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Abstract—The 2009 Mars Science Laboratory mission is
being designed to place an 850 kg rover on theaserbf
Mars at an altitude of at least one kilometer [Lhis is
being accomplished using the largest aeroshell
supersonic parachute ever flown on a Mars misgtoture
missions seeking to place more massive payloadshen
surface will be constrained by aeroshell size aplayment
limitations of supersonic parachutes [2],[3]. Itdlale
aerodynamic decelerators (IADs) represent a tecgyol
path that can relax those constraints and providzeable
increase in landed mass. This mass increase resoits
improved aerodynamic characteristics that allow $AD be
deployed at higher Mach numbers and dynamic pressur
than can be achieved by current supersonic pamachu
technology.

an

During the late 1960's and early 1970’'s preliminary
development work on IADs was performed. This ineldd
initial theoretical shape and structural analysisd variety

of configurations as well as wind tunnel and atnhesjz
flight tests for a particular configuration, the t#thed
Inflatable Decelerator (AID). More recently, theoBram to
Advance Inflatable Decelerators for Atmospheric riEnt
(PAI-DAE) has been working to mature a second
configuration, the supersonic tension cone deceror
use during atmospheric entty.

This paper presents an analysis of the potentizhratdges
of using a supersonic IAD on a proposed 2016 Mar
mission. Conclusions drawn are applicable to bdta t
Astrobiology Field Laboratory and Mars Sample Retur
mission concepts. Two IAD configurations, the A#bd
tension cone, are sized and traded against thetiersylevel
performance impact. Analysis includes preliminary
aerodynamic drag estimates for the different caméions,
trajectory advantages provided by the IADs, andirpheary
geometric and mass estimates for the IAD subsystEnisy
systems utilizing IADs are compared against a tiauil
parachute system as well as a system employing\Bniri

the supersonic regime and a parachute in the sighso
regime. Key sensitivities in IAD design are inclddéo
highlight areas of importance in future technology
development programs.
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i. NTRODUCTION

Towards the end of the 1960’s, NASA began several
technology development programs aimed at maturing
deceleration technologies for use in thin-atmosplestries.
Research into entry body shapes and supersonichpaes
was undertaken with the objective of enabling thecsssful
landing of a spacecraft on the surface of Marsh@lgh the
initial beneficiaries of these efforts were the tw80 kg
Viking landers, the developed technologies becahe t
foundation for every subsequent Mars entry vehiCger

the past 30 years incremental improvements in aetoand
parachute technologies have allowed for a gracvakase

in Mars landed mass. However, these improvemergs ar

éapidly reaching their limits. The latest missiom i

development, the 2009 Mars Science Laboratory (M&.)
being designed to land an 850 kg rover at an d#itaf at
least one kilometer [1]. To do this, MSL will reqaithe
largest diameter aeroshell (4.5 m) and the largesheter
supersonic parachute (21.5 m) ever flown on Maee (s
Table 1). Furthermore, parachute deployment isr@drat a
higher Mach number (2.2) and dynamic pressure Fap
[4] than on any previous Mars mission. This systeay be
near the limits of current parachute technologyd@dl later
missions attempting marginal increases in landedsmall

e faced with a difficult decision: either attempd
extrapolate current decelerator technology furtbeyond
the tested and validated flight regime, or invesiai new,
costly technology development program.



Table 1.

Supersonic DGB dimensions
deployment conditions.

and nominal

2.Mi1ssION OVERVIEW

Nominal Mission

Mission Diam. Areza Deploy Deploy Landed
_ (m (m) Mach Q(Pa) Mass(kg) A Jarge rover mission in the 2016 Mars opportunisy
x:mg :I igg ggii %% ggg gig baselined for this investigation. Such a missiory rteke
9 . . : shape through either the Astrobiology Field Labamat
MPF 12.5 122.7 1.57 585 370 . .
MER-A 140 1539 1.77 75 539 (AFL) or Mars Sample Return (MSR) flight projects.
MER-B 140 1539  1.77 750 539 Envisioned as a follow-on rover mission to MSL, a
Phoenix 11.7 1075 1.2 430 364 significant portion of the MSL entry, descent, dadding
MSL 215 363.1 2.2 750 850 heritage [8] is assumed. The entry vehicle coméian,
AFL/MSR 23.0 4155 2.3 800 ~1050 shown in Figure 1, is identical to that used by MShe

rover mass is anticipated to be 10 - 25% highen t&L,
primarily due to accommodation of a more complarrsme

One promising technology path involves the use of gayload [8] and increased pinpoint landing requéets.
supersonic inflatable aerodynamic decelerator (LADften
referred to as “ballutes” in the literature, IADsderwent a
considerable amount of development beginning inl#te
1960’s [3]. This included the derivation of fundarted
structural theories [5], several sets of wind turimets [6],
and multiple atmospheric flight tests [7] on a e#yi of
configurations. However, since the impetus for matihe
initial research was as a parallel technology fdaththe
Viking decelerator program, development effectivehded
with that program’s conclusion. More recently, NASA

Program

to

Advance

Inflatable

Decelerators / \
Atmospheric Entry (PAI-DAE) has begun a development / \»/

robotic use. Areas of focus for PAI-DAE include sl

program aimed at maturing IADs for both human and ~ E\.\/
] ~N
]

development, mission and system design, wind tunnel
testing, and atmospheric flight testing of depldgab

aerodynamic decelerators.

for

For the purposes of this study, an entry mass2i0kg is
assumed (31% higher than MSL). It should be nobed t
this value yields a packing density of approximat&b5
kg/m?, or nearly 85% of the packing density achievechwit
the Mars Exploration Rovers, implying a complex and
difficult packaging arrangement.
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The primary purpose of a supersonic IAD is to pdevia \
large drag area at Mach numbers and dynamic pesssur N
considerably higher than those presently possitdmgu ~ ~ 77777
parachutes. This earlier deployment provides sédésanct
advantages including increased timeline for keygista
events, deceleration at higher altitudes, and adoekigher
elevation landing sites. Although hypersonic IADBep  The 2016 mission entry sequence is intended taomiSL
additional benefits in the form of reduced heatimages, in many respects, including the use of a centenass offset
supersonic IADs provide a more near-term technologyo provide trim at an angle of attack and subsetiyiem
solution to the problem of landing one metric towl darger /D of approximately 0.24. Hypersonic guidance Vifa
masses on the surface of Mars. Furthermore, dew&lopof  vector (bank angle) modulation is baselined to wpr
supersonic IADs would set the groundwork for evehtu landing accuracy. In the present study, a referénagectory
qualification of IADs for hypersonic use. is assumed using a reference bank-angle profilegrdary
flight path angle of -16.1°, and an entry veloaitfy 5.2
km/sec. The resulting trajectory is shown in Figlire

+1.012 m»«—»ﬂ—»os m
0.506 m
Figure 1. AFL entry capsule.

The objective of this investigation is to quantithe
potential advantages offered by a supersonic |ADh wi
respect to a baseline robotic Mars mission. Prakmyi
aerodynamic and structural analyses are conduotetivb
separate IAD configurations. Results from thesdyapa are
used to quantify trajectory effects and provide snas
estimates for an IAD system. Finally, key sendigg are
addressed so as to provide insight into areas dheu
research and technology development.



