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Stardust will be the � rst mission to return samples from a comet. The sample return capsule, which is passively
controlled during the fastest Earth entry ever, will land by parachute in Utah. The present study analyzes the
entry, descent, and landing of the returning sample capsule. The effects of two aerodynamic instabilities are
revealed (one in the high-altitude free-molecular regime and the other in the transonic/subsonic � ow regime).
These instabilities could lead to unacceptably large excursions in the angle of attack near peak heating and main
parachute deployment, respectively. To reduce the excursions resulting from the high-altitudeinstability, the entry
spin rate of the capsule is increased from 5 to 16 rpm. To stabilize the excursions from the transonic/subsonic
instability, a drogue chute with deployment triggered by a g-switch and timer is added prior to main parachute
deployment. A Monte Carlo dispersion analysis of the modi� ed entry (from which the impact of off-nominal
conditions during the entry is ascertained) predicts that the capsule attitude excursions near peak heating and
drogue chute deployment are within Stardust program limits. Additionally, the size of the resulting 3-¾ landing
ellipse is 83.5 km in downrange by 29.2 km in crossrange, which is within the Utah Test and Training Range
boundaries.

Nomenclature
®T = total angle of attack (angle between the spin axis and

atmospheric velocity vector), deg
° = � ight-path angle, deg

Introduction

T HE fourthofNASA’s Discovery-classmissions is a comet sam-
ple returnmissionknown as Stardust. It will be the � rst mission

to return samples from a comet. The spacecraft is scheduled to be
launched in February 1999 for encounter with the comet Wild-2
in 2004. Stardust will come within 100 km of the comet nucleus
and deploy a sample tray to collect cometary and interstellar dust
particles (Fig. 1). Upon Earth return in January 2006, the entry cap-
sule (Fig. 2), containingthe comet samples,will be releasedfrom the
spacecraftand landbyparachuteat theUtahTest andTrainingRange
(UTTR). The entry velocity will be the highest of any Earth return-
ing mission (relative velocity about 12.6 km/s). A new heatshield
made of phenolic-impregnatedcarbonablatorwill be used to protect
the Sample Return Capsule (SRC) from the intenseheatof re-entry.1

The SRC will be spun up and separated from the main bus 4 h
prior to entry.The SRC has no active control system, and so the spin
up is required to maintain its entry attitude (nominal 0-deg angle of
attack) during coast. Throughout the atmospheric entry, the pas-
sive SRC will rely solely on aerodynamic stability for performing
a controlleddescent through all aerodynamic� ight regimes: hyper-
sonic rare� ed, hypersonic transitional, hypersonic continuum, su-
personic, transonic, and subsonic. The SRC must possess suf� cient
aerodynamicstability to overcome the gyroscopic (spin) stability to
minimize any angle-of-attack excursions during the severe heating
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environment. Additionally, this stability must persist through the
transonic and subsonic regimes to maintain a controlled attitude at
parachute deployment.

The objective of this study is to analyze the entry, descent, and
landing of the returning sample capsule. This analysis consists of
performinga trajectorysimulationof the entire entry (from bus sep-
aration to landing) to predict the descent attitude and landingcondi-
tions. In addition,a Monte Carlo dispersionanalysis is performedto
ascertain the impact of off-nominalconditionsthat may arise during
the entry to determine the robustness of the Stardust SRC design.
Speci� cally, the SRC attitude near peak heating and parachute de-
ployment is of interest, along with the landing footprint ellipse.

The SRC is restricted to land within the UTTR site. For mission
success, a high-� delity aerodynamic database is essential to accu-
rately predict the landing location,as well as the attitudeof the SRC
at critical phases, e.g., peak heating and parachutedeployment,dur-
ing the entry. In this paper, the aerodynamics utilized in the entry
simulation is discussed � rst, followed by a description of the nom-
inal entry sequence of the SRC. Finally, the results of the Monte
Carlo entry dispersion analysis are presented.

