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A capability has been developed that utilizes multiobjective optimization to identify
hyper sonic entry aeroshell shapes that will increase landed mass capability. Aeroshell shapes
are parameterized using non-uniform rational B-splines to generate complete aeroshell
surfaces. Hyper sonic aerodynamic objectives and constraints are computed by numerically
integrating pressure coefficient distributions obtained using Newtonian flow theory. An
integrated optimization environment is created using iSIGHT with single- and
multiobjective evolutionary algorithms. Results are presented based on optimization using
constraints derived from the aeroshell for the Mars Science Laboratory mission. Resulting
solutions clearly demonstrate the trade-offs between drag-area, static stability, and
volumetric efficiency for this particular mission.

Nomenclature

A = reference area

CoA = drag-area (®/q.)

CA = lift-area (=L/ q.,)

Cwu = pitching moment coefficient
CyvAl = pitching moment per unit freestream dynamic gues (=M/ q..)
Co = pressure coefficient

D = drag force or diameter

L/D = lift-to-drag ratio

L = lift force or length

I = reference length

M = pitching moment

m = mass

n = surface normal unit vector

O = freestream dynamic pressure
n = nose radius

V., = freestream velocity vector

a = angle of attack

B = ballistic coefficient

0 = half-cone angle

I. Introduction

EROSHELLS are designed to deliver payloads safalgugh a planetary atmosphere, protecting the paylo

from the high aerodynamic heating and loads enewedtduring hypersonic entry, descent, and landing
(EDL). The aeroshell also provides the aerodynamiiag force necessary for deceleration, dissipating
approximately 90% of the EDL system’s kinetic enyefigm the point of atmospheric interface. The aball is
designed to provide these functions with minimuragille mass so that useful landed mass can be izaxdim

An aeroshell generally consists of a forebody (eatkhield), which faces the flow, and a backshetiich

completes the encapsulation of the payload. Theifipeshape of a particular aeroshell is driven BpL
performance requirements and thermal/structuratdtions. Four different aeroshell shapes are shioviig. 1: the
Viking-era 70 sphere-cone, the Mars Microprobe, the Aeroasdight-Experiment (AFE), and a swept biconic
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design. Primary drivers of these aeroshell desigeiside drag, stability, nonequilibrium aerothermdmics, and
radiative heating, respectively. This diversity danfigurations is a direct result of differing ma@s and flight
systems requirements — that is, form has followeattion in every case.

Figure 1. Various aeroshell shapes. **

Fundamentally, the drag-are&f) represents the amount of drag force that an heloss capable of
generating at a given free-stream condition (Dég,,). During the hypersonic EDL phase, this drag fggoevides
the means of deceleration, suggesting a4 should be maximized for a given system masps The ballistic
coefficient is an aeroshell performance paramdtat ¢mbodies this principle, relating inertial adrdg forces as
shown in Eqg. (1).

m

B_CDA

(1)

A higher B (higher mass per unit drag-area) causes EDL euentsccur at lower, denser portions of the
atmosphere, reducing landed elevation capability ttmeline margin. Additionally, peak heat rate antégrated
heat load are higher, causing an increase in teemil loads that the entry system must be desigoned
accommodate. Accommodating these loads generaltislto a heavier thermal protection system (TP8&)sapport
structure, reducing the useful landed mass capgaluifithe EDL system. While a higBpA can be achieved by
making the aeroshell forebody as blunt as possétdgic stability must also exist in order to maintthis high-drag
attitude. Static stability requires a certain antafrsweep in the aeroshell forebody, in effect mgkhe shape less
blunt. This trade-off between drag and stabilitfuisdamental in aeroshell shape design.

Another important aeroshell performance parametethe lift-to-drag ratio (/D). A body of revolution,
symmetric about its forward axis, will have btD equal to zero while flying at a @ngle of attack (AOA oa). A
body of revolution flying at a non-zero AOA, or anymmetric body, however, can produce a non-g#&po Trim
stability can be achieved at this AOA by eithersetfing the center of gravity (CG) of the aerosbelby using an
aerodynamic body flap to counteract restoring mdsme@nce again, it is critical that the aeroshelldatically
stable at this trim attitude. Motivations for achigy a non-zerd./D aeroshell shape and/or attitude include:

» To relax the allowable approach navigation requéets (i.e., enabling a larger entry corridor).

» To reduce the deceleration loads.

» To mitigate atmospheric density and wind unceriant

e To improve landing accuracy.

e To increase parachute deployment altitude, enaldinggher surface elevation landing site or adding
timeline margin.

» To execute a plane change or to provide a crossreaygability.