Figure 2. Reference trajectory.

For this reference trajectory, the final stagesdetcent
assume nominal deployment of a 23 m supersonicgiipk
band (DGB) parachute at a Mach number of 2.3 and
dynamic pressure of 800 Pa. Note that this assu@B

less than 5 to allow the neglect of aerothermaltihga
considerations.

By design of the reference bank profile, as theyerghicle
slows to supersonic velocities, the lift vectorésurned to
near vertical causing a small loft in the trajegtdorhe IAD
modified mission takes advantage of this featurevhiting
until the peak loft altitude is attained beforetiating
deployment. Entry flight path angle variation walksoa
performed in an attempt to position this loft at dla
numbers and altitudes larger than for the nomiagéctory.

Two-Stage IAD / Parachute Mission

Although IADs offer excellent aerodynamics in hilytach
number, high dynamic pressure environments, thieigdly
comes at the expense of a system that is more vaabsin a
traditional parachute. Parachutes on the other ppanfbrm
wery well in subsonic environments. Previous stsidiave
shown that the optimal solution from a mass stamdpoay

parachute performance is above that planned for MSLbe to incorporate a two-stage IAD-parachute sy§@min

which itself is above that successfully demonstrdtedata
(see Table 1). Upon inflation, the parachute rgpid
decelerates the entry vehicle through transonic ol

this manner, the IAD can be deployed at high sugmécs
conditions, decelerate the vehicle to subsonic itiond,
and then give way to a more efficient parachutéesysThe

subsonic flight conditions. As with MSL, heatshield second alternative mission profile examines thiscept by
separation is assumed to occur upon reaching a Madhiscarding the IAD at a Mach number of 0.9 and

number of 0.7. The terminal descent portion ofhiligs
performed using the MSL skycrane architecture. M&L,

subsequently deploying a ringsail parachute.

powered descent initiation is dependent upon groun®. DECELERATOR CONFIGURATIONS

acquisition by a terminal descent sensor followeg b

measurement of the vehicles altitude and velocty. [
Although no specific set of flight conditions dedithe point

at which the descent engines are ignited, it wasrasd that

the earliest this event could occur is 20 seconitisr a
heatshield jettison. For the reference trajecttng occurs

at an altitude of 7.3 km and a velocity of 112 m/s.

IAD-Modified Mission

Two major variations to the reference mission peofire
proposed. The first consists of the eliminationttaed DGB
parachute in favor of a supersonic inflatable agnacic
decelerator. The objective in this case is to allfaw
significant deceleration earlier in the trajectognd
consequently allow for landing at higher elevatiadhan
would otherwise be possible using a parachute alone

Previous robotic Mars missions have limited paréehu
deployment to Mach numbers less than 2.1 due tattheof
deployment and initial inflation test data obtainad the
Earth in Mars relevant conditions above this Madmhber
and the severe area oscillations that have beesnasin
DGB parachutes at Mach numbers above approximatgly
Historical testing of supersonic IAD’s has shown an@a
oscillation susceptibility due to Mach number effecThus,
this analysis placed no such Mach restriction witie

exception that deployment must occur at a Mach mumb

Three types of aerodynamic decelerators are eealufar
this study: a supersonic tension cone IAD, a supécs
isotensoid IAD, and a subsonic ringsail parachute.
Descriptions of each are provided below.

Tension Cone

The tension cone concept consists of a shell obludon
that is inherently shaped so as to contain onlsilen
stresses. The shape of the shell is derived frgmescribed
pressure distribution using linear membrane thésfyThe
tension in the shell is resisted at one end byclattent to
the entry vehicle and at the other end throughutte of a
compression ring, typically consisting of an infldttorus. A
conceptual image of the tension shell as it is soned for
this study is provided in Figure 3.

Inflatable Torus
(compression ring)\

wly

N Tension
Shell

Aeroshell

Forebody

Figure 3. Tension cone configuration.



For later aerodynamic analyses a baseline tens@re c

The AID uses ram-air inlets, shown in Figure 4} flage in

configuration was established. The primary geometrithe direction of the local flow to maintain the oay shape

parameters for the baseline tension cone are prdvid
Table 2. The exact shape of the tension shell grontvas
determined through iteration of inviscid CFD sabus. The
iteration consisted of calculating an initial curu®
assuming a Newtonian pressure distribution. Subequ
CFD analysis on the Newtonian derived shell prodide

and create an internal pressure greater than thaheo
external aerodynamic pressure. Additionally, a lufence,
located at the maximum radius of the isotensoid,
employed to add aerodynamic stability at transceuc
subsonic speeds. The AID utilized in this studghiswn in
Figure 5 with the pertinent isotensoid parametadicated

new pressure distribution, which in turn was used tin Table 3. Similar to the tension cone, the deette
canopy half-angleq) does not precisely match the aeroshell
half-angle @) at the attach point.

calculate a new shell shape. Three additional titera
yielded a converged shape.

Table 2. Baseline tension cone geometry values.

Parameter Value
Cone angleg, 60°
Ratio of tension cone area to 10
aeroshell arear+r)%/ry>

Torus radius ratior,/r; 7
la 2.25m
I 6.225 m
r 0.89m

Deployment of the tension cone occurs when thestisu
rapidly pressurized using either a gas generat@ressure
tank based inflation system. Detailed modeling bé t
inflation system and deployment dynamics are négtetor
this conceptual design study.

Isotensoid IAD

The Attached Inflatable Decelerator (AID) was depeld in
the late 1960’s by the Goodyear Aerospace Corporat
overcome flutter and stability problems encountevéth
supersonic parachutes. The concept consists ofthodsg
decelerator that is directly attached to the aelbsihe

~
Aeroshell
Forebody

Figure 5. AID configuration schematic.

Table 3. AID parameters.

Parameter Symbol Dimension
Total decelerator radius R 1.1R
Aeroshell attach point radius R, 0.2985R
Radius @ max isotensoid height a 0.70R
Aeroshell half-angle q 70 deg
Leeward fabric stress resultant f, 900 N/m

AID was designed using isotensoid theory [10], WhiC | qation rate of the AID is a function of the mafsw rate

provides constant tension along the deceleratoegdonal
cords and uniform fabric stress in all directiohsotighout
the surface. Designing for uniform fabric stressvents the
formation of local wrinkles along the deceleratarface
(which have been shown to cause undesirable flatte
structural failure), and results in easier fabi@athan other
concepts with varying stress.

Burble Canopy
Fence
Ram-Air
Inlet
Aeroshell

Figure 4. lllustration of AID concept [6].

into the canopy through the ram-air inlets and oluthe

canopy due to material porosity. These rates cataitmged

by optimizing inlet area and material porosity thiave a
desired inflation rate that balances decelerataads$ and
inflation stability. Wind tunnel testing of the lafion

process indicated inflation times on the order.6f€econds
for a 1.5 meter diameter device [12]. Inflatiomeis for full

scale articles are expected to be of similar oated thus
inflation of the AID device is modeled as instatauns.

