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Entry Dispersion Analysis for the Genesis Sample Return Capsule

Prasun N. Desai* and F. McNeil Cheatwood'
NASA Langley Research Center;, Hampton, Virginia 23681-0001

Genesis will be the first mission to return samples from beyond the Earth-moon system. The spacecraft will
be inserted into a halo orbit about the sun-Earth collinear libration point L; located between the sun and Earth,
where it will remain for 2 years collecting solar wind particles. Upon Earth return, the sample return capsule,
which is passively controlled, will descend under parachute to Utah. Analysis of the entry, descent, and landing
scenario of the returning sample capsule is described. In particular, the use of gyroscopic stiffness to suppress
aerodynamic instabilities is presented. The robustness of the overall entry sequence is assessed through a Monte
Carlo dispersion analysis, where the impact of off-nominal conditionsis ascertained. The dispersion results indicate
that the capsule attitude excursions near peak heating and drogue chute deployment are within Genesis mission
limits. Additionally, the size of the resulting 3-o landing ellipse is 47.8 km in downrange by 15.2 km in crossrange,
which is within the Utah Test and Training Range boundaries.

Introduction

HE fifth of NASA’s Discovery-class missionsis a sample return

mission known as Genesis. The spacecraft will be inserted into
a halo orbit about the sun-Earth collinear libration point L, located
betweenthe sunand Earth, where it will remain for 2 years collecting
solar wind particles (Fig. 1). In Ref. 1, a description of the trajec-
tory designis given. Genesis is scheduled to be launched in August
2001 and will be the first mission to return samples from beyond the
Earth-moon system. Upon Earthreturnin September2004, the entry
capsule (Fig. 2), containing the solar wind samples, will be released
from the main spacecraft (decelerating with the aid of a parachute)
for a midair recovery in Utah over the U.S. Air Force’s Utah Test
and Training Range (UTTR). Because of the similarities between
the Genesis and Stardust® missions (i.e., returning a sample capsule
to Earth, decelerating with the aid of a parachute, and landing at
UTTR), the Genesis entry builds on the Stardustentry, descent, and
landingscenario* As with the Stardust mission, approximately4 h
before entry, the sample return capsule (SRC) will be spunup to 16
rpm and separated from the main spacecraft. The SRC has no active
control system, and so the spinup is required to maintain its entry
attitude (nominal 0-deg angle of attack) during coast. Throughout
the atmospheric entry, the passive SRC will rely solely on aero-
dynamic stability for performing a controlled descent through all
aerodynamic flight regimes: hypersonicrarefied, hypersonic transi-
tional, hypersonic continuum, supersonic, transonic, and subsonic.
The SRC must possess sufficient aecrodynamic stability to overcome
the gyroscopic (spin) stiffness to minimize any angle-of-attack ex-
cursions during the severe heating environment. Additionally, this
stability must persist through the transonic and subsonic regimes to
maintain a controlled attitude at parachute deployment.

This paper analyzes the entry, descent, and landing sequence for
the returning sample capsule. The analysis is performed through a
trajectory simulation of the entire entry (from spacecraft separation
to landing) to predict the descent attitude and landing conditions. In
addition,a Monte Carlo dispersionanalysisis performedto ascertain
the impact of off-nominal conditions that may arise during the entry
to determine the robustnessof the Genesis SRC design. Specifically,
the SRC attitude near peak heating and parachute deployment is
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of interest, along with the landing footprint ellipse. Note that the
landing footprintis of interest rather than the footprintat the midair
recovery conditions due to range safety requirements for ensuring
that the SRC will land within the boundaries of UTTR in the event
of air-snatch failure.

