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Entry, descent, and landing (EDL) is especially challenging on Mars because the
atmosphere is too thin to provide substantial deceleration but thick enough to
generate significant heating during the reentry plase. As a result, innovative ideas
are required to enable future highmass Mars landing missions. One such promising
approach is to use an inflatable aerodynamic decelerator (IAD). Compared with
traditional rigid aeroshells, IADs are made of lightweight flexible materials that can
be folded into a smaller volume in the rockepayload fairing and inflated prior to
atmospheric entry. Such IADs are able to reduce the ballistic coefficient and peak
heating, providing an opportunity to land at higher surface edvations on Mars.
Currently, NASA Langley Research Center is investigating the development of
Hypersonic Inflatable Aerodynamic Decelerators (HIADs) to enable future large
robotic and human exploration missions. Much of the previous work performedn
HIADs has focused onsymmetric shapes that iy through the atmosphere with
ballistic trajectories or trajectories with low lift -to-drag ratios accomplished via CG
offset. The present investigation assesses the technical feasibility of a nadbhD
concept thatcan varylift -to-drag ratios between 0.2 an@.5, is aerodynamically stable
between 0.6 km/s and 6.5 km/s, is extensible to aeroshell diameters of 15 to 20 meters,
and possesses a smooth outer mold line to avoid localized heating.

I. Introduction

Entry, descent, and landing (EDL) is especially challenging on Mars due the nature of the planet. The
at mosphere on Mars is too thin (approximately 1%
but thick enough to generate significant heating duttilegreentry phase. As a resiMars entry vehicles

have been constrained to laatilower surface elevations. Past successful Mars landers have relied on
Viking heritage technologies that a@pable of dévering landed payloads of 0.9 (metric toasMOLA
elevations below (km) [1,2]. The most recent example was the Mars Science Laboratory (MSL) mission
in 2012. Future human exploration missions will require much larger payload masses ranging from 20
(metrictons) to as much as 80 (metric tops)y landing event [1]. These missions will likely require the
deployment of much larger drag devices in order to manage the ballistic coefficient. Such requirements
cannot be achieved with Viking EDL technology since the maximum diameter of the rigghealeie
constrained by the diameter of the launch vehicle fairing.

As a result, innovative ideas are being studied in order to enable future Mars missions. One such
promising approach is to use an inflatable aerodynamic decelerator (IAD), originallyphkel/a the 1960s
[3-9]. Compared with traditional rigid aeroshells, IADs are made of lightweight flexible materials that can
be packaged into a smaller volume in the rocket fairing and inflated upon reentry. Such IADs are able to
reduce the ballistic cdiicient and peak heating, providing an opportunity to land at higher surface
elevations on Mars. Currently, NASA Langley Research Center is investigating the development of
Hypersonic Inflatable Aerodynamic Decelerators (HIADs) to enable future largdioabul human
exploration missions. Most past work on HIADs has focused on symmetric shapes that either fly
ballistically or at relatively low liftto-drag ratios with a modest -@ffset. Many ground tests and flight
tests have been conducted to matureBitAchnology [16€16].

Lifting trajectories allow for shallower trajectories, which reduce the peak heat ratgpeakd
deceleration, as well as expand cromsge capabilities and improve langliaccuracy. The most common
methodof generating lift for anx@asymmetric entry vehicle is to use a ceréigravity (CG) offset in order
to fly at the desirable angle of attack. This approach was used, for example, by the Mars Science Laboratory
mission. However, achieving a L/D ratio in this manner is costly fiamass and packaging perspective.
Therefore, it is important to investigate alternative means of generating lift. One such alternative is to utilize
an asymmetric entry body.
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Il.  Technical, Scientific Evaluation and Rationale of Proposed Concept

A. Aeroshell Corfiguration

One of the most difficult objectiveis the Big Idea Challengs to design a HIAD witra modulated
lift -to-drag ratio (L/D) between 0.2 and 0.5. Harper has performed analysiseoumse of a shifted
asymmetridHIAD for future Mars missions, wbh allows higher L/D withrelativelysmall angles of attack
[17]. This greatly increases vehicle landintasscapabilities and allows the CiGcation tomove in order
to satisfy atic stabilityabout the pitch axis. In this investigation a f 1 0 OH% ADRI fdteesd gn  w;
chosen for analysis because ofalslity to produce thaighest L/Dvalues within the shifted HIAD family
[18]. In order to meet the design objectives and constraints set forth by the Big Idea Challenge, the 100%
shifted HIAD design wasedesigned and reworked. A series of hovel concepts presented in this technical
paper allow forthis novel HIAD design to meet performance evaluation criteria, design constraints, and
construction feasibility goals. Among the many design variables, maxidD was given significant
focus. The appropriate HIAD shape was determined by conducting a thorough search of the geometry
design space. As additionto the 100% shifted HIAD desigthe team inserted common cylindcal
payload fairing(similar to the IRVE-3 centerbody) extending directly backwards from the rigid heatshield
just beyond the depth of the largest diameter Tdré benefits of adding this cylindrical payload fairing are
many: supports rigid attachments of tori, provides a protected edoiimsert the payload, has the ability
to support structural loads if needed, and supports the attachment and function of a viable RCS thruster
system.A rigid core aeroshell capsne end of the cylindrical payload fairing while tori and fabric are
attadcedwhere the rigid core aeroshell and the fairing meet.
B. Aerodynamic Analysis Method

The competion requirements specify that the HIAD concept must achieve aerodynamic stability for
velocities between 6.&m/9) to 0.6(km/9). In the Martian atmospherdidse correspond to Mach numbers
between 27.2nd 2.52, respectively, for atmosphepiopertiesat 30,000(m) [19]. Therefore, it can be
assumed that the HIAD is primarily operating in a hypersonic regime aktbdified-Newtonian
aerodynanic simulation can be usedaalculate aerodynamic forcesthin the velocity window of interest
[20]. This aerognamic simulation was @omputational Fluid Dyamics (CFD) simulation created fitiis
investigation to generate aerodynamic properties of the proposed HIAD coRgegdbllowing analysis
assumetheratdo of speci fic heat s dbel.28iamlindepeadefdiitude 2R n at mo
22]. Throughout the geometry selection process, the Mach number was assumed. tBdxauseCrmax
can be considered as constimnthe hypersonic flow region, this assumption is reasonable.
C. HIAD Configuration

The HIAD geometry was determined Iperforming a .
thorough search of the geometry design space. Design Too o
constraints for feasible configurations include a required L/D of o o
0.5, a CG location that is insidee cylindrical payload fairing,
and static pitch stahlity is achieved.The objective was to
minimize the associated trim angléattack corresponding to y >
each feasible design. Choosing a configuration wisimaller Lcm«j_n
trim angleof-attack is desirable because it requless ballast \ .
mass,allows greater payad volume flexibility, and reduces ) rose dmpter
aeraghermal and lateral aerodynamic diirdg on the leeside of :
the HIAD [18]. The coordinate system shown in Figure 1 was
used throughout this paper.