Analysis
Aerodynamics

The aerodynamicdatabase utilized for the SRC in the � ight sim-
ulation studies is constructed from a combination of computational
� uid dynamics (CFD) calculations, and wind-tunnel and existing
historical � ight data as described by Mitcheltree et al.2 This large
variety of sourcesfor the aerodynamicsis requiredbecausethe SRC
traverses many different � ow regimes (hypersonic rare� ed, hyper-
sonic transitional,hypersoniccontinuum,supersonic,transonic,and
subsonic) during its entry. At the outer reaches of the atmosphere,
free-molecular � ow aerodynamics are employed. In the rare� ed
� ow regime, direct simulation Monte Carlo (DSMC) simulations
are used to de� ne bridging functions for the aerodynamic coef� -
cients. In the hypersonic-continuum regime, a matrix of solutions
from the CFD code LAURA3 describe the aerodynamics.At super-
sonic and transonic speeds, the aerodynamics are taken from two
sets of existing wind-tunnel data, augmented by CFD results from
the TLNS3D code.4 Subsonicaerodynamicsare de� ned by a combi-
nation of static wind-tunnel measurements and dynamic free-� ight
measurements.5 These sources are blended to form a comprehen-
sive database that describes the aerodynamics of the SRC for the
expected� ightconditions.Figure3 shows the rangeof applicationof
the various aerodynamic sources just mentioned. The aerodynamic
characteristicsof the SRC are described in detail in Ref. 2.
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Fig. 1 Stardust spacecraft � ight con� guration.

Fig. 2 Stardust SRC con� guration.

Fig. 3 Stardust SRC aerodynamic database.

Trajectory Simulation
The trajectory analysis is performed using the six- and three-

degree-of-freedom (DOF) versions of POST.6 This program has
been utilizedpreviously for similar applications.7¡9 The three-DOF
program (which integrates the translation equations of motion) is
used frombus separationto atmosphericinterface.The six-DOF ver-
sionof POST (which integratesthe translationaland rotationalequa-
tions of motion) is used from atmospheric interface until parachute
deployment. The three-DOF program is used again from parachute
deployment to landing. The trajectory simulation includes Earth
atmospheric [GRAM-95 (Ref. 10)] and gravitational models, cap-
sule separation and non-instantaneousparachute-deploymentmod-
els, and capsule aerodynamics and mass properties. The validity of
the present approach has been demonstrated recently through com-
parisons between the Mars Path� nder pre� ight predictions of the
� ight dynamics and the � ight data.11

During the entry, off-nominalconditionsmay arise that affect the
descent pro� le. These off-nominal conditions can originate from
numerous sources, such as capsule mass property measurement un-
certainties, separation attitude and attitude rate uncertainties, and
limited knowledge of the � ight-day atmospheric properties (den-
sity, pressure, and winds). Additionally, computational uncertainty
with the aerodynamicanalysis and uncertaintieswith parachute de-
ployment are contributing sources of uncertainty. In this analysis,
an attempt is made to conservatively quantify and model the de-
gree of uncertainty in each mission parameter. For this mission,

Table 1 Exoatmospheric mission uncertainties

Uncertainty 3-¾ Variance

Mass properties
Mass §0.5 kg
c.g. position along spin axis §0.254 cm
c.g. position off spin axis §0.254 cm
Major moment of inertia (Ix x ; Iyy ; Izz ) §20%
Cross products of inertia (Ix y ; Ixz ; Iyz ) §0.015 kg-m2

Postseparation state vector
Position
Velocity

correlated with covariance matrix
producing a 1° of §0.055 deg 1°i D §0.075 deg

Pitch attitude §2.0 deg
Yaw rate §6.0 deg/s
Roll rate C4 rpm, ¡2 rpm

Separation spring-induced velocity
Radial velocity §0.0482 m/s
Cross-track velocity §0.0482 m/s
In-track velocity §0.04 m/s