While a non-zerd./D has distinct advantages, care must be taken nshéape the aeroshell such th#d is
created at the expense of reducA and therefore increasirfy This risk can be seen more clearly in Eq. (2)
whereL/D is written in terms 0€pA.

C.A
CpA

L/D = (2)

Fundamentally, th&/D required of the aeroshell should be set no hitfren that required to satisfy the mission
requirements. An ideal aeroshell shape would aehithis specifiedL/D while maximizing CoA (thereby
minimizing B) and be statically stable at the trim attitudeisTénables the aeroshell to perform as needed while
sacrificing as little critical drag-area as possibl preserving its capability to deliver a payldadthe planetary
surface safely and effectively. Such a problematsirally solved through aeroshell shape optimizatio

In addition to these aerodynamic consideratiors atroshell should have minimum mass so that payitss
can be maximized. The aeroshell structure and TBighivthus directly impact the capability to defiveertain

2
American Institute of Aeronautics and Astronautics



landed payload masses. As mentioned previouslyinmaimg B will reduce heating; however, this is a trajectory
effect and the local aerothermodynamic environmghitbe defined at every point on the surface bg #eroshell
geometry (e.g., local curvature). Other geomefitsderations include the volumetric efficiencyféafing payload
packaging) and the overall aeroshell size, whictstnsatisfy launch vehicle shroud size restrictidodimately,
there are many objectives to be optimized and caimgs to be met when considering the shape otawsaell.

These objectives cannot be simultaneously optimipetheir fullest extent — some level of trade-wififl be
required. The conflicting nature of these objedigeggests that multiobjective optimization methbesemployed
that allow the consideration of several objectiwsultaneously while satisfying all necessary ci@ists.
Therefore, given a set of mission requirements dieéine constraints (such &4, volume, and size), the aeroshell
shape can be optimized in a multiobjective sense.

1. Methodology

This work is separated into three main componédnpersonic aerodynamic analysis, shape parametieriza
and multiobjective optimization. The following siects detail each component and discuss how thespauents
were integrated to create the capability to perfonmitiobjective aeroshell shape optimization at tiemceptual
design level.

A. Hypersonic Aerodynamics

Routines were coded in MATLAB to determine the agramic quantities for a given shape using basic
Newtonian impact theory. Sideslip is not modelegoahells are only allowed to vary in AOA. Aerosbedre
required to be symmetric across the pitch planejrig the rolling and yawing moments to be zerodiangles of
attack. In locating the center of gravity (CG) bktaeroshell, a uniform packaging density is assyumich
effectively places the axial CG location at thewné centroid of the aeroshell. The lateral CG offsquired to
trim an aeroshell is determined based on the cogdpigrces and moments about this centroid. Statigifudinal
stability is assessed using a finite differencewation of the pitching moment about the offset t©&alculate this
derivative. Lateral and directional stability aret rconsidered in this work, nor is dynamic stapiliNote that a
constantCymx value of two was used in all aerodynamic analysessistent with the assumptions of basic
Newtonian impact theory. Employing modified Newtmmiaerodynamics will not affect the aerodynamiadee
associated with aeroshell shape changes unlessttraj coupling is included in the optimization.wiver, even in
these cases, the hypersonic aerodynamic chardicteiid the aeroshell will only be a weak functiohtrajectory
due to the Mach number independence principle. &tbeg, this work is a fitting application for stgat Newtonian
flow theory.

B. Shape Parameterization

The proper choice of shape parameterization is whath yields an appropriate mix of design freedanu
computational efficiency. In terms of optimizatiahis most computationally efficient to keep thember of design
variables to a minimum; however, more design freedgpically requires a larger number of design afles.
Because aeroshell shapes can vary in complexitgdbas design requirements, the goal here is toctsele
aeroshell shape parameterization that will allow dofficient design freedom with a minimum numbérdesign
variables. The following shape parameterizationsevexplored: analytic shapes, spline surfaces\aflution, and
general spline surfaces.

1. Analytic Shapes

Analytic shapes provide the ability to define anoabell shape
in terms of a few geometric parameters, minimizimg number of
design variables for optimization while allowingrfemooth,
manufacturable, and realistic shapes to be designddanalyzed.
The main drawback to this approach is its lackedigh freedom:
aeroshell shapes are inherently restricted to aifapefamily,
greatly limiting the variety and generality of pilde designs. A
priori, there is no reason to expect an optimabsieell shape to
take a strictly analytic form for the general desggoblem. e

For example, the sphere-cone forebody is parametérin  Figure 2. Sphere-cone forebody shape.
terms of four design variables: the nose radigs ¢one anglef),
maximum diameter¥), and the AOA ¢), as shown in Fig. 2. A representative sphere-dorebody is also shown
in this figure. Typically, the backshell that comas this aeroshell is conical or a combinatioseferal conical
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frustums; however, some designs have even emplbogedspherical shells (see Fig. 1). Additionallyfirite
shoulder radius must be included as a shape paatoejpin the forebody and backshell and comptleésoverall
aeroshell. In total, such an aeroshell parametiizavould involve roughly half a dozen design abtes.