1. Optimization with Taguchi Orthogonal Experimentaisigin
The cone agle, nose diameteand base diameter atlee
three desigrvariables used to define the geometry shown in
Figure 1. Through use of a Taguchi L9 orthogonal array [23], Figure 1: Aerodynamic Forces
this optimization can be performed by assessing the 9 casegxerted on the Vehicle in Body

shown in Table 1. For each ssg8 Modified Newtonian Coordinates

Major diameter

Point L
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aerodynami@nalysis was performed at Mach 20 and at 5° angle of attack increment8®btm 10°. As
can been seen in Table 1, Caseas the best candidate becaiig®s a minimum angle oftatk at which

it can achieve ah/D of 0.5. However, this geometidid not meet thgitch static stability requirements, so

it was considered infeasiblas such, Cast was seleetd because it generates sufficient L/D with a shallow

angleof-attackof -25°.
Additionally, two trends werebserved from the optimization process. First, the cone angle is the most

influential variable on L/D. Second, while a larger base diameter and smaller nose diantétgecerate
larger L/D, aHIAD configurationwithout static pitch stabilitynay result.

Table 1: Configuration of HIAD C ases and L/D Results

Conf Cone Major Nose Mitfw L/D

Angl e Di amet «Diamet ¢ L/ D > 1+ U:in
Case 50 15 7
Case 50 17.5 8
Case 50 20 9
Case 65 15 8 25 0. 5
Case 65 17.5 9 25 0. 5
Case 65 20 7 20 0. 51
Case 80 15 9 30 0. 5¢
Case 80 17.5 7 25 0. 5
Case 80 20 8 25 0. 5

2. Refined Optimization on Cone Angle

To determine an even more attractive geometry, a semutitdization was performed using Case 5 as
Because t
75°, in 5° incrementsyhile fixing the major diameter and nose diamspcified by Case. & Modified-

Newtonianaerodynami@nalysis was performesh each shap@ Table 2. Case-3 was selected as the
best candidate because it produced the highest L/D at andragtack of-25°.

the basel

ne.

Table 2: Downselection of HIAD Cases and L/D Rsuts

he

vehicl ebs

cone

Configs Cone Major Nose Mi nymforld L/D at
" Angle (°) Diameter (m) Diameter (m) L/D >0.5(°) Urim
Case 51 60 175 9 -30 0.532
Case &2 65 175 9 -25 0.509
Case 53 70 175 9 -25 0.511
Case % 75 17.5 9 -25 0.505

angl e

After selecting the geometry defined by Casg, additional CFD analysis was performed to find the
trim angleof-attack required to achieve an L/D of exactly 0.5. The Caé&ednfiguration was shown to

provide an L/D of exactly 0.5 at a trim angieattack of-24.1°.

3. Pitch Static Stability Aalysis

For the selected Case35configuration, the ptential location of the centef-gravity (CG) was
determinedand a resulting static stability analysis about the pitching axis was carried out. Thm G
was determined byxamining many points on the interior of the cylindrical payload fairfiay each point,
the coefficient of the pitching nmeent and its slope were determinetitis stabilityabout the pitch axis
definedto satisfy the followingwo requirementshown in Equation 1 and Equation 2
0 T8t TU

&
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Figure 2 showghree CG trim lines lodad 2 (m), 2.5 (m), and 3 (m) below the centerline of the
cylindrical payload fairing with a radius of 4.5 (m). The following tinends can be seen in Figure 2:

1. As the CG moves downwairdthe negative lirection, thed increases.

2. As the CGnovwes backward ithe positive xdirection, thed decreases.
It is interesting to note thatérateof change 06 is faster when the CG is moved in thdirectionwhen
compared with the-girection. The selected CG trim line was determined to beoajpatelyd o8 1
(m). Thecorresponding baseline CG location was calculated to be approxirbaie)=(2.34, 0;2.66).
When compared with the 4.5 (m) radius of the cylindrical payload fairing, this CG location was found to
be | ocated 59% of the distance between Thde fair.i
component of the Ccation was chosess he point hakway between thpayload fairing s nose and t
assuming that thfairing has the same height & tshifted HIAD. The z component of the CG location
was deermined by the selected Qfim line. The final result of thetatic stability analyis about the pitch
axisis shown in Figure 3The configuration was determined to be statically stable about the pitch axis at
its trim angleof-attack of-24.1° at Mach 2CFigure 4 showshatpitch static stability waalsoconfirmed
at Mach 2.5 Therefae, theMachn u mb er do e s n 6t static tabityabout theepitch aximi c | e 6 s
this Modified Newtoniaraerodynami@nalysis.
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Figure 2: Pitching Moment Coefficient (- ) with Potential C.G. Locations (Left)
Figure 3: gy vs. Angle-of-Attack with C.G. Locatedat (x,y,z) =(2.34,0;2.66) (Center)
Figure 4: r,vs. Angleof-Attack with C.G. Located at (x,y,z) = (2.34,62.66) for Mach 2.5 (Right)

lll. Feasibility of Proposed Concept of Idea, Design Simplicity, Required System Mass, and
Extensibility to Large Scale Operation

