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• Mission to the Ice Giants (Uranus and Neptune)
– Direct mission to the planet (16 years) or with Jupiter Fly-by (14-15 years)
– Orbital insertion maneuver: 1000+ m/s; propellant mass fraction is 55-70%

Credit: APL

Credit: NASA

Credit: JAXA

• What if you could use the atmosphere of the planetary body to do most of 
the orbital insertion ΔV?

• What if the on-orbit mass could be increased by 40%?
• What if the interplanetary cruise duration could be cut by 2-5 years?



Exit O
rbit

What is Aerocapture?

3

Transfe
r O

rbit

Science Orbit

Burn

Burn
Orbital maneuver where the drag from 
a single atmospheric pass provides 
deceleration for orbital insertion.

It is not aerobraking, where the spacecraft 
dips into the atmosphere several times 
before the target orbit is reached.
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• Late 1960’s – Earth, Mars, and Venus orbit insertion 
studies 

• Late 1980’s – Aeroassist Flight Experiment
• 2001 – Mars orbiter mission studies
• 2003-2005: Detailed systems analysis for aerocapture at 

Neptune, Titan, Venus, and Mars

Towed-Ballute Aerocapture

Credit: NASA
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SPACE SHUnLE O R B I T E R 1  

F i g .  1. A e r o c a p t u r e  i n t e r p l a n e t a r y  c r u i s e  p h a se  

D i s c u s s i o n  

Th e r e  a r e  t h r e e  c r i t i c a l  t r a j e c t o r y  p h a s e s  t o  
a e r o c a p t u r e .  These  a r e  t h e  a p p r o a c h  n a v i g a t i o n ,  
t h e  a t m o s p h e r i c  f l i g h t ,  and  t h e  p e r i a p s i s  r a i s e  
p h a s e s .  The exoa tmosphe r i c  a p p r o a c h  t r a j e c t o r y  
c o r r e c t i o n  maneuvers  (TCMs) a r e  open  l o o p  w i t h  
commands computed on e a r t h ,  whe r e a s  t h e  a t mos p h e r e  
t r a j e c t o r y  maneuvers  a r e  computed and  commanded 
on boa r d  t h e  v e h i c l e .  The a t m o s p h e r i c  f l i g h t  GN&C 
scheme i s  c l o s e d  l o o p  u t i l i z i n g  a d a p t i v e  g u i d a n c e  
a l g o r i t h m s  t o  c o r r e c t  t h e  a t m o s p h e r i c  f l i g h t  t r a -  
j e c t o r y  t o  meet  i t s  end boundary  c o n d i t i o n .  

F i g u r e  1 shows t h e  a e r o c a p t u r e  v e h i c l e  l a u n c h ,  
c r u i s e ,  and  a p p r o a c h  t r a j e c t o r y  f l i g h t  modes. The 
v e h i c l e  i s  shown t o  be  l aunch e d  f rom t h e  S h u t t l e  
u s i n g  a  tw in  s t a g e  IUS. The v e h i c l e  r e o r i e n t s  
i t s e l f  d u r i n g  t h e  c r u i s e  phase  i n  a n  a t t i t u d e  which  
p l a c e s  i t  a p p r o x i m a t e l y  no rma l  t o  t h e  e c l i p t i c  
p l a n e .  T h i s  a t t i t u d e  a l l o w s  communica t ion  t o  
e a r t h  u s i n g  a l e e w a r d - s i d e  sk in-mounted  p hased  
a r r a y  a n t e n n a  and  f a c i l i t a t e s  a t t i t u d e  c o n t r o l  
u s i n g  e x t e r n a l l y  mounted s u n  and  s t a r  s e n s o r s .  
A d d i t i o n a l  power may a l s o  b e  o b t a i n e d  u s i n g  a  j e t t i -  
s o n a b l e  s o l a r  a r r a y .  I n  t h i s  same a t t i t u d e ,  t h e  
v e h i c l e  c a n  a l s o  r e a d i l y  a c c o m p l i s h  i t s  a p p r o a c h  
n a v i g a t i o n  r e q u i r e m e n t s .  On a p p r o a c h ,  t h e  v e h i c l e  
w i l l  be  r e q u i r e d  t o  m a i n t a i n  c e l e s t i a l  l o c k ,  o b t a i n  
images  of  t h e  Mars s a t e l l i t e s  Phobos  and  Deimos 
a g a i n s t  t h e  s t a r  backg ro u n d ,  and  t r a n s m i t  t h e  r a d i o  
and o p t i c a l  d a t a  t o  e a r t h  f o r  compu ta t i o n  of t h e  
a p p r o a c h  TCMs. 

F i g u r e  2 shows t h e  a e r o c a p t u r e  v e h i c l e  Mars 
e n c o u n t e r  t r a j e c t o r y  modes. The v e h i c l e  i s  shown 
e n t e r i n g  t h e  a tmosphe re  and  m o d u l a t i n g  i t s  a t t i t u d e  
t o  d e p l e t e  t h e  r e q u i r e d  amount of  e n e r g y .  A f t e r  
l e a v i n g  t h e  a tmosphe re ,  t h e  v e h i c l e  p e r f o r m s  a n  
open  l o o p  a t t i t u d e  change  and  p r o p u l s i v e  v e l o c i t y  
i n c r e m e n t  a t  a p o a p s i s  t o  r a i s e  p e r i a p s i s .  (Without  
t h e  p e r i a p s i s  r a i s e  maneuver ,  t h e  a e r o c a p t u r e  
v e h i c l e  would r e - e n t e r  t h e  a tmosph e r e  on i t s  sub- 
s e q u e n t  p a s s . )  The v e h i c l e  w i l l  t h e n  shed  i t s  
r e q u i r e d  h e a t  s h i e l d i n g  t o  d e p l o y  i t s  o r b i t e r  low 

i PHASE WITH 
,! VELOCITY- 
/ TO-BE-DEPLETED 
I STEERING 

F i g .  2 .  A e r o c a p t u r e  

and  h i g h  g a i n  a n t e n n a s  and  s o l a r  a r r a y s  t o  pe r fo rm  
i n - o r b i t  o p e r a t i o n s .  F i g u r e  2 a l s o  shows some of  
t h e  a t m o s p h e r i c  e n t r y  c o n f i g u r a t i o n  i n  p l a c e  w h i l e  
i n  o r b i t .  T h i s  i s  t o  d e m o n s t r a t e  t h a t  a f i n a l  
e n t r y  and  l a n d e r  s y s t e m  c o u l d  s h a r e  i t s  t h e r m a l  
p r o t e c t i o n  sy s t em  w i t h  a e r o c a p t u r e .  The f i n a l  
e n t r y  sy s t em c a n  a l s o  t a k e  a d v a n t a g e  of  t h e  a e r o -  
c a p t u r e  h i g h  a e r o m a n e u ve r ing  c o n f i g u r a t i o n .  

Approach T r a j e c t o r y  N a v i g a t i o n  

The a e r o c a p t u r e  v e h i c l e  w i l l  b e  r e q u i r e d  i n  
t h e  i n t e r p l a n e t a r y  c r u i s e  phase  t o  power a l l  sub- 
s y s t e m s ,  communicate w i t h  ground s t a t i o n s ,  and 
n a v i g a t e  w i t h  a  minimum o f  dep loyed  o r  a r t i c u l a t e d  
subsys t e m s .  The most  s t r i n g e n t  phase  i n  t e r m s  of  
power and  communica t ions  i s  t h e  f i n a l  a p p r o a c h  
phase  b e g i n n i n g  a t  e n t r y  minus  t h i r t y  d a y s  
( E  -30 d a y s ) .  The v e h i c l e  w i l l  pe r fo rm  a  TCM a t  
t h i s  t i m e  ba sed  on r a d i o  n a v i g a t i o n .  S u b s e q u e n t l y ,  
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Aerobraking as a Potential Planetary Capture Mode
E. M. REPIC,* M. G. BOOBAR^ ANI) F. G. CHAPEL^
North American Rockwell Corporation, Downey, Calif.

The synthesis of manned aerobraking spacecraft for missions to Mars and Venus is de-
scribed. Pertinent data derived from performance, weights, heating, and heat shield de-
sign analyses conducted to support the synthesis are presented. The sequential approach
that was used, in which aerobraker mission-system requirements were establised and candi-
date vehicle arrangements were prepared, is discussed. Sensitivity analyses and selected
configurations are presented along with the evolved modular approach to aerobraker space-
craft design. Considerable commonality between the Mars and Venus vehicles and require-
ments for elliptical parking orbit missions using modular designs is shown. Comparisons
of the aerobraking and retrobraking modes of orbital capture at Mars and Venus are pre-
sented to show that a chemically (FLOX/CELi) propelled aerobraker vehicle system requires
less mass on Earth orbit than a nuclear (LH^) retrobraker for all mission opportunities from
1980 to 2000.

