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An overview of several important aerodynamics challenges new to the Mars Science Lab-
oratory (MSL) entry vehicle are presented. The MSL entry capsule is a 70° sphere-cone
based on the original Mars Viking entry capsule. Due to payload and landing accuracy
requirements, MSL will be flying at the highest lift-to-drag ratio of any capsule sent to
Mars (L/D = 0.24). The capsule will also be flying a guided entry, performing bank ma-
neuvers, a first for Mars entry. The system’s mechanical design and increased performance
requirements require an expansion of the MSL flight envelope beyond those of historical
missions. In certain areas, the experience gained by Viking and other recent Mars missions
can no longer be claimed as heritage information. New analysis and testing is required to
ensure the safe flight of the MSL entry vehicle. The challenge topics include: hypersonic
gas chemistry and laminar-versus-turbulent flow effects on trim angle, a general risk as-
sessment of flying at greater angles-of-attack than Viking, quantifying the aerodynamic
interactions induced by a new reaction control system and a risk assessment of recontact
of a series of masses jettisoned prior to parachute deploy. An overview of the analysis and
tests being conducted to understand and reduce risk in each of these areas is presented.
The need for proper modeling and implementation of uncertainties for use in trajectory
simulation has resulted in a revision of prior models and additional analysis for the MSL
entry vehicle. The six degree-of-freedom uncertainty model and new analysis to quantify
roll torque dispersions are presented.
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Nomenclature

A Nozzle Area v Balance mass “volume”
Cy Axial force coefficient T,Y, 2 Entry vehicle body coordinates
Cp Ballistic coefficient Y Height above surface
Chb Drag coefficient

Ci Rolling moment coeflicient Greek

Cn Pitching moment coefficient o Angle of attack

Cn Normal force coefficient 16} Angle of sideslip

Cn Yawing moment coefficient v Ratio of specific heats
Cp Pressure coefficient 0 Displacement thickness
Cy Side force coefficient, p Density

D Drag Subscripts

d Reference diameter b Backshell

h Reference height c RCS nozzle chamber

L Lift cg Center of gravity

l Length Disp Dispersed value

M Mach number e Nozzle exit conditions
m Mass n Normal to step

m Mass flow rate T Total

P Pressure Trim Trimmed attitude

q Mean dynamic pressure 00 Freestream conditions
S Reference area Superscripts

U Uncertainty variable A Adder

1% Velocity M Multiplier

I. Introduction

The Mars Science Laboratory mission will deliver a 900 kg rover to the surface of Mars in 2012. This
will be the largest payload ever landed on the red planet. Consequently, the MSL entry capsule will be the
largest flown to Mars (4.5 m diameter) and most massive (~ 2800 kg entry mass), with the largest ballistic
coefficient (Cp ~ 115). The entry capsule must fly a guided, lifting trajectory to land the rover within a
prescribed landing ellipse with a major axis of 10 km. The entry vehicle (EV) lift is also required to arrive at
supersonic parachute deploy conditions with sufficient altitude to execute deployment, deceleration and the
remaining separation events and powered descent phase to touchdown. During powered descent, the lander
will drop the rover on a tether in the “skycrane” mode, touching down on Mars with negligible vertical and
horizontal velocities.

To achieve the highest performance guidance capabilities with such a massive EV, the MSL aerodynamic
envelope must be expanded beyond those of earlier vehicles. This paper provides an overview of some
important additional aerodynamic challenges identified as MSL expands the flight envelope, a summary of
how the challenges are being addressed through testing and analysis, and the current status of ongoing work.
Test and analysis reports with more detailed descriptions of findings summarized here will be (or have been)
published as individual papers.

A. Viking and Configuration Heritage

The MSL entry capsule outer mold line (OML) is based on the Mars Viking entry vehicle, designed and
developed in the 1970’s. All US entry capsules since Viking have used the same 70° forebody shape, while
the backshell shapes have varied slightly to accommodate payload packaging considerations. Figure 1 shows
the Viking and MSL configurations. Some notable differences include the increased shoulder radius on the
MSL forebody, the elongated biconic backshell section, and the addition of a third truncated cone on the
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backshell which holds MSL’s parachute canister. Also note that the Viking diameter was 3.5 m, considerably
smaller than MSL.
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Figure 1. MSL and Viking geometries, Viking/MSL comparison scaled to unit diameter

The basic forebody geometry has been kept the same as the original Viking shape to benefit from the
somewhat nebulous concept of “heritage.” The successful touchdown of the Viking landers demonstrated
that a 70° sphere-cone EV is capable of entry and descent through the Martian atmosphere. Ground based
tests and analyses at the time adequately predicted the aerodynamic behavior for entry profile design and
landing ellipse predictions. The Viking missions validate a large number of tests and methodologies from
which MSL can now benefit, either using old Viking data directly or basing design decisions on lessons
learned by Viking. Using the capsule geometry of past missions reduces risk and the expense of developing
a new aerodynamic shape. However, as the MSL configuration or flight profile deviates from Viking, the
claim of benefit due to heritage must be challenged and proven. The MSL vehicle is heavier, larger, has
OML changes, a different reaction control system (RCS) configuration, will trim at a larger angle-of-attack
than Viking, will maneuver, and will jettison mass during flight. All of these changes must be evaluated
with analysis and/or testing to ensure the changes do not cause the MSL EV to fly different than Viking.
For each design change, Viking data becomes less relevant to MSL new data must be collected to retire the
risks introduced by the addition of new failure modes.

The design philosophy of MSL (much like recent Mars missions) can be summarized as follows: Viking
is the validated point of departure with a body of knowledge and experience that gives MSL a good head
start. New computational fluid dynamics (CFD) analysis capabilities have increased the confidence in hy-
personic aerodynamic predictions where real gas effects are significant. These analyses have been validated
by comparisons with Viking wind tunnel data as well as flight performance of Mars Pathfinder (MPF), Mars
Exploration Rovers (MER) and Mars Phoenix (MPX). The analyses performed, experimental data collected
and understanding gained from the reconstruction of previous missions make up the heritage information
upon which a new mission bases its risk assessment. As new mission constraints result in configuration
changes, the impact on flight performance must be investigated and quantified rigorously to ensure that the
vehicle can still be flown safely. As MSL will be lifting during entry, the project must weigh the Viking
experience more heavily than it might have if it were flying ballistically, where MPF, MER and MPX would
provide more relevant validation data and more modern supporting analyses. In some instances, computa-
tional methods used for the recent Mars missions are not validated for use on a lifting vehicle and additional
analysis is required. This paper gives an overview of the significant changes from the Viking entry vehicle,
how the changes were analyzed, and general conclusions drawn from the analyses.
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B. MSL Entry

Figure 2 shows a representative MSL entry trajectory compared to all previous successful Mars landings.
MSL will dive deeper into the atmosphere than previous missions, using the increased lift force at lower
altitudes (greater density) to fly a guided entry to a precise landing ellipse. During each phase of entry down
to parachute deploy, MSL is is expanding the flight envelope for a 70° sphere cone. The following briefly
summarizes the events during entry and the new challenges identified in each flight regime.
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Figure 2. MSL entry trajectory, compared with previous Mars missions

Hypersonic Regime

The MSL entry vehicle will enter the Martian atmosphere traveling at 5500 m/s (~Mach 30). The aeroshell
does most of the deceleration work, slowing the EV down to low supersonic speeds just prior to parachute
deploy.

In the hypersonic regime, chemical reaction rates within the shock layer ahead of the vehicle changes
from frozen flow, to non-equilibrium, to equilibrium along the trajectory. The chemical reactions of CO2
and other gases and how those reactions change with velocity and density cause the static aerodynamic
coefficients to vary somewhat in the hypersonic regime. To accurately predict the MSL trim angle-of-attack
and drag, chemically reacting CFD predictions are used to model all hypersonic aerodynamics. The accurate
prediction of trim angle is necessary to predict the lifting capability of the EV as well as provide the proper
conditions for analysis of the thermal protection system at peak heating conditions.

The EV will enter at a total angle of attack of approximately —16°. The vehicle is flying at a lifting
angle-of-attack to perform guidance maneuvers by controlling orientation of the lift vector. Blunt bodies
require a negative angle-of-attack for positive lift, as the pointing of the axial force relative to the freestream
flow produces the majority of the lift force acting on the vehicle. The normal force is negative at a negative
angle of attack, but is small compared to the axial force component of lift. The capsule uses an RCS system
to perform a series of bank reversals, rotating the lift vector to manage energy. This energy management
guides the vehicle to the desired landing site, concerned first with reaching the desired down-range location
while also trying to maximize the altitude at which the parachute deploys.

