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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 2018 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.”
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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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Figure 1. Mass Savings for Neptune Aerocapture Mission
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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 α = 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



Neptune Aerocapture Point of Departure

5Ready 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



Recent Trends in Guidance Schemes
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• 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 softwares
– Can be robust to uncertainties in atmosphere and aerodynamics

Potential trajectories

Exit 
Condition 

Goal

Chosen trajectory

Aeroshell Credit: AIAA 2017-0245



Recent Results: 
Analytical vs. Numerical Predictor-Corrector

7
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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Combination of the two post-aerocapture burns

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



Recent Results: 
Bank Angle Control vs. Direct Force Control
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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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Recent Results: 
Bank Angle Control vs. Direct Force Control
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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
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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 enabled for Ice Giant 
aerocapture with numerical guidance schemes and direct force control

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



What is enabled?
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The goals of the shape study were to: 
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2. Minimize ballistic coefficient, Em 
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where Veff is a measure of the effective internal packaging volume: 
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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/JPL

Credit: NASA

Sphere-Cone Rigid 
Aeroshell

Spherical Rigid Aeroshell

2012 Mars 
Science 
Laboratory

2003 Study Concept Vehicle

Orion Credit: NASA



Enable In-Situ Exploration
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• Recent studies by Albert et al. 
show co-delivery of probe to 
planetary body during 
aerocapture maneuver
– Can lead to more precise 

delivery of probes to 
scientifically interesting areas

– Avoid issues like Galileo 
probe delivery

• Aerocapture maneuvers can 
target low altitude periapsis 
orbits more easily since the 
spacecraft has to be inside the 
atmosphere

Credit: Albert, S. et al.

Credit: Spilker, T. et al.



Summary
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• Aerocapture is an aerodynamic maneuver where energy from 
interplanetary approach can be reduced in planetary atmosphere by 
almost 90%

• For Neptune-Triton science orbits, aerocapture can increase on-orbit 
mass by 40% and reduce trip times by 3-4 years

• Aerocapture has been identified by several studies to be an enabling 
technology for Ice Giants missions

• Existing blunt body aeroshells can be enabled for Ice Giants aerocapture 
if accompanied with numerical guidance schemes along and newer 
control strategies 



Backup Slides
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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 
 
• TPS Manufacturing. TPS thicknesses are beyond current manufacturing experience for carbon phenolic for 

this shape and acreage. 
• 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


