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AID TeaDl PROPULSION

• Key Personnel
- NASA MSFC Project Manager - Bonnie James

AID Program Manager :..- Rich Hund

Systems Analysis -Sajjad Reza / Dick Foss

Configuration - Kevin Makowski / Ken Romeo

Inflatable analysis - Glen Brown (Vertigo Inc)

Materials Analysis & Selection - Frank Kustas

Aeroelastic Analysis - Jarvis Songer / Michel Lesoinne (CD)

Thermal analysis - Chuck Rasbach / Greg Estrel

Aerothermal Analysis - Bill Willcockson / Jarvis Songer
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PROPUl...SION

• Lockheed Martin Astronautics was under an AID contract
to design, fabricate and test an inflatable aeroshell system. This
includes sizing, heat rates, loads analysis, etc.

• Accomplishments:
- Established a Titan point of departure (POD) design and lTIaSS determination

Conducted preliminary trades for each progrmTI element
Completed initial systems comparisons (rigid vs. inflatable aeroshell)
Completed trade studies for alternate shapes and sizes and internal confiEju-'I'Il"

- Performed structural analysis to determine strength, stiffness, & stabilit
~':f--

- Completed Guidance Accuracy, Aeroelastic and Packaging analyses
- Constructed scaled lTIodel for manufacturing process development

Completed inflatable aeroshell TPS material plasma je
• Kustas, F, et aI, "Testing and Evaluation ofMa

Inflatable Decelerator (AID), " Joint Army-Nav
54th Propulsion Meeting, May 14-17, 2007, De

- Completed Assessment of inflatable aeroshell c
for Mars direct entry

IfEI7T/Gcz',NC.
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Single Surface (Hypercone)
Pros:

• Lightest weight structure

• Efficient use of inflation gas

• Good heat transfer

Cons:

• Concave shape causes adverse shock
interaction and high local heating.,---------=====-------,

Ribbed Double Surface
Pros:

• Good surface control

• Streamwise smooth

• Efficient material use

Cons:

• Manufacturing issues

- Joining/seaming

-Structural reinforcement

• - • Cross-flow wavy
"EI7T/ELZINC.

Aerocapture Inflatable Decelerator

."-'-_....- ",...,. ---

Traded Options

- inflation

• MIAS: poor heat transfer

• IRVE: poor shear stiffness

Multiple Stacked Tori
Pros:

• Good structural stability.

Cons:

• Poor use of inflation gas.

• Difficult interfaces

- tube-tube

...
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PROPUL.SION

Pros:

• Efficient structure

• Efficient gas usage

• Good heat transfer

• Potential for shape- morphing

• Known, scalable manufacturing technology

• Inflatable Components Thermally Protected

Cons:

• Surface deflection - Assessed in Guidance Analysis ­
minimal

• Cross-flow wavy

- Minimal impact

Spar with RimsSelec~ted Option

' ..

N~

Benefits
• Back surface is efficient heat radiator
• Accommodates multiple material types

More efficient as material TRL improves

• Easily scalable
In tenTIS of size/geometry, materials, etc.

• High and low TRL options considered
High TRL = 7.5 m at Titan
Low TRL = 15 m at Titan

... ellC _rl.=*" 5
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Inflatable Aeroshell Features

- INFLATABLE TORUS
MEMBRANE

12XRADIAL
INFLATABLE BEAMS

RIGID STRUCTURE
SPACECRAFT ATTACMENT
6 PLACES

ItERT/u£!/NC. ... CIlC •••• ~ .......* 6
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JETTISON TITAN LANDER
SUPPORT STRUTS

~ TITAN ORBITER WITH STOWED

-~.rrV~ DEPLOYABLE AEROSHELL
I'T STRUCTURE

t

t

4mFAlRING

Aerocapture Inflatable Decelerator

TITAN LANDER

STOWED DEPLOYABLE
AEROSI1ELLSTRUCTURE

Titan Aerodecelerator Features

Payload C offset and roll control via
I usters for j?~idor control

IIERT/G£z'Nc.