Table 2 Atmospheric mission uncertainties

Uncertainty 3-¾ Variance

Aerodynamic
Free-molecular aerodynamics

CA §10%
CN ; CY §8%
Cm ; Cn §12%

Hypersonic-continuum aerodynamics
CA §4%
CN ; CY §8%
Cm ; Cn §10%

Supersonic-continuumaerodynamics
CA §10%
CN ; CY §5%
Cm ; Cn §8%

Subsonic-continuumaerodynamics, CA §5%
Hypersonic dynamic stability coef� cients, Cmq , Cnr §0.15
Supersonic dynamic stability coef� cients, Cmq , Cnr §0.15

Atmosphere
Pressure, density, winds: GRAM-95 model 3-¾ Scale factor

Other
Ablation mass §10%
Drogue g-switcha §10%
Drogue deployment timera §1%
Drogue aerodynamics, C a

A §10%
Main chute deployment timera §1%
Main chute aerodynamics, C a

A §15%

aUncertainty sampled using uniform distribution.

41 potential uncertainties were identi� ed. These uncertainties are
grouped into two categories(exoatmosphericand atmospheric) and
are listed in Tables 1 and 2, respectively,along with the correspond-
ing 3-¾ variances. For most of the parameters, a Gaussian distri-
bution is sampled. However, for the center-of-gravity (c.g.) offset
quadrant and parachute-deployment parameters (g-switch, timers,
and aerodynamics), uniformdistributionsare utilized to model their
operating performance.

As will be shown in the results, the successful return of the
cometary samples by the Stardust SRC depends heavily on the
validity of the Monte Carlo analysis. Increased reliance on entry
simulations for mission success places considerable importance on
selecting appropriate uncertainties. As con� dence increases in the
analysisaccuracy,cheaperand/or higherperformanceentry systems
can be selected for future missions.

Results and Discussion
Nominal Mission
Original Entry Sequence

In the original nominal Stardust entry sequence, the SRC enters
the atmosphere with a spin rate of 5 rpm. The spin rate maintains
entry attitude (nominal 0-deg angle of attack) until atmospheric
interface (because the SRC possesses no active control system). As
the SRC descends, it must rely solely on aerodynamic stability in
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Fig. 4 Original nominal Stardust attitude pro� le.

all � ow regimes to minimize any angle-of-attack excursions until
main parachute deployment at Mach 0.16. However, the SRC was
found to be staticallyunstablein the free-molecular� ow regime due
to its aft c.g. location (0.283 m or 0.351 body diameters back from
the nose).2 The six-DOF analysis reveals that the pitch rate induced
by the instability during the free-molecular regime carries into the
transitional region, where high angles of attack are produced. This
static instabilitycauses the SRC to pitch-up to a total angle of attack
®T above 70 deg, as seen in Fig. 4. As the SRC descends into the
continuum regime (where it is statically stable), the angle of attack
damps out and reduces to small values.

High angles of attack early in the entry are a concern because
they can lead to angles of attack greater than 10 deg at peak heat-
ing (which is a Stardust program limit). Angles of attack greater
than 10 deg increase afterbody heating near the shoulder regions
and can damage the afterbody thermal protection system. More-
over, high angles of attack are worrisome because the SRC is stable
� ying backward.Off-nominalattitudeand attituderate conditionsat
atmospheric interfacecould result in a backward entry attitude lead-
ing to a loss of the capsule. In addition to the high-altitude static
instability, a low-altitude dynamic instability in the transonic and
subsonic � ow regimes also exists, again caused by the aft c.g. lo-
cation. This transonic/subsonic dynamic instability could induce a
tumbling motion prior to main parachute deployment, raising con-
cerns for a successfuldeployment.Reference2 describes the SRC’s
stability/instability in the various regimes in more detail.

Modi�ed Entry Sequence
The original nominal entry sequence is unacceptablebecauseoff-

nominal conditions could result in mission failure. Modi� cation of
either the entry sequence or the SRC is required to improve the
probability of mission success.