A. Mass vs. Complexity Study

The asymmetric HIAD design chosen for detailed analysis has di@meter rigid nose con®(), 70
degr ee cone a(mpgoleeall nhagh) diamedeitg. THis@nalysis focused on determining the
total number of tori that would be employed in the final design based on two criteria: design simplicity and
decelerator system mass. Minimizing the decelerator system mass is equivalent to minimizing the inflatabl
structure mass because the mass of the rigid nose cone structure and thermal protection system is fixed for
a given decelerator design. Design simplicity was assumed in this analysis to be proportional to the number
of components that are used to cordtthe inflatable structure, and therefore, was equivalent to the total
number of tori. The two criteria were combined in an overall objective function by normalizing both
guantities with respect to their maximum achieved values and summing them withweigiat, as
described irEquation3. The number of tori used in the final configuration was determined by the design
that minimized the overall objective function. The sensitivity to different weightings of mass or simplicity

on the objective function wadso investigated to understand its effect on the final design parameters.
QME QLT R LS 3)
The inflatable structure mass consisted of two major comapts: the fabric and gas mass. It was assumed
that Kevlar would be used to construct the tori and FlexShell cover, the same material that is used on the

symmetric stacked tori configuration at NASA Langley Research Center [24]. Kevlar material properties
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are available from DuPont technical guides [25]. The tori inflation gas was assumed to be air with the
inflation pressure determined based on thenp HIAD wind tunnel testing [26]. A summary of the
parameters used in the inflatable struetmass calcation is shown in &ble 3. Additionally, the maximum
torus diameter was limited to(fn) and the minimum torus diameter was limited to (@2 to account for
reasonable manufacturing capabilities. Designs were also limited to a maximum of 15 tori to bound the
complexity.

Table 3: Variable Values for Inflatable Structural Mass Calculation

Gas Density (D_gas) Fabric Density (D_fab)  Fapric Thickness (t)

. Inflation Pressurery( i) " o 4

1.2922 @ 1 atm 15 1150 1

The mass calculations were performed in Matlab, initially determining the tori minor diameter. Because
the tori lay tangent to each other along shertest edge)j of the decelerator, the minor diameter (minor
diameter of torus)¢z i) could be calculated by dividing the lengditby the number of tori, as seen in
Figure5Lcoul d be cal cQ]l| andOg deschbedirEqlatiande. Oticei was calculated,
their major diameters (major diameter of torug¥ (Y) could be determined which then allowed for the
calculation of the tori surface area and volume, sedaqumationdb-4e and Figure 6. In addition, the
minimum required payloapacking density could also be calculated to verify the feasibility of the design.
The calculations assumed that the payload has a cylindrical shape, is located behind the rigid nose cone,
and that the length of the payload is the samie. he payload with was determined by the difference
betweerlO and twice r, as shown quation5.

@i oonme —— (4a)

YQ -20 00t oRE Gotveél QFOAf — i (4b)
YE OBNOBOET B v zYQZ gzt 7] (4c)

"YE 0NN OEARET B zYzYQZ 7| (4d)

"YE OUXA {OZ O £ ACEM GEAME | @CF 0 ¢ OCEd 0B GO ¢ ¥ 60 (4e)
0 OOQORN Qoo— (5)

Viking MER  MSL

Entry Mass (kg) 92 ~830 3600
Acroshell Diameter (m; 15 2.65 4.5

Packing Density (kg/m’) ) 118.5 2355 187
Ballistic Coefficient (kg/m”) 64 Gd 142
LD e . 0.18 1] 0.24
Peak Heat Rate (W/icm™) 26 44 136
3o Error Ellipse Major Axis (km) 280 &0 12.5
Landing Site Elevation (km MOLA) -3.5 -1.4 1

Figure 5: Side View of Figure 6: Geometry of a Figure 7: Comparison of Previous Mars
100% Shifted HIAD Torus [27] Robotic Mission Packing Censities [28]

Results were saved for analysis and used in further simulalibase esults includéd , O, [, L,r,

numberof tori, inflatable structure total mass, fabric mass, and gas mass, location of each torus center in
the XZ-plane R, and required packing density. The objective function for each configuration was calculated
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usingEquation3. A summary of th@bjective function results is shown in Table 4, indicating that both the
packing density and objective function increase with increasing number of tori. From Figure 7, the packing

densities for the previous Mars robotic missions vary between+20and 240 — . For this asymmetric

HIAD geometry, the design composed of 4 tori had a packing density of-435 This density was

assumed to be a reasonabpger limit. Therefore, the tbri design best satisfied the objective function
subject to tk packaging and tori manufacturing constraints.

Table 4. Objective Function and Packaging Density Results for 100% Shifted HIAD Designs
Employing Different Number of Tori - All Designs Have a 9(m) Diameter Nose one, 17.5m)
Major Diameter and 70 Degree Cone Angle
Total # of tori 4 5 6 7 8 9 10 11 12 13 14 15
To”g ;ad'us 0.39 031 0.26 022 0.19 0.17 0.15 0.14 013 012 0.11 0.10
Packing density

135 146 154 160 164 168 171 1v3 175 177 178 1790

f(# of tori) 127 131 136 142 147 153 159 165 171 177 1.84 1.90

The final design, as chosen based on the objective functi@guation3, assumed that design
simplicity was equally as important as the decelerator system mass. However, it is important to
understand how that weighting affects the final design. A sensitivity analysis was performed by adjusting
the weighting of each componéntthe objective function, as shown lguation6. A summary of the
results is listed in Table 5, and shows that increasing the importance of design singp)i¢igd(little
effect on the objective function and did not change the resulting design bdtaudssign was already
limited by the packaging constrai@n the other hand, increasing the system mass weiglit)ngas
able to shift the desired design to higher number of tori (corresponding to lower system mass) but only
when weighted three timesore important than design simplicity. This insight showed that the desired
design (4 tori) was relatively insensitive to variations in objective function weighting.

QMéE QéEl Q2 L . (6)

Table 5. Summary of Objective Function by Varying the Weighting \alues

n 1 1 1 1 2 3 4 5

m 2 3 4 5 1 1 1 1
Min(f) 1.533 1.800 2.067 2.333 2.267 3.265 4.242 5.202

Total # of tori 4 4 4 4 4 5 5 6

B. Construction Method

A stacked tori method was chosen, as was utilized on the-[RéEt vehicle, to create the shifted shape.
In the IRVE3 test vehicle, the tori were stacked in a symmetric configuration, held in place with radial and
pairing straps ashewn in Figure 8. The tori in the chosen design can be stacked similarly, but instead of
symmetrically, only one point on the tori will be stacked. This configuration is demonstrated in the side
view of Figure 5.
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The shifted configuration shown poses a problem with how the tori
would be held together. In the previous configuration the straps solved
this problem as all attachment points were equally spaced from onejj/
another. In the shifted configuration, theitoet further from each other
around the circumference. This means that straps would have be differing
lengths and shapes in order to meet the current requirements.