Introduction

STUDIES of manned missions to Mars and Venus1"3 have
indicated that planetary capture by atmosphere braking

promises the potential of lower gross system weights in Earth
orbit than retropropulsive capture but is more complex.
This paper presents selected results and technological im-
plications of a recent study of integrated aerobraking space-
craft including a comparison of aerobraking and propulsive
braking.

In a typical aerobraking capture maneuver (Fig. 1), the
spacecraft would encounter the planet's atmosphere with a
fixed attitude and an entry angle (with respect to the local
horizontal) near the middle of the allowable corridor. As
aerodynamic forces increase, deceleration rates are measured
and time integrated to sense and generate real-time data on
the entry flight path. The trajectory is matched to a pro-
grammed reference trajectory, and deviations are corrected
by modulating roll. After pull-up, the roll angle is adjusted
to maintain constant altitude until the proper velocity-
density condition (a function of the chosen parking orbit
characteristics) is reached for the exit maneuver, which is
initiated by reducing the roll angle so that the vehicle ascends
through the atmosphere. The atmospheric exit trajectory
is guided and controlled in the same manner as entry to
achieve the desired velocity and path angle. After the space-
craft leaves the atmosphere, it coasts up towards the apoapsis
previously determined. The heat shield panels are jettisoned
during coast. A powered maneuver at apoapsis delivers the
spacecraft to its orbit, and the orbit parameters are then de-
termined.

Corridor and Navigation Requirements

Upon approach to the planet, the spacecraft position and
projected path will only be known to within several hundred
kilometers from Earth-based measurements. Measurements
of the spacecraft position and velocity relative to the target
planet must be sufficiently accurate to determine the approach

Presented as Paper 68-157 at the AIAA 6th Aerospace Sciences
Meeting, New York, January 22-24, 1968; submitted January
29, 1968; revision received May 23, 1968. Study primarily
supported by NASA/OART Contract NAS2-4135

* Project Engineer, Advanced Systems, Space Division.
Member AIAA.

t Project Manager, Advanced Systems, Space Division.
Member AIAA.

t Member of Technical Staff, Science and Technology, Space
Division.

trajectory for the required entry corridor. A 10-arcsec
sextant optical system was assumed to measure the line-
of-sight angle from the hyperbolic asymptote to the planet
horizon, and attainable accuracies were computed.4 Figure 2
indicates the required entry corridor depth as a function of
the entry velocity. A corridor depth requirement of seven
times the rms periapsis error (±3joO was assumed, i.e., with
normally distributed errors, the probability of hitting a 7
cr corridor is 0.9995. Entry velocities at Mars range from 6

to 10 km per sec for aerobraker missions for 1980 to 2000.5
For 10 km per sec, the required approach corridor depth is
approximately 20 km.

Using the estimates of achievable approach navigation ac-
curacies, atmospheric trajectory analyses established the
acceptable values of the ballistic parameter m/Cz>A, and the
aerodynamic requirements for the vehicle. Although m/CnA
has little effect on corridor depth, it does affect the location of
the corridor. In the tenuous Mars atmospheres,6 the position
of the corridor can be more critical than the maximum load
factor, and a minimum altitude limit for the undershoot
trajectory must be considered. A value of 10 km and a full
negative-lift overshoot trajectory were assumed to define
entry corridors. The results are shown in Fig. 3 for entry
velocities of 6 and 10 km per sec in the VM-8 (worst case)
atmosphere assuming a 20-km minimum corridor require-
ment. The aerobraker vehicle must have an L/D above and

an m/CoA to the left of the curves shown. Figure 4 shows
the aerodynamic characteristics of the assumed vehicle, a
flared-cone configuration, for a range of geometric param-
eters.3 Figures 3 and 4 essentially define the allowable
Mars aerobraker vehicle entry mass.

Similar analyses of approach navigation requirements for
Venus employed the top of the cloud layer rather than the
planet surface for horizon measurements. The cloud layer
was assumed to have a random altitude variation of 1 km

APO PLANET OF SC
IN CLIMBOUT
TO ORBIT

SPIRAL MANEUVER

pjft'SuP^o

OSCILLATING
MANEUVER

INITIATION
OF ENTRY

0.->-4-~R7—

\x

Fig. 1 Aerobraking capture maneuver to orbit.
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Credit: Repic et al. (1968)

Credit: Cruz, M.I. (AIAA 1979-0893)

“Aerobraking” 
circa 1968

14 ft

Forebody
(aerobrake)

Instrument 
carrier

Rocket
motor

Top view

Front view
Side viewAeroassist Flight 

Experiment (AFE)

Credit: NASA TM 
4435 (1993)
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Credit: Girija, A.P. (2020)



Why has aerocapture not occurred in the past?
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• Aeroassist Flight Experiment (AFE) was going to demonstrate components of aerocapture 
maneuver, but AFE was cancelled – not due to anything specific about aerocapture

• Aerocapture was initially the baseline for the Mars 2001 orbiter, but Mars Polar Lander and 
Climate Orbiter failures in 1999 (which did not involve aerocapture) led to lower risk posture for 
Mars missions

• Mars Sample Return in the early 2000’s had a CNES-led aerocapture element, but MSR in the 
early 2000’s was cancelled 

• Aerocapture has been shown to be superior to aerobraking, the accepted aeroassist maneuver 
for orbital insertion, when using probabilistic risk assessment [Percy et al., AIAA 2005-4107]

• Perceived risk in aerocapture guidance and atmospheric/aerodynamic uncertainty
– Aerocapture guidance schemes have been demonstrated under more constrained, stringent 

conditions by Mars Science Laboratory, EFT-1 etc.
• EDL hypersonic guidance is precisely targeting a deploy condition
• Aerocapture guidance only needs to get to a target energy state at exit and has capability of 

delta-V to clean up small errors
– Aerocapture is staying within the hypersonic regime, unlike EDL which has staging events and 

aerodynamic instabilities in supersonic and subsonic phases
• Recent studies have shown packaging orbiters within aerocapture vehicles

Credit: Elliot et al. 2020



Mission Scenarios – Small Satellites Robotic 
Exploration

7

• Huge interest in SmallSat planetary missions 
since MarCO which did flybys of Mars in 2018

• ESPA Rings
– Provides ride to Earth escape, GTO, or cislunar 

space 
– Used on Atlas V, Delta IV, Falcon 9, and Falcon 

Heavy
• Aerocapture provides the method to slow down and 

entry orbit without a large propellant or SEP module

© 2020. All rights reserved.

SmallSats – Mission Architecture

6

61 cm

71 cm
90 cm

EELV Secondary Payload Adapter (ESPA)
• Provides ride to Earth escape, GTO, or cislunar space
• Used on Atlas V, Delta IV, Falcon 9, and Falcon Heavy

Launch as a secondary payload or on a Venture 
class launch vehicle

Firefly aerospace is one example of the emerging small-class launch 
vehicle market that can send ~100 kg payloads to Venus and Mars

Small, targeted science missions are important 
to the future of planetary science

“We’re not going to ask 
whether we need it. You 
have to convince us that 
we don’t need it.”
— Thomas Zurbuchen, NASA 
associate administrator for 
science, pledging the U.S. space 
agency to purchase a secondary 
payload adapter whenever it 
buys a launch vehicle for a 
science mission.

Aerocapture enables these small missions to 
enter orbit 

SmallSat Aerocapture as a 
payload on an ESPA ring

© 2020. All rights reserved.

SmallSat Aerocapture Reference Flight 
System

Flight System wet mass: ~75 kg

Available payload volume: 2U - 4U, 2 - 6 kg
Credit: Austin et al. 2020

Credit: Austin et al. 2020



Mission Scenarios – Larger-scale Robotic 
Exploration such as the Ice Giants

8

• For Outer Planet missions, orbit insertion 
maneuvers must deal with large ΔV (~1 
km/s) and long interplanetary cruise duration

• Aerocapture can provide a large cost, mass, 
and time savings for Outer Planet missions

• Lockwood 2004 Study: 40% increase in on-
orbit mass and 2-5 years reduction in trip 
time

318 HALL, NOCA, AND BAILEY

Table 12 Summary of $M/kg metrics for all missions

Medium-launch vehicle Heavy-launch vehicle

Mission Best A/C Best non-A/C % Reduction What is best non-A/C? Best A/C Best non-A/C % Reduction What is best non-A/C?