Analysis
Aerodynamics

An aerodynamic database is one of the models required for the
flight dynamics simulation. Because of the similarity of the Gene-
sis and Stardust entry capsules (spherically blunted 60-deg sphere
cone forebodies), the Stardust aerodynamic database can serve as
the foundation for the Genesis aerodynamic database. That aerody-
namic database is constructed from a combination of simple rela-
tions such as impact methods and bridging functions, high-fidelity
numerical solutions, and ground-basedexperimentaldata. The aero-
dynamic characteristicsof the Stardust capsule are describedin de-
tail by Mitcheltreeet al.’ and are summarized briefly in the following
discussion.

The entry trajectories of Stardust and Genesis traverse many dif-
ferent flow regimes (hypersonic rarefied, hypersonic transitional,
hypersoniccontinuum, supersonic, transonic,and subsonic). There-
fore, the aerodynamic database is constructed from a variety of
sources. At the outer reaches of the atmosphere, free molecular flow
calculations describe the rarefied aerodynamics. In the transitional
flow regime, direct simulation Monte Carlo (DSMC) solutions are
used to anchor simple bridging functions for the aerodynamic coef-
ficients. In the hypersonic-continuum regime, modified-Newtonian
values, anchored with solutions from the computational fluid dy-
namics (CFD) code LAURAZ® describe the aerodynamics. At super-
sonic and transonic speeds, the aerodynamics are based on two sets
of existing wind-tunnel data. Subsonic aerodynamics are defined
by a combination of static wind-tunnel measurements and dynamic
free-flight measurements. These sources are blended to form a co-
hesive database that describes the aerodynamics of the SRC for the
expected flight conditions. Figure 3 shows the range of application
of the various aerodynamic sources mentioned earlier.

Whereas the Stardust and Genesis SRC forebodies are similar,
their afterbodies are quite different. Stardusthas a 30-deg truncated
cone for its afterbody. Genesis, on the other hand, has a biconic
afterbody, whose firstcone has a turning angle of 20 deg. As aresult,
the Stardust aerodynamics database is updated (where appropriate)
to reflect these differences.

Athypersonicspeeds, the vehicles should have virtually the same
aerodynamics characteristics for angles of attack less than 20 deg.
Because angles of attackin excessof thislevel may occurearly in the
entry trajectory, the free molecular values for Stardust are replaced
with results for the Genesis SRC. In the transitional flow regime,
several DSMC solutions were performed to confirm that the bridg-
ing function tailored to the Stardust entry is appropriate for Genesis
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Fig. 1 Genesis spacecraft sampling configuration.
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Fig. 3 Genesis SRC aerodynamic database.

as well. For the hypersonic-continuum portion of the entry, the SRC
angle of attack will be small, and the Stardust database should again
be applicable to Genesis. Examination of CFD solutions verifies
that the Stardust database does indeed accurately describe the aero-
dynamic behavior of the Genesis SRC in this regime. As a result,
an update to the aerodynamicsin the hypersonicflight regime is not
necessary.

As mentioned, for supersonic, transonic, and subsonic speeds,
the Stardust static aerodynamics are based on existing wind-tunnel

data. These same values are used for Genesis, and the uncertainties
placed on the aerodynamicsreflect that the afterbodies are different.
The Genesis SRC supersonicand transonic aerodynamicsare being
further characterized using ballistic range tests, which are presently
being conducted. When analysis of these test results is completed,
the aerodynamicdatabase will be updated (as noted by dashed region
in Fig. 3).

Trajectory Simulation

The trajectory analysis is performed using the six- and three-
degree-of-freedom (DOF) versions of POST.® This program has
been utilized previouslyfor similarapplications’~!! The three-DOF
program (which integrates the translation equations of motion) is
used from spacecraft separation to atmospheric interface. The six-
DOF version of POST (which integrates the translational and rota-
tional equations of motion) is used from atmospheric interface to
parachute deployment. The three-DOF program is used again from
parachutedeploymenttolanding. The trajectory simulationincludes
Earth atmospheric (GRAM-95)'? and gravitationalmodels, capsule
separation and noninstantaneous parachute deployment models, as
well as capsule aerodynamics and mass properties. The validity of
the present approach has been demonstrated recently through com-
parisons between the Mars Pathfinder preflight predictions of the
flight dynamics and the actual flight data.'®