Viking base pressure measurements supported by CFD analysis indicates that backshell pressure peaks
just after peak dynamic pressure in the hypersonic regime. This high pressure provides the most adverse
environment for any aero/RCS interactions. The RCS configuration differs from Viking, so the question of
aero/RCS interaction demands special attention.
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The controller that commands the RCS system to perform bank maneuvers (and damp unwanted oscil-
lations) is tuned using nominal aerodynamic coefficients linearized about the predicted trim angle-of-attack.
In addition to aero/RCS interactions, if the actual flight deviates from that predicted by the aerodynamic
database, there is a possibility that the controller might fail. Trajectory simulations have shown that the con-
troller can have problems following the guidance path if there is a persistent roll torque acting on the capsule
while performing bank reversals at or near peak dynamic pressure. The quantification of the aerodynamic
uncertainties is critical to understanding the performance of the controller, with roll torque uncertainties
being of particular interest.

Supersonic Regime

After managing energy through the region of peak dynamic pressure, the guidance algorithm begins to steer
the vehicle to the proper heading to reach the center of the desired landing ellipse. This is again achieved with
the RCS system banking the vehicle and using the lift vector to change heading. A high parachute deploy
altitude is also desired for sufficient time to complete powered descent. The controller balances the desire
for altitude and correct heading in its commanded maneuvers. As the EV slows towards Mach one, the base
pressure again begins to increase (after a local minimum near Mach 6). Non-lifting missions have shown that
dynamic instabilities driven by wake flow appear near Mach 3.5, and become increasingly unstable down to
parachute deploy conditions. The combination of maneuvers, dynamic instabilities, and wind effects (gusts
become a larger fraction of the freestream velocity) mean that aero/RCS interactions remain a concern at
supersonic speeds.

Just before parachute deploy, six Entry Balance Mass Devices are jettisoned from the EV to move the
cg back the the centerline. This puts the EV at a small angle-of-attack for safe parachute deployment. The
aerodynamics of the EBMDs departing the vehicle are a concern in terms of recontact and possible aero
interactions on the EV.

Parachute Deploy and Heatshield Jettison

The parachute deploys nominally near Mach 2.0. The parachute aerodynamics are beyond the scope of this
paper. However, RCS use under the parachute may be performed to damp out rates introduced by the initial
loads as the parachute opens as well as any excitations produced by the interaction of the capsule-parachute
system.

Near Mach 0.8, the heatshield is jettisoned. The Viking project ran an extensive wind tunnel test to
characterize the heatshield deploy envelope.! It was decided to use this heritage data and stay within the
defined envelope, rather than push towards a higher Mach heatshield jettison. The benefits did not justify
the costs of a new experimental program and the accompanying CFD analysis. In this area, we claim Viking
heritage and are bounded by that data.

Powered Descent and Touchdown

The rover and propulsion module stack, referred to as the powered descent vehicle (PDV), jettisons from
the backshell following heatshield separation. The engines quickly ramp up and dominate the forces acting
on the vehicle over any other aerodynamic forces. As the PDV approaches the ground, the rover is lowered
on three tethers, while the descent stage slows the combined vehicle and then hovers as the rover touches
down on the ground. This system is designed to keep the nozzle plumes away from the rover and far from
the ground to minimize plume/ground interactions. However, this landing system is very different from the
Viking lander which carried its descent engines under the lander deck. The threat of dust and sand to the
rover (direct impact and deposition on the Rover deck) due to plume/ground interactions is one final issue
where the Viking knowledge base is not applicable. This area is being in investigated by the MSL project
with computational and experimental studies. However, the plume/ground interaction work is beyond the
scope of this paper.

5 of 29

American Institute of Aeronautics and Astronautics



II. Analysis Tools

A combination of several CFD codes, wind tunnel testing and engineering analysis was employed in the
generation of aerodynamic data for the flight database and the focused assessments of the aerodynamic
challenges specific to the MSL EV. The following briefly describes the important codes and experimental
facilities used to support the findings reported in this paper.

LAURA

The MSL aerodynamics in the continuum regime in the aerodynamic database are generated with the Langley
Aerothermodynamic Upwind Relaxation Algorithm (LAURA)? CFD code. LAURA is a finite volume, shock
capturing algorithm capable of calculating flows in chemical and thermal non-equilibrium. LAURA can
be used for inviscid, thin-layer Navier-Stokes, or full Navier-Stokes computations. The calculations were
performed on Intel Linux clusters with LAURA version “LAURA _intel” (last modified March 17, 2006). The
calculations for a given solution were spread over many processors via Message Passing Interface (MPI).3

OVERFLOW

The NASA OVERFLOW 2 CFD code*® was used to provide an independent assessment of supersonic
static aerodynamics as well as to simulate the dynamic jettison of the balance mass devices prior to parachute
deploy. OVERFLOW 2 is a CFD flow solver which simulates the Reynolds-averaged Navier-Stokes equations.
These equations include the effects of compressibility and viscosity in the flow. The code can simulate a
perfect gas or mixtures of perfect gases. It uses overset structured grids to resolve the volume surrounding
the aerodynamic body, with interpolation of flow quantities at computational boundaries to communicate
between neighboring component grids. Simulations can be performed for steady or unsteady flows, and
prescribed or 6-degree-of-freedom body motion can be included.

Langley Unitary Plan Wind Tunnel (UPWT)

The Langley UPWT was used to measure the large angle-of-attack characteristics of the MSL EV at su-
personic conditions. An early cold-jet RCS test was also conducted in the UPWT to measure supersonic
aero/RCS interactions. This continuous-running, closed loop facility has two test sections, both with 4'x4’
cross sections. The low-speed leg operates from Mach 1.5 to 2.86 and the higher speed leg can test from
Mach 2.3 to 4.63. The MSL EV was tested at a Reynolds number of 2.0 million, which is close to flight
conditions at supersonic speeds. As the MSL test reports are pending, Murphy et al.” provides a description
of the test facility and its use for a similar static force and moment test for the Orion command module.

Langley 31”7 Mach 10 Hypersonic Tunnel

The hypersonic aero/RCS interaction experimental program is currently between test phases in the 31” Mach
10 facility.® This blow-down tunnel preheats the flow upstream of the nozzle. A heater coil and a high-
pressure air storage system provide plenum temperature and pressure of 1802 R and 1302 psi respectively.
The air is expanded through a square, three-dimensional water-cooled nozzle with a 1.07 in? throat and
31 x 31 in? exit area. The test section provides freestream dynamic pressure of 2.197 psi and a unit Reynolds
number of 1.798 - 10° ft~! at Mach 9.93. Models are injected into the tunnel through the side of the test
section after start up and retracted prior to shut down to avoid excessive loads on the model. The total
runtime of the tunnel is up to two minutes, although testing has shown that thermal effects prevent testing
the MSL model for full-length runtimes. This facility and perhaps another Mach 10 facility at the Arnold
Engineering Development Center (AEDC) are the highest Mach number test sections currently operating
that are suitable for hypersonic force and moment testing.

III. Aerodynamic Challenges

This section lists the important aerodynamic challenges identified and analyzed by the MSL project. The
current assessment findings to date are presented and the objectives of ongoing work are described. While
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not an exhaustive list, the following shows the scope of problems that must be investigated by highlighting
the important and novel challenges.

A. Moderate Lift-To-Drag Flight
Hypersonic Aerodynamics

The Viking entry vehicle was designed to fly hypersonically at an L/D of 0.18. MSL will be flying at an
increased L/D of 0.24. This increased L/D is achieved with a greater cg offset but very similar forebody.
Refer back to Figure 1 to see the geometry and cg differences between Viking and MSL. Wind tunnel based
pitching moment curves, determined with three different freestream gases, intersected at the Viking trim
angle of 11.2° and L/D of 0.18.% Historical literature does not explicitly state that the Viking hypersonic
trim angle of attack was selected because identical trim point in hypersonic tests using three different gases.
However, it is stated that the Viking project did not anticipate any significant deviations from their expected
performance, using the intersecting pitching moment curves as justification.