The developed solution is a concept called the FlexShell. The
FlexShell incorporates thebefits of the straps without the complications
that the straps pose. The FlexShell will be a continuous membrane of
Kevlar that covers all of the HIAD tori. This layer will reside between the
inflatable tori and the thermal protection system. The Flex8liebe cut
such that it forms an outer shell to the desired shifted HIAD shape. This
shell will then cover the inflated tori and they will have continuous ‘
attachment to the FlexShell, effectively distributing any aerodynamic |
forces as well as holdingdttori into the desired shifted shape.

In order to create stronger FlexShellbne lage sheet of Kevlar will
be usedwith a single seam connecting the edges to createhtiee t
dimensional shape. This seavill run along the vertical part of the HIAD,
next to the tori that are tangent to each other anaytiedrical payload
fairing.

Packing the tori and Flex®ll will require a different packing configuration than the symmetric HIAD.
In this new configurationthe inflatable structure will be packedound the cylindrical payload fairing
rather thararound the nose of the vehicle. This will require a secordatly coverthat keeps the tori and
FlexShell compacted, also protecting it from micrometer anidabidebris damage. This cloth coweill
be jdtisoned prior to HIAD inflation.

Figure 8: IRVE-3 Radial
Strap Diagram [29]

C. Structural Analysis

Structural analysis was used to validate the integrity of the chosen design shape, being described via
two metrics: maximum deflection and maximum stress. The Patran/Nastran software package fwas used
the analysis. The first step was to import the geometric information required to construct the model from
the mass calculations. The center location of each torus and their major radius were used to construct each
torus model. Two lines were then creialong. and the longest side of the HIAD, as shown in Figure 5.
Both of these lines lay tangent to each of the tori. The FlexShell wrap was created based on these two lines
and two circular curves defined by the rigid nose cone and the major diamaterth@ geometry was
created, the material properties were defined and assigned to their corresponding components. Since it was
assumed that both the FlexShell @imeftori were made of Kevlar, only one material property was required
for this model, withsotropic material properties shown in Table 6 [25]. Followirgmaterial definition,
the next step was to mesh the geometry. The mesh size can be chosen based on the size of the overall
structure as well as individual components. In this model, a meslo&0.2(m) was chosen. Boundary
conditions were then applied to the model. Since the first torus was assumed to be fixed to the rigid nose
cone, fixed boundary conditions were applied to all the nodes on the first torus that were in contact with the
nos cone. An additional fixed boundary condition was also applied to simulate the fact that all of the tori
along the short sidd.] were attached to the payload cylinder. There were two loading conditions applied
to the model: internal inflation pressuredaaxternal dynamic pressure. An internal inflation pressure of 15
(psi) was applied to the interior of all tori and the external dynamic pressure was applied to the outside of
the flexible wrap. The magnitude of external dynamic pressure corresponded to the maximum dynamic
pressure obtained from the trajectory simulation. fliite element model was solved in Nastran and the
results were imported back to Patran for gosicessing.
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Table 6: Kevlar Material Property

Elastic Modulus§ ¢ Poisson Ratic Shear Modulusi( & Density (QTh
3E9 0.36 1.1E9 1150

Due to difficulties with model convergence, cases were only run with an applied inflation load to the tori
(no FlexShell or external loading). As shownFigure 15 the maximum displacement occurred on the
largest torus with a maximum value of 0.573m. This displacement corresponded to 3% of tfm) 17.5
HIAD major diameter. In addition, the constraint forces were calculated as shown in Fglite ktress
resultedfrom the imposed fixed boundary conditions along the shortest Isjd# ¢the HIAD. The Von
Mises stress results are also included, seen in Figureht figures from this section can be found in the
appendix.

This model demonstrated the first steps talsaleveloping a full finite element analysis of the inflatable
aeroshell, which will be performed prior to the presentation milestone. The full model will expand on the
results presented here while including the FlexShell and external loading. Botleth# deflection and
resulting stresses will be analyzed to better understand the structural performance of the proposed design.

Preliminary structural results were estimated for this study using modified versions of the structural
equations found in thiAD dimensionless mass estimation stud@][ In the derivation of the IAD mass,
four different structural capabilities were defined and derived: inflatable structure resistance to external
loading, inflatable torus fabric strength, gore fabric strengtt,radial strap strength. The equations for
these parameters were derived assuming an axisymmetric inflatable aeroshell. A ibwesutequired
to rederivethese equations in order for them to be applicable to the asymmetric shifted HIAD cordigurati
proposed by this project.

The inflatable structure resistance to external loading calculations estimate the minimum inflation
pressure required to ensure zero circumferential stress in the membrane under maximum [Hadiing [3
calculations use theaipcipal of virtual work to equate the work done by an external aerodynamicHgiad (
through a structural displacemei} &nd the volume changd\() of inflation gas multiplied by the inflation
pressurel) as a result of a cone angle deflection. Thegipial of virtual work is formulated viBquation
7. The following calculations for the asymmetric vehicle differed from the original calculations. The
structural displacementl){y can be det e Dgdas mEqlatidn8 dha gad vommedof the
decelerator can also be estimated by relating the asymmetric design to its equivalent symmetric design. The
shifted HIAD geometry is achieved by displacing successive tori so that they are tangeht dlbage
tori can also be rarranged to form a symmetric shape, which because it is composed of the same inflatable
member s, wil/l have the same inflated volume. The
( 4f cone angles is described Byuation9 and the inflated vaime is calculated iEquation10. These
parameters can then be used in the virtual work relaggudtionl) to solve for the required inflation
pressure, as seentiguationll. In thisequation the dynamic load is taken to be the dragd@aéher from
the dynamic pressure|)( drag coefficientCp), and reference area).