Venus V1 0.08 0.18 56 all-SEP 0.06 0.13 54 all-SEP
Venus V2 0.08 0.14 44 all-SEP 0.06 0.10 41 all-SEP
Mars M1 0.08 0.09 12 A/B 0.06 0.07 13 A/B
Mars M2 0.08 0.08 −1 chem325 0.06 0.06 4 chem325
Jupiter J1 0.29 N/A 100 N/A 0.19 N/A 100 N/A
Jupiter J2 0.29 0.14 −115 chem370 0.19 0.09 −115 chem370
Saturn S1 1.75 N/A 100 N/A 0.93 N/A 100 N/A
Titan T1 0.28 1.09 74 chem370 0.16 0.64 75 chem370
Uranus U1 0.40 1.04 62 chem370 0.25 0.79 69 chem370
Neptune N1 0.49 4.74 90 chem370 0.33 3.01 89 chem370

Table 13 Required specific impulse
to match aerocapture performance

Mission Equivalent Isp, s

Venus V1 1060
Venus V2 970
Mars M1 455
Mars M2 ——
Jupiter J1 2040
Jupiter J2 ——
Saturn S1 640
Titan T1 1240
Uranus U1 815
Neptune N1 1140

Fig. 4 Best scenario delivery costs per unit mass for a medium-launch
vehicle.

mass fraction or cost. Table 14 shows the results of a sensitivity
study based on medium-launch vehicles in which either the aero-
capture system mass or the aerocapture system cost was increased
by 30% while holding all other parameters constant. The change
in percentage cost reduction using aerocapture on a dollar/kilogram
delivery basis is small in all cases except for the M1 mission where a
mass increase of this size eliminates the modest aerocapture advan-
tage. Note also that the increased mass effect always causes a greater
change than increased cost, which is just a reflection of the fact that
aerocapture costs are only a small fraction of the overall delivery
cost. The conclusion is that most of the projected aerocapture advan-
tage on a dollar/kilogram delivery basis will be retained even in the
event that the mass or cost of aerocapture technology is 30% greater
than estimated in this study. This sensitivity result helps to justify
the use of highly simplified mass and cost models for aerocapture
as described in the preceding section in that errors of up to +30%
(and more) will not alter the conclusion that aerocapture provides
a substantial advantage for many missions. Conversely, improve-
ments resulting from superior-than-expected aerocapture mass or
cost performance will also be small on a percentage basis; how-
ever, on a net basis the potential savings of many millions of dollars

Table 14 Sensitivity of the aerocapture advantage
(medium-launch vehicle scenarios)

Aerocapture delivery cost reduction

Nominal +30% A/C +30% A/C
Mission case, % mass, % cost, %

Venus V1 56 49 53
Venus V2 44 36 41
Mars M1 12 1 8
Mars M2 —— —— ——
Jupiter J1 100 100 100
Jupiter J2 —— —— ——
Saturn S1 100 100 100
Titan T1 74 69 74
Uranus U1 62 49 61
Neptune N1 90 86 90

Table 15 Projected spacecraft mass increases for
aerocapture-enhanced missions

Non-A/C A/C $M/kg Mass
$M/kg for for heavy Delivery increase per

Mission heavy launcher launcher cost, $M spacecraft, kg

V1 0.13 0.06 300 2722
V2 0.10 0.06 300 2086
M1 0.07 0.06 300 648
T1 0.64 0.16 440 2028
U1 0.69 0.25 500 1298

should still serve as a powerful motivator for producing efficient
aerocapture systems.

Based on the planetary results just presented, it is possible to
categorize the aerocapture missions into three groups: enabled (J1,
S1, N1), enhanced (V1, V2, M1, T1, U1), and not helped (M2, J2).
For the enhanced category, the aerocapture benefit can manifest it-
self in a reduced delivery cost, an increased spacecraft mass, or a
combination of the two. The preferred optimization will necessarily
depend on the details of any given mission, but results for the two
limits are presented in Tables 15 and 16. For the fixed cost limit in
Table 15, the heavy-launch vehicle mass and cost data are used for
each of the five missions to produce a net delivered mass increase.
This mass increase is equivalent to the horizontal distance between
the aerocapture and nonaerocapture data points on the appropriate
mission plots in Fig. 3. Similarly, the fixed mass limit can be ob-
tained by measuring the vertical distance between the aerocapture
and nonaerocapture data points in Fig. 3, which for the Venus and
Mars missions happens to correspond to the difference between the
million-dollar/kilogram cost of aerocapture with a medium-launch
vehicle and the best nonaerocapture cost on a heavy launch ve-
hicle (Table 16). However, this method breaks down with the Ti-
tan and Uranus missions because there are not any nonaerocapture
scenarios that can deliver as much mass as the most efficient ae-
rocapture scenarios based on a medium-launch vehicle. Therefore,
we have estimated a million-dollar/kilogram cost of a hypothetical
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Credit: Hall et al.(10.2514/1.4118)

Credit: NASA/TM-2002-211386

Thetradeoffofusinganaerocapturemaneuveristhemasspenaltyofthepropulsionsystemincluding
fuelmassversustheadditionalspacecraftmassrequiredfortheaeroshellstructureincludingpayload
integrationtomeettherequireddelta-vrequirement.Todate,theplanetarymissionrequirementsfororbit
insertiondelta-vontheorderof I km/shaveonlymarginalbenefitsfromaerocapturetechnology.The
combinationofmissionrequirementsandtechnologyintegrationdifficultieshasbeensufficienttoslowthe
developmentofaerocapturetechnologyandpreventanyprototypeflightstodate.Table1belowidentifies
massbenefitsofaerocaptureversuspropulsiveinsertionforpossiblefutureplanetaryexplorationmissions.

Table1.AerocaptureMassSavingEstimatesforPlanetaryMissions
Mission Name Description

Mars Sample CNES-NASA baseline Mars
Return Orbiter
Titan Explorer

Neptune
Orbiter
Venus Surface
Sample Return

Saturn Ring
Observer
Mars Micro-
orbiter

8 yr SEP + VGA to Saturn,
1400 km circular orbit: 5.2

km/s entry speed
10,000 x 500,000 km orbit,
28.9 km/s entry velocity
Sample return vehicle in a 300
km circular orbit, 11.6 km/s
entry speed
56,000 km circular orbit, 26.1
km/s entry speed
Piggyback payload to 600 km
circular orbit, 6.4 km/s entry
speed

Delivered
Spacecraft
Mass (kg)

900

1100

All-

propulsive
Arrival

Mass (ks)
20OO

2989

Aerocapture
Arrival Mass

(kg)

1100

1375

Propulsive:
Aerocapture
Mass Penalty
Factor
1.8:1

2.9:1

500 4743 833 5.6:1 7

2600 12716 3714 3.4:1 5

500 12295 3125 4.0:1 8

261100 125 2.1:1

Delta-V

Required
for Capture
(kin/s)
2.5

Another benefit of aerocapture that is not shown in the above table is that it enables shorter
interplanetary cruise times. Figure 1 shows trades in mass reduction in useful inserted mass (payload) as a
function of trip times to Neptune, i.e. the shorter the trip time, the faster the arrival speed at the planet and
the greater the delta-v needed for insertion into orbit. Past studies have identified advanced interplanetary
propulsion systems such as solar electric that can enable significant trip time reductions 3. Hence, many
Outer Planet mission scenarios would require the coupling of advanced propulsion with aerocapture.

40 200

] 35
"_ 30
@

25

20 ...i .... i .... I ...i .... i...i .... I
4 5 6 7 8 9 10 11
Trip Time to Neptune (years)

..0
t.,

o_

"0

@
m

m

150

100

50

For 200-Kg Arrival Mass at Neptune

Aerocapture

Propulsion

0 -- .. .i...,-'_.."_. .... ,. .., ....
11 10 9 8 7 6 5 4

Trip Time to Neptune (Years)

Figure 1. Mass Savings for Neptune Aerocapture Mission

2

Thetradeoffofusinganaerocapturemaneuveristhemasspenaltyofthepropulsionsystemincluding
fuelmassversustheadditionalspacecraftmassrequiredfortheaeroshellstructureincludingpayload
integrationtomeettherequireddelta-vrequirement.Todate,theplanetarymissionrequirementsfororbit
insertiondelta-vontheorderof I km/shaveonlymarginalbenefitsfromaerocapturetechnology.The
combinationofmissionrequirementsandtechnologyintegrationdifficultieshasbeensufficienttoslowthe
developmentofaerocapturetechnologyandpreventanyprototypeflightstodate.Table1belowidentifies
massbenefitsofaerocaptureversuspropulsiveinsertionforpossiblefutureplanetaryexplorationmissions.