The high-altitude and transonic/subsonic instabilities could be
eliminated by moving the c.g. of the SRC forward to 0.26 body di-
ameters back from the nose.2 Because the SRC has only threemajor
components (forebody heatshield, sample tray, and parachute can-
ister), movement of the c.g. via repackaging of the SRC is dif� cult.
The size and mass of the sample tray preclude large movements
in the c.g. Ballast could be added to the nose of the SRC to move
the c.g. forward. However, a prohibitive large amount (22.4 kg) of
ballast is required to move the c.g. suf� ciently forward to remove
the instabilities.

Augmentation of the SRC’s stability is required to eliminate the
large angle-of-attackexcursions.Several conceptswere considered.
For example, adding an aft skirt would provide a restoring torque
in the free-molecular regime stabilizing the SRC.12 However, these
devices, once serving their purpose, must be discarded to avoid
destabilizingthe lower � ight regimes. To avoid such complications,
the solution selected to address the high-altitude instability is to
increase the spin rate of the SRC upon entry. The higher spin rate,
although not eliminating the instability, increases the gyroscopic
stiffness of the SRC suf� ciently to retard the effects of the free-
molecular static instability. However, if the entry spin rate is too

large, the gyroscopic stiffness could overwhelm the aerodynamic
stability in the continuumregime. This would lead to large anglesof
attackduringpeakheating.After a detailedinvestigationperforming
numerous six-DOF entry analyses for a variety of spin rates, an
entry spin rate of 16 rpm is selected. This spin rate adequately
reduces the high-altitudeangle-of-attackexcursions,yet avoids any
attitude concerns during peak heating. Additionally, a 16-rpm spin
rate affords suf� cient margin (in the angle-of-attack excursions) to
accommodateoff-nominalconditionsthatmay be presentduring the
entry (as con� rmed by the Monte Carlo analysis presented later).

The transonic/subsonic instability is addressed by deploying a
supersonicdrogue prior to main parachutedeployment.The drogue
serves as a stabilizingmechanism for the SRC until main parachute
deployment. The drogue size and deployment Mach number are
constrainedby the need to prevent excessivedrift, which could lead
to a landing footprint beyond the proposed UTTR site. However,
the drogue size must provide suf� cient area to stabilize the SRC.
Furthermore, the deployment Mach number must be outside the
dynamic instability region near transonic speeds to avoid the possi-
bility of large angles of attack. From spin-tunneltests, the drogue is
sized to 0.828m in diameter to provideample area for stabilizingthe
SRC.5 Numerous six- and three-DOF analyses of the entry reveal
that drogue deploymentat Mach 1.4 avoids excessivedrift concerns
(as con� rmed by the Monte Carlo results presented later).

Adoption of these changes into the mission requiredmodi� cation
of the entire terminal descent procedureof the entry. A new deploy-
ment algorithm, consistingof a g-switch and two timers, is utilized
for deploymentof the drogue and main parachutes.Previously,only
a baroswitch was needed for deploying the main parachute (diam-
eterD 8.2 m). Figure 5 shows the modi� ed nominal entry pro� le,
with the terminaldescentsequencehighlighted.The g-switch is trig-
gered after sensing 3 g, at which point the drogue timer is initiated.
After 15.04 s, the drogue is deployed, initiating the main timer. Af-
ter 350.6 s, the main parachute is deployed.This new nominal entry
sequence is suf� ciently robust to accommodate off-nominal condi-
tions during the entry (as con� rmed by the Monte Carlo analysis to
be presented).