T LT w )

| 8

— 0 OE 9)

0 — (10)

0 (12)

For the design parameters from the aerodynamic and mass analyses, the Paguirasi 24(psi). The
inflatable torus fabric strength calculations were nadggved in this study because testing of inflatable
tori has been condted to pressures exceeding the required minimum pressure. The gore fabric strength
calculations were also not considered. In the original derivation, the gore was intended to support the local
surface pressure while radial straps were used to suppomrtd¢bkedative loading. In the current proposed
design, the FlexShell is intended to satisfy both requirements. Of the two conditions, it is expected that the

Pages

I



decelerative loading will be the dominant coastt. Therefore, the FlexShedtructural performarecis
assessed via the radial strap relations from the original paper.

The following calculations for the asymmetric vehicle differed from the original calculations. The
maximum stress on flex cover will occur along the attachment to the rigid nosecausédéchas the
smallest crossectional area and experiences the full load. The stiess this region is described by
Equation12, w h eis the lodal FlexShell angle ard is the infinitesimal circumference. The local
FlexShell angle can be dedmd byEquationl3, wheret is an angle centered in the middle of the largest

torus with%. Tt pointing towards the shortest edge. The circumference is thetefore—'Q %and the

stress can be described \Eguation14, with F(x|m) being the elliptientegral of the first kind with
parameter m =%

y — (12)
0 W&~ o= (13)
” - (14)
Using the specified design parameters resulted in a stress of GR#)7Therefore, the tensile stress in
the FlexShell was | ess t hanyt3X@P3FWhexkd8nmopstrdtedthag nsi | e

the FlexShell has the potential to support full aerodynamic loading during entry. Alternatively, this relation
can also be used to determine the maximum sustainable dynamic pressure loading. Assuming that the
FlexShell has a yield strength ofGP3g, the maximum possible loading for the proposed geometry is 706
(kPg. Overall, the structural analysis showed theg shifted HIAD design proposed in this study had
sufficient structural strength. This will be further assessed with high fidelity finite element analysis prior to
the presentation deadline.

D. Lift to Drag Modulation

The selected optimized geomesyccessfullyachieves the maximuni/D requirement andhe pitch
static stability requiremenTo fully satisfy the Big Idea Challenge goals, L/D must be modulated between
0.2 and 0.5Two methods can be consideraut;luding pitching L/D modulation and riihg lift vector
shift.
1. Pitching L/D modulation

The magnitude of the L/D ratio can bwdulatedby bringing theCG closer to thecylindrical payload
fairing centerline. Doing so, this configuration will triat a lower anglef-attack and reduck/D. The
range of L/D ratios achievable by this design are shown in Figure 9.

0.7

06
05

04f

L/D

03f
02f

01}

Py IR P I EIIN SNEIT I A W
85 30 25 20 -15 -10 5 0 5
Angle of Attack []

Figure 9: L/D vs. Angle of Attack

Paged



2. Bank Modulation Effect ohift Vector Shift

The direction of the shifted HIAD <confilguratio

modulation shown in Figure 10. In this manner, the vehicle is rotated around the axis parallel to the
freestream velocity vector passing throughGi@ Note thathe orientation between the flamd the HIAD

is the same athe bank angle changdglelevant expressions are shown with EquatioBslZ For each
vertical component of the lift vector/|-the bank angle can be determined as shown in Table 7.

0 0 W éni (15)
0 O (16)
0 7O 1@ 11T éni (17)
Table 7: Required Bank Angle for Lv/D Regimes
0 7O 0.2 0.25 0.3 0.35 0.4 0.45 0.5
nJ 66.42 60.00 53.13 45.57 36.87 25.84 0.00

Therefore, the shifted HIAD can moduldte/D from 0.2 to 0.5. A bank acceleration of 3s?) was
assumedo calculateghe reaction control syste(RCS)propellantrequiredandmaneuvetime. As shown
in Table8, the lift vector shift system is considetednodulate frond.5 to 0.2n increments of 0.05. Y\én
the HIAD shifts from one bank angle to anotherethank acceleration is(8/s?) for the first half of the
maneuver time ané (°/s?) for the second half of the maneutiene. This method allows the desired bank
angle to be achieved with a value of 0 (°/s) for banking angular velocity.

The estimation ofotal fuel mass necessary for bank angle modulation was perfantedhown in
Table 8 A Tri-gas Thruster [31RCS system with an Isp @21 (s) waschoseno generate the necessary
moment to accomplish the banking lift vector shift. The moment of &neftihe HIADabout the centerline
of the cylindrical payload fairing was calculated to be approxim&&®000(k g A,rmssuming thathe
total vehicle mass 21 (metric ton$ with even mass distribution inside its cylindrical shape. The moment
calculations are performed assuming a RCS moarembf 7.1§m), indicating the RCSystem is attached
to the rigid payload fairing, equivalent to pointitdFigure 1. As a result, thetal mass of the necessary
fuel is1180(kg) which is the sum of the necessary fuel of each shift.

Table 8: Fuel Mass Required forLy/D Shifts

Lv/D Shift 0.450.50 0.400.45 0.350.40 0.300.35 0.250.30 0.20.25
Accel er(gt 2.273 1.486 1.319 1.230 1.172 1.133
Total time (s) 4.546 2971 2.638 2.459 2.344 2.266

Total Req. Prop.

Mass (kg) 311.51 203.52 180.75 168.50 160.62 155.27

3. Roll Sability
In either method abay it is necessary to achieve static stability ablo@troll axis at a bank angle of

0°. However, the shiéd HIAD cannot meet this requirement because
0 T8t TAt a bank angle of 0°, ahown in Figure 11For static rolling stability to be achieved, the

following two conditions must be met in Equatit®and Equatin 19

0 T8t (18)

6, T8 19

Thereforethe vehicle is naostableabout the rolling axisBecausefte shifted HIAD flies at &ll angle

of 0°, no device is needed to provide rolling contidwever, duing reentry there angerturbatios that
may cause the roll angle to deviate from its nominalT0ferefore, the estimation of total fuel mass
necessar to control roll angle was performedihe Tri-gas ThrusteRCS systen}32] is used again to
generate a counter rolling momeatresistroll angledeflections Themoment ofinertia calculated ithe
Bank Modulation Effect on Lift Vector Sts#ctionwasused as thenoment ofinertia around the -axis
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here as well. The assumption was mtus there must be adequate fuel to hbkel HIAD within a roll
angle of2° during total EDL phaseThe moment wasalculated using the velocity and altitude as the
maximum dynamic pressure condition in orderotatain a conservativestimateof the total fuel mass
required. Moment calculations were performed assuming a RCS moment arm @h);.i#licating the
RCS system is attached to the point H in Figure 1. Table$ents the inputs usedthis estimation and
the result shows thaipproximately236 (kg) fuel is necessary.