ION ENGINE
PROPULSION

STAGE

...

N~

TITAN ORBITER
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Inflatable Structure tf
PROPULSION

Feature Unit
Spacecraft 3.75 m
Diameter
Deployable 15 m
Diameter
Length of Beam 5.6 m
(snoke)
Axis-Beam Anqle 70 deg

IrEI7T/EC!/NC. 8
Gil
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Inflatable Design Integration ~E
PROPULSION

•

•

Design Integration Provides
- Stiffness Tailoring

- Deflectjon Reduction

Extensive Vertigo Heritage
- Grounded with Tests

Pre.ure Requiml
d beam=
d-to~

P beam=
P-torus=

Slenderms.
lid beam=

1lD/d to~

10 In
14 In

105 P;~
10.8 P;l

22.1
109.1

• Table for 15m High TRL
Design

~ StifliUl - Beun
Fbrkmin= 845 Ibf
Fbrkuse= 3382 Ib f

thrk= 3.0%
EI= 1.41E+06 Ibf-Uf2

BsM!D1cSdfJi.. -Tarw
FbrkmirP 1657 Ibf
FbDcwe= 662B Ibf

~zk= 3.I1A
EI= 1.97E+10 Ibf-in"'2

Eimin= 3.26E+07
EIIEimin= 6J5

lfERT/GLZ/Nc. 9
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Inflatable CODlponent Design

",

Shear

Distributed Load

Bending Moment

Bum 51.lion, lnchulrom SC Atluh

l.-

,,

.,so++-l++-H-l-+++-HH+-Hdf-++-I-I--l-++-l

Beam Loading
Uniform Pressure on Surface

Total Axial Force 4840 Ibf
(2.2g on 1,000 kg)
Average Pressure 0.018 psi

Axial Force on AID 4537.5 Ibf
(uniform pressure)
Number of Beams 12

Force on each beam 378 Ibf

Estimated Optimum Torus Diameter
and Loads

Torus Attachment Beam 169.3 In
Station
Torus Diameter 486.2
Torus Vertical Reaction 296.3 Ibf
Compression in Torus 224.5 Ibf

Beam Design Based Upon
System Requirements
Vertigo Heritage

• Shear and Moment

•

• Torus Design
System Requirements
Vertigo Heritage
L/3 & C)ptimization

• V,1\1, Length

aum SI.llon, l"chu 'rom SC "Il.eh

lfERT/G.£Z'Nc. 10
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AerotherDlalObjectives

• Establish the range of aerothermal environments expected for an
Inflatable Aroshell aerocapture mission.

• Target Titall as a destination.
• Designate a single P.O.D. design to proceed with for initial sizing.
• Perform more extensive aerothermal analysis ofP.O.D. ballute
• Iterate design if needed based on refined aerothermal environments
and materia /stmctural capabilities

lfERT/EC!'NC: ... c ••••• _ .. _r ••* 11
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Titan Inflatable Aeroshell Environments

5Or-----------------------.,
? Preliminary environments

? 3.75m, 7.5m and 15m diameters
examined.

? Convective heating analyzed using a
combination of CFD and engineering
tools.

? Radiative heating predictions made by
scaling methods using data from the ISP­
1 rigid aeroshell mission. (Full
explanation to follow.)

? Radiative heating dominates as expected
from previous experience.

40

10

TIA Aeroballute Diameter Comparison:
Predicted Radiative and Convective Aeroheating

-- I*!. ',7SmDlatM1H
--!Lco..... J.75m 0 mlltr
--O.rad 0 7,511' lllImlltr
--Q.COlI't. 7.5m Oil_I..

0..,"0 I,",OIaItleI.r
- Q.com·l,."Oll....lor

700 800
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Titan Radiation Environtnent
PROPULSION

? Analysis of radiation heating at Titan presents significant challenges.
7 Radiation is highly coupled to flowfield, dictating the need for coupled CFD solutions or empirical

correction factors to produce accurate estimates of beating.