During the entry, off-nominal conditions may arise that affect the
descent profile. These off-nominal conditions can originate from
numerous sources: 1) capsule mass property measurement uncer-
tainties, 2) separationattitude and attitude rate uncertainties,3) lim-
ited knowledge of the flight-day atmospheric properties (density,
pressure, and winds), 4) computational uncertainty with the aero-
dynamic analysis, and 5) uncertainties with parachute deployment.
In this analysis, an attempt is made to quantify conservatively and
model the degree of uncertainty in each mission parameter. For this
mission, 47 potential uncertainties were identified. These uncer-
tainties are grouped into two categories: exoatmosphericand atmo-
spheric. Tables 1 and 2 list these uncertainties, respectively, along
with the corresponding3-o variances. For most of the parameters, a
Gaussian distributionis sampled. However, for the radial center-of-
gravity (c.g.) offset quadrantand parachute deployment parameters
(gravity switch, timers, and dynamic stability aerodynamics), uni-
form distributionsare utilizedto model their operating performance.

Note that, although the dispersions in the mass and major mo-
ments of inertia of the capsule will be much smaller as launch ap-
proaches, large variances are presently used to account for potential
variations in the SRC design. Additionally, the dispersion in the
SRC separation from the main spacecraftis split into two sources:

Table1 Exoatmospheric mission uncertainties

Uncertainty 3-0 Variance
Mass properties

Mass +1.0kg

C.G. position along spin axis +0.0254 cm

C.G. position off spin axis® +0.0254 cm

Major moment of inertia
(Ixx, Iyy’ IZZ)
Cross products of inertia

+10%, 20%,20%

40.11 kg-m?, 1.1 kg-m?,

(Lyy, Iizs Iy;) +0.1 kg-m?
Separation state vector
Position} correlated with covariance
Velocity ) matrix producinga Ay; = +0.06 deg
Pitch/yaw attitude +2.69 deg
Pitch/yaw rate +4.24 deg/s
Roll rate +1 rpm

Separation spring-induced velocity

Body x-axis velocity +0.0305 m/s

Body y-axis velocity +0.0203 m/s

Body z-axis velocity +0.0203 m/s
Precession induced velocity

Body x-axis velocity +0.049 m/s

Body y-axis velocity +0.014 m/s

Body z-axis velocity +0.014 m/s

#Uncertainty sampled using uniform distribution.
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Table2 Atmospheric mission uncertainties

Uncertainty 3-0 Variance

Aerodynamic
Free molecular aerodynamics

Ca +10%

Cy,Cy +8%

C, Cy +12%
Hypersonic continuum aerodynamics

Cy +4%

Cy,Cy +8%

Cin, Cy +10%
Supersonic continuum aerodynamics

Ca +10%

Cy,Cy +5%

Cin, Cn +8%
Subsonic continuum aerodynamics C 4 +5%
Hypersonic dynamic stability coefficients C,y, Cp? +0.28
Supersonic dynamic stability coefficients Cing, Cur® +0.2

Atmosphere
Pressure, density, winds: GRAM-95 model 3-0 Scale factor
Other
Drogue chute g switch? +10%
Drogue chute deployment timer® +0.05s
Drogue chute aerodynamics, C4* +10%
Main chute deployment timer® +0.05s
Main chute aerodynamics, C4* +10%
* Uncertainty sampled using uniform distribution.
Spin rate = 16 rpm
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G-switch triggered at 3g's —) 3 )
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261.8 s after drogue deploy-

Fig. 4 Nominal Genesis SRC entry sequence.

1) uncertainties during the capsule separation process itself and
2) uncertainties arising from the spacecraft propulsive attitude ma-
neuver that positions the SRC to the proper orientation for release.