Table 9: Inputs for Mass Estimation of Fuel
Rolling Moment at EDL duration Total fuel

Altitude  Velocity

(km) kmis) S =2 n = 2J(N m) (s) mass (kg)
30 4.5 0.000144 6097.2 600 235.76
T 0.01
0.005 —
\ - » -
\\ y -0.005 |-
Roll Angle [9]
Figure 10: Banked Configuration of shifted Figure 11: Rolling Moment Coefficient vs. Roll
HIAD (Left) Angel at CG Locationof (2.34, 0,-2.66) (Right)

E. Trajectory Flight Envelope

After the method of lift modulation had been determined, the team performed a trajectory analysis using
a computer simulation written in Matlab. The Aeroassist Simulation (ASIM) was developed in the Space
Systems Design Laboratory over many yeard uses the first order approximation equations of entry to
generate predicted entry trajectories. In this study, ASIM was configured to generate banked lifting
trajectories in the Martian atmosphere using a MARSGRAM atmospheric model. Aerodynamictioforma
obtained for the final shape was also incorporated into the trajectory simulation.

The previous section discusses in detail how the HIAD concept can generate-drhifg ratio of 0.5
at a bank angle ofdand a liftto-drag ratio of 0.2 at a bankgle of 66.4 The next analysis step was to
determine the entry conditions (velocity and flight path angle at Mars entry interface). Asaatfirst
approximation, the team used the Mars Science Laboratory (MSL) entry conditions, which corresponds to
an eiry velocity of 6 (km/s) and an entry flight path angle-t6.Xrelative to the local horizontal at a
Mars entry interface altitude of 125 (km). The team assumed that the entry velocity was fixed and set out
to find if the MSL flight path angle would mequate for the mission at hand.

Figure B - Figure21 show six resulting trajectories for the {ifi-drag ratio of 0.5 case at different flight
path angles. One can see from FigliBethat the most shallow flight path angle -df5.X results in
atmospleric skip out, which is undesirable. To prevent skip out, it is desirable to enter at a steeper flight
path angle 0f25K For this steep trajectory, the resulting maximum dynamic pressure and maximum heat
flux are approximately 13 (kPa) and 22.5 (W#;mespectively. The structural analysis of the selected
HIAD vehicle shows that it can withstand a maximum loading of 706 kPa and past thermal analysis shows
that previous Flexible Thermal Protection System (FTPS) for HIADs can withstand a heat flux up to 50
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(W/cn?) [24]. Therefore, entering at a flight path angle28Kis feasible from both structural and thermal
standpoints and will be selected as the entry flight path angle for all trajectories.

The following analysis shows the flight envelope betweenrtaximum and minimum |Hto-drag
ration configurations. The entry conditions are assumed to be the same for all trajectories, which has been
chosen to be an entry velocity of 6 (km/s) and an entry flight path angRStfelative to the local
horizontd at a Mars entry interface altitude of 125 (km). The resulting trajectories foo-tiitag ratio
configurations of 0.5 and 0.2 are shown in Figg2e¢hrough Figure 2. It is important to note that the kft
to-drag ratio of 0.2 is achieved by holdingpank angle of 661 which produces a crossrange component
shown in Figure 2 This crossrange component can be accounted for before entry or it can be mitigated
during flight if the vehicle holds a bank angle-66.4 for a significant amount of time. @vall, this
trajectory analysis confirms that the desired range of entry trajectories are feasible and favorable for landing
high-mass payloads on the surface of Mars.

F. Extensibility to Large Scale Operation

This investigation has performed ardepth feamility study of a novel HIAD concept. The goal of the
NASA Big Idea Challenge is to use a proposed concept to eventually lanthagghpayloads on the
surface of Mars. As stated, payloads of approximatelfnfric ton$ may be landed by HIAD concepts
with diameters of approximately 20 (mMost importantly, the proposed vehicle must be scalable and
extensible to this higinass operation mode.

The team decided to consider afstiale vehicle from the beginning of the lgsi in order to give an
adequate evaluation of feasibility. The payload has been assumed to be approxin{atelyi@@on$ and
asymmetric HIAD conceptwith diameters between 15 (m) and 20 ¢mye been considered. The final
selected concept has a arajliameter of 17.5 (mBecause our studies have shown that our final selected
concept is feasible and meets the specifiedgdesbnstraints, the teamdsnfident that it is extensible to
largescale and fulscale operationTo confirm that HIAD diamedrs larger than 20 (m) are feasible, the
analyst would need toein the presented analysis for larger diameter HIADs.

IV. Systems Analysis of Requirements, Including Identification of Challenge and TRL of Missien
Enabling Technologies

A. Systems Analysis oRequirements
The following design requirements are the guidelines for the HIAD taken directly from the problem
statement:

Design Requirements

1. HIAD concept shall be suitable for payloads up tqr@étrictons.

2. HIAD concept shall provide modulated L/Dimabf 0.2 to 0.5 during hypersonic entry.
3. HIAD concept shall be aerodynamically stable betweergkérs)to 0.6 (km/s).

4. HIAD concept shall fit in payload fairing of Space Launch System.

All system level requirements generated during this design préess directly to these design
requirements. The system under consideration is the HIAD with two subsystems identified, the inflatable
structure and the RCS thrusters, which have requirements based on the selected configuration. Table 10
lists the systertevel requirements for the design, and shows which system requiremsfisesach design
requirementTable 12 shows the subsystem level requirements and the traceability to the system level
requirements.

Table 10: System LevelRequirements

Req.
No.

11 HIAD

System System Level Requirement Traceability

Shall have thermal protection system to withstand

thermal loads over entry trajectory. 1
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1.2 HIAD  Shall have scalable major diameter of 15 to 20 m. 1

1.3 HIAD  Shall providdift at trim condition. 2,3
1.4 HIAD  Shall have a reaction control system to modulate Ii 2
15 HIAD  Rigid aeroshell shall be less than 9 m in diameter.