At the time the Viking EV aerodatabase was being developed, CFD was in its infancy and no codes existed
that could validate the hypersonic wind tunnel data. For the Mars Science Laboratory EV, CFD codes have
replicated the Viking experimental data, showing the same intersection of Cm curves for different gases as
well as the areas where the Cm curves diverge. LAURA CFD also closely replicates the reconstructed Viking
angle-of-attack history. Figure 3 shows the reconstructed angle-of-attack and L/D history determined from
instrumentation on board the Viking EV compared with a “prediction” determined with MSL aerodatabase
(CFD) data transferred to the Viking cg location.

LAURA CFD also captured bounded instabilities caused by real gas effects in COs for the Mars Pathfinder,
Mars Exploration Rover and Mars Phoenix entries.!®12 Therefore the MSL project has reasonable confi-
dence that computational capabilities can effectively predict hypersonic trim characteristics in COs and
can therefore fly with an L/D and trim angle up to those flown by Viking. Even with slight differences in
shoulder radius, trim angle is in agreement within about 0.5°. However, flying at even greater angles with a
larger vehicle introduces new mechanisms that affect the predicted trim angle which must be accounted for

properly.
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Figure 3. Comparison of MSL "predictions” to reconstructed Viking flight data

Figure 4 shows two sets of CFD predictions, laminar and turbulent, run at 5200 m/s and 2400 m/s.
These cases (and others at intermediate velocities) have shown that turbulence can have an effect on trim
angle. Three potential mechanisms are thought to be contributing to these differences. First, the fully
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turbulent boundary layer has greater shear stress acting on the leeward side that adds an additional pitching
moment increment. Also, an increased boundary layer thickness corresponds to a thicker displacement
thickness that causes the lee-side of the EV forebody to act like a more blunt body, also producing a pitching
moment delta. Finally the turbulent cases show the shock wave is closer to the forebody than the laminar
case. This is an indication that the global pressure change across the shock is different between the laminar
and turbulent cases. Relative contributions to the pitching moment from each of these effects are being
investigated currently. Verification of CFD results is ongoing to ensure that the effects predicted will be seen
in flight.
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Figure 4. Hypersonic turbulent and laminar pitching moment predictions

The question of force and moment differences due to laminar or turbulent flow on the forebody has been
assessed for previous Mars missions with supersonic wind tunnel data and CFD calculations (usually at
small angles-of-attack and at lower speeds then the problem-cases identified for MSL). In general, all prior
data has shown that laminar and turbulent aerodynamic forces and moments are essentially the same. The
mechanisms identified appear to be valid at all angles at hypersonic speeds. However, differences between
leeward and windward flowfields increase with angle-of-attack, as the stagnation point moves to one side of
the vehicle and the flow running length becomes much greater on the leeward side. This is an area of ongoing
investigation for the MSL project. The effects of some mechanisms might be unrealistically amplified by
the specification of all-laminar or all-turbulent conditions in the CFD solutions. This is an area of the MSL
flight envelope where exceeding that of Viking may be introducing constraints on how CFD is computed to
accurately predict trim angle. The correct modeling of laminar and turbulent regions on the forebody might
be important to resolve the trim angle at high hypersonic velocities at trim angles greater than Viking. CFD
analysis has not been used on any Mars mission that has flown at significant angle-of-attack and therefore
did not identify this issue.

In addition to questions of laminar or turbulent flow, LAURA CFD solutions have also shown sensitivities
to trim angle due to gas chemistry models at some hypersonic Mach numbers. LAURA CFD predictions
showed a sensitivity of trim angle-of-attack to COy temperature relaxation rates used in the non-equilibrium
solutions at hypersonic speeds. The models by Camac!® and Millican and White'* were used in LAURA
solutions and compared at points along the entry trajectory. The largest differences were found near Mach
9. Figure 5 shows two pitching moment curves generated with CFD predictions using the two relaxation
rates.

This comparison and the sensitivities shown in Figure 4 show that for the Viking shape flying at angle-
of-attack, there are many more chemistry and aerodynamic flowfield mechanisms that can affect the pitching
moment and trim angle-of-attack. When flying ballistically, the EV benefits from symmetry and will always
have a trim point at & = 0°. A detailed analysis of all these sensitivities and their variation with trim angle,
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Figure 5. Hypersonic C,, sensitivities due to LAURA temperature relaxation rate models

Mach number (or velocity), and density is being conducted and will be synthesized into a comprehensive
hypersonic uncertainty model, and possibly some changes to the models and flow conditions in the nominal
CFD solutions. Pitching moment uncertainty has been increased from that used in recent ballistic entry
Mars missions. The uncertainty model will be detailed below. The MSL project is currently working to
develop procedures to systematically disperse chemical reaction rates and other gas chemistry parameters
within the LAURA code to more rigorously quantify uncertainties on hypersonic CFD predictions.

Supersonic Aerodynamics

The claim of Viking heritage comes under question at supersonic speeds as well. The cg offset that provides
the desired hypersonic L/D becomes more effective at supersonic speeds. Figure 6 shows the predicted
L/D and agyim, for the MSL EV. Just before the balance mass jettisons (~Mach 2.5), the capsule trims at
approximately —20°. The Viking aerodatabase data only goes up to 23°. As the MSL capsule oscillates
in flight it is possible that it might experience angles of attack exceeding any relevant historical data.
Furthermore, the backshell contribution becomes a significant contributor to the drag acting on the vehicle
at supersonic speeds. At large angles of attack, the flow can become attached and alter the pitching moment.
All recent Mars missions used forebody CFD solutions with a Viking-derived base pressure correction for
the axial force coefficient.!' It was not known if this approach was still valid at large angles-of-attack.

As the MSL backshell has a different outer mold line (OML) and the trim angle-of-attack is to be
greater than any Mars mission flown, it was decided that supersonic validation wind tunnel data should be
obtained to quantify any additional influence on aerodynamic performance due to backshell contributions.
For controller design and the accurate simulation of entry flight performance, it is important to determine
if the static pitching moments become nonlinear at larger angles of attack. This becomes more likely at
large angles when flow is attached on portions of the backshell and separated on others. LAURA CFD is
notoriously poor at predicting even the absolute average wake pressure acting on a backshell, and equally
poor at determining attached and separated regions of the flowfield.

Force and moment testing was conducted in the NASA Langley Unitary Plan Wind Tunnel (UPWT).
Two different sting angles were used to minimize their effects at different angles of attack. Comparisons
of data taken at the same model angles-of-attack helped to assess influence of the sting on the forces and
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Figure 6. Predicted L/D and trim angle-of-attack for Mars Science Laboratory entry vehicle

moments acting on the model.

Comparisons presented here are made against the UPWT 30° sting data. This data has smaller sting
effects near trim angle-of-attack (arpim ~ —20°) across the Mach range presented. Figures 7 and 8 show
comparisons of axial force and pitching moment coefficients. The LAURA CFD-based aerodatabase data
are plotted with +30 dispersion bounds. The uncertainty bounds are defined in a later section.

In general there is good agreement between the data, independent of the particulars of the vehicle (Viking
or MSL), turbulence model, or environment (wind tunnel or Mars flight conditions). The OVERFLOW
CFD solutions are plotted as representative cases from a much larger set of independent computations
where turbulence models (including laminar solutions) and sting configuration were varied for three different
CFD codes (OVERFLOW, FUN3D'5 and LAURA). The deviation of the OVERFLOW data shown here is
typical of deviations from experimental data for all codes. No specific trends could be attributed to running
cases with laminar flow or any turbulence model. No particular combination of CFD code and turbulence
model could be rigorously defended as “correct,” but together gave an idea of the sensitivity of the data
to the various parameters. The comparisons provided no evidence that uncertainties should be increased.
Conversely, the variation due to turbulence models and CFD codes confirms there is no justification in
reducing the uncertainties.

The comparison plots show the large angle data obtained in the Langley UPWT facility up to a total
angle of 36° (a = —36° in the MSL coordinate system). The CFD-derived aerodatabase, comparative CFD
solutions, and Viking data all generally agree with the UPWT trends at their respective angle-of-attack
limits. No significant nonlinearities or dramatic changes in the character of the static aerodynamic curves
were observed in the supersonic wind tunnel test data. The conclusion from this test data is that the effects
of the MSL backshell on the static aerodynamics are small up to large angles of attack and so the methods
used for recent Mars missions remain valid.

