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➢ Aerocapture can potentially enable faster arrival trajectories and reduce orbit insertion 
propellant mass at Uranus
• Improvements to the proposed Uranus Orbiter and Probe Flagship mission concept

➢ Question: How well does aerocapture perform at Uranus using a Mars Science Laboratory-
derived aeroshell design?
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➢ Arrive at Uranus on a hyperbolic 
trajectory (𝑽∞)

➢ Reach entry interface at 1000 km 
altitude

➢ Active guidance steers aeroshell 
during atmospheric flight (∆𝑽𝑼𝑶𝑰) 
targeting desired apoapsis altitude 
at exit

➢ Exit atmosphere on elliptical orbit. 
Raise periapsis out of atmosphere 
and then correct residual apoapsis 
error (∆𝑽𝒕𝒐𝒕𝒂𝒍 = ∆𝑽𝑷𝑹𝑴 + ∆𝑽𝑨𝑪𝑴)

➢ Post-aerocapture equatorialization
done to correct orbital plane

Overview: Uranus Aerocapture
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➢ Program to Optimize Simulated Trajectories II (POST2) utilized for trajectory simulations

Trajectory Simulation Framework
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➢ Oblate Ellipsoidal Gravity Model

➢ Uranus Global Reference Atmosphere 
Model 2021

➢ Uranus-Based CFD Aerodatabase

➢ Sutton-Graves aerothermal model used in 
trajectory sim
• AIAA-2024-XXXX used CFD based runs for higher-

fidelity aerothermal characterization

➢ Fully Numerical Predictor-Corrector 
Aerocapture Guidance (FNPAG)
• Bank angle control

➢ MSL-derived aeroshell design housing UOP 
payload

Trajectory Simulation Model Inputs
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➢ Objective: Understand how aeroshell design (L/D, BC) and interplanetary trajectories (𝑽∞) 
influence aerocapture performance metrics. Identify candidate solutions for performance 
assessment.

➢ Methodology: Corridor Width assessment
• Parametric design-space → L/D, BC, 𝑉∞

▪ L/D from 0 to 0.5 → assess blunt-body aeroshells

▪ BC from 120 to 160 kg/m^2 → assess MSL-derived aeroshell housing UOP payload mass

▪ 𝑉∞ from 10 to 20 km/s → assess range of solutions from interplanetary trajectory-space

• Solve for max/min control trajectories that achieve the target orbit → corridor width bounds

• Calculate key aerocapture performance metrics → peak heating, peak deceleration, corridor width

• Calculate corridor over individual 3σ trajectory dispersions (atmosphere, aerodynamics) → flight envelope 

Uranus Aerocapture Design Space

L/D: Lift-to-Drag Ratio
BC: Ballistic Coefficient
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➢ Corridor Width
• Metric that defines how wide the guidable 

trajectory-space is

• Increases with L/D

• Not affected by BC

➢ Implications
• Lifting control is the best control option for 

Uranus aerocapture

▪ Drag control (modulate BC) has little 
influence on the width

• Obtain similar width for same L/D if 
aeroshell diameter or entry wet mass is 
changed (e.g. changes to BC)

▪ 𝐵𝐶 =
𝑚

𝐶𝐷𝑆𝑟𝑒𝑓

Uranus Aerocapture Design Space
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➢ Flight Envelope
• Metric that defines how much guidable 

trajectory-space remains after applying 
trajectory dispersions

• Apply statistical dispersion limits one 
variable at a time

• Analyze baseline aeroshell design

➢ Implications
• Atmosphere significantly reduces width

▪ Indicates biggest variable sensitivity to 
Uranus aerocapture

• Reduced width can be compared against 
delivery state uncertainty

▪ If larger than width, have zero remaining 
control margin. Lead to uncaptured cases

Uranus Aerocapture Design Space

Hyperbolic 
cases

Probe 
cases

BC = 145 kg/m2
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➢ Four Monte Carlo scenarios conducted to 
assess performance sensitivity
1. Baseline → control

2. Navigation → assess sensitivity to navigation 
solutions

3. Arrival Trajectory → assess sensitivity to faster 
and slower arrival trajectories (𝑉∞)

4. Atmosphere → assess sensitivity to different 
atmosphere model

➢ Objective: Understand how each scenario 
influences aerocapture performance 
metrics and robustness
• What are the key drivers? 

• Where does aerocapture break? 

• What methods can we develop to reduce risk?

