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Introduction
2033 Launch Opportunity C3 = 16.3 km2/s2
1. Venus Gravity Assist - 2033
2. Earth Gravity Assist – 2035
3. Deep Space Maneuver – 2037 ΔV = 59 m/s
4. Earth Gravity Assist – 2037
5. Deep Space Maneuver – 2038 ΔV = 218 m/s
6. Titan Arrival – 2043

Enceladus is a prime scientific
target due to active geological
features and evidence of liquid
water. The plumes (Fig. 1) from
its rifts were sampled by the
Cassini mission, which detected
carbon, hydrogen, oxygen, and
nitrogen– key signatures of
potential life [1]. Mission design
using traditional fully-propulsive

orbit insertion maneuvers is expensive and time consuming. A prior study has ruled
traditional chemical and solar electric propulsion-based missions infeasible [1]. An
enabling alternative is Titan aerogravity assist [1-4].

Mission Design
Fig. 1. Geysers on Enceladus. Credit: NASA/JPL

Vehicle Design

Fig. 4a. 45-deg. sphere-
cone – Galileo. Credit: NASA

Fig. 4b. 60-deg. sphere-cone –
Huygens. Credit: ESA

Fig. 4c. 70-deg. sphere-cone –
Mars Science Lab. Credit: NASA

Blunt bodies (Fig. 4) were considered for Titan aerogravity assist. To stress the
guidance and control mechanisms, 70-deg. sphere-cone was used, as it produces lower
L/D than the 45 and 60 deg. sphere-cone shapes at equivalent angles of attack.

Fig. 3 shows the maneuver
with Titan as the central
body. The spacecraft enters
and leaves Titan’s sphere of
influence (SOI) on a
hyperbolic trajectory. An
active guidance scheme
reduces the Saturn-relative
vehicle velocity and turns
the trajectory of the
vehicle to the desired
orbital orientation.

Aerogravity assist is a novel aerodynamic
maneuver where the atmosphere and gravity of a
planetary body provides the ΔV necessary to
transition from a hyperbolic trajectory to a
captured orbit. From the Saturnian viewpoint of a
Titan aerogravity assist, the spacecraft approaches the system on a hyperbolic orbit,
but after interaction with the Titanian atmosphere, the vehicle is in a Saturn captured
orbit. Ensuing “pumpdown” maneuvers, consisting of small ΔV burns and gravity
assists of various moons, bring the vehicle into the desired Enceladus flyby orbit [1,2].

Fig. 3. Aerogravity assist from a Titan perspective [5]
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I. Introduction 
 

NASA%s Space Technology roadmap includes focused Entry, Descent, and Landing (EDL) technology 
activities to enable both increased mass delivery and more robust landing capabilities for future planetary 
missions.1 The current state-of-the-art, the 2011 Mars Science Laboratory (MSL) mission, flew a guided trajectory 
using a ballast mass to achieve an offset center-of-gravity (CG) and maintain a trim angle of attack near 16 degrees. 
Because the cruise stage was spin-balanced during interplanetary transit, an additional counter-balance mass 
(ejected prior to atmospheric entry) was also required to offset the trim ballast. These combined masses represent 
325 kg of sacrificed payload. Trim tabs are deployable 
aerodynamic surfaces capable of trimming a vehicle to a 
non-zero angle of attack with minimal or no radial CG 
offset. Thus, trim tabs could provide a mass-savings 
alternative to the current practice of using CG-offset 
ballast mass to maintain the trim angle required for lift 
(increased payload mass) and guidance (precision 
targeting). In a preliminary analysis done by the recent 
Mars Science Laboratory Improvements (MSL-I) study,2 a 
trim-tab concept (Figure 1) enabled a 1464 kg landed 
mass, as opposed to only 1230 kg for the baseline 
configuration with ballast mass. The trim tabs thus 
provided a payload gain of 235 kg. To put these two results 
into perspective, the mass of the Mars Exploration Rovers 
were 185 kg each. The mass savings/payload gain benefit 
of a trim tab is of the same order as a small science mission 
payload. EDL at other planetary destinations besides Mars could also benefit from the use of trim tabs if a non-zero 
angle of attack is desired. 

Current and previous research has long pointed to trim tabs affording a very effective method to increase 
landed mass for planetary entry for both blunt and slender bodies. Experimental investigations of trim tab 
configurations occurred as early as 1961 for Mercury-type and Apollo-type entry capsules.3-5 More recent work has 
examined the feasibility of trim tabs for robotic Mars lander missions through system analysis,6-8 wind tunnel 
testing,9,10 and computational aerodynamic analysis.9-12 High fidelity aerodynamic analyses were not used to 
generate aerodynamic/aerothermodynamic databases due to a lack of parametric experimental data with which to 
anchor and validate computational tools. The Mars Surveyor 2001 work9 investigated a single placement of a trim 
tab of 3 different sizes at Mach 6 test conditions. An experimental aerodynamic test conducted by the first author10 
for the Mars 2007 Smart Lander (which later became MSL) generated data for tab parametrics in the supersonic 
test regime (M�=2.5 to M�=4.5) and provided a valuable set of comparison data for current work.  