Ringsail Parachute

A ringsail parachute was analyzed as a potentiebrek
stage decelerator as it has demonstrated a higlosialhdrag
coefficient, good stability characteristics, andrétatively
lightweight per unit drag area [11]. Additionaltre ringsail
canopy can be designed for optimum performanceafor
given flight condition, enabling ringsail configti@s to
achieve subsonic drag coefficients of 0.8 or better

is



assumed inviscid aerodynamics, and demonstratedl goo
agreement with wind tunnel data. Transonic and auibs
cases were run using Navier-Stokes methods empglayix
epsilon turbulence model.

Sample results from the analysis are shown in Eiguand
Figure 8. In the case of the tension cone, the @Ralysis
confirmed that the 60° cone angle was sufficienprevent
Figure 6. Deployed ringsail parachute. the formation of an embedded shock on the tenshafl s
surface. However, the isotensoid configuration leixéd a
Subsonic inflation of the parachute can be modelsd weak shock forming just in front of the burble fenc
occurring linearly over a constant number of pavé&h Although no Schlieren imagery is available from thiad
diameters [11]. Even for a large parachute (> 20 munnel tests of the isotensoid, it is expected that
diameter) deploying at 100 m/s, the inflation tinseless embedded shock likely existed in those tests ak Wigleo
than two seconds; thus in this analysis, the rihgsaachute  imagery from some of those tests showed no dettahen
inflation is also modeled as occurring instantarséou impact on the IAD or the burble fence due to flow
separation behind the embedded shock.
4. AERODYNAMICS

A moderate amount of wind tunnel testing of the t&®
configurations was performed in the 1960’s [6]. sThi
included evaluation of the deployment behavior efesal
isotensoid models as well as static aerodynamic
characterization of the isotensoid and tension comeepts.

Results from isotensoid deployment tests demomestrat

favorable behavior including the lack of any flutte

characteristics [12]. Additionally, the isotensatape did

not exhibit shock loads commonly observed in panteh

deployments. Possible explanations for this inclidelack

of an apparent mass effect and the ram-air infiatio

mechanism providing a more controlled deploymenmagD

coefficients measured at supersonic conditions were

typically between 1.1 and 1.2, though models testitfibut  Figure 7. Inviscid Mach number profile for the basdine
the burble fence provided slightly higher valuesabiout  tension cone configuration at Mach 4.5.
1.4. Drag was observed to vary little with minorigtons

in angle of attack and Reynolds Number [12].

Testing of multiple rigid tension cone configuraitsoyielded
drag coefficients between 1.3 and 1.6 depending wone
angle @), nose radius, and shoulder radiuR).( Of
particular interest due to aerothermal and stgbdiitncerns
was the presence of embedded shocks on the tesisidin
depending upon the cone angle. In particular, shalt cone
angles and moderate cone angles at an angle afkatta
demonstrated embedded shocks [13].

An aerodynamic assessment of the two IAD configonat
was performed for the purpose of establishing an
approximate aerodynamic dataset for trajectory rnagle
Using the wind tunnel data as a source of validatia
computational analysis of the baseline geometri&® W iy re g Inviscid Mach number profile for the basdine
performed. NASCART-GT, a Cartesian-grid based CFDsotensoid configuration at Mach 4.5.

code [14], was used to analyze the baseline IAD

conflguratlong. Case_s were run at0 ang_le of Iam:coss a The computational aerodynamic analysis was comjiitxl
range Qf nominal traj(_actory points to provide pleexfiof d.rag a preliminary aerodynamic database of the two baséAD
coefficient as a function of Mach number. Supersaaises configurations. These results are shown in Figur&rdm



the results it can be seen that the tension cdeesadimilar
drag performance to a rigid 60° or 70° sphere ednke the
isotensoid configuration provides roughly 20% lekag.
Both configurations offer 2-3 times the supersairizg of a
DGB parachute, with this advantage decreasing &%6-at
subsonic conditions. Furthermore, neither IAD cgafation
exhibits the transonic drag bucket common to parish
and other decelerators which trail an entry sysfEne lack

of a drag bucket may allow for the heatshield to be

discarded much earlier in the trajectory as reaiméth the
entry vehicle is less likely.

1.8
1.6
=14
1.2+
1.0
0.8 1

¢ Tension Cone IAD

0.6 7 = |sotensoid IAD |

0.4 1 - - — DGB Parachute -

024 - —60° Sphere Cone _ |
' | ! ! —7C° Sphere Cor

0.0 T : :

00 05 10 15 20 25 30 35 40 45 50
Mach Number (M)

Drag Coefficient C

Figure 9. Comparison of drag coefficient as a funain of
Mach number for IADs, sphere cone aeroshells, and
parachutes.

4.STRUCTURAL ANALYSIS

Neither the tension cone nor isotensoid decelesatawve
been fabricated at scales comparable to flight-tikgices.
Thus, many uncertainties exist about the exactreatu
which these articles would be fabricated. Theseramties
in turn make mass estimation difficult. For thisidst an
approach was utilized in which basic structurahgiples

were combined with tension cone and isotensoid eshap

theory. The result is a preliminary estimate & kbads and
stresses encountered by the two supersonic IADs ihh
turn is combined with assumed material propertieddrive
thickness estimates and subsequently material
estimates. A summary of the structural considenati
incorporated in the analysis is provided below.

Tension Cone Structural Analysis

The inflatable tension cone consists of two elesietiie
tension shell and the inflated torus. The tensibwell
provides a majority of the drag area while the sosiused
to resist the loading of the tension shell. The idienal
stress resultaris, expressed in Equation 1, is a function of
the drag felt by the shelD() and the torusly;), the shell
attachment angleff), and the aeroshell radiug)([5].

mastd

Dt + Dts
2o, sinf,

fits =

N 1)

The key structural constraint for the tension shethat the
meridional stresss(; i) does not exceed the yield strength of
the shell material such that

max
fts

sf,ts -

N
—t’ ®£s )

ts

wheret is the thickness of the tension shell materiale Th
use of Equations 1 and 2 allow for an estimate haf t
required shell thickness as a function of the adlble

material stressg /"%

The primary sources of stress on the inflatableusor
originate from the tension shell loading and theerimal
pressure required to resist that loading. Five giesi
constraints were identified for the torus, threesg based
criteria and two planar buckling criteria. Theselinle:

(@) The compressive meridional stress on the torus must
be less than the maximum material strengtifi’),

rb No
ﬂttt

max
fit

S, =-Lefs 3)

where r; and r, are defined in Figure 3 is the
thickness of the torus material, and, is the
meridional stress resultaNf evaluated aty,

(b) The inflation pressure must be sufficient to preéven
local wrinkling on the torus walls from the
compressive stress.

5 2N, @
t 2
ot

The torus stress in the circumferential direct(sgﬂ)
must not exceed material limits [15].