B. RCS/Aerodynamics Interactions

The area that has demanded the most attention of the MSL aerodynamics team is that of aero/RCS inter-
actions. The RCS jet positions and orientation were driven by mechanical, aerodynamic, and aero-heating
considerations. The EV mechanical designers suggested several preliminary configurations. Each design
iteration required analysis by the aerodynamics and aerothermodynamics teams. Each of the early versions
was shown to be unacceptable for a reason related to aerodynamics (large aerodynamic interactions) or
aerothermodynamic heating (excessive heating of the jets or the backshell environment in their vicinity).
The details of earlier configurations are beyond the scope of this paper. The final configuration is in the
process of final validation wind tunnel testing at the time of writing. This section will give a brief summary
of the design philosophy that led to the final configuration and the CFD analysis and wind tunnel testing
that is tasked with quantifying the aero/RCS interactions. The final aero/RCS interaction model has not
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been completed, so no specifics will be presented.

Design Considerations

Two papers by Dyakonov et al.'% 17 provide overviews of the design considerations that have been identified
as important for minimizing aero/RCS interactions for the MSL EV along with a good comparison with
previous RCS-stabilized vehicles that have flown to Mars.

Due to payload design and packaging constraints, the MSL RCS configuration differs from the Viking
configuration. Figure 9 shows the Viking and MSL RCS configurations. Viking had independent roll, pitch,
and yaw jets made of a combination of 12 jets (eight produce pitch or yaw, four produce pure roll). MSL
uses four pairs (eight total) of jets canted so as to provide roll, pitch, and yaw components from each jet.
Roll, pitch, and yaw control are achieved by selecting the proper pairs.

The RCS jets use the same mono-propellant (hydrazine) as the landing engines. There was insufficient
clearance or mass margin to place the RCS engines out near the maximum diameter and it was decided
to mount the jets on the powered descent vehicle to eliminate the complexity of separating the jets from
the payload when the lander drops out of the backshell to begin powered descent. This mechanical accom-
modation reduced the moment arms about each axis, but the jets were sized to provide sufficient angular
accelerations for robust control of the EV during entry. With the change in RCS configuration and changes
to the backshell shape, Viking heritage was lost and the RCS interactions must be quantified to ensure that
control laws are properly defined.

The RCS design iterations resulted in what is believed to be the best combination of control authority
and minimization of aero/RCS interactions given the available RCS location space as constrained by the
lander mechanical systems. This belief is supported by CFD analysis and ongoing experimental data. All
analysis and experimental data to date shows that the flight configuration has healthy control authority with
small cross interactions, although this work is ongoing.

Viking MSL

Roll Jets
(0,+.707,+.707) vectors

Roll, Pitch & Yaw Jets
(.77,£.44,+.47) vectors

Thrust direction

Pitch/Yaw Jets 45°

(1,0,0) vectors

+y

+z

Figure 9. Comparison of MSL and Viking RCS jet location and orientations (looking at backshell)

During the design process it was determined that the hypersonic segment of the entry profile near peak
dynamic pressure is the regime most conducive to large aero/RCS interactions. This was not immediately
recognized, but discovered when an early hypersonic CFD solution of a preliminary RCS configuration showed
complete negation of the yaw authority. This finding resulted in the redesign of the RCS configuration to its
current state.!® Looking into the cause of the large interaction revealed a plausible explanation, supported
by Viking flight data, for why hypersonic conditions can produce the largest interactions.

The Viking entry vehicles each carried a single pressure tap on the backshell to measure wake pressure
during entry. As expected, at hypersonic speeds, the wake pressure was a negligible fraction of the forebody
stagnation pressure. At supersonic speeds, the pressure becomes a sizeable contributor to the EV drag. This
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measured pressure variation was applied as a C'4 correction to forebody-only CFD solutions for all recent
Mars missions starting with MPF. Mitcheltree developed a curve fit base correction anchored to Viking flight
data and some CFD calculations.'! In terms of axial force coefficient corrections, the base contribution at
hypersonic conditions is very small. However, the absolute pressure in the wake actually peaks near peak
dynamic pressure (Figure 10). These peak pressures happen to be a tiny fraction of the forebody pressures
and need not be accounted for in the static aerodynamic coefficients. However, the RCS moments are also
a tiny fraction of the aerodynamic moments at hypersonic conditions. The backshell pressures are large
enough negate the intended RCS torques if disrupted by the RCS plumes in the right way.

_ — P,
350 B P, 1/M? Approximation (Mitcheltree)
B o ——— P, (Mitcheltree), y=1.3
300 |- e SO ———— P, Uncertainty Bounds (C, = 0.01)
- i AN O Viking Flight Data
5 / N O  LAURACFD (c. MPF)
— 250 / N A GASPCFD (c. MPF)
g B / \\ Lo LAURA, (c. MSL)
< 200}
o 5
? 150 F
n [~
9 N
2 100
50F
0 . TERTERTEN EERTERTERTEN ANSRTRRTRRTA NSRS A BNt e S ]
0 5 10 15 20 25 30

Mach

Figure 10. Viking-based backshell pressure model applied to MSL nominal trajectory

Computational Analysis

Several computational assets were applied to the aero/RCS investigation. CFD predictions of the RCS
influence on the EV aerodynamics at Mars flight conditions as well as wind tunnel conditions (with and
without the model sting) were calculated using LAURA and FUN3D CFD codes. As an evaluation tool, the
CFD solutions were useful in visualizing wake flowfields and identifying some significant pressure changes on
the backshell induced by the RCS plumes.

At several points along the entry trajectory, CFD was used to evaluate a “box” of orientations circum-
scribing the trim angle of attack: arpim, Brrim and the maximum and minimum «, 8 and «/8 attitudes
expected in flight. At each orientation of the box, calculations of the aero/RCS interactions were calculated
for each combination of thruster firings (roll, pitch, yaw jet combinations and individual jet-pairs) to look
for any significant aero/RCS interactions the vehicle might encounter within its expected range of attitudes
during entry. The bounding box was typically defined at £10° in « and 8 from the nominal trim angle.

Figure 11 shows examples of two LAURA solutions demonstrating the mitigation of the yaw RCS in-
teractions by changing to the final RCS configuration. The early configuration on the left shows the case
where yaw authority was effectively negated at peak dynamic pressure. The solution on the right shows the
final flight configuration to have far less interactions due to changes in placement and orientation of the jets.
Details of the CFD analysis can be found in the papers by Dyakonov et al.

CFD was also used to predict the matrix points of the planned supersonic and hypersonic wind tunnel
tests. The solutions were computed prior to testing in order to determine CFD’s accuracy as a predictive
tool for RCS interactions. The blind prediction and the RCS data forms the final information which will
determine the magnitude of the aero/RCS interaction dispersion model in the aerodatabase.
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Early MSL RCS configuration Final MSL flight RCS configuration
with large yaw interactions

Figure 11. Example CFD solutions showing effects of RCS jet location on backshell interactions (LAURA
CFD at Mach 18.1)16

Experimental Measurements

The initial intent of the MSL aero/RCS experimental test program was to validate the findings of preliminary
CFD analysis. Validation in this context means experimental force and moment tests that show similar
magnitudes of aero/RCS interactions. If the wind tunnel data showed that CFD predictions were not
validated (complete disagreement showing serious deficiencies in the ability of CFD to estimate interaction
effects), the wind tunnel data would be used to build conservative bounding aero/RCS interaction model.

A supersonic scale test of an early MSL OML and RCS configuration was conducted in the Langley
UPWT in 2006. Figure 12 shows the model geometry and RCS jet layout for that test. While not matching
the final configuration, it was determined that these jets would produce interactions similar to those of the
final configuration. CFD analysis of both configurations at wind tunnel and flight conditions supported this
conclusion.

RO.113 Could not fit matching roll jet pairs
in Wind Tunnel Model

2.255

Figure 12. OML6 RCS configuration as tested in Langley UPWT, dimensions in inches

A model of the MSL OML and final RCS configuration is between test phases in the Langley 317 Mach
10 Hypersonic Tunnel at the time of this conference. Figure 13 shows the Mach 10 model. A preliminary
test phase determined the best practices to obtain reliable aerodynamic interaction increments due to the
RCS jets. Several thermal effects and balance loading problems were encountered and testing is on hiatus
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as the issues identified in phase I are addressed.

Figure 13. OML 13F Option-M RCS configuration as tested in LaRC 31”” Mach 10 tunnel, dimensions in inches

Based on previous RCS test experiences with the Shuttle Orbiter,'® the RCS jet plumes were approxi-
mated with conical nozzles with a lower exit Mach number, but higher mass flow. The nozzles were sized
to match the ratio of jet momentum to freestream momentum. This was found to be the most important
scaling parameter for RCS scale testing of the Orbiter. The nozzle cone angles were selected to produce a
plume shape matching the full scale plumes using a code developed by Salas.!?