Table1.AerocaptureMassSavingEstimatesforPlanetaryMissions
Mission Name Description

Mars Sample CNES-NASA baseline Mars
Return Orbiter
Titan Explorer

Neptune
Orbiter
Venus Surface
Sample Return

Saturn Ring
Observer
Mars Micro-
orbiter

8 yr SEP + VGA to Saturn,
1400 km circular orbit: 5.2

km/s entry speed
10,000 x 500,000 km orbit,
28.9 km/s entry velocity
Sample return vehicle in a 300
km circular orbit, 11.6 km/s
entry speed
56,000 km circular orbit, 26.1
km/s entry speed
Piggyback payload to 600 km
circular orbit, 6.4 km/s entry
speed

Delivered
Spacecraft
Mass (kg)

900

1100

All-

propulsive
Arrival

Mass (ks)
20OO

2989

Aerocapture
Arrival Mass

(kg)

1100

1375

Propulsive:
Aerocapture
Mass Penalty
Factor
1.8:1

2.9:1

500 4743 833 5.6:1 7

2600 12716 3714 3.4:1 5

500 12295 3125 4.0:1 8

261100 125 2.1:1

Delta-V

Required
for Capture
(kin/s)
2.5

Another benefit of aerocapture that is not shown in the above table is that it enables shorter
interplanetary cruise times. Figure 1 shows trades in mass reduction in useful inserted mass (payload) as a
function of trip times to Neptune, i.e. the shorter the trip time, the faster the arrival speed at the planet and
the greater the delta-v needed for insertion into orbit. Past studies have identified advanced interplanetary
propulsion systems such as solar electric that can enable significant trip time reductions 3. Hence, many
Outer Planet mission scenarios would require the coupling of advanced propulsion with aerocapture.
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masses.  Goal 1 tends to produce shapes that are long and slender, 
whereas goals 2 and 3 favor shorter, more compact shapes.  Thus, a 
balance between these opposing characteristics is desired for the 
Neptune orbiter. 

The candidate shape classes, examples of which are shown in 
Figure 3, were screened for the desired metrics. Variations on all 
shapes were performed parametrically. Sphere-cones have simple 
geometries and provide the L/D necessary for Neptune aerocapture. 
Biconics have previously been studied for aerocapture at Neptune 
and Mars, and have been shown to give good performance10-11. 
Ellipsleds that have been considered for a Mars lander application12. 
Bent biconics and modified ellipsleds were studied in order to 
increase L/D to 0.8. 

Comparisons between the various shapes were performed for a 
fixed volume and mass. The allocated system entry mass was 
specified to be 2200 kg1. The shapes were screened using the 
following process: 

 
1. Fix the aeroshell mass and volume 
2. Vary the geometric parameters depending on the shape class: 

a. Sphere-cone – total length, nose radius and cone angle 
b. Ellipsled – total length, nose length, and diameter 
c. Biconic – vary parameters manually 

4. Calculate the aerodynamic coefficients using modified 
Newtonian Theory for D = 40 - 60 deg 

5. Identify shapes with the best combination of L/D, Em, and Veff 
6. Estimate shape effects on aeroheating, structures, packaging, etc. 
  
Qualitative considerations were taken into account during the shape selection process. A small nose radius is 

undesirable from an aeroheating and packaging standpoint. A long slender shape is also not desirable because 
additional structural mass is needed to give sufficient stiffness for launch loads.  Engineering judgment was used to 
account for these effects before additional high-fidelity analyses were performed. 

MODIFIED NEWTONIAN THEORY 
Modified Newtonian Theory was used in order to rapidly screen aerodynamic performance of the candidate 

orbiter shapes with reasonable accuracy. The theory produces good aerodynamics data for bodies at hypersonic 
speeds and is simple to implement. The theory expresses pressure coefficient (Cp) as a function of the angle between 
the local surface normal  and the freestream velocity vector (T�): 

 
T2

maxpp cosCC   (2) 

 
where Cpmax is evaluated behind a normal shock at the freestream Mach number. The effects of shear stresses are 
neglected, but they are small at hypersonic speeds. Given a discrete mesh of the surface distribution, aerodynamic 
coefficients can be estimated in a matter of seconds using a personal computer.  

AEROCAPTURE DESIGN TRAJECTORY 
After selection of the reference orbiter shape, high-fidelity computational fluid dynamics (CFD) solutions were 

used to predict detailed aerodynamic characteristics. Freestream conditions (density, velocity, and temperature) were 
needed from a design trajectory in order to run these solutions.  For the current study, the minimum density 
atmosphere, lift-up trajectory with Em = 400 kg/m2 was selected for CFD analysis (Figure 4). The trajectory was 
calculated for an inertial entry velocity of 29 km/s and was obtained using the steepest entry flight path angle and the 
lowest atmospheric density expected based on the NeptuneGRAM model2.  These conditions result in the highest 
convective heating rates experienced by the orbiter. Table 1 shows the freestream conditions used for the CFD 
solutions. 

Ellipsled 

 

Sphere-
Cone 

 

 

Biconic/ 
Bent 

Biconic 
 

Modified 
Ellipsled 

 
 

Figure 3.  Examples of Shape Classes 
Considered for the Orbiter Aeroshell 

(L/D = 0.6 - 0.8) 

Needed a 
vehicle with 

L/D of 0.6-0.8

Credit: AIAA 2004-4953



Mission Scenarios – Human-scale 
Exploration

9

• Human-scale Mars missions – cargo or crew – has 
had aerocapture as a baseline concept in the past 
(EDLSA), but the current baseline does not have 
aerocapture

• Aerocapture can be conducted with mid L/D shape 
or a deployable like a HIAD

Credit: NASA/TM-2010-216720
Credit: JSR 2019 (DOI: 10.2514/1.A34483)

5 
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Figure 3. CobraMRV Entry, Descent, and Landing. 

The transition to powered descent at Mars occurs at a relatively low altitude and high velocity, as noted in Figure 
3. The delta-V allocation for the Mars powered descent maneuver is 650 m/s ± roughly one-third of the delta-V 
required for powered descent at the Moon ± and the retained aeroshell continues to contribute some drag. As a result 
of these factors, the mass impact of retaining the aeroshell through landing is not as large as might be expected. The 
aeroshell also protects the lander systems and cargo from the SRP flowfield, as well as the ejecta and dust generated 
during terminal descent and landing.  In addition, the elimination of aeroshell disposal constraints for emplaced surface 
assets provides greater flexibility in the design and optimization of the Mars EDL trajectory. 
 Surface operations begin after the vehicle has landed safely on Mars. Using the residual methane and oxygen 
propellants from the CobraMRV descent tanks, fuel cells provide electrical power for up to 24 hours until the 
connection to a surface power system is established. Two radiator panels stowed on the aft of the CobraMRV are 
deployed to provide thermal control for the vehicle systems and cargo on the surface of Mars. As shown in Figure 3, 
very large radiators are required to support the generation and liquefaction of oxygen from the atmosphere of Mars to 
fill the MAV tanks. The primary function of the cargo bay doors is to enable a vertical launch of the MAV from the 
landed CobraMRV. The cargo bay door radiators are not required on the surface of Mars, so the cargo bay doors can 
be opened or remain closed, as appropriate for each cargo configuration. In addition, a ramp can be deployed from the 
aft end of the vehicle, as shown in Figure 4, toError! Reference source not found. provide flexible and convenient 
access to the internal cargo bay for mobile vehicles and personnel. The ramp can also be stowed to provide protection 
from dust storms. 
 The CobraMRV team developed several operational scenarios for launching the MAV. In the reference approach 
illustrated in Figure 4, the MAV crew approaches the CobraMRV in a pressurized rover (1) and executes an intra-
vehicular (IVA) transfer to the MAV crew module (2). Following a successful MAV checkout, the rover departs and 
the transfer tunnel is retracted (3). The cargo bay doors are then opened to enable the launch of the MAV (4). To help 
alleviate concerns regarding the vibro-acoustic environment at liftoff, the MAV is mechanically elevated several 
meters with a flame deflector directing the engine exhaust out the aft end of the vehicle (5). The MAV then begins its 
ascent to Mars orbit (6). During the design process, it became clear that the cargo bay doors imposed a significant 
mass penalty on the vehicle primary structure. As a result, the CobraMRV team outlined several scenarios involving 
the aft extraction of the MAV from the CobraMRV aeroshell via a rail system or a wheeled cart, for future 
consideration.  The 2908b variant of the CobraMRV aeroshell and the interior subsystem layout illustrated in Figure 
4 and Figure 5 are intended to facilitate the aft insertion/extraction of large cargo items. 