2. Spline Surfaces of Revolution

To expand the range of possible shapes, forms imitheasing levels of YA : : : :
geometric control are implemented. The first imgnment is to examine ~ 4_%»
aeroshells represented as surfaces of revolutiQREp An axial profile is first 5“}'5 5
created from a series of control points confinethini certain axial bounds. This “%" “%" %
limited range of motion prevents control pointsnfracrossing and producing ‘ E ; ; .
twisted shapes. Additionally, generating a closedybwith a specified length X
requires a completely fixed point at the nose @ phnofile and an axially-fixed Figure3. SOR profile
point at the end of the profile, respectively. Sacharrangement is shown in Figegntrol points.
3.

Once control points are positioned, a specific euspresentation describes the SOR profile. Thel pxofile is
then rotated by 36Gabout the centerline to form an axisymmetric stefarhe most basic method for generating
axial profiles is a direct-mesh approach in which profile is represented by a linear interpolatidrthe control
points. The direct-mesh SOR is an intuitive chdieeause the profile simply connects the contrahigoiHowever,
this approach results in faceted shapes, which beayndesirable for general shape design and opgtiioiz In
order to approximate a smooth profile, a large nemdf control points would be required, a circums&@which
becomes computationally burdensome for optimizat@anines. In order to allow for smooth axial ptedi without
adding a large number of control points, a funaloourve form is used. A parametric curve is ideatause
parametric forms have the ability to represent ldeanand closed curves.

B-spline curves are parametric curves that arendéfby weighting a given set of control points witirametric
basis functions. As such, B-spline curves are @éefithirough the placement of control points anddéfénition of a
knot vector, which dictates the parameter ranges ahich each control point has an influence. Awamtiage of
using the B-spline formulation is the convex hulbjerty, which ensures that the curve will lie eiti within the
polygon created by the control points. Additionalthe variation-diminishing property dictates theximum
amount of curve oscillation within the convex h@liven these two properties, the designer can Isepdidict the
shape of a curve based on its control polygon.

While SORs can be used to represent analytic shthpésire axisymmetric, such as the sphere-corebdaly,
they also allow a broad range of other, non-anakttiapes. The control points, along with the AOw&, the design
variables used for shape optimization. Despitesthaificant improvement in design freedom over gti@lshapes,
all SOR aeroshell shapes will be axisymmetric. Ag#iere is no reason to expect an optimal aerbshape to be
strictly axisymmetric for the general design proble

3. General Spline Surfaces

Rather than simply look to families of non-axisyntritecross sections, a surface representation waghs that
has the capability to treat the aeroshell as aedloBee-form surface for shape design. To this eed-uniform
rational B-spline (NURBS) surfaces were implemented

A bi-parametric, cubic by quadratic NURBS surfémenulation was found to give the desired amoundesign
flexibility for roughly 20 design variables, inclumy AOA. Shifting from a spline SOR to a spline fage
formulation introduces several additional consitierss. First, the control points defining the sedanust each now
be confined to a three-dimensional range of coatd in order to prevent twisted shapes from bgemwerated.
This is a natural extension of the axial boundsgdaon the control points used to generate axiiles for the
SORs. Only half of the aeroshell surface needsetaldfined since bi-lateral symmetry (across thehpjtlane) is
strictly enforced. Control points are distributedadly from the apex of the aeroshell forebody e apex of the
aeroshell backshell, generating five convex axaitl point profiles that define one half of therahsell. The
forebody and backshell apex can be moved anywhentecally
along the forebody and backshell of the aeroshedipectively.
A NURBS surface is therefore defined by multipléahprofiles
rather than a single profile as in the SOR case fHgt that
NURBS can represent conic sections and quadricacesf
exactly provides one particular advantage in tesfmsonstraint
enforcement. Each cross-section is constrainedmittcircular
envelope, which limits the maximum radius of theosbell

along its entire length. Thus, the constraint omosteell Figure4. NURBS surface front, oblique, and
sideviews.
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packaging within the launch vehicle shroud canlgds accommodated via the NURBS representatiorteGn
maximum length and a maximum radius are definedfrobpoint placement yields a complete aeroshaffase.
An arbitrary NURBS surface generated based orfrusework is shown in Fig. 4.