_Prn2n - £ g max

q,p
2tt h = I

(5)

a.n

(d) The applied hoop force due to the tension shedlitaa
(P) must be lower that the force needed to indnee

planebuckling [16][17],

3 -1

2

P, = 4.52EI
b

4+ 4.5C
+

1+Zc+
S+P

(6)



Dts
cosf,

P= EP

cr,i

@)

whereE is the material’s modulus of elasticity ahts
the torus inertia tensor. The parameters, and P

where f is the fabric stress resultant (in force per unit
length), T is the meridional tension loag, is the internal
pressure minus the base press&as the equatorial radius
of the isotensoidny is the number of meridional cords, aad

is a non-dimensional parameter that defines théusadf
maximum canopy height.

are shear stiffness, toroid slenderness, and peessu

stiffness parameters defined in [16].
(e) The applied force due to the tension shell loadimrgt
be lower that the force needed to inducg-of-plane
buckling [16][17],

Pcrozizl 12+§ - 4+5c+£ l+2—OC
oy 2S+P 3 .
1 99 111 15
+ _ ——+—¢ — —+=¢
S+P 8 8 S+P 2 6
D
P=_——"t gp 9
CO Fa cr,o ()

whereGis a buckling load parameter defined in [16].

A major assumption inherent in the above formutatids
that the torus wall is a membrane structure in thatlocal
bending stiffness of the torus walls is neglectéthis has
particular implications in the determination of treqjuired
inflation pressurgy, and in the two buckling modes. Torus
construction methods that provide additional stiffs other
than that due to pressurization would likely redpecessure
requirements and provide additional torus buckimaygin.

Isotensoid Structural Analysis

Isotensoid design is based on equal principle foinethe
fabric between meridians, which are constant over t
canopy surface. Additionally, the tension in eadridian is
constant over its entire length. For AID designesthn
principles hold except that the fabric stress armtidional

tension is higher on the windward side due to thd®a

concentrated load of the burble fence at the caeoptor.
The non-dimensional fabric stres%f) and meridional
tension (‘F) coefficients are given by Equation 10. The

fabric stress is related to the meridional tensibbrough
geometry of the isotensoid via Equation 11.

F o 2f
R¢
P (10)
— nT
T=——
p.ARE
f+T =1- a2 (11)

R

.
a

oo LLLLLLLLLL L

L. MXsofSymmety

Figure 10. AID structural parameters.

The windward fabric stress and meridonal tension
coefficients are assumed to take a fractignof the burble
fence load in addition to the leeward loading.

ff = fr +gqb
_ _ _ (12)
T, =T +(1' g)Nb
N = Db (13)
" pRE
f
= r 14
g 1- a* (1)

wheref andr subscripts represent the front (windward) and
(leeward) componentsN, is the non-dimensional

burble fence load, anBy is the burble fence load. From
these structural parameters and a choice of maridiad
canopy materials, the shape [12] and mass of tierisoid
can be estimated.

5. TRAJECTORY ANALYSIS

A key advantage of an IAD is its ability to increadrag
area (CpA) earlier in the descent profile, enabling
deceleration at higher altitudes versus the tranti DGB
parachute. Additionally, the lack of a transoniagbucket
may permit the entry vehicle to release its heatdrat any
point after IAD inflation without risking recontacEarly
heatshield separation reduces the mass being dseele
and allows for onboard altimeters to acquire theugd



sooner. This latter capability allows for the iiion of
propulsive descent at a higher altitude, enablarmgling at
higher altitudes and/or more time to perform pimpoi

landing guidance.

Trajectory simulations were performed using thegPam to
Optimize Simulated Trajectories (POST) [16]. Thergn

phase up to decelerator deployment employed thee sam

reference bank-angle profile to be consistent with DGB
reference trajectory shown in Figure 2. Three prim
trades were evaluated: replacement of the nomiBam2
DGB with a supersonic IAD, replacement of the DGighva
two stage IAD-ringsail combination, and the impaétan
additional 20% increase in entry system mass.

IAD and Baseline DGB System Comparison

This portion of the study investigates the systempact of
increasing IAD diameters versus the present AFlelises
23 m DGB parachute. Both IAD concepts are assegsed.
initial comparison of the trajectories is providedFigure
11, where IADs of varying diameters are shown dggdoat
the loft peak of the reference trajectory. Evidarfigure 11
is the rapid, constant-altitude deceleration thatues after
IAD deployment. This is followed by transition tona
asymptotic terminal descent in which drag and gaseinal
forces are nearly equal and opposite and the ehgl

Increasing IAD Diameter

<= T
IAD Deploy

2 DGB Deploy

3

£

@

<

g Tension Cone I
g Isotensoid

o Baseline (23 m DGB)!
T (|
=

£

T

[

Figure 11. Comparison of reference trajectory and AD-
modified trajectories against contours of Mach and

dynamic pressure @ny =-16.1°).

Figure 11 demonstrates that a significant incréasdtitude
(approximately 3 km) at subsonic velocities is flasswith

use of an IAD. Architecturally, this altitude inaise can be
used to provide either an increase in terminal eldsc
timeline or the ability to land at higher surfadevations.
However, this advantage belies the greater imgdaatt an
IAD can provide as a result of its large deployment

descending on a line of constant dynamic pressuré&ondition envelope. That is, the DGB referencgettary

Terminal velocity is strongly dependent on the ditam of
the IAD, with diameters between 14 and 23 meteosvahin
Figure 11. Given that the terminal velocity regmats the
velocity at which the entry vehicle stages to pitepe
terminal descent, a trade between IAD size and glamt

mass arises.
provides a terminal velocity of 150 m/sec at aituale of 5

places the loft peak at a Mach number of aboutah@
dynamic pressure of 1.5 kPa, whereas a supersAficd
capable of deploying at higher Mach numbers andtgre
dynamic pressures. Thus, a more suitable compadao
be made when the loft is repositioned. Retainihg t

For example, a 14 m tension cone |Argeference bank-profile, this is accomplished byeeng at a

shallower flight path angle. For a relative erftight path

km, whereas a 20 m tension cone IAD provides aiteim angle of approximately -13:Zhe loft peak occurs at Mach 5
velocity of 105 m/sec at the same altitude. Féeremce, a and at a dynamic pressure nearly equivalent toreefdhe

23 m DGB parachute deployed at Mach 2.3 results in resulting trajectories are shown in Figure 12.

terminal velocity of 100 m/sec at 5 km altitudele&ly, a
larger IAD reduces the velocity and thus the priamel
required for terminal descent, though at the experfsa

heavier IAD system.

T
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Figure 12. Trajectory comparison for |AD-modified
trajectory with repositioned loft peak (@nwy = -13.7°).

Of note is that even moderately sized (14 m diahéAds
can be used to attain subsonic velocities at digunearly
10 km higher than the baseline DGB trajectory. The
improved drag performance of the tension cone plasi



additional, but modest, advantages in altitude othex
isotensoid design.

Although these trajectories do not represent ogthibank
profiles they still demonstrate the expanded EDkteyp
performance range that an IAD enables. If a steepiy is
desired, IADs can still provide a considerable tadie
advantage. An example of this scenario is providdegure
13, where the bank profile was adjusted to prowiaee lift
throughout the entry and the relative entry anglasw
steepened to -9 This trajectory provides 8-10 km in
increased altitude (as measured at the Mach 1 tomdi

Increasing IAD Diameter

<

. IAD Deploy

8

Qo

£

3

s

% Tension Cone
g DGB Deploy Isotensoid

E Baseline (23 m DGB
g

&

[y

Figure 13. Trajectory comparison for steepened, lfup
entry (@nyy = -19°).