Hypersonic Inflatable Aerodynamic 
Decelerator (HIAD)

Mid Lift-to-Drag (L/D)

Credit: AIAA 2017-1898



Enabling Capabilities

• Aerocapture design improvement in the last 15 years makes it easier to infuse 
into existing missions

• SmallSats: Development of deployable technologies, like HIAD and ADEPT, 
have made aerocapture for SmallSats feasible

• Human-scale aerocapture: Feasible due to improvements in deployable 
technology, mid L/D technology

• Larger-scale robotic missions: In the past, needed newer entry vehicle design 
or newer thermal protection system
– Emerging capabilities make larger-scale robotic aerocapture missions 

feasible with existing, heritage entry-vehicle configurations
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The aerocapture maneuver sets 
requirements on navigation accuracy in 
order to enter the atmosphere at an 
acceptable flight path angle (J). The 
minimum J  results in the shallowest entry 
and the highest integrated aeroheating 
loads. The maximum J gives the steepest 
atmospheric path, and results in the largest 
aeroheating rates and aerodynamic loads. 
The region between the minimum and 
maximum allowable J determines the 
entry corridor. The orbiter lift-to-drag 
ratio (L/D) is chosen to provide adequate 
corridor width such that the vehicle can 
accommodate the 3-V dispersions with 
margin. A preliminary analysis including 
uncertainty estimates for navigated entry 
states, atmospheric density, and 
aerodynamics showed that an L/D of 0.6 
is just sufficient to capture the 3-V entry 
corridor1. In order to have margin above 
3-V, an L/D of 0.8 was selected as the 
baseline requirement. The current analysis 
presents orbiter shapes with L/D = 0.6 - 
0.8. 

ANALYSIS 

ORBITER AEROSHELL SHAPE 
SELECTION 

A L/D between 0.6 and 0.8 requires a 
vehicle shape that is more slender than 
typical 70-deg sphere-cone planetary entry vehicles, which give a maximum practical L/D near 0.25. The orbiter 
shape affects several other aspects of the mission, including aerodynamics, aeroheating, structures, packaging, mass 
properties, and thermal protection. Thus, considerable time was spent on an orbiter shape trade study before 
additional system analyses were performed. The shape trade study was undertaken in order to rapidly assess the 
performance capabilities of candidate mid-L/D shapes. The shapes were defined parametrically and aerodynamic 
performance was screened using modified Newtonian Theory, which is known to give reasonable predictions for 
blunt shapes at hypersonic speeds. In this fashion, many shapes were defined and analyzed in a short amount of 
time. 

 
The goals of the shape study were to: 

 
1. Achieve L/D = 0.6 - 0.8 
2. Minimize ballistic coefficient, Em 
3. Maximize effective volume9, Veff 

 
where Veff is a measure of the effective internal packaging volume: 
 

sphereafor1
S

U6
V

2/3
wet

eff   
S

  (1) 

A L/D > 0.6 ensures that the orbiter can accommodate the 3-V dispersions during aerocapture. Minimizing Em 
reduces aeroheating rates and requirements placed on the entry guidance system. Maximizing Veff gives the lowest 
surface area for a given volume, which can help reduce the aeroshell structure and thermal protection system (TPS) 

 
 

Figure 1.  Neptune Orbiter in Aerocapture Configuration 
 

 
 

Figure 2.  Schematic of Aerocapture Orbit Insertion at Neptune 

Credit: AIAA 2004-4953

Credit: NASA/JPLSphere-Cone Rigid 
Aeroshell

Mars 2020

2003 Study Concept Vehicle

Credit: NASA

10

Spherical Rigid 
Aeroshell

Orion



Capability 1. Thermal Protection System

11

• Past studies identified need for high performance and lightweight 
thermal protection system material might be needed for missions for 
aerocapture at some planetary destinations where heat flux and 
stagnation pressure are higher

• Development and maturation of high performance HEEET and PICA 
have addressed those issues [Venkatapathy 2020 – Space Sci Review]

3Feb. 26, 2019 Workshop on In Situ Exploration of the Ice Giants, Marseille, France

HEEET in the Ice Giants Study

• Thicknesses can be customized to mission

• The region below each loom limit line is the region of TPS weave feasibility

• 5 point designs considered in the IGS (Ice Giants Study): 2 Uranus & 3 Neptune
• Thermal protection sizing performed only for 3 of the 5 point designs
• Sizing based on stagnation point environments & preliminary margins policy

Loom limit data courtesy 
Dr. Mahzari (NASA ARC)

Recession layer (RL)
[for heat flux]

Insulation layer (IL)
[for heat load]

Adhesive

Structure

1 m (dia.) ETU
(tiled configuration)

Phenolic Impregnated 
Carbon Ablator (PICA)

Heatshield for Extreme Entry 
Environment Technology (HEEET)

Credit: NASA
Credit: Venkatapathy et al. 2020



Capability 2.a. Guidance Methods

12

• Analytic schemes
– Gains for guidance based on pre-generated reference profiles
– Non-iterative and efficient code

• Numerical predictor-corrector (NPC) schemes
– Numerically integrates equations of motion on-the-fly
– Iterative code and adaptable to modern flight software
– Can be robust to uncertainties in atmosphere and aerodynamics

Potential trajectories

Exit 
Condition 

Goal

Chosen trajectory

Aeroshell Credit: AIAA 2017-0245



Capability 2.b. Control Mechanisms 

13

cant 
angle 

D = 6 
inch 

cone  
angle 

Figure 3. Model geometry (example: 60
�

sphere-cone forebody with 30
�

tab cant angle).

1.5% area, AR = 2:1 3% area, AR = 2:1 3% area, AR = 1:2 6% area, AR = 1:1 
(b) Tab areas and aspect ratios for 60º forebody!

70 deg S-C 60 deg S-C 50 deg S-C Apollo 
(a) Forebody geometries with 0º tab cant angle!

0º 30º  60º 90º 
(c) Tab cant angles for 60º forebody!

Figure 4. Examples of forebody geometry, tab area, tab aspect ratio, and tab cant angle.
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Drag Modulation Control

determined a closed-form solution using drag modulation to limit the
rate of increase of deceleration during entry [4], and Rose and Hayes
evaluated drag modulation as means for orbit phasing and entry
targeting [5]. More recently, Vinh et al. proposed an explicit analytic
guidance algorithm for aeroassisted orbit transfer [6], and Kuo et al.
examined the use of drag modulation to track reference trajectories
for ballistic missiles [7]. These studies all assumed that drag could be
controlled continuously within a given interval. Discrete-event drag
modulation has been studied for planetary aerocapturemissions at the
conceptual level, but few studies address realistic guided-system
performance [8–10]. Miller et al. present a real-time predictive
algorithm for single-stage jettison aerocapture at Titan using a trailing
toroidal ballute but provide only limited information on flight
performance [11]. Johnson and Lyons use a heuristic trigger based on
curve fits of the aerocapture vehicle dynamics to perform single-stage
jettison aerocapture at Titan, but results show that this technique
results in a significant number of failures when uncertainty is
applied [12].
This study considers the use of drag-modulation flight-control

systems for planetary aerocapture systems. The aerocapture
maneuver is used to transition from a high-energy orbit to a lower-
energy orbit without a major propulsive event, as shown in Fig. 1.
Aerocapture differs from aerobraking in that it depletes the required
energy in a single atmospheric pass instead of a series of passes.
Aerocapture systems still require propulsive capability; after the
atmospheric pass, the spacecraft must perform a periapsis raise
maneuver at apoapsis to ensure that the vehicle does not reenter
the atmosphere. An additional propulsive maneuver may also be
performed at the subsequent periapsis to correct any remaining error
in apoapsis altitude.
Recentwork has shown that drag-modulation flight controlmay be

possible for a specific set of aerocapture missions at Earth and Mars
[13]. The goal of this study is to expand upon those results by
determining the feasibility and relative performance of different drag-
modulation flight-control system options for planetary aerocapture at
Venus,Mars, and Titan. Three drag-modulation flight-control system
options will be considered: single-stage jettison, two-stage jettison,

and continuously variable drag-modulation systems. This study
improves upon existing results in the literature by using flight-
realistic real-time guidance and targeting algorithms coupled with
uncertainty analysis to provide a realistic assessment of feasibility
and flight performance.

II. Drag-Modulation Flight-Control Concepts
A. Single-Stage Jettison Systems

Single-stage jettison systems, shown in Fig. 2, provide the simplest
means of drag-modulation flight control for aerocapture. The vehicle
deploys a large drag skirt before atmospheric interface (AI) to lower
the vehicle’s β to its minimum value β1. Alternately, the vehicle may
launch in its β1 configuration if the maximum diameter fits within
the launch-vehicle payload fairing. During the atmospheric pass, the
flight computer uses available navigation data to determine when the
drag skirt should be jettisoned such that the proper amount of energy
is dissipated before atmospheric exit to achieve the desired transfer
orbit properties. Once the drag skirt is jettisoned, β immediately
rises to its maximum value β2, and the spacecraft coasts to
atmospheric exit.
Although simple, single-stage jettison systems are vulnerable to

day-of-flight dispersions because they have only a single control
event. After the jettison, no control authority is available to correct for
unforeseen dispersions. Mission designers may bias the nominal
jettison point toward the end of the atmospheric pass to reduce the
effect of postjettison uncertainty, but this strategy requires additional
control authority and increases the likelihood of a skip-out trajectory.