In order to obtain the data required to validate the expected benefits of aerodynamic trim tabs, supersonic 
aerodynamic data were obtained for a range of trim tab parametrics. The effects of trim tabs with various areas, 
aspect ratios and deflection angles on aerodynamics and aeroheating will be examined for several entry-vehicle 
configurations. A combination of wind tunnel testing, Computational Fluid Dynamics (CFD) flow field analyses, 
flight dynamics simulations, and mechanical and thermal design is proposed to evaluate trim tab performance. The 
results can used to develop candidate trim-tab designs for future exploration missions. The goal is to advance trim 
tab design concepts from a Technology Readiness Level (TRL) of 3 to a TRL of 6, where the knowledge base is 
sufficient for flight-testing. The first experimental aerodynamic test program for trim tab database development is 
described herein. 
 

II. Objectives 
 
 A four-week test program to generate static aerodynamic data for various trim tab configurations at supersonic 
conditions was executed in the Unitary Plan Wind Tunnel (UPWT) at the NASA Langley Research Center (LaRC). 
The objectives of the test program were as follows: 
 

(1) Generate longitudinal static aerodynamic data for Trim Tab Parametric Model (TTPM) at 
supersonic test conditions for a range of attitude, configuration, and flow field parametrics to support 
aerodynamic database development for trim tabs. To accomplish this objective, 38 unique blunt-body trim tab 

Figure 1. Artist's concept of proposed planetary trim 
tab configuration. 
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Fig. 6a. Direct force control (DFC) independently
controls angle of attack (𝛂) and sideslip (β).

Fig. 6b. Example of a direct force control
mechanism – trim tab. Credit: NASA.

Arrival Date
V∞ in, 
km/s

V∞ out, 
km/s

Turn Angle, 
𝛿, deg.

ΔV to Enceladus, 
km/s

Feb. 11, 2043 (Direct) 11.7 3.3 14.3 3.9
Feb. 13, 2043 (Direct) 7.3 1.197 47.16 5.47
Feb. 23, 2043 (Direct) 14.8 2.6 18.5 3.8
Feb. 11, 2043 (Moon Tour) 11.3 1.64 23 0.18
Feb. 13, 2043 (Moon Tour) 7.3 1.252 45.633 0.618
Feb. 23, 2043 (Moon Tour) 14.81 1.64 33.96 0.17

Table 1. Potential List of Target Orbits for the 2043 Arrival Scenarios [3]

Two families of target orbit after the aerogravity assist maneuver (see Table 1): Direct
where the spacecraft goes directly to Enceladus’s vicinity and does an orbital capture
burn; Moon Tour trajectories where the spacecraft is in a Saturn orbit visits other
moons and does flybys of Enceladus. For guidance and control performance, the Feb.
23rd Moon Tour scenario was the most stringent due to the large ΔV and turn angle
(𝛿) needed from the aeroassist maneuver. That is the scenario studied here.

Fig. 5. Notional example of a numerical predictor corrector (NPC) guidance that propagates
trajectories on-board to select the guidance commands that best achieves the exit goals.

Guidance Scheme

Control Strategy

Reference Case

Performance Statistics 

Flight Path Angle Uncertainty +/- 0.15° FPA +/- 0.47° FPA +/- 1.41°

• Max ⍺: ±24°
(L/D ~0.34)

• Flight Path Angle 
± 3σ: 0.15°

• Ballistic coefficient: 
128 kg/m2

• ΔV: 2.37 m/s at SOI
• ΔV: 12.2 km/s from 

aero-assist gravity
• δ: 33.96 deg
• Max. Sutton-Graves 

Heat Flux: 511 
W/cm2

• Heat Load: 36 
kJ/cm2

L/D 
0.34

L/D 
0.34

L/D 
0.34

Fig. 2. Interplanetary mission design.

Fig. 7. Reference trajectory states.
Fig. 8. Percent of cases with successful aerogravity assist.

Fig. 9. ΔV at SOI for different aerogravity assist scenarios.

L/D 
0.45

L/D 
0.21

8000-case Monte Carlo
• Huygens covariance-

based delivery states [9]
• Aero dispersion 

(MSL aerodatabase)
• Atmosphere disper-

-sion (TitanGRAM)

Metrics
1. Percent success (within 

20% of target energy)
2. Total ΔV at SOI

Reference case shows good 
success rate in achieving 
the target orbit while 
needing reasonable 
amount of ΔV at SOI. Good 
delivery flight path 
uncertainty from 
interplanetary navigation is 
important for the mission 
success.
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