7 Radiation heating is a strong function of methane concentration - still relatively uncertain for
Titan.

7 Radiation predictions for preliminary analysis extrapolated from existing ISPI data, using 3.75m
diameter as a common reference point.

7 ISPI values derived from data published by NASA ARC and LaRC (AIAA 2004-0484 & AIAA 2003­

4953)

7 Scaling factors for larger diameters derived using LMA tool results and 3.75m ISPI results.

IfERT/GL:!'NC- ".CK.~•• •• • "'6.*" 13
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Afterbody Heating 4f
PROPULSION

1.20.4 0.6 0.8
R/R_max

0.2

_~_ Stagnation point Max. radius .........

o

• Simplified vehicle geometry wi
assumed spacecraft envelope

• 0° AoA (provides most conservative
heating

Three diameters analyzed to provide
parametric data
Corner radius matched to inflatable
spar thickness

• Backshell not required for P.O.D.
ballute - thermal blankets provide
adequate thermal isolation

"ERT/E.£!IN~
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Forebody Convective Heating

• Deformation of forebody results in
"ridged" surface

• Local heating accentuation
expected at spar locations

• CFD analysis of aero-loaded
forebody performed using LAURA

- 18 species Titan atmosphere

- Laminar flow

- 0°,5°, and 15° cases

• Local heating increase on spars
",,50% compared to surrounding
areas

• Spar heating is bounded by
stagnation point heating in all cases

IrEI7T/ELZINC. ... 1: A 6.=*" 15
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Scaling ~with heat rate) PROPULSION

f- ..

Differing environments can translate into a reduced ballute diameter
80 .....----r----or------r----or------r----or----..,
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Surface Pressure 4fE
PROPULSION

-7.5m Pressure Distribution
7.5m Ao,oballulo P'....II'. DI..I,lb\ltloll

··15dog AoA. Titan (N2 only)··

-Used as input to detemine
Spar and membrane deflections

7 !lm Pr UfO (II I)
0.084
0.062
0.06
0078
0076
0.074
0.072
0.07
0.000
0.060
0.004
00G2
0.06
0.056
0.056
0.054
0052

lfERT/EC!'Nc.
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Worst Case Deflections ~PROPULSION

• Edge Deflections for 15 deg AoA

• Max delfection at membrane == 6.42"

• Max deflection at spar == 2.77"

812
M12

SI

.S10

me~

M182

Edge Displacements of Deployable

Displacements at end of Spars (Si)
And outer edge midpoint of Membrane (Mi)

Membrane R Disp in. ZDlsp( in. Spar RDlsp in. Z Dlsplln.
M1 -2.774 6.420 51 -1.142 2.772
M2 -2.774 6.421 52 -1.040 2.745
M3 -2.704 6.278 53 -0.973 2.574
M4 -2.529 5.917 54 -0.891 2.367
M5 -2.384 5.613 55 -0.815 2.173
M6 -2.517 5.259 56 -0.777 2.074
M7 -2.517 5.259 57 -0.782 2.088
M8 -2.384 5.613 58 -0.777 2.074
M9 -2.529 5.917 59 -0.815 2.173

M10 -2.704 6.278 510 -0.891 2.367
M11 -2.774 6.421 511 -0.973 2.574
M12 -2.774 6.420 512 -1.040 2.745

.&.If:IC.~ •• ....F6.=*" 18
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Accuracy Initial Conditions
• Closed-loop aeroassist simulation (CLAAS)
• Utilize bank angle control of the positive lift vehicle in the presence of

navigation and atmospheric errors

1) 1200 kg entry mass
2) 7.5 m diameter
3) 1700 km exit orbit apoapsis target (same as rigid study)
4) 375 km Encounter periapsis (required to satisfy Items 1, 2, and 3) - this is in

contrast to the 296 km used for the smaller (3.65 m) rigid aeroshell
5) 2% Area change due to deflected shape
6) 0.7 deg angle of attack shift due to deflected shape
7) Aerodynamic coefficient change (Cd & CI) due to 2.7 deg change in deflected

average cone angle
8) 5% overall aerodynamics uncertainty (vs. 2.5% used for rigids)
9) 25% reduction in roll angular acceleration due to assumed reduction in torsional

stiffness

"ERT/G.£!IN~ &.ellC•••• •••.,..-* 19
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Monte Carlo Results