Inflatable structure shall be able to be packed to fit

1.6 HIAD within payload fairing.

B. Identification of Challenges
A major challenge in developing a new technology such as the FlexShell is how it would attach to the
tori. The design proposed is a continuous stitch that connects the Flexh#ik tori at the point where
they are tangent to each other. This method will effectively transfer the stresses between the tori.
Additionally, this method will ensure that the tori do not translate with respect to one another, changing
their positionfrom the desired configuration. Additionally, no data is available to compare the relative
importance of required system mass and design simplicity, no islagailable on the reasonable
manufacturing capabilities for torus, and it is unclear if complesdales linearly with number of tori.
C. TRL of Mission-Enabling Technologies
The overall TRL of the system is 2, this is because the lowest TRL of all theleghsubsystems is
TRL 2. The aymmetric HIAD that is proposed has three main technology sémsgsthe inflatable
structure, the packing system, and the RCS to modulate the lift. The inflatable tori and their attachment to
the center body are at a TRL of 7 because they have been tested in a space environment, as seen in the
successful test flightfdRVE-3 [33]. The inflatable technology has undergone structural testing as well,
ensuring that stacked tori can withstand static loadls [Bowever, the shifted configuration that we are
utilizing is only at a TRL of 3, because there have only beerytioalstudies done on it as a praut
concept [17]. The FlexShell technology that we are proposing has the lowest TRL of 2, because this is only
a concept and has had no studies performed yet.
The RCS thrusters and tank are given the highest TRL oftl.Bonerical and experimental analysis
has been done on the effect of RCS thrusters on hypersonic reentry. Additionally, an RCS was flown at
Mars as on MSL, however MLS did not utilize a HIAD for entr$][3Table 11 summarizes the TRLs of
the HIAD concepsystems and subsystems.
Table 11: TRLs of HIAD Concept Systems and Subsystems
Technology System
Asymmetric HIAD
1. Inflatable Structure
1.1 Tori
1.1.1 Asymmetric Stacked Configuration
1.1.2 Inflatable tori
1.1.3 Attachment to Rigid Body
1.2 FlexShell
1.2.1 Construction of Kevlar Sheet
1.2.2 Attachment to tori
2.RCS
2.1 Thrusters
2.2 Propellat Tanks

Py
~
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V. Evidence of Credible andimplementable Project Plan, Cost, and Schedule

The ultimate goal of thiproject will be to create a robust HIAD system certified for implementation on
future missions by the end of 2019, and to expand HIAD technology to the point where it can be
implemened in Mars surfee missions from 2024 onwardse program will consist of 3 phases: concept
studies and vehicle design, extensive ground testing, anghé tiist to certify the systenfihe concept
studies area be conducted throughout 20Tthe aim ofthese studies will be to evaluate potential HIAD
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designs we have outlined and select one design for fudiénelopment. The teamill use computer
simulations, spacecraft modeling, and cost and simplicity evaluations to decide upon the ideal configuration
for the flight vehicle. At this point, the HIAD system will be able to compete for future funding as a part of
the Spacd&echnology Mission Directorat&iven how essential this technology is for future robotic and
piloted missions, continued system deyshent will be a high priority.

A. Project Plan, Schedule, and Cost Estimate

If selected for further funding, the HIAD project will construct a ground test article to evaluate the
selected design usiragtual hardware. It will be 5 (nmM diameter and incorpate lessons learned from the
IRVE program, a decade of research and development projects, and the concept stutjesaatied out
by this programThe test article will carry a set of avionics and an extensive suite of sensors. Wind tunnel
tests willvalidate the theoretical performance of the Bl a realworld environment. Testing at a NASA
vacuum chamber will test the inflation and operation of the spacecraft inewameloperational
environmentThe avionics testing will confirm that the spa@étsystems work together in unison.

If the final HIAD design shows promise, it will be tested in flight to provide a final eatifin of system
capabilitiesThe flight test article will have the same configuration as the previously evaluated grstund te
vehicle, and incorporate modifications basedt@nextensive testing prograthwill be carried to orbit on
a sounding rocket andflatedprior to the vehic e 6 s ent r y i nThetest altide wéllflymo s p her
reentry profile, being exposed &higherheating environment than experienced byIR¥€E seres.The
test vehicle will be recovered for analysigtw collected engineering daBy the end of 2019, the analysis
of the collected data will be complete, and the HIAD will be certifiedligint on future missions.

Assuming the success of the flight test program, the next steps for the HIAD project in the early 2020s
will be to scale up and implement the design on future missions with the aim for use of a HIAD on a notional
2024 Mars landethat will be a precursor for human missions. An in depth schedule including proposed
reviews has been includedHigure 2.

A system level cost estimate has been performed on the HIAD project, and a budget timeline is presented
in Figure B. We estimatea total cost of $80 million for the entire program, from conception to the
completion of the Mrs precursor mission in 2028/e will need $20,000 for concept studies and system
testslasting until the end of 2018Ve estimate that the major componentshef budget will consist of
salaries, HIAD vehicles material and construction cost, aedfacilities for testing theniThe most
significant costs coming from the personnel and launch costs. An estimated cost breakdown can be found
in the appendix. By thend of 2025, the HIAD project will have developed a certified system with a TRL
on par with that of a rigid heat shield available for use on future missions, including rocket reuse, ISS cargo
return, sample returns from the outer solar system, and bagticalnd crewed missions to Mars.

VI. Next Steps for Analysis on Proposed HIAD Concept

A. Next Steps for Current Asymmetric HIAD Design

The team plans to extend analysis in many directions to improve the performance and feasibility of the
proposed concept. TH#IAD geometry selection process can consider shapes that target positioning the
vehiclebs CG along the centerline of the cylindri
packing constraints on the payload and full utilization of payloadntaimternal volume. Geometry
selection with consideration of the CG location is valuable because its desirable to have the CG located
along the centerline of the cylindrical payload fairinigufe 12 shows how thgtchingmoment coefficient
changes witlangleof-attack if the CGs fixed at (%, y, z) = (2.34 0, Qalong the centerline of tloylindrical
payload fairing. By using trends seen in Figure 12, an L/D of overc@ribeachieved wittstatic stability
about the pitch axiatan angleof-attackof -62.5J, which isshown in Figure 1and Figurel4.