C. Multiobjective Aeroshell Shape Optimization

As discussed previously, the overarching objedsvi® maximize the aerosh&bA while achieving a specified
L/D. However, ifCpA were to be maximized unchecked, the result wosldhle trivial solution of a flat plate at an
angle of attack. The impact of maximizi€,A on other aeroshell characteristics, some broughbyi other
disciplines, must be considered concurrently. Sudeed requires multiobjective optimization. Iniéidd to drag-
area, the static longitudinal stability, packagiagd overall system mass of the aeroshell arectdintial objectives
for aeroshell shape optimization.

1. Aerodynamic Objectives and Constraints

As previously outlined, Newtonian impact theoryused to determine th€, distribution over the entire
aeroshell surface for a given AOA. After numeritdégration, theCoA andC A are obtained for the aeroshell and
L/D is computed using Eqg. (2). SimilarigyAl is obtained directly through numerical integratmrer the aeroshell
surface mesh, referenced to the centroid of theshaetl. From this value oEyAl, the lateral CG offset that is
required to trim the aeroshell at this AOA is congull Based on this offset CG, a central finite edifhce
calculation is made in order to determine the ddive ofCy,Al with respect to AOA:CyAl),. Using the convention
of positive pitching moment being nose-up, a negatialue of CyAl), is required for static longitudinal stability.
Any of these quantities can then be used as aeamdignobjectives or constraints in performing aeefiskhape
optimization. The current motivation prescribeso@timization problem in which/D is used as a constraifipA
is maximized, required lateral CG offset is miniedz(in absolute value), and static stability is mmazed by
minimizing the quantity GyAl),.

2. Geometric Objectives and Constraints

Other objectives and constraints, such as volumleymetric efficiency and aeroshell mass due tocstine and
TPS require analysis of the aeroshell geometry.eCthe aeroshell geometry has been defined andseyes
numerically, volume and surface area can easilgdmeputed. A constraint on volume can then be chibdkectly,
while additional objectives can be derived fromestbombinations of aeroshell volume and surfaca.aFbe goal
in formulating objectives for structural mass anBSTmass is to match the trends associated withgekaim
aeroshell shape.

The structural mass of an aeroshell will be diseptloportional to the size of the aeroshell — paitrly the
surface area. Also, since an aeroshell is esslgrgigdressure vessel, the more its shape deviadesdpherical, the
more internal support structure will be requiredrigidity. For a similar reason, aerodynamic moitsémposed on
lifting aeroshells will require additional internatructural supports. Therefore, structural mads bvé inversely
proportional to the volumetric efficiency, definedEq. (3), whereV is the aeroshell volume ariis the aeroshell
surface areé.

_ednv

v ="c72 3)

Note thatny is maximized at unity for a sphere, which is tleeoshell shape with the best volumetric efficiency.
As such, slender aeroshell shapes will have a loyvend therefore a larger structural mass than kdendshells.
Additionally, lowerny indicates a poorer ability to package payload theaeroshell.

In the current work, an objective related to TPSsnig not included, although it is assumed thatimizing
CpA (thereby reducing) will reduce heating. The TPS mass of an aeroshelirectly proportional to (1) the heat
rates and heat load encountered during entry, 2nthé wetted surface area of the aeroshell. Tted heat rate
consists of a convective and a radiative heat catmponent. At the stagnation point, these heats rate
proportional to the effective nose radius of theoakell and the shock stand-off distance at thgnsiion point,
respectively. Note that a larger effective nosdusmdeduces the convective heating component, mueases the
shock stand-off distance, therefore increasingald@tive heating component. In terms of minimizthg total heat
rate, these two components generally conflict; haren most robotic missions the convective haté dominates,
allowing focus to be placed on maximizing the etifex nose radius of the aeroshell. For very higbkespEarth
entries, such as return from the moon, radiatiatihg has a more significant impact and must besicened in the
design of the aeroshell shape. Both the wettediserérea and the effective nose radius will depenthe specific
shape of the aeroshell and its attitude duringrtréa flight. Note that using Newtonian impact theorgne of the
aeroshell surface area that lies in the shadoveneigi considered wetted by the flow; however, iitg, even this

5
American Institute of Aeronautics and Astronautics



portion of the aeroshell would be exposed to aaradyc heating and would require thermal protection.