Results and Discussion
Nominal Mission

As was the case for the Stardust capsule, the Genesis SRC is
aerodynamicallyunstablein the hypersonic-rarefied and supersonic
flight regimes due to the capsule’s rearward c.g. location. This
aft c.g. location produces a static instability in the free molecular
regime, whereas near transonic speeds, a dynamic instability exists.
In Refs. 5, 7, and 14, these aerodynamic instabilities are discussed
in greater detail. If these instabilitiesare not addressed, large angle-
of-attack excursions could result during the entry. To mitigate the
effects of these instabilities, the Genesis entry sequence relies on
the Stardust entry, descent, and landing scenario that was developed
to traverse successfully all flight regimes. Figure 4 shows the entry
sequence, with the terminal descent phase highlighted. An in-depth
descriptionis givenin Refs. 3 and 4 on the developmentof the entry
scenario utilizing the high entry spin rate, as well as the use of a
supersonic drogue parachute deployment.

Upon Earth entry, the entry profile utilizes a g switch, that is,
gravity switch, and two timers for deployment of the drogue and
main parachutes. The g switch is triggered after sensing 3 g. At that
point, the drogue timer is initiated. After 13.9 s, the drogue chute is
deployed (approximately Mach 1.4), and the main timer is initiated.
At 261.8 s after drogue deploy (approximately at 6 km), the main

Table 3 Nominal mass properties of the SRC

Property Value
Mass, kg 225
C.G.,m
Along spin axis (x direction, from nose) 0.525
Off spin axis (y direction) 0.0011
Off spin axis (z direction) 0.0022
I, kg-m? (spin axis) 46.7
Iy, kg-m? 317
Lz, kg-m’ 335
> kg-m? 0.0
Iz, kg-m? 0.0
I, kg-m? 0.0
Or 40 ~ 200 —
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Fig. 5 Nominal entry profile.
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Fig. 6 Nominal entry parachute-deployment profile.

parachuteis deployed. The entry scenario calls for an air snatch of
the SRC at an altitude of approximately 2.5 km. These event times
are based on the nominal SRC mass properties givenin Table 3. This
nominal entry sequence is sufficiently robust to accommodate off-
nominal conditions during the descent (as confirmed by the Monte
Carlo analysis presented in a later section).

The flight characteristics of the nominal entry are shown in
Figs. 5-7. The planet-relative entry flight-path angle y, and ve-
locity (referenced to a radius of 6503.14 km) are —8.25 deg and
10.7 km/s, respectively. The maximum decelerationexperienced by
the SRC during the descent is 26.9 g. Beginning at Mach 1.4 (ap-
proximately 30-km altitude), the terminal descent phase of the entry
begins. Figure 6 shows the nominal altitudes of the drogue and main
parachute deployments.

Similar to the Stardustentry, the Genesis SRC is spunupto 16 rpm
andreleasedfrom the main spacecraft. Unlike Stardust, the high spin
rate of the Genesis SRC, coupled with its larger moments of iner-
tia, provide sufficient gyroscopic stiffness to allow the capsule to
traverse the hypersonic-rarefied flight regime without experiencing
large angles of attack in the transitional flow regime. As seen in
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Fig. 7 Nominal Genesis SRC attitude profile.
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Fig. 7, the attitude of the capsule in the transitional flow regime
does not exceed 1 deg (compared to 7 deg for Stardust). The total
angle of attack a7, which is the included angle between the capsule
spin axis and the atmospheric-relative velocity vector, is observed
to oscillate abouta mean value of 0.8 deg near peak heating (which
occurs around Mach 30). As the SRC descends, the static margin
decreases near Mach 12 producing a new trim angle of attack be-
cause the capsule has a nonzeroradial c.g. off set from the spin axis.
Consequently, an increasein o7, from a mean value of 0.8 deg near
Mach 12 toa mean value of 1.2 deg near Mach 2, is observed.In tran-
sitioning to a new trim point, attitude rates induce an overshoot in
ar (peakingaround Mach 8) beforereceding around Mach 2. As the
SRC approachestransonic speeds, the dynamic instability (which is
inherent to blunt bodies such as the present capsule configuration)
produces an increase in mean «7 until drogue chute deployment
(Refs. 3,4, and 7 describe the impact of this dynamic instability in
greater detail).