IAD and Two-stage System Comparisons

I

IAD Deploy

= Ringsail Deploy
Increasing Ringsail Diameter

<§:|m
DGB
Deploy

Ptote

——— 14 m Tension Cone + Ringsai
14 m Isotensoid + Ringsail
— Baseline (23 m DGB)

Terminal Desen

Figure 14. Hybrid trajectory comparison for various
ringsail diameters @,y = -13.7°).

Figure 14 shows a difference between the tensioe emd
isotensoid ringsail deployment altitude, which ipected
due to the difference in drag coefficient of theotw
configurations. The two I|AD trajectories eventually
converge to the same terminal velocity given similiagsail
parachutes.  With addition of the subsonic ringsail
transitioning to propulsive descent at altitudewel0 km
does not require the improved drag performancehef t
tension cone. Lastly, the higher drag coefficieia oingsalil
parachute provides for a moderate decrease in riakmi
velocity versus an equivalent diameter DGB.

Entry Mass Sensitivity

To investigate the sensitivity of the inflatablecdkerator
and hybrid systems to increasing mass, two tensmre

Use of an IAD clearly provides significant flexiiyl in ] ¢ i ;
terminal descent altitude and timeline; however aren configurations were analyzed with two entry vehiciasses
massive IAD is required to achieve the same termina the baseline 4.2 MT vehicle and a roughly 20%vieeeb

velocity as a DGB parachute. Coupling a smaller Mith a
subsonic ringsail parachute would simultaneoudigwafor
a lower terminal velocity, a lower IAD mass, andiagrease
in landed altitude. Although adding a second aemadyic
decelerator adds complexity to the EDL sequenaavehts,

there could be significant mass savings which n&yaa a

mission enabler. This portion of the study is perfed with

a 14 m IAD coupled with a ringsail parachute withrdeters
between 20 and 29 m. Ringsail deployment is asgume
occur at Mach 0.9. The results of this trajectarglgsis are

shown in Figure 14.

MT vehicle. The 5 MT entry mass corresponds to&chg
the packing density of the MER vehicles within theger
4.5 m diameter aeroshell. The results of thisettajry

analysis are shown in Figure 15.

4.2 MT
5.0 MT T

IAD Deploy

4.2 MT

20 m Tension Cone
14 m Tension Cone + 23 m Rings:

—— Baseline (23 m DGB)

DGB
Deploy

]

Termi
emingl Descent Asymptote

Figure 15. Trajectory comparison for two entry sysem
masses @iy = -13.7°).

Figure 15 shows that an increase in mass actswer lthe
altitude of the loft maneuver by about 2 km andstlawer



the altitude of all subsequent EDL events. Although used in mass calculations was scaled linearly wiité

decrease in altitude is undesirable, it illustratikat the
tension cone is robust to entry system mass grawthstill
provides a significant altitude benefit versus lihveer mass
baseline DGB system. In addition, Figure 15 denrates

that the two-stage 14 m tension cone IAD and rihgsaThe mass for the tension cone was determined as a

required tensile strength of the material.

Tension Cone Mass Estimation

system can deliver 20% more mass to approximatady t summation of four different elements: the tensiballs the

same terminal velocity as the 23 m DGB referencssioin.

Figure 16 shows that both the tension cone andstage

torus, the inflation gas, and the inflation syst&ime mass of
the torus and the tension shell are derived froendbnsity
of the material used, the surface area, and thairesh

systems undergo about a 5 km decrease in propulsivaaterial thickness

staging altitude for a 20% increase in entry mbsvever,
this decrease in altitude does not endanger thsianigor
staging velocities above 125 m/s. This stagingaigia@ould
be further reduced by baselining a larger diamB&&r or

ringsail parachute.

5.0 MT

4.2 MT
—

Tu%en

——— 20 m Tension Cone
---- 23 mRingsail
Baseline (23 m DGB

Figure 16. Staging altitudes for varying entry vehile
masses.

6. MASSESTIMATES

ms = ASrIStIS (16)

m = Arttt
where A is surface area; is the material density, is the
material thickness, and the subscriptndts represent the
torus and tension shell, respectively. The mininthitkness
can be calculated by comparing the material coimésrao
the various modes of failure detailed in SectionFdr a
coated fabric torus, the limiting case is the ainéerential
stress, though the required anti-wrinkling pressamd the
compressive meridonal stress levels are within shme
magnitude. For this limit the important parametars the
required inflation pressure, the major radius eftibrus, and
the torus thickness.

The mass of the inflation gam¢.J is calculated using the
ideal gas law:

_ PV,

m
% RT

(17)

where P, is the internal torus pressur®; is the torus
volume, R is the gas constant of the fill gas, ahds the
temperature of the fill gas (assumed to be 500 Hje

volume of the torus is known from geometry. Using
previously detailed failure criteria the requirexflation
pressure can be determined. No accommodation wds ma

The aerodynamic and trajectory benefits of an IAR a
evident but the ultimate measure of their viabilityust

include assessment of the additional mass an
contributes to the EDL system and can deliver ¢ostirface.
Mass estimates were obtained for all

IADN this mass estimation for pressurant gas leakhge to

IAD porosity.

aerodynamic

decelerators (parachutes and IADs) based on fumitame Both a tank system and a gas generator were igegsti for

structural principles and historical regressionkdie data is
available). For both IAD configurations, the faboc film
portions of the decelerator were sized assumingridierial
properties of Vectran. Vectran was selected basedtso
high strength-to-weight ratio, good thermal perfane,
and heritage on the Pathfinder and Mars Explorafower
(MER) airbags. The same 200 denier Vectran matf2@|
used on the two MER landers was used in this stlitlis
material has an areal mass density ¢f 0.0915 kg/mand a

tensile strengthgs) of 84,940 N/m. The torus portion of the

tension cone was assumed to have a higher aresitylef

0.1458 kg/rh to account for the addition of a silicone

coating used to reduce porosity. The final adtsity
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the inflation system. Following the tank sizing dgiines in
[16], the tank mass was estimated to be moderaiglyer
than the mass of the inflation gas itself. Gas tptnes on
the other hand typically yield much more favorabiass
fractions. For this study a mass fraction of 75%swa
assumed for the gas generators.

Given the number of variables that are requireddfine a
specific tension cone geometry it is important tolerstand
the impact that each has on the mass and perfoearbe
system. With this in mind an exploration of thesien cone
design space was undertaken. Unless otherwisedstiie
aeroshell diameter and area ratio, defined as



— (p+1r)?
AR="D2T0

ra
were kept constant using the values outlined inlfah
while the ratio ofr, to r; and the tension cone anglg.)
were varied. The dynamic pressure at deploymemipitant
for torus pressure and tension shell loading corszewvas
kept fixed at a value of 1400 Pa. The primary measd
effectiveness was mass, along with the requirethtioh

(18)

pressurep, and a decelerator-ballistic coefficient, defined

as:

4
Mg +ml +§mgas q
DlOI

b

(19)

The effect ofg. and the ratio ofy, to r, on the system mass
can be seen below in Figure 17.