Additionally, a calculation of surface curvature wa be required to capture trends in local heatsratssociated
with shape change, particularly for a slenderipliftconfiguration

Because these objectives conflict, multiobjectiygirnization techniques may be applied to considgarerl
objectives simultaneously while satisfying all nes@ry constraints. Given a set of mission requirgsndhat define

constraints (such ag/D, volume, and size), the aeroshell shape can henigpt in a multiobjective sense. The

design variables are the locations of the contodhig of the NURBS surface and the AOA. The ranfpassible
solutions is limited by size and volume constraiffisrms that represent the CG offset, static stabiind aeroshell
structure and TPS masses are included as objetbivamimize the CG offset required for static trimaximize the
static stability, and minimize the mass of the abkell, respectively. The iSIGHT software by Engingeds used to
create the environment for aeroshell shape optiinizataking advantage of its built-in version etNSGA-IP
multiobjective genetic algorithm. Within this integed environment are MATLAB modules that were digped to
perform shape generation, aerodynamic analysisphjettive function evaluation.

Using this integrated optimization environment, €®arfronts can be generated for any combination of
conflicting objectives. Note that if a pair of obj&wes does not conflict, then the dimensionalifyttee objective
space can be reduced by eliminating one of thogeetbes from the multiobjective optimization. Algrthe Pareto
front are designs for which no single objective banimproved without degrading another. With suchitions in
hand, the designer can quantify the trade-offs eetwthe various designs in terms of the objectives.

V. Results

The Mars Science Laboratory (MSL) aeroshell wassehoas a baseline with
which to explore the capabilities developed in thierk. Aerodynamic and g
geometric constraints were derived from publisheBLMgeometry and mission I
requirements. ‘

An analytic, MSL-derived aeroshell is shown in Fig.along with parameters
computed from a Newtonian hypersonic aerodynamidyais. It has a 70sphere-
cone forebody with a conical backshell, designeflytat a non-zero AOA, thereby
producing anL/D of 0.24. Note that the actual MSL backshell habi@onic
geometry — the single conical frustum used hereanasquivalent volume. There is .

a maximum-diameter constraint of 4.5 m dictatedthy diameter of the launch Orim = -15.5
vehicle fairing and the size of the integration aest facilities at the Jet Propulsion L/D =0.24
Laboratory. An equivalent aeroshell volume requizemof approximately 18 ¥n Volume = 18
was determined from the present MSL design. A marirtength constraint was _Parameter Value
determined based on the length of the MSL aergshdth a forebody length of CoA 25.56 m
approximately 0.75 m and a backshell length of apiprately 2 m. Thus, an (CrAle -1261$3rj/3rad
optimized aeroshell is required to fit within a 4rbdiameter by 2.75-m circular = [ =
cylinder, have a volume of 18%mand achieve aD of 0.24. Figures. Analytic

All of these constraints are to be met by the mbjéctive optimization Paselineaeroshell.
problem; however, equality constraints can caufficudlty in producing a diverse set of feasible ré&a-optimal
solutions. Population-based, evolutionary multichje algorithms — like NSGA-II — are fundamentally

unconstrained optimization algorithms. Equality stoaints in a multiobjective optimization problemquire the
optimizer to locate individual solutions that haxgry specific characteristics. Additionally, thdwgmns that meet
these strict criteria must be non-dominated wigpeet to one another in order to form a Paretavagtset. If the
equality constraints are difficult to meet — thatif feasible solutions are widely dispersed aherdesign space —
the result is likely to be an entire populationRareto-optimal solutions that are crowded arousihgle design,
deviating only within the allowable constraint \atibn tolerances. To avoid this issue, each equedihstraint can
be converted into two inequality constraints, véthacceptable margin added to the desired consualire. In this
work, the MSL-derived volume andD equality constraints were both relaxed by 10%hef original equality
constraint value. In particular, volume was corsgd between 18 fnand 19.8 mand L/D was constrained
between 0.24 and 0.264.

In order to highlight the trade-offs associatechwitis particular application, the following threbjectives were
emphasized for aeroshell shape optimization: drag;astatic stability, and volumetric efficiencyhel analytic
baseline aeroshell shown in Fig. 5 was analyzedgudie same Newtonian aerodynamics routine thatdvbe
employed for optimization. First, the trim AOA reapd to produce ah/D of 0.24 was determined. At this trim
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AOA, the drag-area, static stability derivativedamlumetric efficiency were computed. These valtnes served
as a baseline against which to compare solutioodymed through optimization.

A. Single Objective Optimization

Initially, optimal solutions were computed usingiagle objective genetic algorithm within iSIGHT @nder to
investigate the bounding cases for these threectigs. Figure 6 shows the results from the thiegles objective
optimizations and includes comparisons to the digabaseline that is shown in Fig. 5.