.------.----,.-----.----,.---,.----.,...--~-~ 470
Titan Aerocapture to 1700 km, V-entry=6.5 km/s, 7.5m Aeroballute

o

280

o

o

260

o
o

240

o

220

o
o 0

200

o
o

180160

~~---"---+-a---1---+--~--~--I- 370 <
III
o
c:
c:
3
"tl
CD

320 ~.

'C
1/1
iii'
~
3

f----t---+-----I----l---+---.J-----I--------I- 270 ~

f----t--a-+-----I----l---+---.J-----I--------I- 420 m
:J
o
o
c:
:J
S'.,

I----f---+-----l----l---+---.J-----I--------I- 220

300140

1) Apoapsis error had a
standard deviation of 176
km. This is in contrast to
a value of 97 km for the
rigid vehicle.

2) Circularization trim delta-V
requirements (fixing both
apoapsis and periapsis
errors) had a 99%
maximum magnitude of
240 mps. The
corresponding value for
the rigid aeroshell was 238

Circularization Delta-V (mps)
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Guidance SUDlDlary
• An orbit-insertion accuracy analysis based on deflected shapes of the

down-selected AID inflatable aeroshell configuration, and concepts for
membrane shape controVsteering was completed.

• Results from the orbit-insertion accuracy analysis reveal:

1. Highly efficient lift vector control guidance is feasible and attractive for
our inflatable concept,

2. Deflections associated with loads on the inflatable structure are
relatively small and have minimum impact on guidance and control,

3. Aerocapture injection accuracy is similar to that of a rigid aeroshell,
4. Several promising concepts to achieve effective center of gravity (CG)

offset are possible, and
5. Lift vector control is effective for aerocapture as well as entry scenarios.
6. Conventional control and stability methods can be used to control the

inflatable aeroshell during aerocapture or planetary entry

ltERT/GLZINC.
AIAA ADS Conference 23 May 2007



' ..

N~
Aerocapture Inflatable Decelerator

Rigid vs. Inflatable Aeroshell
RIGID AEROSHELL INFLATABLE AEROSHELL

-RequirE~sa Separate Cruise Stage
which il1lcludes Solar Power Systems,
Star Trackers, ACS, Propulsion, and
Radiators for heat rejection. (Internal
for Spacecraft and External for
Cruise)

-External Radiators likely necessary
to Dissipate Heat generated within
enclosed Aeroshell.

- Spacecraft Packaging is not
optimized because it must be
constrained to fit within the Aeroshell
(Backshell and Heatshield) Shape.

- Less Flexibility to Tailor Spacecraft
Mass Properties

-Limited Access to Spacecraft late in
Integration flow

"EI7T/EL!IN~

- Inflatable Aeroshell is stowed during
cruise, and no Backshell is required,
therefore Spacecraft Navigation, ACS,
Propulsion Systems can potentially
be utilized Eliminating the need for an
Independent Cruise Stage.

-Spacecraft has Clear view to Space
Simplifying Heat Rejection

-Ability to Optimize Spacecraft
Packaging within Launch Vehicle
Payload Fairing

-More Flexibility to Tailor Spacecraft
Mass Properties

-Allows for Spacecraft Access late in
Integration Flow

-Low Mass Fraction
.& • II: Ie • • •• - All .... 6 -=.;::::r--
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Titan Rigid/Inflatable MEL

