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Morphing Hypersonic Inflatable Aerodynamic Decelerator

(HIAD) Mechanisms and Controls

Adam C.Milne Slagle
(ACADEMIC ABSTRACT)

To enable a crewed mission to Mars, precision landing capabilities of Entry, Descent, and
Landing (EDL) systems must be improved. The need for larger payloads, higher landing sites,
and controllability has motivated the National Aeronautics and Space Atimiion (NASA) to
invest in new technologies teplacetraditional rigid aeroshell systems, which are limited in size
by the payload envelope of existing launch vehicles. A Hypersonic Inflatable Aerodynamic
Decelerator (HIAD)s an emergingechnology lhat providesan increased drag area by inflating
the aeroshell to diameters not possible with rigid aeroshells, allowing the vehicle to decelerate
higherin the atmosphere, offering access to higher landingwitesmore timeline marginto
enable a creed mission to Mars, future entry vehicles will require precision landing capabilities
that go beyond heritage EDL guidance strategies that utiigentensive and errgpronebank
reversals. A novdDirect ForceControl (DFC) approach of independentigntrolling the lift and
side force of a vehicle that utilizes a HIAD with an aerodynamic shape morphing capability is
proposedTo date, the mechanisms and controls required to morph an inflatable structure to
generte lift have not been explored. In tlissertation, novel morphing HIAD concepts are
investigated and designed to satisfy mission requirements, aerodynamic tools are built to assess
the aerodynamic performance of morphed blunt body shapes, and a structural feasibility study is
performed usingnodels correlated to test data to determine the forces required to generate the
desired shape change based on a crewed mission toAtawsel control methodology is
introduced by applying a unique DFC strategg toorphing HIAD to enhance precision ting
capabilities of EDL systems, and the ability of a morphing HIAD to safely land a vehicle on
Mars is assessed by performing a cleleg feedback simulation for a Mars entry trajectory.
Finally, a control mechanism is demonstrated on a sgatalle infatable structureConclusions
and contributions of this research are presented along with a discusBitur@research

opportunities of morphing HIADs.



Morphing Hypersonic Inflatable Aerodynamic Decelerator

(HIAD) Mechanisms and Controls

Adam C.Milne Slagle
(GENERAL AUDIENCEABSTRACT)

A Hypersonic Inflatable Aerodynamic Decelerator (HIAD) is a reentry vehicle designed
to inflate the aeroshell to diameters outside of the payload shroud to decelerate the vehicle higher
in the atmosphere, offering access to higher landing sites with m@iene margin. To enable a
crewed mission to Mars, the landing accuracy of a HIAD must be significantly improved beyond
heritage bank angle control approaches that ardritexisive and prone to errors. A novel Direct
Force Control (DFC) approach is posed that permits direct control of the angle of attack and
sideslip by morphing the inflatable shape of the HIAD to eniébf@ecision landing
capabilities A morphing HIAD concept is proposed in this dissertation to satisfy the
requirements of landinigumans successfully on Mars. Aerodynamic tools are built to assess the
aerodynamic performance of morphed blunt body shapes, and structural ocoodsged with
test dataare created to determine the forces required to generate the desired shapeNdvahge.
DFC methodologies are introduced and applied to a morphing HIAD system, a motor sizing
study is performed to compare the total energy usage and cost and weight estimates of the
morphing HIAD to heritage control systems, and a Mars entry trajectonjaion is performed
to assess the capability ofreorphingHIAD to safely land a crewed vehicle on Mars. Finally, a
control mechanism is demonstrated on a sstle inflatable structure. Conclusions and
contributions of this research are presentedgalith a discussionfduture research

opportunities of morphing HIADSs.
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1. INTRODUCTION
1.1. Motivation

Current entry, descent, and landing (EDL) technology is not capable of delivering
payloads of the size necessary for future hustate missions to Mars. The need for larger
payloads, highdanding sites, and precision landing capabilities has motivated the National
Aeronautics and Space Administration (NASA) to invest in new technologieplaxre
traditional rigid aeroshell systems, which are limitedizeby the payload envelope of ety
| aunch vehicles. Additionally, NASAOGS new exp
heavier payloads to be delivered to Mars prior tocthre e arrval [1]. The2012Mars Science
Laboratory (MSL) is the most recent example of pushing-stiatiee-art rigid aeroshell
capabilities to the limit, delivering a payload of 950 kg to the Martian surface with a diameter of
4.5 m.Current EDL technology, however, is limited smting at lower elevations due to the thin
atmosphere of Mars, leaving the majority of the planet unexpl@esiafelydecelerate large
massedn orderto access high surface altitudesvars new technology must be developed to

increase the drag areaadroshell systems.