The maximum drag-area solution (see Fig. 6a) redut an aeroshell with a flat plate forebody, rgeeted.
The aeroshell trims at an AOA that produces thaired L/D and then the backshell fulfills the volume coristra
Since a Newtonian aerodynamic analysis is perforrttesl actual shape of the backshell is arbitrariong as its
size satisfies the volume constraint. This solutidso gives the maximum improvement in drag-area We can
expect over the analytic baseline. The increasirag-area of approximately 14% translates into@eadse irff by
the same percentage, as shown by Eq. (1) for a giv®oth the static stability and the volumetric efncy have
worsened relative to the analytic baseline, wite thrgest adverse impact being on stability (drag heen
improved to the point that this aeroshell is stdljcunstable).

The aeroshell that maximizes static longitudinabdity will have the largest negative value @@L), since
this quantity takes on a negative value for stHticstable configurations. Figure 6b shows the Botuobtained
from the single objective optimization to maximgtatic stability. Contrary to the maximum drag-ase&ution, the
bulk of the volume has been shifted into the fooBbagiving the aeroshell a more slender, sweptatdiar. As
expected, the two ignored objectives have worsenedative to the analytic baseline. The resultinggdarea
decrement translates directly into an approximad@8s6 increase ifi for a givenm.

Finally, the solution for maximizing the volumetedficiency alone is shown in Fig. 6¢. Becauseubkime of
the aeroshell is set as a constraint, maximiziegvtilumetric efficiency is equivalent to minimizitige surface area
of the aeroshell (see Eq. (3)). The resulting smuhas a very high volumetric efficiency that cheeved through
the ellipsoidal shape of the aeroshell. Furthermibie optimizer is able to achieve a higher voluetfficiency at
the lower end of the volume constraint (18) lote that while a sphere aeroshell would have rtfaximum
volumetric efficiency, the./D constraint forces deviation from an actual sphareght, circular cylinder would be
the aeroshell with the minimum volumetric efficignin the current design space. Once again, ther dthe

objectives have been significantly worsened byrizing only a single objective.

G 1
s i

/ Qtrim = -13.6 N arim =-28.5 - Olgrim = -38.5

L/D =0.240 L/D =0.241 L/D =0.240
Volume = 19.0 m Volume = 18.1 i Volume = 18.0 m

Parameter Value % Difference Value % Difference Value % Difference
CpA e 29.20 +14.27% 17.69 -30.77% 8.321 -67.44%
(CrAD, m/rad 0.4900 +104.02% -19.49 -60.03% -1.049 +91.39%
Nv 0.6938 -5.52% 0.6645 -9.51% 0.9806 +33.54%
a) maximum drag-area b)) maximum stability ¢) maximum volumetric efficiency

Figure 6. Solutionsfor single objective optimizations (aer oshell meshes are shown coarse for clarity).

B. Multiobjective Optimization

As shown using single objective optimization, thesen objectives conflict in terms of finding antioyl
aeroshell shape. For such conflicting objectiveanynoptimal solutions exist until explicit prefeoes are defined
for each objective. In terms of design selections ibest to have in hand the set of Pareto-optsoaltions that
guantify the trade-offs between objectives. Theitsmhs obtained in the previous section represginemes along
these Pareto fronts. Using a multiobjective ger@tiorithm in iISIGHT (NSGA-I1), sets of Pareto-aptl solutions
were generated for each pair of objectives. Eacht®@ptimal set of solutions is shown below ingsig-10, along
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with the single objective optimization results ahd analytic baseline for comparison. For each paobjectives,
an arrow indicates the direction of overall imprment.

Figure 7 shows the Pareto-optimal set of solutibias simultaneously maximizes aeroshell drag-areassatic
stability. (Recall that static stability is increglsas CyAl), becomes a larger negative value.) Starting with th
maximum static stability solution and moving riglaing along the Pareto front, static stability isegivup for an
improvement in drag-area. This trade-off is gradaidirst, but then increases rapidly until the maxm drag-area
solution is reached. In terms of aeroshell shape,ttade-off of static stability for drag-area isedto a gradual
blunting of the forebody and an attendant shift@fime into the backshell. Note that the analytisdine does not
lie along the Pareto front — it is a solution tismdominated by all the other Pareto-optimal sohsi A 90 arc
drawn from the analytic baseline solution towarel Bareto front illustrates that Pareto-optimal Sohs within this
arc yield an improvement iooth objectives over that of the analytic baseline.