Monte Carlo Dispersion Analysis
Independent Uncertainty Effects

Before a combination of off-nominal conditions are examined,
a sensitivity analysis is first performed to identify the mission un-
certainties that have the greatestimpact on the overall landing foot-
print. Each of the 47 mission uncertainties are independently set
at their respective £3-0 (maximum/minimum) variances. Figure 8
shows the resulting total downrange obtained from the largest con-
tributors to the overall landing footprint. The top four contributors,
containinguncertaintiesin initial state vector and atmospheric wind
and density, contribute on the order of 15-20 km each to the land-
ing footprint size. The remaining uncertainties (containing disper-
sions in spacecraft separation velocity, capsule and parachute aero-
dynamic drag) produce downrange dispersions of approximately
1-5 km each. Those mission uncertaintiesthat are not depicted lead
to downrange dispersions less than 0.5 km.

Multiple Uncertainty Effects

To determine the robustnessof the Genesis SRC entry profile, off-
nominal conditions are simulated to address uncertainties that may
arise during the descent. The impact of multiple uncertainties oc-
curring simultaneouslyis ascertained by performing a Monte Carlo
dispersion analysis. To assure proper Gaussian or uniform distri-
butions for the 47 mission uncertainties identified, 3000 random,
off-nominal trajectories are simulated.

The statisticalresults from the 3000 Monte Carlo simulations are
shown in Figs. 9-16. Figures 9-11 show the distributionof the total
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Fig. 9 Distribution of total angle of attack at atmospheric interface
resulting from 3000 Monte Carlo simulation cases.
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Fig. 11 Distribution of total angle of attack at peak heating resulting
from 3000 Monte Carlo simulation cases.
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from 3000 Monte Carlo simulation cases.

angle of attack at three discrete locations during the early phase of
the mission: atmospheric interface, transitional regime, and peak
heating. At atmosphericinterface, the statistical mean total angle of
attack of the 3000 Monte Carlo cases is 2.7 deg. The maximum oy
observed is around 6.8 deg (which is below the mission constraint
of 10 deg). In the transitional regime (Fig. 10), the total angle of
attack does increase (due to the free molecular instability) from at-
mospheric interface. However, the statistical mean oy observed is
only 4.2 deg, whereas the maximum a7 is 8.9 deg. These values are
much lower than the mean and maximum values of 8.5 and 28 deg,
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Fig. 15 Downrange distribution of at landing resulting from 3000
Monte Carlo simulation cases.
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Fig. 16 Crossrange distribution of at landing resulting from 3000
Monte Carlo simulation cases.

respectively, calculated for the Stardust capsule. The higher mo-
ments of inertia of the Genesis capsule provide greater gyroscopic
stiffness, which retard the effects of the instability. As the SRC de-
scends toward peak heating (where it is stable), the statistical mean
ar decreasesto 1.5 deg, as seen in Fig. 11. The maximum a7 ob-
served at peak heating is 3.1 deg (which is well below the mission
constraintof 10 deg).

Figures 12-14 show the distribution of the drogue and main
parachute deployment conditions. The statistical mean Mach num-
ber at drogue chute deployment is 1.36, as seen in Fig. 12. The
minimum deployment Mach number encounteredis 1.21, which is
highenoughto avoid the significant effects of the transonic dynamic
instability. The corresponding mean total angle of attack at drogue
chute deployment (see Fig. 13) is 4.1 deg. The maximum o7 ob-
servedis 24.6 deg, which is below the mission constraintof 30 deg.
Figure 14 shows the distribution of the main parachute deployment
altitude. The statistical mean deployment altitude is 6.1 km, with a
minimum occurring at 5.4 km.