A Hypersonic Inflatabléerodynamic DeceleratdHIAD) is an emerging game
changing lightweight deployable technology tissthe next step to increasing mass, landing
elevation, and controllability for EDL systems. HIADs produce ballistic coefficients significantly
lower than what is possible for rigid aeroshells by inflating the aeroshell to diameters much
larger than the aeshell shrougdas shown in Figure 1 beld®]. This increased drag area allows
the vehicle to decelerate higher in the atmosphere, which enables precision landing at higher
altitudes A NASA agencylevel system study, Entry Destt and Landing System Analysis
(EDLSA) [3], determined that HIADs are an enabling technology for human scale Mars mission

requiring 40660 metrc tons of payload.
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To enable a crewed mission to Mars, precision landing capabditEBL systemsnust
be improved beyond the statéthe-art. As shown irFigure 2 below, all Mars lander missions
prior to the 2012MSL missionhavehad landing uncertainties on the ordéhondreds of
kilometers[4]. The implementation of a guidance and control system into EDL technology is
imperative to ensure the durability, reliability, and accuracy of future missions to Mars. MSL
was the first Mars mission ttilize a control system to Mars, using a fixed offset center of mass
to provide lift through a 1-20° trim angle of attack. A bank angle control entry and guidance
system was used, using eight thrusters grouped in pairs, to reduce the size of theslpsing
A shortcoming of this technique is that the of@op phase of flight created by the use of bank
reversals increases targeting errors. With the increasing diameters and inertias of vehicles sized
for human Mars entry, current reaction controltsys (RCS) technology cannot respond fast
enough to roll the vehicle to the desired point aeckterate without any overshoot, and remains

to be a complex controls problem.

1976 Viking
174 x 62 mi

Figure2: Landing ellipse size relative to the liftadd guidance entry of 2012 Curiosity mission

A novel, alternate guidance scheme to control the vehicle during hypersonic entry called
Direct ForceControl (DFC) eliminates the opdoop flight error by independently controlling
the lift and side force ohe vehicleDFC allowsfor the application of force in the direction
desired with no crossoupling error and the ability to turn the force off when no longer needed

leads to a considerable amount of savings in Agkhown inFigure 3 below, a crewed vehicle

Mars guidance study performed for NASAOGs Entr
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(EDLAS) shows the use of a direct force generation guidance control strategy can result in a
significant fuel reduction of thetrictons compare to bank angle control of a fixed aeroshell

[4]. In this study, Monte Carlo simulations wetm for each concept to track the total

dispersions for a range of uncertainties that can be encountered during an entry guidance phase
Vehicles sized to botbonceptsieed to be carrying enough propellant mass to satisfy the

limiting cases on the right tail of the bell curves where the most amount of propellant is required.
These results, therefore, indicate that a vehicle implemeatidigect Force Control scheme will

save two metric tons of propellant mass as compared to a viehptéamenting bank angle

control. This dissertation seeks to develop a new form of DFC applied to shape morphing

capabilities.
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Figure3: Total required propellant mass for Direct Force Control (DFC) and bank angle control
(BNK) strategies for a crewed vehicle Mars guidance study

There is a unique opportunity to improve precision landing capablyiésveraginghe
inflatable shape of the HIAD to beneflirect ForceControl strategies. Inflatable structures offer
alternative methods to generate lift apart from traditiorater oimasg(CM) offset mechanisms
or aerodynamic control surfaces suclTem Tals orflaps by modifying theléxible shape of
the structureThe heating effects of the lift generating capabilities are important to consider
when designing entry vehicles, aratlucing the drag area by deforming the shape should
produce more benign heating augmentation than employing a tab or flap on the perimeter of the
aeroshell. Shape morphingseen as new opportunity for modifying the lift to drag ratio (L/D)
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to increase@recision landing capabilitiens inflatable structures arid deemed a key technology
to devel op by NASRd@dmasfor&bls]. REmaciigranveatigngl
passive control, such as a fixeM®ffset, with a fully &tuated system will greatly improve the

systembs performance. By replacing the Reacti

technology, morphingllADs will benefit from reduced vibration or control fluttg].

This dissertatiomxplores the concept of morphing and the mechanisms and controls
required to implement shape morphing applied to a general aircraft structure, and how they can
be utilized to generate lift in a HIAD structyi@nd HIADs in particwdr, through modulatindhe
lifttodr ag ratio (L/D) to actively control the
and to decrease the size of the landing ellipbés increases the control authorignables the
HIAD to deal withchanging entry and atmospheric cdiudis, and furthers precision landing

capabilities of EDL systems.
1.2. Goals

The goal of this dissertation is to develop a mechanism and controller capable of
morphing an inflatable structure to incregsecisionlanding capabilities of EDL systems.
Morphingsystems are designed, analyzed, and tested to generate lift by controlling the
magnitude and direction of the lift vector while satisfying performance requirements based on a
mission application. The goals are subdivided as folldy#. conceptual desigstudy is
performed to investigate and select novel morphing HIAD concepts that satisfy performance
requirements. 2) A structural feasibility study is performed to generate the desired shape change
based on a human entry mission to Mars. 3) A novel comietthodology is introduced applying
a uniqueDirect ForceControl strategy to morphing HIADs in order to enhance precision landing
capabilities of EDL systems.