Figure 8 shows the Pareto-optimal set of solutitred simultaneously maximizes aeroshell drag-amd a
volumetric efficiency. Compared to the Pareto frimFig. 7, this Pareto front extends over a muahér range of
drag-area values. In general, the sacrifice in -dir@g required to obtain aeroshells with maximurtuwetric
efficiency is much greater than the sacrifice iagdarea required to obtain aeroshells with maxinstatic stability.
In terms of aeroshell shape, aeroshells with higlimetric efficiency tend to lack broad, flat suxdaareas that are
characteristic of aeroshells with high drag-areanggquently, aeroshells with higher volumetricoificy have a
lower drag-area. Once again, there is again a setgohé¢he Pareto front within which an improvemeah be made
to both the drag-area and volumetric efficienciatiee to the analytic baseline aeroshell (as iattid by the 90arc
drawn).

Finally, Fig. 9 shows the Pareto-optimal set ofuohs that simultaneously maximizes aeroshell matric
efficiency and static stability. The trade-off itaic stability for increasing volumetric efficignés similar to that
for increasing drag-area, with approximately themsaange of static stability covered in both caseserms of
aeroshell shape, starting from an aeroshell withh h§tatic stability, increasing volumetric efficnwill cause
expansion of both the forebody and backshell. @imib when drag-area is increased, the shift ofimel to the
backshell has a destabilizing effect. As shownHgya0 arc drawn, there are solutions along the Paretu fuich
provide improvement in both volumetric efficienaydastatic stability, relative to the analytic baselaeroshell.
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Figure7. Pareto-optimal solutionsfor maximizing drag-area and maximizing stability.
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Figure 8. Pareto-optimal solutions for maximizing drag-area and maximizing volumetric
efficiency.
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Figure9. Pareto-optimal solutions for maximizing volumetric efficiency and maximizing
stability.

As previously indicated, there is a segment alomghePareto front that contains solutions providing
improvement in both objectives, relative to thelgiiabaseline shown in Fig. 5. In order to invgatie this aspect
of the objective space, a single design was seldoben each Pareto front segment and the thredtirgsulesigns
are shown in Fig. 10. As in Fig. 6, the objectiVes each aeroshell are compared to that of theytiodlaseline
through a percent difference. The design in Figa 48ows an improvement in both drag-area and sttthality,
with greater improvement in static stability. Relatto the analytic baseline, the forebody has hi#ented slightly
and the backshell has gotten shallower — incredsirig the drag-area and static stability, respebtilNote that the
volumetric efficiency has been degraded. Figurbdis that if the static stability was made no wdbsen that of
the analytic baseline, the drag-area could be asa@ by approximately 4% — a magnitude that woikielyl
decrease once other objectives are considered, Rigxt10b shows an aeroshell that provides andrgment in
both drag-area and volumetric efficiency. Comparethe analytic baseline, this aeroshell has atbtuiorebody
that increases drag-area and a backshell with @ nooinded character that serves to increase thalbvelumetric
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efficiency. Note that a portion of this increaseduwmetric efficiency is likely due to the increasevolume: this
aeroshell has reached the upper limit of that caimdt set at 19.8 inThe static stability of this aeroshell has been
degraded rather significantly compared to the aitabaseline. Finally, Fig. 10c shows an aerostigt provides
simultaneous improvement in both volumetric effidg and static stability. The drag-area has bearadied
significantly as volume has been shifted into theelbody, thus providing greater static stabilitgfter volumetric
efficiency, but less surface area that is blurtheofreestream. The backshell is shallow and swephybrid of the
two backshells shown in Figs. 10a and 10b — sisakilgy and volumetric efficiency are the primadlyivers of
backshell shape. Note, once again, that the volaofmine aeroshell has approached the upper bounufatiye
volume constraint, providing some of the improvetriarvolumetric efficiency over the analytic baseli Overall,
however, the internal volume is being used moreiefitly in terms of Eq. 3.

05 \\f:‘
) —_/ \ X \
Oyrim = -16.2 Oyrim = -14.2 Orim = -21.5
L/D =0.241 L/D =0.241 L/D =0.252
Volume = 18.6 m Volume = 19.8 Volume = 19.6
Par ameter Value % Difference Value % Difference Value % Difference
CoA v 25.81 +0.98% 28.04 +9.73% 18.04 -29.42%
(CAl), mrad -13.59 -11.58% -7.99 +34.40% -15.43 -26.73%
Nv 0.6780 -7.67% 0.7590 +3.36% 0.8466 +15.28%
a) drag-area and b) drag-area and volumetric c¢) volumetric efficiency and
stability efficiency stability

Figure10. Pareto-optimal solutions representing simultaneousimprovement in pairs of objectives.