17.1J

3.1

_-t-__-,1_'~j
0.7_

1.4

i--0~9
0.8-----1---

h Lower TRL Inflatable 1

Component _ Im~(kg)I
Rigid Nosecone 102.3

Structure with ring 58.2
TPS 12.9

t S/~interface fitting~ _ _ ~.~
tOther Aeroshell 31.6- --

ITorus 7.0

~
Membrane film, -r- 3.6

1
1 - -=-f-=-
Axial straps I 1.4

IGas inflation system

I Gas
,Container

--
Spars
Spar K1100

Beam ends
Miscellaneous

1.4
0.9
0.8

4.0
21.6

3.5
1.4
2.7
5.2
1.9
0.7

3.1

Rigid

Total 151.3
I-If------------f-----+-t - - - r---- -
l-->.-- -l- -L-..l.-Total w/30% contingencYi 196.7

Total
Total w/30% co_n_ti_n=g_en_c-'Y:.J..1. --J

... II:K 6.* 23
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Inflatable Aeroshell Applicability to Mars
Entry

".I:IC•• ~. _A.r6.=*" 24
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Mars Direct Entry ~E
PROPULSION

• Initial Conditions similar to Mars Scout Phoenix Mission

Inflatable PHX-Rigid
Aeroshell Aeroshell

Total Mass 500 kg 600 kg
Entry AoA 15.5 deg odeg
Flight Path -13 deg -13 deg
Angle
Entry 125 kIn 125 kIn
Altitude
Ballistic 7.7 66
Coefficient
Aeroshell 7.5m 2.65m
Diameter

"EI7T/Ga./N~
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Altitude and Load for Mars Entry

-Altitude vs Load for
Inflatable M:ars Entry

-Max load 11.5 g's

Mars Agroballutg Entry
7.5 mlllg. 70 dlll1Vll sphg!icOllQ, Inllafa~ll BaHulll

ClftAS Enlry $lmulahOn

AlAA ADS Conference 23 May 2007
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Altitude and Mach PROPULSION

-The inflatable aeroshell
allows the spacecraft to
decelerate earlier during
entry and at a higher
altitude

-Mach 1.5 at 27km Alt

Mars A9roballul9 Enlry
7.5 mllllJ. 70 dlll1llll sllhlJlicOI'lQ, Inllatatlll BallUlIl

elMS Entry S1mu1allOn
.:-"'!'.....,.......,.......,........,.--.-,~-.,.......,.-.;.-!"""""I".....,.......,......,.-"!'""'"""I~-.,...-, 35

100

TIme (sec)

..
i
2

lrERT/G£!/NC:
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Mars Entry Heat Rates

•Max heat rate
12.8 w/cm2 and
integrated head
load of518 J/cm2
within inflatable
materiallirrlits

14

12

10

4

2

Mars Aeroballute Entry Healing
7.5 mller. 70 d91199 spherliconll. Inflalatjg Ballulg

LAUAA+SHlV Slagnallon Polnl Hgalln~Computation

I \

I \
/ '/V

~

V /\
7 I \

7 / \
~

[7

"/ i'--.

700

600

500

..-..
""

400 E
"'!
3

200

100

20 80 80 100

Time (sec)
120 140
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SUIDDlary

•Inflatable Aleroshell allows deployment of Parachute at much
higher altitudes than is possible with rigid aeroshells.

·Parachute deployment at high Mach #'s (>3) is inefficient

Inflatable PHXRigid
Max Heat 12.8 W/cm2 56.0 W/cm2
Rate
Max g Loads 11.5 <10 Nom

Parachute 27.5 kIn 10 kIn
Deploy Alt
Parachute <1.5 "'"'2.0
Deploy Mach

IfEI7T/G£Z'NC. .&. II: Ie •••• -. ...... 6 .=*," 29

AlAA ADS Conference 23 May 2007



R. Hund, S. Raza, F. Kustas, K. Makowski, W. Willcockson, J. Songer, K. Romeo; lockheed Martin Space Systems-Civil Space; Denver, CO
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AEROCAPTURE INFLATABLE DECELERATOR (AID) FOR ATMOSPHERIC ENTRY

----+
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......., ........ .......PJ ~ "''''')''i1i',",-~-.:lA'I
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tt...-.........,ra
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Tempt!Talure Dlrtribudon:r Predlc~d lor Variou.f LocatiO/IS
Aao.\'f AID JU~mbriln~lSpar!tIulliJa)'~r