Performance Analysis

Baseline Scenario Monte Carlo Dispersion Settings
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➢ Guidance shows promising results
• Few high ΔV cases correlate to extreme bounds of EFPA

Baseline Scenario

High apoapsis 
captured cases 
(trend towards 
hyperbolic)

Lower 
apoapsis 
captured 
cases (no 
probe cases)

250 kg propellant 
estimate (reduction 
of 88% as compared 
to UOP) 
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➢ Reduction in arrival navigation error leads to improvements in aerocapture performance

Navigation Sensitivity

Increase in 
number of cases 
in low-ΔV bin

Fewer large 
apoapsis error 
cases

Sutton-Graves 
Model
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➢ Slower arrival trajectories produce similar orbit insertion performance with lower 
heating and deceleration environment

Arrival Trajectory Sensitivity

Cumulative 
probability of 
total-ΔV at each 
bin interval 
increases with 
Vinf

Sutton-Graves 
Model
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➢ Biggest uncertainty for Uranus 
aerocapture is atmosphere knowledge
• If atmosphere profile is different than 

current knowledge, then how will it affect 
aerocapture performance?

➢ Test sensitivity by utilizing a different 
atmosphere model than guidance 
assumes
• Custom atmosphere model developed by J. 

Garland and K. Sayanagi (see mean, min, and 
max profiles); utilize as truth model in POST2

• FNPAG utilizes UranusGRAM mean; see how 
well guidance can adjust to different density 
profiles

Atmosphere Sensitivity

Custom atm model 
produces densities 
that are larger and 
smaller than 
UranusGram over 
range of aerocapture 
trajectory altitudes
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➢ Guidance is able to correct for difference in atmosphere model

Atmosphere Sensitivity

Increase 
accounted 
for increase 
in ACM ΔV

Increase in 
overshoot cases; 
try biasing toward 
steeper entry 

Lower density profile leads to lower 
deceleration and heat rate

Sutton-Graves 
Model
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➢ Feasible aerocapture design for Uranus Orbiter and Probe mission concept

➢ Conducted Monte Carlo sensitivity studies
• Navigation Sensitivity: Reduced EFPA uncertainty can improve aerocapture performance.

• Arrival Trajectory Sensitivity: Uranus aerocapture is feasible for range of arrival Vinf from 5 to 20 
km/s. TPS may limit upper bounds on 𝑉∞. Guidance tuning can be done to improve results for 
each condition analyzed.

• Target Orbit Sensitivity: Uranus aerocapture is feasible for larger apoapsis target orbits. Reduces 
periapsis-raise maneuver cost. 

• Atmosphere Model Sensitivity: Guidance shows promising resilience to overcoming differences 
in atmosphere knowledge.

Study Findings
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➢ Additional guidance tuning and entry biasing

➢ Conduct further Monte Carlo sensitivity studies
• Alternative control methods (Direct Force Control and Drag Modulation)

• Knowledge Navigation Sensitivity

➢ 6DOF Simulation Development and Analysis
• Develop POST2 simulation from 3DOF to 6DOF

• Assess guidance performance in 6DOF environment

Future Work
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Questions



Backup
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➢ Peak Heat Rate/Heat Load
• Sutton-Graves model to estimate peak 

stagnation point convective heat rate

• Integrate heat rate over time to get heat load

• Increases with L/D and BC

➢ Implications
• Range of heat rates/load are within 

performance capabilities of C-PICA

▪ Don’t need higher-performing TPS material

• Low L/D and low BC are good aeroshell 
design consideration to reduce heating

▪ Drag control (modulate BC) has little 
influence on the width

Uranus Aerocapture Design Space
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➢ Peak Deceleration
• Metric that defines how much aerodynamic 

loading is imparted on aeroshell structure

• Increases with L/D

• Small increase with BC

➢ Implications
• Deceleration loads during aerocapture are 

benign

▪ MSL aeroshell sustained 13 g during Mars 
EDL

Uranus Aerocapture Design Space
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➢ Understanding uncaptured cases

Baseline Scenario

Hyperbolic cases have strong correlation 
to shallow EFPA

Shallower EFPA lead to higher post-aerocapture 
trajectory eccentricity. Potential mitigation for 
hyperbolic cases is to bias nominal EFPA steeper 
(future work) 

Bias to shift 
cases to lower 
eccentricity
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➢ Entry Interface Dispersed States

Navigation Sensitivity

Larger FPA 
uncertainty 

Few m/s spread 
in entry 
velocity
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➢ Increase in arrival navigation error leads to reduction in aerocapture performance

Navigation Sensitivity

Reduction in 
number of cases 
in low-ΔV bin

More large 
apoapsis error 
cases

Note: Truncated 
histogram for image 
clarity
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➢ Sensitivity of arrival navigation can be seen in the capture success rate and post-
aerocapture total DV

Navigation Sensitivity

Note: Truncated 
histogram for image 
clarity
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➢ See converse trends for faster arrival trajectories

Arrival Trajectory Sensitivity

TPS material may 
limit upper bounds 
for arrival 
trajectories

Appears to be 
limit on how 
high Vinf can be 
before having 
diminishing 
returns on low 
ΔV cost

Periapsis raise 
maneuver 
increases with 
higher Vinf

Larger increases 
in the cases that 
undershoot the 
target
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➢ Guidance is able to correct for difference in atmosphere model

Atmosphere Sensitivity

Slight reduction in the capture success rate. But 
result does show promise. 

Varying density profiles in Atm Model lead 
increased total ΔV costs