Trajectory calculations are repeated for the modi� ed entry pro-
� le using the most current mass properties for the SRC (Table 3).
The � ight characteristics of the modi� ed nominal are shown in
Figs. 6–8. During the entry, the SRC aerodynamically decelerates

Table 3 Nominal mass properties of the SRC

Property Value

Mass, kg 46.0
Center of gravity, m

Along spin axis (x direction, from nose) 0.2831
Off spin axis (y direction) 0.000396
Off spin axis (z direction) ¡0.002715

Ix x , kg-m2 (spin axis) 2.163
Iyy , kg-m2 1.595
Izz , kg-m2 1.4991
Ix y , kg-m2 0.00181
Ix z , kg-m2 0.00221
Iyz , kg-m2 0.00437

Fig. 5 Modi� ed nominal Stardust entry sequence.
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Fig. 6 Modi� ed nominal Stardust attitude pro� le.

Fig. 7 Modi� ed nominal mission entry sequence.

Fig. 8 Modi� ed nominal mission parachute-deployment sequence.

from 12.6 km/s to subsonic speeds. The maximum deceleration ex-
perienced by the SRC during the descent is 32.9 g.

Recall that the SRC is statically unstable in the free-molecular
regime. The higher spin rate only delays the effect of the static
instability so that the SRC can traverse the transitional regime to
the stable continuum regime without experiencinga large increase
in the total angle of attack. As seen in Fig. 6, the total angle of
attack pitches up to approximately 7 deg in the transitional regime
before reducing to less than 2 deg near peak heating (which occurs
aroundMach35.3). Reference13 describesthe heatingenvironment
encountered during the entry.

As the SRC descends, the static margin decreases near Mach 12
to produce a new trim point. Consequently, because the SRC has
a nonzero c.g. offset from the spin axis, an increase in ®T is ob-
served from a mean ®T of approximately 1.5 deg near Mach 12 to
approximately a mean ®T of 2.5 deg near Mach 2. In transitioning
to a new trim point, attitude rates induce an overshoot in ®T (peak-
ing around Mach 8) before receding around Mach 2. As the SRC
approachestransonic speeds, the dynamic instability drives another
increase in ®T until drogue deployment.

Table 4 Major contributors to total downrange dispersiona

Dispersion with C3-¾ Dispersion with ¡3-¾
Contributor uncertainty, km uncertainty, km

State vector 26.9 26.2
East–west wind 25.8 25.5
Density 18.4 22.8
North–south wind 20.8 20.9
Radial separation velocity 9.2 9.0

(§0.02 m/s)b

Vertical wind 1.5 3.4
CA: hypersonic continuum 3.1 3.2

(§4%)
CA: supersonic continuum 1.7 1.9

(§10%)
Initial mass (§0.5 kg) 1.0 1.0

aAll other contributors< 0.5 km. bParentheses indicate 3-¾ variance.

Fig. 9 Signi� cant contributors to the total range dispersion (3-¾ vari-
ance shown in parenthesis).

Beginning at Mach 1.4 (approximately 34-km altitude), the ter-
minal descent phase of the entry begins,which slows the SRC down
to approximately4 m/s prior to landing.Figure 8 shows the nominal
altitudes of the drogue and main parachute deployments.

Note, the mass properties for the SRC continue to � uctuate as its
design matures. However, the current propertieslisted in Table 3 are
best estimates of the � nal con� guration.

Monte Carlo Dispersion Analysis
Independent Uncertainty Effects

Before a combination of off-nominal conditions are examined,
a sensitivity analysis is � rst performed to identify the mission un-
certainties that have the greatest impact on the overall landing foot-
print. Each of the 41 mission uncertaintiesare varied independently
at their respective §3-¾ (maximum/minimum) variance. Figure 9
shows the resulting downrange obtained from the largest contrib-
utors to the overall landing footprint. Those mission uncertainties
that are not shown lead to downrange dispersions less than 0.5 km.

The mission uncertainties shown in Fig. 9 can be grouped into
two categories: large contributors (mission uncertainties 1–4) and
small contributors(mission uncertainties5–9). The � rst group, con-
taining initial state vector and atmosphericwind and density uncer-
tainties, contribute on the order of 20–25 km each to the landing
footprint size. Again, because the atmospheric winds have a signif-
icant impact on the downrange due to parachute drift, the selection
of an appropriatedrogue size and deploymentMach number is crit-
ical. The second group, containinguncertainties in initial mass, bus
separationvelocity, and aerodynamicdrag, producedownrangedis-
persions of approximately 1–10 km each. Table 4 summarizes the
independent§3-¾ dispersion results. Note that uncertainties in the
aerodynamics associated with the mission have a minimal impact
on the overall landing footprint.