Equating the flight and scale model momentum ratios, the chamber pressure required can be determined
for a given scale model and nozzle shape.

Ye Pe Ae Me2 ) (lyoo Pc S Mfo Poo,tunnel
flight

P. = < o o > P, ligh
etunne VYoo Pc S ]\/1020 Ve Pe As ]\162 tunnel eflight Poo,flight

where

.
P, y—1_ o\ 1
P <1 M Me)

Table 1 shows the flight conditions at Mach 10 and the scaled values for those parameters required to
match the momentum ratio in the Mach 10 tunnel. Nozzles for the earlier supersonic model were designed
using the same scaling relations.

Force and moment testing in a hypersonic wind tunnel presents many additional challenges beyond
scaling. Most have their root in the fundamental problem of trying to measure very small interactions on the
backshell of the model using a balance that must be sized to withstand aerodynamic loads on the forebody.
Preliminary test design showed that balance uncertainties would be approximately 10 to 25% of the RCS
torques (matching the Mach 10 flight momentum ratio). This influenced the interpretation of test results.
The test would look for aero interactions larger than the balance uncertainties. The measurement accuracy
was not such that a high fidelity interaction model might be built. Rather, the test was looking for any
large interactions that CFD did not predict, but should be accounted for in the flight interaction model.
Preliminary measurements show that interactions appear to be small, but balance heating effects and other
tunnel operational concerns must be addressed before the final data runs are performed

Initial CFD/Ezperiment Comparisons

Figure 14 shows a representative comparison of UPWT test results with two CFD predictions. The com-
parisons show that CFD generally captures the proper magnitude of interactions, but does not necessarily
predict the direction/orientation of the resultant moment increment. At some angles of attack the two CFD
codes predict increments of opposite sign. The aero/RCS interaction model will be defined by these com-
parisons. The general approach (completed at supersonic speeds, the Mach 10 analysis is ongoing) is to run
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Table 1. 31” Mach 10 Nozzle Design Variables scaled to match flight

Variable Tunnel Flight
Ve 1.4 1.346
Yoo 1.4 1.313
M, 3.51 4.47
% 77.363 334.79
A. (m?) 3.644 - 1076 0.00329
S (m?) 0.01824 15.904
My 9.93 10.0
Py (N/m?) 220.32 137.72
P. (N/m?)  6.766 - 10° (98.1 psi) 1.0935-10° (158.6 psi)
(V)0 (N) 0.550 289.3
(mV) . (N) 554.93 2.92033 - 10°
0.01

i —1— Fun3D, S-A
0.005 - ——y— LAURA, lam.

—0O— Run34
e
o
1l
3
N
S |
2] |
K i
\><:‘-3>’-0.005j
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(@) |
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o0 pF=F-——"—""—""=—"=====-- S - s -
B Cy, increment due to ideal jets
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Figure 14. OML6 CFD/UPWT test comparison of aero/RCS interactions, Mach=2.5, —C, pitch jet pair (2,7)
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CFD predictions of a full set of RCS firing combinations (roll, pitch and yaw) at a range of angles-of-attack
and sideslip bounding those that will be seen at flight conditions (using multiple codes in some cases). The
solutions show a range of interactions and the largest are noted. The experimental data then replicate
the test points, looking for any data that suggests the CFD predictions have grossly missed the magnitude
of the aero/RCS interactions at any particular orientation or jet combination. The supersonic interaction
magnitudes were found to be in reasonable agreement. The interaction model is a conservative bound on
the CFD and wind tunnel values, centered about a nominal of zero interactions. This approach is taken
for two reasons. First, the accuracy of CFD has not been validated by wind tunnel data, so a high fidelity
RCS interaction model would have to be built from extensive (and costly) wind tunnel testing. Second,
the interactions are small. Because the RCS configuration has produced only small interactions compared
to the nominal RCS torques, there is no need to build a higher fidelity model with detailed Mach and «, 3
functionality. Conservative interactions that bound all values measured do not break the controller logic.
This approach has yet to be completed for the hypersonic regime, pending the completion of the Mach 10
test program. Also, further stress testing of the controller in 6-DoF simulation may reveal flight performance
issues that might warrant a return to the supersonic tunnel with the final RCS configuration.

C. Entry Balance Mass Jettison

The MSL capsule flies at a lifting attitude (L/D = 0.24 at Mach 24) through most of entry, achieved with
a center-of-gravity offset from the spin axis of symmetry. To safely deploy the parachute at Mach 2.0, it
is necessary to have the capsule at a small angle of attack. The low-angle attitude ensures the parachute
deploys in alignment with the velocity vector into the subsonic wake flow and will not see a significant cross-
flow component that could damage the parachute. MSL changes the trim angle-of-attack by jettisoning
balance masses overboard, moving the cg onto the vehicle centerline. Six of tungsten slugs are jettisoned
overboard in sequence, one every two seconds, starting when the EV slows to Mach 2.5 and finishing just
before parachute deploy. Figure 15 shows a simplified diagram of an EBMD. The mass of each EBMD has
increased slightly with design iterations and is currently allocated at 29 kg.

D286 (TYP)

| 1359 |

44625°

‘ 2511

©108.0 2924

(dEBMD) (IEBMD)

Seonn = Vemn) = (Vad’ D)™ =/0.0193 m’|=29.895 in’

Figure 15. Simplified Entry Balance Mass Device geometry (dimensions in millimeters).

This mechanical system provided another new aerodynamic challenge for the Mars Science Laboratory
entry vehicle. Will the jettisoned masses safely depart the vehicle with no dynamic disruption or recontact
with the EV? The ratio of ballistic coefficients shows that the balance mass will definitely separate from
the capsule with no chance of long-term recontact. The ballistic coefficients differ by more than an order of
magnitude (the values used in Equation 1 are representative but not exact as the balance mass and total
EV mass have not been finalized):

27.7kg 1.5-15.9m?
1.0-0.0193m2  2900kg

While long-term separation is assured, a near-term recontact possibility was identified. As the EBMDs

CB,eBup/CB,EV = =118 (1)
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are jettisoned they fall out past the vehicle shoulder through rapidly changing flow conditions before passing
through the EV’s bow shock. Higher fidelity analysis was done to assess the separation dynamics beyond
the preliminary zeroth order analysis.

The springs that jettison the balance masses were sized to provide a 1 m/s separation velocity in the
direction collinear with the EBMD spin-axis. The separation velocity has been validated with ground-based
mechanical testing. This relatively low velocity allows the chance that rates imparted on the EBMD might
combine with EV oscillations at the time of jettison and result in recontact as the masses separate and pass
around the EV shoulder. Design requirements demand that no recontact occur for any separation event.
This obviates the need to imagine and assess all the different kinds of recontact and quantify the allowable
energy of such events.

To analyze the near-body separation, two analyses were run. A first order planar simulation was run at
different capsule angles of attack (approximating the trim angles as each of the six EBMDs are jettisoned)
to assess the effects of flow density, dynamic pressure and angle of attack during the entire EBMD jettison
window. Figure 16 shows the results of the planar analysis. The angle of attack had a small effect on
the trajectory of the EBMD as it departed the EV, but overall the separation happens very quickly and
consistently for the conditions evaluated. The initial separation velocity of 1 m/s appears to be sufficient in
this first order analysis.

2=
- mg,~2648.2 kg
" mgpyp=27.7 kg
| p,=0.0060 kg/m’
1 Vx=488.0 m/s
’é\ B Initial EBMD Location ~ 0.229 diameters
\; or 1.03m
! e -19.4°
[ V., :
4k /'7 -3.2°
: 0.3 diameters
| 1.35m
= ‘ I 1 — I ]
-2 0 2
x(m)

Figure 16. Planar EBMD separation simulations at conservative initial conditions

The second analysis took conservative density, angle-of-attack and mass property values for jettison
conditions and simulated the EBMD departure with an unsteady CFD solution. The cases were run using
the OVERFLOW CFD code, version 2.5 This analysis was to add higher fidelity analysis to support the
planar simulation and investigate whether any dynamics could be introduced by aerodynamic forces that
might cause recontact concerns. 6-DoF dynamics of the EBMD were not captured in the planar simulation,
where the aerodynamics model consisted only of a constant drag coefficient.