Figure 17. Mass (kg) as a function ofry/r; ratio and
interface Angle.

The mass is seen to vary greatly with while not strongly
influenced by the ratio af, to r, except at the lower ratios.
As the tension cone angle increases, the geometgnhes
flatter, the drag increases, and the loading onsttedl and
torus increase as a result. Thus, the mass netaled
withstand the added stresses increases. Increttmngatio

angles increases drag and thus loading on the, taitsthe
results being a further increase in the requiredstinflation
pressure.

Figure 18. Inflation pressure (kPa) as a function brb/rt
and tension cone angle.

A secondary effect of changing thgr, ratio or the tension
cone angle is a change in drag performance. Faed fotal
diameter, increasing,/r; decreases the shoulder radius and
increases the drag coefficient. Likewise, decrepdine
tension cone angle generates a more swept bacletsoe
and consequently reduces the drag coefficient. sTthe
two trends that reduce mass, namely decreasjingand
tension cone angle, also have the effect of reduitia drag
performance of the tension cone. For this reais@yuseful
to examine the impact that these two variables lwawvéhe
decelerator ballistic coefficient defined by Equoatil9, a
metric that includes both mass and drag performanidee
results from this analysis are provided in Figue The key
result is that the ballistic coefficient followsarly the same
trend as mass, indicating the change in aerodymsamia
secondary effect.

of rp to r; also increases the mass, but at a much lower rate.

This is less intuitive as an increase in the ratiould yield a
smaller torus, and less surface area. Howeverdoecase
in torus radius drives an increase in the requirdidtion
pressure needed to resist local surface wrinklimbis
pressure increase rises more rapidly than the deeran
volume for a smaller torus. As a result, the néation gas
mass rises. Furthermore, higher torus pressuresase the
stresses on the torus and require thicker fahtticss, raising
the areal density of the material. For the matgmioperties
assumed, the inflation gas mass is shown to inereawe
rapidly than any decrease in material mass achidwed
going to a smaller torus. The discussed changatarnal
pressure can be seen in Figure 18 below. Agatredsing
the torus radius, and thus increasing; increases the
pressure required to resist local wrinkling on sgface of
the torus. Additionally, moving to larger tensi@one

11

Figure 19. Decelerator ballistic coefficient (kg/ff) as a
function of rb/rt and tension cone angle.

Another important sensitivity addressed was theperites
of the materials used for construction. For theeleuf



fidelity of this study, these are the yield stresxl areal
density of the fabric. The effects of varying thesm be
seen in Figure 20.

Kevlar 49
Vectran @
Vectran (coated)
® ®

Kevlar 29

Kevlarg
(coated)

Nextel
)

Figure 20. Mass (kg) as a function of yield strengtand
density.

Based upon the results of the geometry parametees\a
tension cone angle of 80and anry/r; ratio of 7 were
selected as nominal values for subsequent sizifaytef
Though not optimal, the selected tension cone amgbeires
a sufficient margin against the embedded shockdiaresd
in Section 3. The selected radius ratio ensutesr@r mass
while still providing good drag performance and éworus
volumes.

The trajectory analysis focused on IAD diameterd4f17,
20, and 23 m. Mass estimates for tension condhese
sizes are provided in Table 4. The results in Table
demonstrate that the total tension cone mass isesea
rapidly with increasing diameter. Furthermore, thée of
mass increase is larger than the rate of increefeisquare
of the total diameter. In other words, larger tensones
can be seen to yield larger decelerator ballistiefficients.

Table 4. Tension cone mass for a range of diameters

IAD diameter 14 17 20 23
Geometry (m)
Tension shellradius r, 6.125 7.438 8.750 10.063
Torus radius rr, 0.875 1.063 1.250 1.438
Aeroshell radius fa 2.25 2.25 2.25 2.25
Mass (kg)
Tension shell Ms 2.3 5.4 11.0 19.8
Torus m 297 553 921 142.0
Inflation gas my 53.8 100.2 166.9 257.3
Gas generator m 17.9 334 55.6 85.8
Total Mass (kg) m. 104 194 326 505

The largest contributor to the rapidly increasingssis the
inflation gas, which in turn is driven primarily biprus
pressure requirements. Of the five torus desigrstcaimts
identified in Section 4, it is the desire to elimia localized
wrinkling along the torus surface that affects tb&l mass
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the greatest. Should the assumption of membranes to
behavior be relaxed, and the ability of the torosresist
wrinkling be improved, the internal pressure carrdmuced
and dramatic improvements in total mass can benatta
This effect is shown in Table 5 below, where tdtaision
cone masses are shown versus reduced inflatiorsypees
requirements.

Table 5. Tension cone mass with adjusted internal
pressure constraints.

IAD diameter (m) 14 17 20 23
Total mass (kg)

100% inflation pressure 104 194 326 505
75% inflation pressure 78 147 247 384
50% inflation pressure 53 100 168 262

From Table 5 it can be seen that a 50% reductidnflation
pressure requirements provides a nearly equivadehiction
in total tension cone mass. Reducing the inflapoessure
not only reduces the inflation gas mass, but agluces the
gas generator mass and the torus mass, the lattauge of
the reduced stresses on the torus.

Isotensoid Mass Estimation

The isotensoid mass essentially consists of twopoomants
that can be summed together — the meridional caskrand
the canopy fabric mass (assuming the canopy anbleur
fence are constructed of the same material). Tthesmass
of the isotensoid IAD can be represented as Equald
(19]

Mg, =nl,g+d¢ A (20)
where my, is the mass of the system,is the number of
meridional cords (assumed to be 48) of lerdgtith mass
per unit lengthg d; is the material mass per unit area, And
is the total canopy surface area (including theéoleufence).
Given a desired shape, appropriate materials caeleeted

to satisfy the maximum fabrid and meridian stresse$)
required to obtain that shape.

To estimate the meridonal cord mass, a factor fefypaf 5
(k, = 5) is applied to actual meridian tensidi.{ to obtain
the design tensionT{esq). Given the tensile strength of
Vectran, a meridian widthag) and subsequently a mass per
unit length @ is determined from Equation 22. This mass
per unit length is then used in Equation 20 to inbgatotal
meridian mass.

Tdesign = krnTact (21)
W = Tdesign
TSy (22)
g = dem



For the canopy fabric, a similar factor of safetypdk. = 5)
is applied to the actual stress resultant to obtaitesign
stress resultant. The primary constraint consideréiaat the
design stress resultant be less than the tensiiegth Ggesign

S7).