B. Two-Stage Jettison Systems

In some circumstances, two-stage jettison systems provide
performance benefits over single-stage systems by reducing
vulnerability to day-of-flight dispersions. A two-stage system splits
the drag skirt into two concentric pieces, allowing the spacecraft to
perform a “clean-up” jettison later in the trajectory. This drag-
modulation strategy trades additional system complexity for reduced
susceptibility to unforeseen late-trajectory dispersions.
Figure 3 shows a notional aerocapture maneuver using a two-stage

jettison drag-modulation system. As in the single-stage system, the
drag skirts are deployed before AI, and the vehicle enters the
atmosphere with β ! β1. The outer drag skirt is jettisoned first, such
that the final apoapsis error is minimized while assuming a preset
inner-skirt jettison time. The outer skirt jettison changes β to an
intermediate value, β1.5. The inner drag skirt jettison time is then
adjusted to null the final transfer orbit apoapsis altitude error. When
the inner drag skirt is jettisoned, β rises to β2, and the spacecraft coasts
to atmospheric exit. This strategy allows the flight computer to solve
two one-dimensional searches in series, reducing flight-software
complexity and limiting computational resource requirements. The
preset inner skirt jettison time is selected to be later than the expected
range of outer skirt jettison times to force the guidance algorithm to
hold some control authority in reserve until later in the trajectory.

Inbound 
trajectory

Transfer 
orbit Target 

orbit

V at periapsis to 
correct for 
apoapsis error

V at apoapsis to 
raise periapsis

Planet

Atmospheric 
pass

Apoapsis
target altitude

Atmospheric 
interface (AI)

Atmospheric 
exit

Flight 
direction

Fig. 1 Example aerocapture maneuver.

Vacuum

Atmosphere

Planet

AI state:
high-energy orbit

Atmospheric exit state: 
lower-energy orbit

Jettison
drag skirt

Predeploy 
drag area

1

1

2

Low-  decel.
(  = 1)

High-  decel.
(  = 2)

Flight 
direction

Flight 
direction

Fig. 2 Single-stage jettison drag-modulation aerocapture system.
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Capability 3. Optical Navigation

14

• Optical Navigation (OpNav) required for deep space missions due to poor 
ephemeris knowledge
– Augments radiometric data from the Deep Space Network (DSN)
– OpNav used on Voyager 2 flybys of Uranus and Neptune in the 1980s

• Standard OpNav uses ground processing of images.  Turnaround time from 
receipt of data to uplinking control information (e.g., maneuvers, instrument 
pointing) can be many hours to days
– Long round-trip light time (> 8 hours for Neptune)
– Time for ground processing, sequence generation, etc.

• Recent advances in Onboard Autonomous 
Navigation (AutoNav) can dramatically 
improve navigation performance

– Images processed, orbit determination, 
and maneuver computation all done 
onboard

– Takes advantage of late-breaking 
navigation information to decrease 
target-relative ephemeris knowledge

– Reduces turnaround time to minutes.



Aerocapture with Magnetohydrodynamics

15

• Lorentz Forces – forces exerted on a charged particle moving through an 
electrical and magnetic field

• Magnet placed near the nose of the vehicle will increase the bow shock stand-
off distance, substantially decrease stagnation point heat flux [Moses et al. 
2020]

• Magnets placed on the side of the vehicle nose will produce side forces for 
increasing lift [Moses et al. 2020]

• Control the Lorentz forces to shape the trajectory of the vehicle – drag to 
produce enough energy orbital insertion and modulate lift to move the vehicle 
into desired target orbit

• Maneuvers are at higher altitudes compared to traditional aerocapture

Credit: NASA

Credit: NASA
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Transition to Aerogravity Assist

17

Two Types of Aeroassist Maneuvers That Can Enable Mass Savings for
Exploration Missions

1. Aerocapture: Transition a spacecraft’s flight from a hyperbolic 
approach trajectory to an elliptical orbit about a target  planet.

2. Aerogravity Assist: Transition a spacecraft’s flight from a hyperbolic 
approach trajectory to another one, heading toward a new destination.

Both maneuvers require Heat-Shielded Aeroshell and GNC for
Atmospheric Flight



Back-up Slides
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Why Ice Giants?

19

• Uranus and Neptune (Ice Giants) have only been visited by Voyager 2
• Uranus has interesting obliquity; Neptune has interesting moon: Triton
• Many exoplanets are Uranus/Neptune like

Credit: https://www.nasa.gov/image-feature/ames/exoplanet-discoveries

https://www.nasa.gov/image-feature/ames/exoplanet-discoveries


Aerocapture Studies about Ice Giants Missions

• NASA 2002 Study: Wercinski et al. (NASA/TM-2002-211386)
– Showed increased on-orbit mass using aerocapture over all-propulsive 

options for a Neptune mission

• NASA 2017 Study: Ice Giants Pre-Decadal Survey (D-100520)
– “Aerocapture technology could enable trip times to be shortened, delivered mass to be 

increased or both.”
• JSR 2019 Article by Spilker et al.

– “…  a need for development of advanced aeroshells robust to ablation effects, though 
advanced flight control options might allow even Neptune aerocapture with the lower 
L⁄D [lift-to-drag] of a higher-heritage blunt-body aeroshell.”

20

Thetradeoffofusinganaerocapturemaneuveristhemasspenaltyofthepropulsionsystemincluding
fuelmassversustheadditionalspacecraftmassrequiredfortheaeroshellstructureincludingpayload
integrationtomeettherequireddelta-vrequirement.Todate,theplanetarymissionrequirementsfororbit
insertiondelta-vontheorderof I km/shaveonlymarginalbenefitsfromaerocapturetechnology.The
combinationofmissionrequirementsandtechnologyintegrationdifficultieshasbeensufficienttoslowthe
developmentofaerocapturetechnologyandpreventanyprototypeflightstodate.Table1belowidentifies
massbenefitsofaerocaptureversuspropulsiveinsertionforpossiblefutureplanetaryexplorationmissions.

Table1.AerocaptureMassSavingEstimatesforPlanetaryMissions
Mission Name Description

Mars Sample CNES-NASA baseline Mars
Return Orbiter
Titan Explorer

Neptune
Orbiter
Venus Surface
Sample Return

Saturn Ring
Observer
Mars Micro-
orbiter

8 yr SEP + VGA to Saturn,
1400 km circular orbit: 5.2

km/s entry speed
10,000 x 500,000 km orbit,
28.9 km/s entry velocity
Sample return vehicle in a 300
km circular orbit, 11.6 km/s
entry speed
56,000 km circular orbit, 26.1
km/s entry speed
Piggyback payload to 600 km
circular orbit, 6.4 km/s entry
speed

Delivered
Spacecraft
Mass (kg)

900

1100

All-

propulsive
Arrival

Mass (ks)
20OO

2989

Aerocapture
Arrival Mass

(kg)

1100

1375

Propulsive:
Aerocapture
Mass Penalty
Factor
1.8:1

2.9:1

500 4743 833 5.6:1 7

2600 12716 3714 3.4:1 5

500 12295 3125 4.0:1 8

261100 125 2.1:1

Delta-V

Required
for Capture
(kin/s)
2.5

Another benefit of aerocapture that is not shown in the above table is that it enables shorter
interplanetary cruise times. Figure 1 shows trades in mass reduction in useful inserted mass (payload) as a
function of trip times to Neptune, i.e. the shorter the trip time, the faster the arrival speed at the planet and
the greater the delta-v needed for insertion into orbit. Past studies have identified advanced interplanetary
propulsion systems such as solar electric that can enable significant trip time reductions 3. Hence, many
Outer Planet mission scenarios would require the coupling of advanced propulsion with aerocapture.
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NASA 2003 Study – Lockwood et al.. Study

• Studied Neptune capture and Triton fly-by orbit
– Science orbit: 3896 km x 430,000 km
– Orbiter (792 kg) and two separate Neptune entry probes

• Orbiter would be two years in Neptune orbit
• Visible imager, UV, IR, and thermal imaging spectrometer, ion and neutral 

mass spectrometer, magnetometer, charged-particle detector, plasma wave 
spectrometer, microwave radiometer, USO (radio occultations) 

• Results of the study
– 3-4 year trip time reduction compared to all-

propulsive options (10 year trip vs. 14 year trip)
– Aerocapture provided 40% more on-orbit mass 

compared to all-propulsive options (1614 kg  vs. 
1167 kg at zero-margin)

– Needed development of a mid to high lift-to-drag 
(L/D) vehicle

– Thermal Protection System environment 
challenging
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masses.  Goal 1 tends to produce shapes that are long and slender, 
whereas goals 2 and 3 favor shorter, more compact shapes.  Thus, a 
balance between these opposing characteristics is desired for the 
Neptune orbiter. 