The downrange and crossrange distributions at landing for the
3000 Monte Carlo cases are shown in Figs. 15 and 16, respectively.
The minimum downrange is —26.3 km (short) from the nominal
landing point, whereas the maximum downrange is 30.4 km (long).
The maximum crossrange obtained is 8.2 km from the nominal
landing point (Fig. 16). The resulting 3-o ellipse has a major axis of
47.9 km (—23.4 short, 24.5 long) in downrange and a minor axis of
15.2 km in crossrange. A footprint less than 90 km is easily within
UTTR. Within the assumptions of the present analysis, a 99.7%
probability exists that the SRC will land within this footprintellipse.
Figure 17 shows the landing location of all 3000 Monte Carlo cases.
Table 4 summarizes these results. As the capsule design matures and
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Table4 Summary of Monte Carlo analysis

Mission
Dispersion Mean Minimum Maximum 3-0 limit
Attitude
Atmospheric interface a7, deg 2.7 0.5 6.8 2.9 10 deg
Transitional regime a7, deg 4.2 2.1 8.9 3.1 NA
Peak heating ar, deg 1.5 0.7 3.1 1.2 10 deg
Drogue chute deployment a7, deg 4.1 0.1 24.6 10.1 30deg
Landing
Downrange, km 0.1 —-26.3 30.4 24.5(long) <90 km
—23.4 (short)
Crossrange, km —0.1 —8.8 7.6 7.6 NA
Total range, km 7.0 0.2 30.4 13.6 NA

Lagg‘gdev 38.5 -
384
383
38.2|

38.1

38.0 i i i i i i i i i
246.0 246.1 246.2 246.3 246.4 246.5 246.6 246.7 246.8 246.9 247.0
Longitude, deg
Note: final targetting of landing site not performed as of yet

Fig. 17 Landing range dispersion resulting from 3000 Monte Carlo
simulation cases.

the aerodynamicscharacteristicsof the SRC are updated, thelanding
footprint will be refined.

Conclusions

Because of the similarities between the Earth entries of Genesis
and Stardust, the Genesis sample return capsule utilizes the entry,
descent, and landing sequence developed for Stardust. The nominal
entry profile utilizes a gravity switch and two timers for deployment
of the drogue and main parachutes. Additionally,due to the similar-
ities of the Genesis and Stardust entry capsules (spherically blunted
60-deg sphere cone forebodies), the Stardust aerodynamic database
can serve as the foundation for the Genesis aerodynamics.

Because of the aft c.g. location of the Genesis capsule, aero-
dynamic instabilities are present during the entry, similar to the
Stardust capsule. These instabilities, if not eliminated or at least
suppressed, would result in large attitude excursion during the high
heating portion of the entry raising concerns of exceeding capsule
thermal limits. To suppress these aerodynamic instabilities, gyro-
scopic stiffness is employed by utilizing a high entry spin rate of
16 rpm.

For the Genesis entry, 47 potential uncertainties were identified
that could affect the entry. From a sensitivity analysis, uncertainties
in the initial state vector and atmospheric properties (density and
north-southand east-west wind components) were found to produce
the greatest downrange dispersions on the order of 15-20 km each.
A Monte Carlo analysis of 3000 off-nominal trajectories shows that
the SRC attitude near peak heating and drogue chute deploymentto

be within Genesismissionlimits. The resulting 3-o landingfootprint
obtainedwas 47.8 kmin downrangeby 15.2kmin crossrange(which
is within the UTTR boundaries). Within the assumptions of the
present study, a 99.7% probability exists that the Genesis capsule
will land within this ellipse. As the capsule design matures, the
landing footprint will be refined.
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