_ ,It ..... ''''''M'WU._.
Pia. ma J~I T~.~I ResullS: M~a.~ur~d T~mp6Q/ur~ ShOWing
Attainmt!lll of>7fJOOC btn~ath out6lt1I lor JI~atPh4.\: 01

-UWlcm' Q//d <lOOoC on SPilT (!ttl)

TUERMAL TESJ'lNG:

• I'lasma jet (1'1) testing conducted 011 test anicles in LMSSC­
Materials Teclmology Laboratory (MTL), to measure
in-depth tcrnperatures and validate materials survivability.

• Systernllticseries of tests with illCrellSiDg heat flux to achieve
predicted tClll'erature (900-IOOO'C) during entry into Titan.

• Heat flux of-32W/cm' required for MI outer material
tempel'llture of900·IOOO'C in Ellrth atmosphere. Maximum
spar temperature measured -215"C.

• Multilayered TPS materialssurvived multiple (5) PJ exposures
during heat flux-tenlpera1Ure calibration experiments.

IINI Flux lor 7.5-m AID Conup4 ShoKing
Loco/ked Ar~a.~ of/l;gher JleQ/ Flu;(

....R_.....
R~/ali... Il~aling Ra~ as Function 01Position

ANALYJ'lCAL IOUELING; CFD. TII£RMAL:

• CFO were performed OIl membrane/spar configuration to
provide heat flux lI/ld pressure distributions.

• 11lerm:11 model (figure 011 bottom right) de·.eloped to
calculate temperature distributions from pellk heating
predicted from CFD.
- Multilayer configuration with 'IT'S materialillyers

separating membrane and inflated spar is effective at
reducillg temperature on tbe spar material.

.....
-"••III.IIIIII••IIIII( .,.....,

AID Ma~rw/sConfiguradon Across Mnnbran~-Io-Spar

BACKGROUNU:

• £nuy into planellUy atmospheres results in significant
bellting and lIcrodynamic pressures whicn stress tIlermlll
protection system materials to tbeirusefullimits.

• Decelemtors with increased surface-afea footprints reduce
heat flux. induced telll'eratures and are stowable in a
compact space in the spacecraft.

• l.M SSC, Vertigo hlC., and the University of Colorado,
developed a conceptual inflatable aerosheU design,
performed Computation Fluid Dynamics (CFO) and
thermal analyses, and tested candidllte Thermall'rotectioll
System (TPS) articles.

INFLATABLE AEROSllELL Dt:SIGN TRAUE STUUV:

• Designs for an infllltable aerosbeU were trnded. COIlCepts
included: I) multiple stacked tori. 2) singleoo5urface
hypercOlle, 3) ribbed double surface, and
4) sparoo5upported membrane (selected)

• Benefits of selection: I) membrane back surface as a
thermal radiator, 2) ability to insCl1 higher Teclmology
Relldiness Level (lRL) materials, 3) scalable to larger
sizes for other missions, and 4) extremely low mass fraction.

• OefIections associllted with our infbtable structure are
rellltively small therefore existing guidllnce and control
metbods can be used

MD1Ibran6SJNlr Ctmc~prlor 70S-mAID
• Baseline ArD configuration lay-up consists of high lRL

TPS materials.
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Aerocapture Inflatable Decelerator

AID Conclusions
Inflatable aeroshell offers mass savings over rigid

- Flight-proven materials exist
- More advanced materials allow additional mass savings

Backshell elimination possible
- Even with modest forebody diameters
- Use existing orbiter subsystems during cruise

Inflatables allow for flexibility
- Tailor forebody diameter (associated heat rate)
- Material options

"Hot spots" are manageable
Global and Local flutter minimal
Packaging and deployment efficiency
Manufacturable
Scalable to multiple destinations
Potential cost savings (recurring cost)
Inflatable Aeroshell is applicable to Mars EDLS

- Parachute deployment at high altitudes
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Aerocapture Inflatable Decelerator

Model of 15m Inflatable Aeroshell
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