The candidate shape classes, examples of which are shown in 
Figure 3, were screened for the desired metrics. Variations on all 
shapes were performed parametrically. Sphere-cones have simple 
geometries and provide the L/D necessary for Neptune aerocapture. 
Biconics have previously been studied for aerocapture at Neptune 
and Mars, and have been shown to give good performance10-11. 
Ellipsleds that have been considered for a Mars lander application12. 
Bent biconics and modified ellipsleds were studied in order to 
increase L/D to 0.8. 

Comparisons between the various shapes were performed for a 
fixed volume and mass. The allocated system entry mass was 
specified to be 2200 kg1. The shapes were screened using the 
following process: 

 
1. Fix the aeroshell mass and volume 
2. Vary the geometric parameters depending on the shape class: 

a. Sphere-cone – total length, nose radius and cone angle 
b. Ellipsled – total length, nose length, and diameter 
c. Biconic – vary parameters manually 

4. Calculate the aerodynamic coefficients using modified 
Newtonian Theory for D = 40 - 60 deg 

5. Identify shapes with the best combination of L/D, Em, and Veff 
6. Estimate shape effects on aeroheating, structures, packaging, etc. 
  
Qualitative considerations were taken into account during the shape selection process. A small nose radius is 

undesirable from an aeroheating and packaging standpoint. A long slender shape is also not desirable because 
additional structural mass is needed to give sufficient stiffness for launch loads.  Engineering judgment was used to 
account for these effects before additional high-fidelity analyses were performed. 

MODIFIED NEWTONIAN THEORY 
Modified Newtonian Theory was used in order to rapidly screen aerodynamic performance of the candidate 

orbiter shapes with reasonable accuracy. The theory produces good aerodynamics data for bodies at hypersonic 
speeds and is simple to implement. The theory expresses pressure coefficient (Cp) as a function of the angle between 
the local surface normal  and the freestream velocity vector (T�): 

 
T2

maxpp cosCC   (2) 

 
where Cpmax is evaluated behind a normal shock at the freestream Mach number. The effects of shear stresses are 
neglected, but they are small at hypersonic speeds. Given a discrete mesh of the surface distribution, aerodynamic 
coefficients can be estimated in a matter of seconds using a personal computer.  

AEROCAPTURE DESIGN TRAJECTORY 
After selection of the reference orbiter shape, high-fidelity computational fluid dynamics (CFD) solutions were 

used to predict detailed aerodynamic characteristics. Freestream conditions (density, velocity, and temperature) were 
needed from a design trajectory in order to run these solutions.  For the current study, the minimum density 
atmosphere, lift-up trajectory with Em = 400 kg/m2 was selected for CFD analysis (Figure 4). The trajectory was 
calculated for an inertial entry velocity of 29 km/s and was obtained using the steepest entry flight path angle and the 
lowest atmospheric density expected based on the NeptuneGRAM model2.  These conditions result in the highest 
convective heating rates experienced by the orbiter. Table 1 shows the freestream conditions used for the CFD 
solutions. 

Ellipsled 

 

Sphere-
Cone 

 

 

Biconic/ 
Bent 

Biconic 
 

Modified 
Ellipsled 

 
 

Figure 3.  Examples of Shape Classes 
Considered for the Orbiter Aeroshell 

(L/D = 0.6 - 0.8) 

Needed a vehicle with L/D of 0.6-0.8
Credit: AIAA 2004-4953



Drag-Modulated Plasma Aerocapture
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Credit: IEPC-2019-202 



Neptune Aerocapture Point of Departure

23Ready for Infusion Some Investment Needed Significant Investment Needed

Subsystem Neptune
Atmosphere Neptune-GRAM (2003) developed from Voyager, 

other observation
Aerodynamics New shape; aerodynamics to be established.

GN&C APC algorithm with angle of attack control captures 
95% of corridor.

Thermal Protection System Zoned approach for mass efficiency. Needs more 
investment.

Structures Complex shape, large scale. Extraction difficult.
Aerothermal Conditions cannot be duplicated on Earth in existing 

facilities. More work on models needed.
System Aerodynamic drag accomplishes 96.9% of DV to 

achieve Triton observation orbit. 
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The aerocapture maneuver sets 
requirements on navigation accuracy in 
order to enter the atmosphere at an 
acceptable flight path angle (J). The 
minimum J  results in the shallowest entry 
and the highest integrated aeroheating 
loads. The maximum J gives the steepest 
atmospheric path, and results in the largest 
aeroheating rates and aerodynamic loads. 
The region between the minimum and 
maximum allowable J determines the 
entry corridor. The orbiter lift-to-drag 
ratio (L/D) is chosen to provide adequate 
corridor width such that the vehicle can 
accommodate the 3-V dispersions with 
margin. A preliminary analysis including 
uncertainty estimates for navigated entry 
states, atmospheric density, and 
aerodynamics showed that an L/D of 0.6 
is just sufficient to capture the 3-V entry 
corridor1. In order to have margin above 
3-V, an L/D of 0.8 was selected as the 
baseline requirement. The current analysis 
presents orbiter shapes with L/D = 0.6 - 
0.8. 

ANALYSIS 

ORBITER AEROSHELL SHAPE 
SELECTION 

A L/D between 0.6 and 0.8 requires a 
vehicle shape that is more slender than 
typical 70-deg sphere-cone planetary entry vehicles, which give a maximum practical L/D near 0.25. The orbiter 
shape affects several other aspects of the mission, including aerodynamics, aeroheating, structures, packaging, mass 
properties, and thermal protection. Thus, considerable time was spent on an orbiter shape trade study before 
additional system analyses were performed. The shape trade study was undertaken in order to rapidly assess the 
performance capabilities of candidate mid-L/D shapes. The shapes were defined parametrically and aerodynamic 
performance was screened using modified Newtonian Theory, which is known to give reasonable predictions for 
blunt shapes at hypersonic speeds. In this fashion, many shapes were defined and analyzed in a short amount of 
time. 

 
The goals of the shape study were to: 

 
1. Achieve L/D = 0.6 - 0.8 
2. Minimize ballistic coefficient, Em 
3. Maximize effective volume9, Veff 

 
where Veff is a measure of the effective internal packaging volume: 
 

sphereafor1
S

U6
V

2/3
wet

eff   
S

  (1) 

A L/D > 0.6 ensures that the orbiter can accommodate the 3-V dispersions during aerocapture. Minimizing Em 
reduces aeroheating rates and requirements placed on the entry guidance system. Maximizing Veff gives the lowest 
surface area for a given volume, which can help reduce the aeroshell structure and thermal protection system (TPS) 

 
 

Figure 1.  Neptune Orbiter in Aerocapture Configuration 
 

 
 

Figure 2.  Schematic of Aerocapture Orbit Insertion at Neptune 

Credit: AIAA 2004-4953



Capabilities Improved Since Earlier Studies
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• Uncertainty in aerocapture performance in the past has been levied on 
two items [JSR 2005 Hall et al.]:
– Guidance, Navigation, and Control strategies
– Thermal Protection System (TPS)

• Three capability development have made aerocapture more feasible
1. New TPS materials have been developed which meet requirements 

for Uranus and Neptune direct entries 
2. Guidance and control schemes have been developed that enable 

aerocapture under robust conditions with lower lift-to-drag heritage 
entry vehicles

3. New optical navigation abilities improve vehicle state knowledge for 
Outer Planet missions



Recent Results
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Analytical Numerical 
Predictor-Corrector

Performance 
Metric

L/D = 0.8 Avg L/D 
= 0.5

Avg L/D = 
0.3

Δ𝑉: +3𝜎 high 300 m/s
(10% of all-

prop 𝛥V)

212 m/s
(7% of all-
prop 𝛥V)

238 m/s
(8% of all-
prop 𝛥V)

Max Accel: 
+3𝜎 high

20 g’s 15 g’s 11 g’s

50 100 150 200 250 300 350 400 450
V (m/s)
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Analytical (Lockwood)
NPC Bank Angle L/D 0.8
(Using Lockwood States)
NPC Bank Angle L/D 0.4
Entry FPA adjusted
NPC Direct Force Avg. L/D 0.5
NPC Direct Force Avg. L/D 0.3

Combination of the two post-aerocapture burns

All-propulsive option: Total 𝛥V = 2871 m/s

Heritage re-entry vehicles with lower L/D can be feasible for Ice Giant 
aerocapture with numerical guidance schemes and direct force control

NPC Results: AAS 19-221 and AAS 19-212



Lockwood Study Concept
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Table 3.  Reference concept mass property summary. 3 
 

 

COMPARISON TO ALL-PROPULSIVE MISSION 
 

Several alternate mission concepts are shown in Table 44 for comparison to the reference concept labeled “Op-
tion B2”.  Each option shows the mass that can be delivered to Neptune prior to insertion, labeled “Pre-NOI Net 
Delivered Mass.,” and the mass required to capture into Neptune orbit.  For the chemical insertion the chemical pro-
pellant and chemical dry mass are calculated based on the “Pre-NOI Net Delivered Mass”.  For the aerocapture sys-
tem, the “Aerocapture System” mass is based on the reference concept and is fixed at 1119 kg.  The “Payload in 
Neptune Orbit” is defined based on the reference concept and is 792 kg.  “System Margin” represents either a sur-
plus or deficit in the capability of the system to deliver the 792 kg into orbit.  The System Margin should be between 
15-20% for adequate margin.   