Multiple Uncertainty Effects
To determinethe robustnessof the StardustSRC entrypro� le, off-

nominal conditions are simulated to address uncertainties that may
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arise during the descent. The impact of multiple uncertainties oc-
curring simultaneously is ascertainedby performing a Monte Carlo
dispersionanalysis. Over 3200 random trajectoriesare simulated to
assure proper Gaussian or uniform distributions for the 41 mission
uncertainties identi� ed.

The statistical results from the 3200 Monte Carlo simulations are
shown in Figs. 10–17. Figures 10–12 show the distribution of the
total angleof attackat threediscrete locationsduring the earlyphase
of the mission: at atmospheric interface, in the transitional regime,
and at peak heating. At atmospheric interface, the statistical mean
total angle of attack of the 3200 Monte Carlo cases is 2.5 deg. The

Fig. 10 Distribution of total angle of attack at atmospheric interface
resulting from 3200 Monte Carlo simulation cases.

Fig. 11 Distribution of total angle of attack in transitional regime re-
sulting from 3200 Monte Carlo simulation cases.

Fig. 12 Distribution of total angle of attack at peak heating resulting
from 3200 Monte Carlo simulation cases.

maximum ®T observed is around 8 deg (which is below the mission
constraint of 10 deg). In the transitional regime, the total angle of
attack does increase from atmospheric interface due to the free-
molecular instability. The mean ®T is 8.1 deg, and the maximum
®T observed is 30.4 deg. The higher spin rate prevents continued
growth in the total angle of attack, so that, by peak heating (where
the SRC is stable), the mean ®T damps to 2.5 deg, as seen in Fig. 12.
The maximum ®T observed at peak heating is 8.6 deg, which is
below the mission constraint of 10 deg.

Figures13–15 showthe distributionof the drogue-and main para-
chute-deployment conditions. The mean Mach number at drogue

Fig. 13 Distribution of Mach number at drogue deployment resulting
from 3200 Monte Carlo simulation cases.

Fig. 14 Distribution of total angle of attack at drogue deployment re-
sulting from 3200 Monte Carlo simulation cases.

Fig. 15 Distribution of altitude at main deployment resulting from
3200 Monte Carlo simulation cases.
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deployment is 1.4, as seen in Fig. 13. The minimum-deployment
Mach number encountered is 1.27, which is high enough to avoid
the signi� cant effects of the transonic dynamic instability.The cor-
responding mean total angle of attack at drogue deployment (see
Fig. 14) is 3.6 deg, with a maximum ®T of 8.4 deg (well below
the mission constraint of 30 deg). Figure 15 shows the distribution
of the main parachute-deploymentaltitude. The mean deployment
altitude is 3.1 km, with a minimum occurring at 2.21 km.

Figures 16 and 17 show the resulting distributions in downrange
and crossrange at landing for the 3200 Monte Carlo cases, respec-
tively. The minimum downrange is ¡49.4 km (short) from the nom-

Fig. 16 Downrange distribution of at landing resulting from 3200
Monte Carlo simulation cases.

Fig. 17 Crossrange distribution of at landing resulting from 3200
Monte Carlo simulation cases.

Fig. 18 Landing range dispersion resulting from 3200 Monte Carlo
simulation cases.

