   layers	   which	   would	   significantly	  
affect	  the	  orbital	  evoluFon.	  	  

•  Thermal	   and	  albedo	   radiaFon	  pressures	   and	   Jupiter	   third	  body	  effects	  
are	  small.	  

•  We	   cannot	   oversimplify	   the	  model	   by	   reducing	   it	   to	   Keplerian	   central	  
force	  field	  with	  a	  simple	  exponenFal	  atmosphere	  because	  the	  Fmescale	  
of	  the	  maneuver	  is	  large	  and	  all	  perturbaFons	  act	  significantly	  

•  Tradeoff	  analysis	  to	  select	  the	  value	  of	  the	  limit	  eccentricity.	  
•  Propellant	   savings	   allow	   reduced	   launch	   mass,	   which	   translate	   into	  

savings	  in	  launch	  system	  costs.	  
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