To determine the benefit of aerocapture compared to an all-propulsive system, the aerocapture system that deliv-
ers the maximum mass to Neptune orbit (Delta IVH, EJGA, SEP, Aero) can be compared to the all-propulsive sys-
tem that delivers the maximum mass to Neptune orbit (Delta IVH, EJGA, SEP, Chem), each for the same launch 
vehicle.  For the all-propulsive option, a maximum of 1167 kg can be delivered into Neptune orbit (zero margin).  
For the aerocapture option, assuming a fixed aerocapture mass fraction of 59% (includes aerocapture deltaV), 1614 
kg can be delivered into Neptune orbit (zero margin).  Therefore aerocapture results in approximately 1.4 times 
more mass in Neptune orbit as compared to an all-propulsive system. 

In addition, Table 4 shows significant trip time savings for the aerocapture systems as compared to the all-
propulsive systems.  

 

Mass in kg CBE Cont MEV Marg Alloc
Launch Capability 5964

Launch Reserve 8.4% 463
Launch Wet Alloc 5500

SEP LV Adapter 48 30.0% 62 12.2% 70
Xenon 973 10.0% 1070 0.0% 1070

SEP Dry Mass 1134 29.5% 1468 20.0% 1762
Cruise Hydrazine 111 111

Cruise Probes 159 30.0% 207 20.0% 249
A/C Entry Alloc 2238

A/C Aeroshell/TPS 736 30.0% 957 20.0% 1149
A/C ACS Prop 22 22

A/C Peri Raise Prop 139 139
Orbit Wet Alloc 928

Orbit Prop 124 124
Orbit Dry Mass 524 27.3% 667 20.4% 804
CBE = Current Best Estimate
Cont = Contingency = (MEV-CBE)/CBE
MEV = Maximum Expected Value
Marg = Margin = (Alloc-MEV)/MEV
Alloc = Allocation

Credit: AIAA 2004-4951



Aerocapture vs. Propulsive Comparison
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Table 4.  Comparison to alternate mission concepts. 4 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

SUMMARY AND TECHNOLOGY  
Aerocapture can deliver 1.4 times more mass to Neptune than an all-propulsive system for the same launch vehi-

cle. Aerocapture is feasible and performance is adequate for the Neptune aerocapture mission. Monte Carlo simula-
tion results show 100% success for all cases including conservative assumptions on atmosphere and navigation. Ad-
ditional analyses are required to assess the amount of surface recession from coupled 3-D convec-
tive/radiative/ablation analyses, determine the aerodynamics and uncertainties resulting from time and path depend-
ent shape change, and evaluate the effect on guidance and control algorithm design, and performance. The Neptune 
spacecraft can be successfully packaged in an aeroshell and result in ~8% unallocated mass while meeting the re-
quired mass margins. 

Technologies identified in the study as requiring development are grouped into three categories; enabling tech-
nologies, strongly enhancing technologies and enhancing technologies.  Technologies annotated with an asterisk are 
categorized based on current understanding. Additional assessment could change the categories. 

 
The enabling technologies identified include 
 
x TPS Manufacturing. TPS thicknesses are beyond current manufacturing experience for carbon phenolic for 

this shape and acreage. 
x Aerothermodynamic methods and validation  

Credit: AIAA 2004-4951



Aerocapture Subsystem Readiness (2010)
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Neptune-GRAM (2003) 
developed from Voyager, 

other observations

Titan-GRAM (2002) based on 
Yelle atmosp. Accepted 

worldwide to be updated with 
Cassini-Huygens data

Mars-GRAM (1988) 
continuously updated with 

latest mission data.

Earth-GRAM (1974) 
validated by Space Shuttle

Venus-GRAM (2004) 
based on world-wide 

VIRA.
Atmosphere

Goal: Capture Physics
New shape; aerodynamics 

to be established.
CA=±8%, CN=±8%, 

aTRIM=±10%

Heritage shape, well 
understood aerodynamics

CA=±3%, CN=±5%, 
aTRIM=±2%

Heritage shape, well 
understood aerodynamics

CA=±3%, CN=±5%, 
aTRIM=±2%

Heritage shape, well 
understood aerodynamics

CA=±3%, CN=±5%, 
aTRIM=±2%

Heritage shape, well 
understood aerodynamics

CA=±3%, CN=±5%, 
aTRIM=±2%

Aerodynamics
Goal: Errors ≤ 2%

Accomplishes 96.9% of 
DV to achieve Triton 

observ. orbit. ENABLING

Accomplishes 95.8% of 
DV to achieve 1700 x 1700 

km orbit. No known 
technology gaps. 

Accomplishes 97.8% of 
DV to achieve 1400 x 165 

km orbit. No known 
technology gaps.

Accomplishes 97.2% of DV 
to achieve 300 x 130 km 

orbit. No known 
technology gaps.

Accomplishes 97.7% of 
DV to achieve 300 x 300 

km orbit. 

System
Goal: Robust 

performance with 
ready technology

Conditions cannot be 
duplicated on Earth in 
existing facilities. More 

work on models 
needed.

Convective models agree 
within 15%.  Radiative no 

longer a concern.

Convective models agree 
within 15%.  Radiative: 

predict models will agree 
within 50% where radiation is 

a factor.

Environment fairly well-
known from Apollo, Shuttle.  
Models match within 15%

Convective models 
match within 20% 
laminar, 45% with 

turbulence. Radiative 
models agree within 50%

Aerothermal
Goal: Models match 

within 15%

Complex shape, large 
scale. Extraction 

difficult.

High-temp systems will 
reduce mass by 14%-30%.

High-temp systems will 
reduce mass by 14%-

30%.

High-temp systems will 
reduce mass by 14%-30%.

High-temp systems will 
reduce mass by 31%.

Structures
Goal: Reduce SOA 

mass by 25%

Zoned approach for 
mass efficiency. Needs 

more investment.

ISPT investments have 
provided more materials 

ready for application.

ISPT investments have 
provided more materials 
ready for application to 
slow arrivals, and new 
ones for faster entries.

Technology ready for ST9. 
LMA hot structure ready for 

arrivals < 10.5 km/s.

More testing needed on 
efficient mid-density TPS.  

Combined convective 
and radiative facility 

needed.

TPS
Goal: Reduce SOA by 

30%+, expand TPS 
choices

APC algorithm with a
control captures 95% of 

corridor.

Ephemeris accuracy 
improved by Cassini-

Huygens. APC algorithm 
captures 98% of corridor

Small delivery errors using 
DDOR. APC algorithm 

captures 99% of corridor

Small delivery errors. APC 
algorithm captures 97% of 

corridor

APC algorithm captures 
96% of corridor

GN&C
Goal: Robust 

performance for 4-6 
DOF simulations

Destination

Subsystem

Ready for Infusion Some Investment Needed Significant Investment Needed

Venus Earth Mars Titan Neptune



Recent Results: 
Analytical vs. Numerical Predictor-Corrector
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NPC Results: AAS 19-221

Analytical Numerical 
Predictor-Corrector

Performance 
Metric

L/D = 0.8 L/D = 0.8 L/D = 0.4

Δ𝑉: +3𝜎 high 300 m/s
(10% of all-

prop 𝛥V)

231 m/s
(8% of all-
prop 𝛥V)

200 m/s
(7% of all-
prop 𝛥V)

Max Accel: 
+3𝜎 high

20 g’s 20.5 g’s 17.0 g’s

50 100 150 200 250 300 350 400 450
V (m/s)
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Analytical (Lockwood)
NPC L/D 0.8, (Using Lockwood States)
NPC L/D 0.4, Entry FPA adjusted

Combination of the two post-aerocapture burns

All-propulsive option: Total 𝛥V = 2871 m/s