An estimation of the propelé mass required for two 1RB@oll reversals duringhe nominal entry,
descentand landing sequencerfie L/D = 0.5 configuration will also beecessary-uture mass naeling
will incorporate a more detailed mass break down and different objective furttiédoan be reevaluated
based on the relative impacts of required system mass and design simplicity. Further structural analysis
including high fidelity finite elemet analysiswill be performed andalidated with further material testing
and subscale model testing.
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The development of the FlexShell will be an ongoing procEss team is dedicated d@signng the
most effective method of creating the three dimamedi shape of the 100%hifted HIAD. The FlexShell is
comprised of a continuous, singlaeet of highdensity Kevlar. As a result, itis likely to contribute
significantly to theinflatable structure mass, which can be considered in a more comprehefstiv®b
function shown inEquation 3 Additionally, moredevelopment is necessary to find the most effective
method ofstitching the FlexShell toehe bri. Examining thestitching pattern, stitching material, and
attachment point locations are all considerations for the next round of analysis.

Further trajectory analysis is necessary to ensure that peak heating and dynamic pressures to not exceed
vehicle limitations. Asingle event drag modulation will also be compared to the lift modulation trajectory
to determine if similar trajectories can be produced with both methods.
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Figure 12: Pitching Moment Coefficient (g ) with Potential CG Locations (Left)
Figure 13: L/D vs. Angleof-Attack (Center)

Figure 14: Pitching Moment Coefficient (g, ) at CG Location (2.34, 0, 0) (Right)

VII. Conclusion

This technical paper has presented a RBAD concept geometry designed to achieve the Big Idea
Challenge design constraints whileniniizing the required trim angle of attack to achievé.d of 0.5.
A n o v @€00% shifted HIAD 0 stacked td configuration was identified, analyzed, and shown to be an
attractive and feasible desigrhis geometry satisfies the pitching static stabiktyuirement in the desired
flight regime. Through the use bfink angle modulatigrihe proposed HIAD design has the capability to
modulate L/D from 0.5 to 0.After performing a study to balance HIAD mass and compldaitthe final
HIAD configuration, t was found that four tori most effectivatyinimizethe overall objective function. A
sensitivity analysis was also performed tcetigiine the effects of weighting different combinationBrel
design parameterResults show thatystencomplexityweighting has little effect on the objective function
due to external constrainishile the system mass weighting has a large effiestlection ofinal design
paraméers The presentedimictural analysis used two approaches to evaluate the strymtufalimance
of the chosen configuration. Finite element analysis showed that the tori can withstand inflation loading of
15 (psi). A novel aeroshell systeralled the FlexSheltovers the external surfaces of all torimaintain
the defed geometry andistribute structurdioads evenly. Analytic approximations showed the HIAD to
have sufficient resistance to deflection and demonstrate that the FlexShell can withstand the maximum
aerogynamic loading obtained from trajectory simulations. A detaileddraijg analysis determined that
the expectedialues of peakdynamic pressurand peak heating are can be w
structural components and Flexible Thermal Protection System (FTPS), respeEtnaly, ahigh level
systens analysis waperformed to establighe requirements of tHelAD techrology system and to ensure
theschedule and cost estimates faasible.
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Appendix

Nomenclature

amplitude of oscillation
cylinder diameter

angle of attack

bank angle

pressure coefficient

force coefficient in thex direction
force coefficient in thg direction
Coefficient ofPitchingMoment
Coefficient ofRolling Moment
roll angle

free stream velocity
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Figure 17: Von Mises Results
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Figure 18: Altitude v s. Relative Velocity for Trajedories of Varying Flight Path Angles (Left)
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Altitude (km)

Figure 19: Altitude vs. Downrange for Trajectories of Varying Flight Path Angles(Right)
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Figure 20: Dyn. Press. vs. Rel. Vel. for Trajectories of Varying Flight Path Angles (Left)
Figure 21: Heat Flux vs. Rel. Vel. for Trajectories of Varying Flight Path Angles (Right)
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Figure 22: Altitude vs. Relative Velocity for Flight Envelope (Left)
Figure 23: Dynamic Pressure vs. Relative Velocity for Flight Envelope (Right)
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Figure 25: Heat Flux vs. Time for Flight Envelope (Right)
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Figure 26: Altitude vs. Downrange for Flight Envelope (Left)
Figure 27: Altitude vs. Crossrange for Flight Envelope (Right)

Table 12 Subsystem Level Requiements

Req.

No Subsystem Subsystem Level Requirement Traceability

Inflatable Th_einf_latable structure shall be made up «
111 Structure tori of increasing major diameter to 1.2
minimize mass and complexity.
Inflatable The_ inflatable structural s_ha_lll be cove_red
1.1.2 Structure flexible TPS and have a rigid heat shield 1.1,15
the center body anabse.

113 Inflatable  The inflatable structural shall be construc 12
" Structure  to create a 100% shifted asymmetric shay '
Inflatable The jnflatable structure _shall be supportec
114 Structure provide structural stability and allovior 13

HIAD to maintain shape during entry.
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The deflated inflatable structure shall be a

1.15 g{:ﬁggi to be compacted to fit within the payloi 1.6
fairing of the SLS.
121 RCS She_tll beable tocontrol the rolling momen 14
during entry.
The system shall contain tanks to hold f
1.2.2 RCS for RCS. 14
123 RCS The RQS shall be able to provide control 14
X's during entry.
The RCS shall be able to roll the vehicle ¢
1.2.4 RCS rateof 20 (deg/s) and an angular accelerai 1.4
of 5 (deg/$).
$12,000,000
$10,000,000 -
Chart Area B Mars Precursor
58,000,000 - ¥ Falcon 9
EVulcan
»6,000,000 - B Flight Test Article
$4,000,000 - B Ground Test Article
Concept Studies
52,000,000 - W Salaries
50 B Research and Development
w [ [=+] [+)] o = ~ m =t [Ta]
SSSSSSISTSS 3
o S e - — -

Figure 28: HIAD Project Budget 2016- 2025
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Figure 29: HIAD Project Schedule 2016- 2025
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