Table 5 Summary of Monte Carlo analysis

Dispersion Mean Minimum Maximum 3-¾

Attitude
Atmospheric interface 2.5 0.3 8.0 3.3

®T , deg
Transitional regime ®T , deg 8.1 1.8 30.4 10.6
Peak heating ®T , deg 2.5 0.5 8.6 2.5
Drogue chute deployment 3.6 1.5 8.4 2.3

®T , deg
Landing

Landing downrange, km 0.4 ¡49.4 54.1 42.4 (long)
0.4 ¡49.4 54.1 ¡40.1 (short)

Landing crossrange, km ¡0.2 ¡18.7 18.9 14.6
Total range, km 1.2 0.3 54.5 23.6

inal landing point, whereas the maximum downrange is 54.1 km
(long). The maximum crossrange obtained is 18.9 km from the
nominal landing point. The resulting 3-¾ ellipse has a major axis
of 83.5 km (¡40.1 short, 42.2 long) in downrange and a minor axis
of 29.2 km in crossrange. This footprint is within the UTTR site;
however, it is approaching the upper boundary limit. Within the as-
sumptionsof the presentanalysis,a 99.7% probabilityexists that the
SRC will land within this 3-¾ footprint ellipse. Figure 18 shows the
landing location of all 3200 Monte Carlo cases. Table 5 summaries
these results.

Conclusion
A six-DOF analysis of the nominal Stardust SRC entry reveals

that two aerodynamic instabilities result in unacceptable capsule
dynamics during the descent using the original entry strategy. The
� rst instability resides in the high-altitude free-molecular regime,
whereas the second appears toward the end of the entry in the tran-
sonic/subsonic � ow regime. These instabilities, if not eliminated
or at least suppressed, could lead to mission failure. In the free-
molecular regime, a static instability exists that produces large ex-
cursions in the angle of attack (approaching 70 deg) early in the
nominal entry pro� le. If off-nominal attitudes or attitude rates exist
at atmospheric interface, a backward entry is very possible. In the
transonic/subsonic regime, a dynamic instability is present, which
could induce a tumbling motion prior to parachute deployment.

The solution selected to address the high-altitude instability is
to increase the SRC entry spin rate to 16 rpm. The higher spin
rate, although not eliminating the instability, increases the gyro-
scopic stiffness of the SRC, thereby retarding the effects of the
free-molecular static instability. To address the transonic/subsonic
instability, a drogue (having a diameter of 0.828 m) is added, and a
deploymentalgorithmbased on a g-switch activated timer resulting
in a Mach 1.4 deployment is de� ned. The drogue serves to stabi-
lize the SRC until main parachute deployment and is shown not to
introduce an unacceptably large increase in the landing footprint.

For this mission, 41 potential uncertainties were identi� ed that
could impact the entry. Initial state vector and atmosphericproperty
(density, and north–south and east–west winds) uncertaintieswere
found to produce the greatest downrange dispersions on the order
of 20–25 km each. Uncertainties from bus separation and aerody-
namics produced dispersion between 5 and 10 km each. All other
uncertaintiesresulted in dispersion less than 1 km.

A Monte Carlo analysis of over 3200 off-nominal trajectories
shows that the SRC attitude near peak heating and drogue deploy-
ment to be within Stardustprogramlimits.The resulting3-¾ landing
footprint obtained was 83.5 km (¡40.1 short, 42.2 long) in down-
range and 29.2 km in crossrange(which is within the UTTR bound-
aries). Within the assumptionsof the present study, a 99.7% proba-
bility exists that the Stardust SRC will land within this 3-¾ ellipse.

The instabilities in the Stardust SRC were revealed too late in the
design process to affect the design of the capsule. If identi� ed ear-
lier, these types of instabilities could be eliminated by considering
alternativecapsule con� gurations that avoid the need for corrective
measures later in a program. Therefore, a case is made for including
six-DOF entry trajectory analyses early in the conceptual design
phase.
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Finally, the resolution of the Stardust SRC instabilities relies
heavilyon thevalidityof the MonteCarloanalysis.Increaseddepen-
dence on entry simulations for mission success places considerable
importanceon selectingappropriateuncertainties.As con� dence in-
creases in the analysisaccuracy,cheaper and/or higher performance
entry systems can be selected for future missions.
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