A summary of the mass estimation efforts for tteensoid
is provided in Table 6. When compared to the tansione
the isotensoid is estimated as having a lower niass
given diameter. Much of this can be attributedht® ram-
air inflation mechanism of the isotensoid and theklof a
requirement for an independent inflation systemhatTis,
even though the isotensoid configuration has dicantly
greater material acreage, the increase in matedas is still
less than the mass of an inflation system. Fromaas
perspective, should it be possible to reduce tlilation
pressure requirement of the tension cone torus,tile
concepts would become much more equivalent. Laasy,
with the tension cone, the isotensoid can be seénctease
in mass more rapidly than the corresponding ineréaslrag
area. However, this increase is at a lower rate tbathe
tension cone IAD and in general shows that thesissaid
scales better than the tension cone with regardsass. A
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Figure 21. Mortar mass vs. parachute mass regressio
Mass Estimate Summary
A summary of the mass estimates for each deceterato
combination is provided in Table 7. Of note, tmealer
IADs are shown to be mass-competitive with the ls@3

m DGB parachute.

Table 7. Mass summary of decelerator systems.

System Diam. Mass (kg)
caveat to these results should be noted due tdathe of Config (m) IAD"  Parachute  Total
historical precedence in the manufacturing of IABtghese Baseline DGB 23 N 77 77
scales. This applies equally to both the tensionecand ia 164 - 104
isotensoid mass estimates. 17 194 ) 194

Tension Cone
. . 20 326 - 326
Table 6. Isotensoid mass for a range of diameters. 23 505 ) 505
IAD Diameter (m) 14 17 20 23 14 50 - 50
Meridians . 17 83 - 83
Cord Length (m) I, 157 207 245 287  'sotensoid 20 122 ; 122
Actual Load (N) Taee 3187 4933 7152 9680 23 174 - 174
(l:\/leridian Mass (kg) my, 13.0 264 454 71.8 Tension Cone 14/ 23 104 54 158

anopy . )

Actual Stress (N/m) s, 1080 1080 1077 1077 Ringsail 14726 104 69 173
Surface Area (A A 403 617 842 1112 14/29 ...104 86 190
Canopy Mass (kg) m. 369 565 77.1  101.8 14720 50 41 91
Total Mass (kg) M 50 83 122 174 Isotensoid 14 /23 50 54 104
- + Ringsalil 14 /26 50 69 119
Parachute Mass Estimation 14729 50 86 136

Mass of the subsonic parachute system was estimated
a regression on historical ringsail system massssijting in
the following mass estimating relationship

m
S—p =0.1055kg/ m? (23)

0

where m, is the parachute mass a® is the parachute
nominal area. The mortar mass required to ejecivang
parachute was similarly estimated from a linearesgjon of
historical data, shown in Figure 21.
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TIAD mass includes inflation system for tension €on
Parachute mass includes mortar mass

Examination of mass estimates alone does not atigua
portray the system view. Rather, the mass coritdbsi
must be weighed against other benefits that the A&y
provide. In particular, the trajectory benefitsalissed in
previous sections must also be considered. Oneoagpipr
taken is to consider the velocity and altitude &iclw the
decelerator system is staged to a propulsive teirdiescent
system. With this approach, a mission designer can
effectively say, “How large of a system do | neede at a
given altitude and velocity for staging purposed arat is
the mass contribution of that system?” The follayin
outlines the approach and results from this typenaflysis.



Each decelerator system is assessed based on tinosme

the delta mass (my9 of the deceleration system (both A summary of the delta propellant and delta systemsses

aerodynamic and propulsive) and the altitude atckvhi
propulsive descent was initiated. The delta mapsesents
the change in decelerator system mass that isregtas a
result of moving to an IAD or IAD-parachute two-gta
system. This delta includes the mass of the deateler
system and any additional propellant required assalt of
staging at a higher velocity. The value of the aleftass is
the difference between the combined IAD/ringsailfygilant
mass and the baseline DGB mass.

Five velocity conditions were selected to initigt®pulsive

for each terminal velocity condition is providedTable 8.
From Table 8 it can be seen that nearly all confiions
analyzed incurred mass increases over the basBiiB
system. However, the altitude at which propulsiesatnt
can be initiated is significantly higher than thaseline
configuration. For example, utilizing a 20 m issdeid IAD
and staging at 175 m/sec will incur a 150 kg insesin
decelerator system mass but will also yield a 10rerease
in staging altitude. Lower staging velocities gidbwer
system mass increases, though at the expense méliers
improvement in staging altitude. For example, gsihe

descent ranging from 200 m/s to 100 m/s (propulsivesame 20 m isotensoid and staging at 150 m/sec qa®vi
descent is initiated at 110 m/s in the DGB refeeenconly a 3 km increase in staging altitude. This i® do the

trajectory). The altitude at which these velocignditions

IAD having reached its terminal descent slope [2H].

are achieved will depend on the size of the IAD orgeneral, higher altitudes can be achieved by gfagin

parachute. Since mass is a function of size (i@néeter),
the propulsive staging altitude is directly cortethto the
IAD and parachute mass. The propellant mass redjuoe
null the remaining vehicle velocity is calculateih \the
rocket equation

- bv
My =M 1- €Xp —— (15)

0" sp

wherem is the initial vehicle massyy is the final vehicle
mass My, i the propellant mass¥ is the required change
in velocity, g, is the acceleration due to gravity of Eargh (

higher velocities. Two-stage systems that includalasonic
ringsail parachute are shown to incur lower masse#ses
than the single IAD system, though typically withs$
altitude benefit. The most favorable situationddmwo-stage
system is shown to be for lower propulsive staging
velocities. For example, a 14 meter isotensoicptliwith

a 29 meter ringsail can provide a nearly 6 km gt
increase at a staging velocity of 100 m/sec whifdy o
incurring a modest 43 kg increase in system mass.

The intent of Table 8 is to provide a mission desigwith
insight into the trades available for using IADsl dow they
may impact the descent profile. Use of a single Ig\3tem

= 9.81 m/9, andl, is the specific impulse of the descent can yield significant altitude increases so longhasvehicle

rocket engines, assumed to be 205 sec based drikiing
terminal descent engines.

is designed to stage at a higher terminal descalontities.
Staging at higher altitudes and velocities is ddde as it
affords the ability to mitigate navigation errorsrdugh

Table 8. System study metric summary for 4.2 MT baadine case.

Staging Velocity (m/sec) 200 175 150 125 100
Dmyop (KQ) 143 104 65 24 -16
Configuration Diameter | Staging Dmg,s Staging Dmgs Staging Dmgs Staging Dmgs Staging Dmgs

(m) Alt (km) (kg) Alt (km) (kg)  Alt (km) (kg)  Alt (km) (kg)  Alt (km) (kg)

Baseline DGB 23 9.4 - 9.1 - 8.7 - 8.1 - 4.5 -

14 15.9 170 10.1 131 4.7 92 - - - -

. 17 19.9 260 17.4 221 10.4 182 4.5 141 - -
Tension Cone 20 211 392 20.3 353 169 314 9.0 273 28 233
23 21.6 571 21.2 532 20.3 493 13.0 452 6.6 412

14 13.0 116 6.3 77 1.0 37 - - - -

. 17 18.8 149 12.9 110 6.7 70 1.3 30 - -
Isotensoid 20 20.7 189 19.1 150 117 110 5.9 70 0.1 29
23 21.4 240 20.8 201 18.0 161 9.7 121 3.9 80

14 /20 15.6 211 13.8 172 10.8 133 6.3 92 0.6 52

Tension Cone 14 /23 15.9 224 14.8 185 13.2 146 10.1 105 4.7 65
+ Ringsail 14/ 26 15.9 239 15.2 200 14.2 161 12.4 120 7.9 80
14 /29 15.9 256 15.2 217 14.6 178 13.6 137 10.7 97

14 /20 14.0 157 125 118 10.2 78 6.3 38 0.7 -2

Isotensoid 14 /23 14.2 170 13.3 131 11.9 92 9.6 51 4.7 11
+ Ringsail 14/ 26 14.2 185 13.6 146 12.7 107 11.3 66 7.9 26
14 /29 14.2 202 13.6 163 13.0 123 12.1 83 10.2 43
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subsonic terrain relative navigation and guidarei&ws
additional timeline margin for subsequent descend a
landing events, and allows for landing at highezvation
sites.