The OVERFLOW CFD code was described briefly earlier. Note that the Baldwin-Barth one-equation
turbulence model was used in this simulation. Figure 17 shows Mach contour plots at different times during
the full time-accurate simulation, showing the departure of an EBMD. The capsule was held at « = 0° | but
was free to decelerate due to the dynamic pressure acting on the body. The balance mass was released with
a 1 m/s separation velocity and is free to tumble. Rates are imparted on the EBMD as it slides out of its
mount. Figure 18 shows a detail view of the EBMD as it passes around the shoulder at time step 2530.

Both the simple planar analysis and the multi-DoF OVERFLOW CFD simulation confirmed the initial
analysis. The difference in ballistic coefficient ensures no long term recontact and the aerodynamic effects
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near the EV do no significantly alter the balance mass trajectory or rotational motion while in the vicinity
of the EV shoulder.

This analysis shows the EBMD jettisons to be largely benign with little chance of recontact. However,
this problem is a good example of the many new problems that MSL must investigate prior to flight. Any
deviation from how earlier Mars missions have flown must be analyzed. The risk to mission success is too
great to assume that a change is benign. The challenge for the project is to address each issue with the proper
fidelity to retire the risk without draining resources from investigating the many other areas of concern.

Jdd

) Time Step 2530 (b) Time Step 2680 ) Time Step 2850
Mach Countours

0.0 0425 0.850 1.275 1.700 2.125 2550 2.975+

Figure 17. EBMD departure from OVERFLOW unsteady CFD solution

Figure 18. Detail of EBMD /Shoulder Region at time step 2530
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D. 6-DoF Uncertainty Model

In many ways, the uncertainty model used to bound the force and moment coeflicients is the most critical
part of the aerodynamic database. If the uncertainties properly bound the aerodynamic data and are
implemented correctly, the data’s use in simulation will properly identify trajectory or mechanical design
changes necessary for a successful flight regardless of how accurately the database is resolved. If the vehicle
can fly with low fidelity data and very large uncertainties, there is no need for more accuracy or higher
fidelity analysis or testing. Conversely, a high fidelity database might miss a critical aerodynamic property
of a vehicle if the tolerances are too tight and don’t account for unknown unknowns. For example, a database
with extensive wind tunnel data might miss-predict key flight characteristics at Mars if the uncertainties
bound only the experimental data and do not account for air/CO; differences. This section looks at some
historical uncertainty models and then describes the MSL uncertainties, how they are based on those used
for recent Mars missions, and how they have changed to account for the additional uncertainties introduced
by lifting flight.

Viking Uncertainties

There is little documentation describing how the Viking uncertainty model was determined. The dispersions
are generally smaller than those used in recent Mars missions.?? The manner in which these uncertainties
were applied in simulation and how risk was assessed during the Viking project was not well documented
either. Modern computational assets have fundamentally changed how risk assessment trajectory design
is conducted. The use of Monte Carlo simulation to define landing ellipses and quantify risks was in its
infancy during Viking, but has been used extensively during recent Mars missions. Therefore, MSL is basing
uncertainty magnitudes on recent Mars missions which have a heritage chain dating back to Mars Pathfinder.
The implementation of uncertainties require several modifications for MSL entry simulations as the EV is
flying a lifting trajectory. The MER pitching moment uncertainty model provides a good case study, where
using it directly with MSL would produce nonphysical pitching moment curves.

MER Uncertainties

The MER capsule was axisymmetric with no nominal radial cg offset, and the application of the uncertainties
was fairly straight forward. Pitching moment dispersions always act in the ap (angle between the vehicle
spin axis and velocity vector) plane:

A
C"L(aT)‘MRP + JCN(QT) + Uéqm (2)

¢ d

MT_Disp

Cg:

In Equation 2, U‘C“mis an adder that for MER had a 30 range of +0.005. Figure 19 shows a graphical
representation of the uncertainty bounds and shows that an adder uncertainty implemented in this fashion
actually creates nonphysical trim characteristics of the capsule. For a positive adder, the capsule trims at any
combination of o and 3 equal to the value of ar where the dispersed C,,, value equals zero. For a negative
adder, the capsule becomes “super-stable,” never reaching a C,,,. value of zero as there is no negative total
angle-of-attack. In practice, this methodology is acceptable for axisymmetric shapes with no radial offset,
especially one that is spinning. It was accepted as the approach for MER as a simple way to disperse the
trim angle-of-attack. For non-spinning vehicles, or those with radial cg offsets, this approach may result in
unrealistic flight characteristics and incorrectly influence Monte Carlo results.

Moment Reference Point for Uncertainties

One fundamental assumption of the MSL dispersion model is that moment uncertainties should be applied
at the center-of-gravity. If they are not, the force uncertainties (axial, normal and side forces) will be
reflected in the moments when they are transferred from an arbitrary moment reference point to the center-
of-gravity. The correlated variation of moments and forces could possibly be identified through extensive
wind tunnel data and possibly CFD analysis to account for effects not properly captured in experimental
facilities. This analysis of the coupled variation of forces and moments could introduce specific center-of-
gravity variations that better reflect the true uncertainties in aerodynamics model. The amount of wind
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Figure 19. MER (, uncertainty implementation

tunnel data to do so would be prohibitive and the determination of correlated uncertainties with CFD
data is beyond the computational state-of-the-art. Without such understanding, uncertainties are best
applied at the center of gravity, thus decoupling the dispersions placed on each aerodynamic coefficient. The
magnitude and functional form of the uncertainties applied to each coefficient can then be conservatively
determined /bounded with available data and engineering analysis independent of the other coefficients.

MSL Uncertainties

The MSL uncertainties for the static aerodynamic coefficients are presented in Table 2 with values used in
two prior missions. The drag uncertainties were updated slightly, with changes supported by MPF flight
results. The flight regimes were also realigned slightly to be consistent with different computational and
experimental methods used to generate data in each regime. MSL decomposes the uncertainties into six
components and has added multipliers. The implementation of the MSL uncertainties is detailed below,
followed by a more detailed description of these changes to the uncertainty model. The changes reflect an
attempt to improve upon earlier models, and to account for additional uncertainties associated with lifting
flight.

Table 2. Static Aerodynamics Uncertainties

MPF
CA CN Cm Cn C’l
Mach > 12* +2% +0.01 £0.003 NA NA
Mach < 8* +10% +0.01 +0.005 NA NA
MER
Ca Cn Cm Cp C
Knudsen > 0.1 | +5% +0.01 +0.005 NA NA
Mach > 10* +3% +0.01 +0.003 NA NA
Mach < 5* +10% +0.01 £0.005 NA NA
MSL
Ca Cn, Cy Cm Ch C
Knudsen > 0.1 | £5%  £0.01, £10% +0.005, +20% =40.005, +20% 0.0005
Mach > 10* +3%  £0.01, £10% +0.006, +20% +0.003, +20% 0.000219
Mach < 5% +10% +0.01, £10% +0.005, £20% =+0.005, +20%  0.00023

* Uncertainties are linearly blended between regimes
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The static dispersion models are given by the following equations:

CADL‘sp = OA(O‘MB)(I + Ué\’/i) (3)

CNDisp = [CN(a’ ﬁ) + UéqN] (1 + Ug‘{v) (4)

Cypi., = [Cy (o, )+ UE, ] (1+UAL) (5)
Az Az A M

Cmmsp cg = {O’m(o‘vﬂ)MRP + TCN(O‘aﬂ) - TOA(OG ﬂ) + Ucm,:| (1 =+ UCm) (6)
Az Ay A M

C’VI/DiSP cg = |:07l(aaﬁ)|A4RP + TC’Y(O@ﬁ) + TCA(O@ﬁ) + UCn:| (1 + Ucn) (7)

A A
iorleg = 7 COn(0, ) = =0y (e, 8) + U4, (8)

Where UA and UZ  are the MSL multiplier and adder dispersions. The 3¢ limits of these adders and
multipliers are listed in Table 2. A constant adder, U‘C“l7 is applied to the roll torque at the center of gravity;
the nominal roll torque about the moment reference point is zero. When these dispersion models are applied
in a 6-DoF Monte Carlo analysis, terms are applied randomly (one value for each run) between the positive
and negative 3o limits listed in Table 2 using a Gaussian distribution. For each flight regime, there is one
dispersion value selected randomly for each uncertainty variable and held constant for each run.