From the above discussion, it is clear that desaast which offer improvement over the analyticéline in
terms of each pair of objectives. The natural pessgion is then to determine whether designs existhvoffer
improvement in all three objectives. This questiaas answered by performing multiobjective optiniatusing
all three objectives with three additional ineqtyalconstraints: each objective was required to id®va
performance at least as good as that of the aoddgseline design shown in Fig. 5. Figure 11 digptae results of
this optimization, along with an example desigmdfrthis set of solutions. Each solution representsrgprovement
over the analytic baseline in terms of all thregeotives and is Pareto-optimal with respect to gweher solution.
Based on Fig. 11, the trade-offs among the thrgectibes are consistent with the trade-offs idéexifby
optimizing each pair of objectives independentlfeTstrongest trade-off here is between drag-arelastatic
stability: for a given volumetric efficiency, thecrease in static stability as drag-area incre@sgeseater than the
decrease in static stability as volumetric efficigrincreases at a given drag-area. Further inwasitiy into these
results showed that most of the improvements iumeltric efficiency corresponded to an increasedlume —
essentially, the optimizer exploited the flexilyilibuilt into the volume constraint. The exampleusioh shown in
Fig. 11 has a volume close to that of the analytiseline and shows a small improvement in all tlodgectives.
The aeroshell forebody is similar to that of a sa segment, but has a slightly elliptical comtoxgar the nose.
The backshell is more rounded and shallower thandhthe analytic aeroshell, providing greatetiststability and
volumetric efficiency. The Pareto set shows thppraximately, a 4% increase in drag-area is expettebe the
maximum achievable improvement over the analytgebae without degrading the other objectives. Thsult is
consistent with the maximum achievable improveneurag-area that was predicted from Fig. 7. Cqoesingly,
the maximum improvement in static stability is esjgel to be approximately 12.5% and the maximum
improvement in volumetric efficiency is expectedite approximately 6%. As shown in Fig. 11, manyréRa
optimal) solutions exist that provide improvemeirtermediate to these expected maxima — the setedf a
particular compromise solution will depend on theeferences of the designer and the specific mission
requirements.
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Figurell. Pareto-optimal solutionsrepresenting simultaneousimprovement in all three objectives.

V1. Conclusions and Future Work

A capability to perform multiobjective aeroshell age optimization based on Newtonian hypersonic
aerodynamics has been developed. Several diffenetihods for shape parameterization have been igaésd,
including analytic and synthetic shapes. Syntheticspline, surface formulations are used to reprethe aeroshell
shapes because such forms allow a large diver§ismmoth-bodied shapes while maintaining a relativew
number of control points (or design variables) é@timization. In particular, NURBS surfaces provide ideal
geometric representation of complete aeroshells.

An optimization framework has been created (usBigsHT) that enables use of multiobjective evolugipn
algorithms to generate Pareto-optimal sets of mwlat Objectives and constraints are determinededam
aerodynamics and the geometry of the aeroshelly Todude, but are not limited ta/D, drag-area, static stability,
volumetric efficiency, CG offset, volume, and oJkeeeroshell size. After deriving design constraibased on the
MSL mission, single- and multiobjective optimizatiovas performed using drag-area, static stabilagd
volumetric efficiency objectives. Results reveasetutions that offer improvement in these objectixgative to the
analytic 70° sphere-cone, which has been employealliJ.S. robotic Mars missions. These sets obRaoptimal
solutions also served to highlight the fundamenmtatie-offs between drag-area, static stability, anblimetric
efficiency.

The natural progression for this work is to addechyes that can account for the impact of TPS nuass
aeroshell shape design. Specifically, this step neduire relations between the local surface stapkconvective
and radiative heating. Stagnation-point heatingyfscally estimated using an effective nose radhusyever, it
would be more complete to account for heating afn@y the stagnation-point as well. The most obvioksice is
to relate convective heating to local surface cumealong streamlines emanating away from thenstii@n point.
Radiative heating relations typically require atireate of shock stand-off distance. It is not immagely clear how
to estimate the shock stand-off distance alongetite#e aeroshell body, but such a relation wilelikdepend on
local surface curvature as well. In terms of explprthe design space for other EDL missiobd) will be
parameterized and varied from a low value, say t3a high value, say up to 1.0. For ed¢b, a different
multiobjective optimization will be performed, gng not only sets of trade-off solutions for eddP, but also
aeroshell trend information across the range /@f. Such information will be valuable to designers fatfure
planetary EDL missions for which lifting aeroshedl® an enabling component of the overall EDL dectire.
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