Although Table 8 clearly shows altitude and trajegt
advantages that can be attained from a supersAific it
should also be recognized that an increase in pdytass
is also attainable. Because a supersonic IAD isorgbly
insensitive to increases in entry mass (Figure ttg),IAD
can accommodate an entry mass increase greaterthtban
mass of the IAD itself. For example, an entry mafss MT
can be decelerated to subsonic velocities at néael\same
altitude as a 4.2 MT entry mass. Since the IADtesyis
would constitute significantly less than the 800ikgrease
in mass, the net effect is an increase in payloassm With
this in mind, the mass analysis performed for thz MT

of roughly 1 kPa, a full third beyond that planrfed MSL.
Although it may theoretically be possible to deyela
parachute that would work for these increased rsastgeng
so would likely require a costly qualification pram,
similar to the Balloon Launch Decelerator Test Paoy
undertaken for the Viking missions. Given the maad)i
increase in payload mass that such a program would
ultimately afford, it may be more prudent to spehdse
resources qualifying a supersonic IAD, a technoldiggt
would enable a greater range of entry masses forefiMars
systems.

7.CONCLUDING REMARKS

The objective of this system study was to show Husvuse
of inflatable aerodynamic decelerators can provide
technology path to enable higher altitude and highass

entry case was also performed on a 5 MT entry casganding on the surface of Mars. Both a tension cane

However, the previous metric of delta system masshieen

isotensoid IAD configuration were investigated. As

replaced with a net increase in payload capabilitygerodynamic database for such IADs does not esist,

corresponding to the difference between the ineasntry
mass and the mass of the IAD and additional prapelThe
results from this trade are shown in Table 9. bt be
mentioned that in this context, the increased pEaylmass
does not necessarily represent an equivalent iseréa
rover mass or landed mass. Rather, some of thiogzhy
increase will likely be consumed by increased stmad
masses, larger propellant tanks, etc. that resaln fan
increased entry mass.

From Table 9 it can be seen that payload increais&80 kg
or more are attainable with use of an IAD systeffhe
greatest payload increases occur with smaller 1AD%r
example, using a 14 m isotensoid IAD and staging@Qft
m/sec can provide a 641 kg increase in payloadstging
altitude of over 9 km. Use of a parachute for thigeased
entry mass would require deployment at dynamic quies

preliminary database was constructed computatipnaing
a cartesian flow solver. Trajectories using IADg dAD-
parachute two-stage systems were compared reltdive
nominal trajectory utilizing a traditional DGB pataite.

Results from this performance analysis demonstrated
IAD ability to drastically improve the altitudes ahich the
entry vehicle transitioned to subsonic velocitiggdditional

improvement was possible when the entry flight anot

entry bank-angle reference profile was adjustedlltov for

IAD deployment at higher Mach numbers and altitudes

Structural analyses, material properties, and Hdstb
regressions were used to generate mass estimatahefo
decelerator systems in order to provide a complete
representation of each system. These mass estisfaiesd

the isotensoid configuration to be a lower masaitsm,

Table 9. Payload increases possible for a 5 MT @gtmass using various IAD configurations.

Staging Velocity (m/sec) 200 175 150 125 100
DMyop (k9) 143 104 65 24 -16

Configuration Diam. Stage Dmy, Stage Dmy, Stage Dmy, Stage Dmy, Stage Dmy,
(m) Alt (km)  (kg)  Alt (km) (kg) Alt (km) (kg)  Alt (km) (kg) Al (km) (kg)

14 12.7 587 7.0 638 1.7 689 - - - -

: 17 17.9 497 14.2 548 7.5 599 15 651 - -

Tension Cone 5, 196 365 185 416 13.0 467 6.2 519 - -
23 20.2 186 19.8 237 18.4 288 10.1 340 3.8 393

14 9.4 641 3.2 692 - - - - - -

. 17 16.5 608 9.5 659 3.8 710 - - - -

Isotensoid 20 19.0 568 16.4 619 8.7 671 3.1 723 - -
23 20.0 517 19.1 568 13.9 620 7.0 672 0.9 725

14 /20 15.1 546 12.6 597 8.4 648 3.5 700 - -
Tension Cone  14/23 15.5 533 14.2 584 12.0 635 7.5 687 1.7 740
+ Ringsail 14 /26 15.6 518 14.8 569 13.6 620 10.8 672 5.2 725
14 /29 15.6 501 15.0 552 14.2 603 12.7 655 8.2 708

14 /20 13.6 600 11.6 651 8.3 702 3.5 755 - -
Isotensoid 14 /23 14.0 587 12.9 638 11.1 689 7.4 741 1.7 794
+ Ringsail 14 /26 14.1 572 13.4 622 12.3 674 10.2 726 5.2 779
14 /29 14.2 202 13.6 163 13.0 123 12.1 83 10.2 43
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though much potential exists to improve the masg6] R. R. Barton, “Development of Attached Inflatable
performance of the tension cone. Each of the dextele Decelerators for Supersonic Application,” NASA CR-
systems were assessed based on two metrics — ggeaha 66613, 1968.

the IAD EDL system architecture relative to theerefice

DGB EDL system architecture, and the altitude atctvh [7] “PEPP Ballute Design and Development Final Report,”
propulsive descent can be initiated for each sysS8ystems NASA CR-66585, 1967.

that incorporated only a single IAD were favoraaténigher
terminal propulsion staging velocities while syssetmat
incorporated a two-stage IAD-parachute system weoee
favorable at lower staging velocities. Because Iodirt
significant insensitivity to increased entry mas$aB’s can
also increase payload mass considerably. Incrgatia
entry mass by 800 kg above the 4.2 MT DGB EDL
architecture provided an increase in payload makss o
approximately 600 kg, particularly when using sesall

[8] L.W. Beegle, M. G. Wilson, F. Abillerira, J. F. dian,
and G. R. Wilson, “A Concept for NASA’s Mars 2016
Astrobiology Field Laboratory,Astrobiology Vol. 7,
No. 4, 2007, pp. 545-577.

[9] J. R. Cruz, A. D. Cianciolo, R. W. Powell, L. C.
Simonsen, and R. H. Tolson, “Entry, Descent, and
Landing Technology Concept Trade Study for
Increasing Payload Mass to the Surface of Mag%,”

IAD's. International Symposium on Atmospheric Reentry
Vehicles and System&rachon, France, March 2005.
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