The magnitudes of the Mars Pathfinder dispersions were selected by project aerodynamicists and the
NASA Langley hypersonic aerodynamics community, based on available data (limited CFD solutions and
Viking wind tunnel data) and engineering judgment. Gaussian distributions were used to disperse the
aerodynamics even though there were insufficient data to properly define the standard deviations of the
available computational or experimental data. While some contributions to the uncertainties could be
quantified (wind tunnel uncertainties, CFD grid sensitivities, etc.) the dominant uncertainty remained as
unknown unknowns in applying computational solutions and ground based experimental data to a real
vehicle flying at Mars with geometric imperfections, ablation, etc. The Gaussian distribution best reflected
the reasonable confidence in the nominal aerodynamic data, while trying to account for physical phenomena
or conditions at Mars that the aerodynamicists had missed. It should be noted that the use of Gaussian
distributions based on engineering judgment produces statistical results in Monte Carlo simulations of fidelity
only equal to that of the judgment. Engineering judgment must therefore be exercised in the interpretation
of the simulation results. However, this approach has been successful in the design and prediction of recent
Mars entries.

The magnitudes of MSL dispersions are based on those used in previous Mars missions. As the dispersions
were decomposed into six components, the coefficients in the yaw plane adopted the corresponding value
in the pitch plane. Three primary exceptions should be noted. First, an assessment of pitching moment
dispersions at hypersonic speeds showed a sensitivity of C), to gas chemistry models and chemical reaction
rates used in LAURA at non-zero trim angles-of-attack. The C,, adder was doubled in the hypersonic
regime (Figure 5). Second, multipliers designed to vary the local force and moment slopes were added to
the uncertainty models. Applied at the cg after adders were applied, the change of slope of transverse forces
and pitch and yaw moments at the trim point will help assess the controller design. The multiplier values
of 10 and 20% are loosely based on pitch and yaw frequency data extracted from previous missions. These
values will be increased above current levels for stress testing the controller. The last significant change is
the addition of a persistent roll torque dispersion. Simulations have shown that the controller is sensitive
to an unpredicted, persistent rolling moment. The next section is devoted to describing the problems that
have been identified and how the roll dispersion was quantified.

Finally, a note on dynamic stability. The pitch and yaw damping uncertainties have not been addressed in
this section. Simulations have shown that the controller keeps rates low, minimizing destabilizing moments.
Stress testing using constant positive pitch and yaw damping coefficients have shown the controller to be
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very robust to dynamic instabilities. Refer to Schoenenberger et al?! for an overview of the MSL dynamic
stability testing and the conservative dispersion model used in simulation.

E. Roll Torque Dispersions

In addition to the section describing the static aerodynamics uncertainty model, this section is devoted to
one static aerodynamic variable. Simulations to date show that the MSL controller can be sensitive to roll
torque dispersions. This section describes the problems encountered when the EV experiences large roll
torque dispersion and the analysis done to quantify the uncertainties more carefully.

Roll Torque Problem Identified

In early simulations, uncertainties were applied at the axial cg location, but the radial cg moment transfer
was done after dispersions were applied to the aerodynamics. Monte Carlo simulations of the MSL entry
showed that aerodynamic dispersions could produce large persistent roll torques which might confuse the
control algorithms and cause the vehicle to deviate from the guidance flight path, missing the intended
landing ellipse. The MSL controller has no way of identifying and correcting for a persistent roll torque
explicitly. In practice, the controller tended to fail when a bank reversal was commanded by the guidance
algorithm near peak dynamic pressure. The persistent roll torque in these simulations arose from large
dispersions in yawing moment and side force. With a cg offset in the pitch plane, any side force produces a
roll torque. This effect is analogous to a hang glider pilot shifting her weight to the left or right in order to
roll the glider.

It was determined that an error in the dispersion model was producing the large roll torques. Dispersions
were applied at the axial cg location, then transferred the radial offset distance. The dispersed side-force
was exacerbating the roll torque in some cases. Correctly applying dispersions at the cg eliminated the
dispersed side force contribution, reducing the roll torque dispersions and no controller failures occurred.
However, the “incorrect” dispersion model had shown that the controller was susceptible to a persistent roll
in some cases. In fact, this has been the only failure to be identified that is caused solely by the dispersed
aerodynamics. Knowing the controller’s sensitivity to persistent roll, it is critical to properly bound the roll
torque dispersions. Roll torque dispersions had never been quantified for Mars entry vehicles before. First
order engineering analysis was conducted to identify mechanisms by which the MSL heatshield could produce
a persistent roll torque and to bound the physically possible limits of those mechanisms, thus conservatively
bounding the roll torque dispersions.

Roll Torque from Heatshield Surface Features

An axisymmetric spacecraft with no protrusions will not have any roll torques at a trimmed orientation.
This applies to vehicles with the center of gravity located on the spin-axis as well as those with a radial cg
offset. The spin axis and vector from the axial cg location to the offset center of gravity offset defines a
plane of symmetry. For a statically stable spacecraft, one can define the «, 3 coordinate system such that
angle-of-attack oscillations occur in the defined pitch plane while sideslip oscillations are in the orthogonal
plane. If the capsule is at a sideslip angle, the resulting side force, acting through the center of pressure will
produce a roll torque. As the capsule is stable, it will oscillate in sideslip and the roll torques will oscillate
about a mean zero roll torque.

Deviations from a perfectly symmetric body of revolution can result in a net persistent roll torque. A
damaged heatshield can produce a non-zero trimmed sideslip angle, out of plane from the cg-defined pitch
plane. This is the “hang glider” mechanism described earlier. However, for a 70° sphere-cone the pressure
distribution on a damaged heatshield that produces a non-zero trim angle-of-sideslip tends to produce less
side force, mitigating much of the roll torque that would have been produced by an undamaged vehicle at the
same orientation (though not trimmed). This suggests that the side force and yawing moment dispersions
should not stack up to produce excessive roll torques together.

Another geometry variation that can effectively produce persistent roll torques is an asymmetric distribu-
tion of forward facing steps or defects on the capsule forebody. MSL’s is the first non-monolithic heatshield
to be flown to Mars. It is made up of many Phenolic Impregnated Carbon Ablator (PICA) tiles, attached to
an aluminum honeycomb substructure. The gaps between tiles are filled with RTV. This tile assembly allows
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new mechanisms for roll torque production. Any combination of gap fillers rising above the OML, steps left
by spalling heatshield material, ablated or eroded heatshield tiles or seams can slow oncoming flow, recover-
ing pressure on the surfaces which add up to a net torque about the center of gravity. The greatest potential
for a roll torque occurs at peak dynamic pressure. Based on aerodynamic analysis of different roll producing
changes to the OML, this “pinwheel” mechanism appears to have the greatest potential for producing persis-
tent roll torques. A first order analysis was performed to look at worst case surface features and approximate
the possible pressure recovery on those features (using several different engineering assumptions) that would
produce persistent roll torques. The analysis was intended to provide a roll torque dispersion value based on
the limits of what is physically possible for the MSL heatshield, using very conservative assumptions. Had
the physically possible limits produced roll torques even greater than those seen in earlier failed simulations,
higher fidelity analysis would have been applied to this problem.

Pressure Recovery on a Forward Facing Step

There has been extensive work looking at drag augmentation to aircraft and entry vehicles due to surface
imperfections. These surface features can be due to fabrication inaccuracies, ablation of non-homogeneous
materials like carbon fiber, spallation or other kinds of damage. For the MSL heatshield, made up of many
PICA tiles with seams filled by RTV, arc jet testing has shown that the RTV can ablate at a lower rate
than the PICA field material, resulting in up to 0.2 inch steps above the remaining PICA heatshields.?? The
aerodynamic effects on such a step can be approximated by a drag model developed from wind tunnel tests
of a forward facing step.?3726 Those tests showed a good correlation between the mean dynamic pressure
across the height of the step and the drag force acting on the step for a wide range of Mach numbers and
step heights, normalized by the displacement thickness, 6*.

Dgtep = Cpghl (9)
where

- 1 h )

(=5 | PVidy (10)

Figure 20 shows how the drag coefficient, collapses to a constant value for all but the smallest step heights.
This data forms a starting point for the analysis of the MSL forebody pressure distribution.
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Figure 20. Drag coefficient for single forward-facing step2®
There are several caveats to be made when applying this data to the MSL configuration, most having to

do with the potential flow differences between a 2-D step in a wind tunnel and the complex 3-D flowfield
over the MSL heatshield. However, the Mach independence shown in Figure 20 suggests that the details of
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the local flowfield are a second order effect. The drag produced when the flow is not aligned perpendicular
to the step is not addressed in the wind tunnel data, but must be accounted for when estimating the roll
torques produced on the MSL heatshield. The approach taken in this analysis is to use only the velocity
component normal to the step when calculating the drag acting on the step. This approach is analogous to
pressure calculations using Newtonian methods and velocity changes across oblique shocks.

Arc jet tests of the PICA heatshield material with RTV seams has shown that a step can develop as a
heatshield ablates/erodes, leaving RTV standing proud above the remaining PICA material. A conservative
upper limit of 0.2 inches was identified in the arc jet testing and is used as the conservative step height in
this analysis.

This step height is small compared to the boundary layer thickness over much of the heatshield. Therefore,
the average Mach number across the step height is subsonic over much of the surface. The experimental data
does not measure drag for subsonic cases. In fact, the correlations presented by Czarnecki suggest that the
constant Cp correlation breaks down when the velocity in the boundary layer at the edge of the step height
approaches Mach 1 and the step is a small fraction of the displacement thickness. Therefore, an additional
method was used to predict the drag acting on the forward facing steps; the total pressure recovery was
calculated. In addition to the experimental drag coefficient (Cp = 0.7.) with the mean approaching dynamic
pressure (calculated using the normal component of velocity), the isentropic compression or Rayleigh-Pitot
equation (depending on mean Mach number across the step height) is used to calculate the total pressure
recovery on the step face. These two methods of calculating drag acting on the steps give two reasonable
order-of-magnitude approximations to the actual pressure recovered. The pressure recovery method should
bound the possible pressure recovery possible from the mean flow conditions across the specified step height.
Table 3 shows the two drag equations and two integrals for calculating the mean approaching flow field
normal to the step:

Table 3. Pressure Recovery Models

Case Mean Flow Conditions Drag Force 7-Ray C|
1 Go =5 [ pV2dy = L [ p(V sin6)2dy D = Cpgnhl 0.00007
2 M, =1 (" M,dy =L [ M sin6dy D = (P,(M,) — Pyau)hl 0.00010

Local flowfield and pressure recovery

The surface distribution of the contribution to roll torque calculated using the relations in Table 3, based
on the near-wall flow conditions of a LAURA CFD solution at a peak dynamic pressure trajectory-point
(Mach 18.1) are plotted in Figure 21. The mean conditions calculated for the cases are across a theoretical
step height of 0.00508m (0.20 in.). Basing torque on the theoretical pressure recovery produced by slowing
down the mean normal Mach across a local step face produces a higher roll torque than calculating a force
on the face using an empirical Cp value of 0.7 and the mean dynamic pressure across the face. However,
both methods of calculating forces on a step show very similar distributions over the MSL forebody, and the
largest contribution to roll torque would be produced on any steps occurring nearly parallel to the positive
or negative y axes. The lower forces calculated using the empirical drag coefficient may reflect the relaxation
permitted the flow as much of the approaching flow would divert up and over a forward facing step.

Worst-case Step Distribution

For a conservative limit on the distribution of steps on the MSL PICA heatshield it is assumed that one half
of the heatshield has the largest step height due to ablation seen in arc jet testing (h = 0.20 in.) along all
radial seams. The pressure recovery models are only applied to the steps that are directed radially out from
the EV centerline. Asymmetric pressures on the circumferential seams will not produce direct roll torques.
Pressures on those seams could cause a shift in the trimmed angle-of-sideslip. The resulting sideforce would

25 of 29

American Institute of Aeronautics and Astronautics



8¢, (m™M)
1.8E-05
1.6E-05
1.4E-05
1.2E-05
1E-05
8E-06
6E-06
4E-06
2E-06

0

(a) Case 1 (b) Case 2

Figure 21. Plot of local C; contribution (per unit length) using empirical drag and pressure recovery models

produce a persistent roll dispersion. However, this effect is much smaller than a similar pressure recovery on
the radial seams.

The radial seam pattern of the MSL entry vehicle is approximated by 7 radial seams that start at the heat-
shield centerline and extend to the outer shoulder tiles. These seams were placed at ¢ = 10°,26°,55°,83°,118°,148°
and 168°, where ¢ = 0° corresponds to the pitch plane on the lee-side (opposite the stagnation region). The
shoulder tile radial seams are approximated by 16 rays starting at ¢ = 6° and then occurring every 11°
circumferentially around to the stagnation side of the heatshield. Figure 22 shows these rays overlayed on
the PICA tile pattern of the MSL heatshield. Note that the rays pass roughly along radial seam paths on
the cone of the heatshield, but occasionally pass over an annular tile ring with no corresponding radial seam
or conversely miss some of the radial seams on the outer annulus near the shoulder. These rays approxi-
mating the actual tile pattern are reasonable. The reduction in fidelity is small compared to the overriding
conservative assumption steps developing on one side of the pitch plane only.

Figure 22. Rays used to approximate radial steps on PICA heatshield

Using the two pressure recovery models, the torques calculated along the rays in Figure 22 sum to
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produce the values shown in Table 3. The contributions from individual rays are shown in Figure 23. These
calculations show that the largest contribution occurs on the steps out to the side of the heatshield (out
of the pitch plane). The high dynamic pressure on the lee-side is a more energetic flow that when slowed
could recover more pressure. However, the flow near the pitch plane of symmetry is essentially tangent
to any radial seam in these areas. Thus, there is little torque generated by steps occurring in the highest
dynamic pressure regions. The individual contributions to roll torque from the steps out at the shoulder are
considerably less than steps in the ¢ = 60° — 120° range of the cone region. The seam lengths are much
longer on the cone, which accounts for the larger contribution. However, there are many more seams along
the shoulder and any pressure on a radial seam will have the largest moment arm out at the shoulder. The
small shoulder radius creates a high shear environment and the development of larger steps or defects may be
more likely. The shoulder geometry may permit spalling not scene in arc jet testing or might be susceptible
to other damage that propagates or creates steps greater than the assumed 0.20 inches.
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Figure 23. Torque contributions from individual rays calculated using emprical drag and pressure recovery
models
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Figure 24. Cross-section of RTV step modeled in CFD solution

One DPLR solution was run by Chun Tang at NASA Ames to provide a higher fidelity data point for
comparison with the first order engineering methods. The solution included a protrusion with the step
height matching that used in this analysis. The protrusion has a trapezoidal cross-section and is canted 45°
away from the approaching flow. The resulting roll torque from that solution has been added to Figure 23
and shows very close agreement with Case 1. This is not a direct validation of the methodology of Case 1
as the data used to produce the Case 1 result was for a 90° forward facing step. The 45° forward facing
step of in Tang’s solution should produce more relaxation and less pressure recovery than a 90° step. This
suggests that Case 1 under-predicts the actual recovery a 90° step might see. Overall, it appears that a
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90° step would actually fall somewhere between the two models used. This CFD spot check, while not
validating the empirical analysis, does indicate that the empirical analysis is reasonable and that the current
dispersions appear to be sufficiently conservative. The pressure recovery method of Case 3 is just slightly
more conservative, compared to this spot check. The roll torque 3o dispersion magnitude in Table 2 is likely
overly conservative, but not absurdly large compared to this first order analysis. The roll torque dispersions
will be kept at their current values, but simulation results will be interpreted with an understanding of this
conservatism.

IV. Conclusions

Several of the key challenges of Mars entry new to the MSL entry vehicle have been presented. The
vehicles that have landed on Mars have all provided information, upon which MSL can claim some benefit.
As MSL will be flying such a large and massive vehicle at trim angles greater than any before it, analysis
and testing are required to ensure that MSL can safely fly in the expanded flight envelope. Some mechanical
design decisions have presented new aerodynamics challenges. The RCS configuration has gone through
many iterations to arrive at what analysis and testing are showing to be a good design. The EBMD jettison
events are new to planetary entry missions. Their novelty alone requires that analysis be done to ensure no
aerodynamic issues have been introduced.

Many CFD solutions, wind tunnel test points, and engineering calculations have been collected or calcu-
lated just to show that MSL will fly succesfully. This does not diminish the importance of the analyses. It
is critical that the aerodynamics of the MSL capsule be understood at the flight conditions in which it will
be flying. Where possible, simple but conservative bounding analysis, perhaps backed by higher fidelity spot
checks, can assess a particular aerodynamic question and retire the risk. The EBMD jettison events and roll
torque dispersions are two good examples. Even for areas where risk is low, the analysis leads to a more
complete understanding of the aerodynamics of the MSL system. The benefit of this analysis may show up
during flight operations where decisions caused by rapidly changing weather conditions leading up to entry
may require quick decisions about changes to the timing of entry events. Having this analysis in hand will
make sure decisions are based on good information.
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