1.3. Objectives

To meet the goalof this dissertation, several objectives are outlined that doevied in

order to complete each sgbal listed in the previous section.

To achievethe first goal, an investigation into the mechanics of inflatable beams for

fundamental morphing applicationscgnductedA series of trade studies is performed to



invedigate optimal actuators and sensors to morph the inflatable structure and select two novel

morphing concepts.

To achievethe second goal, a tool is first developed for analyzing the aerodynamic
coefficients of morphed aeroshell shapes to determine wapéslare required to achieve the
performance requirementBesting is then performed on an inflatable test article to correlate the
data to a finite element model. A conceptual study is then performed using the correlated model
adapted to a crewed missitmMars to obtain aestimateof the loads required to morph the
vehicle.An entry trajectory simulation thenperformed using the obtained lift force and
actuation rates to assess its lift generating capabilities and effects on heating.

To achieve the third goal, a novel Direct Force Control strategy is introduced to enable
independent downrange and crossrange control. A motor design study is performed to choose a
suitable motor architecture system with energy and cost estirisorming mechanism and
vehicle dynamics are then integrated into a cldeeg feedback simulation for a Mars entry
trajectory to assess the ability of a morphing HIAD to safely land a vehicle ontzally, a
subscale test article is created to demonstrate the effectiveness of using a control and actuation

system tanorph preciselyhe shape of an inflatable structure.
1.4. Introduction to morphing

Morphing technologies have emerged as a promising contengleptove the
performance of aerospace vehiclgscraft morphing is defined as a method, alternate to
conventional means, such as traditional discrete, hinged control surfaces, of manipulating an
aircraftés external s happgerfoormtancertMaorphingichanggsaand en
aircraftdés characteristics to achieve better
be achieved. There are two broad categories of morphing: configuration morphing and
performance morphing. Configuratiomorphing is when an aircraft morphs to change its
mission in flight. This is the best shape for a point in the flight envelope. Performance morphing
is when an aircraft changes its structural properties to improve performance. This is achieved by
modifyingits stiffness, camber, and/or leading and trailing edges. Performance morphing can

also result in drag reduction, roll control, and load redudipn



When designing a morphing HIAD system, there tavo design philosophidkatare
also applicable to any morphing system: develop a morphing systene fourrent design or
design thestructure from the ground up that better lends itself to morphirggimportant to
design according to what benefits are already in placeathaadvantageous tibe morphing
concept. The inherently compliant nature of an inflatable strudiurexamplebetterlends
itself to morphing capabilitieas opposed to a rigid structure that cannot easily change its shape
A smooth and flexible thienal protetion system (FTPS) can smoothut any irregularities due
to morphing and can also be used as a control surface to pull on. In additiorrjgidhon
centerbody connection allows pulling on the shape to be more effective, as the shape is allowed
to deflect beyond what would be capable for a rigid body. When designing a morphing system,
the design space should be assessedvasle by asking some common questions, such as how
much morphing is required to achieve a desired result, what loadgjanedeto achieve the
desired morphed shape, what type of actuator can achieve the proper force vs. stroke
relationship, what sensors can monitor the displacement at what frequency in order to be
effective at controlling the response, how does the stricaspond to morphing, and how the
morphingstructureandactuatorsanbe constructedd summary of the previous work on
morphing systems and n@ymmetric features found in the literatisgresented in the

following section
1.4.1. Previous work on norphing and non-symmetric features

Morphing technologies have been extensively applied to aircraft in order to optimize
flight for the entire flight envelope, as opposed to traditional aircraft that are only optimized for
one or two flight conditions. Thadvantages of morphing are seen to outweigh the added mass
of the morphing component®ne such example ismaorphing wingtip a shape changing
structure that changes the length of its wingspan to modify the tifag ratio while also
reducing the parkig size of an aircrafAdditionally, a telescoping wing uses pneumatic
telescoping spars to extend the length of the wing duringligltt. A more complex example of
this concept is a folding wing, such as the Gull wing, where the wings contain apelgssoar
connected to a hinged spar that enables a folding m@joRecent designs follow a swept wing
design that allows for efficient subsonic and supersonic flight, as seen by tR23Vii&@umman
F-14 Tomcat, and the-Bb Lancel6]. The F14 Tomcat usea wing structure made of titanium



whose wing sweep is varied to achieve the optirifirto dragratio for the Mach number. The
problems with traiional morphing aircraft aristom their complexity, added weight, and

maintenance.

To overcome the problentisaditional morphing aircraface many designs have turned
to |lightweight Asmarto materials that have th
variable stiffnes, and the ability to tolerate large amounts of stiltere has been recent
interest in enabling morphing aircraft through the ability of smart materials and structures to
obtain information and spond to the environment with improved performance. Smat¢rials
are generally considered active materials that include piezoelectric, magnetostrictive, and
ferroelectric materials, optical fibers, electrorheological and magnetorheological fluids, shape
memory alloys, shape memory polymers, eleetrtive poymers, and multifunctional nano
composites. Smart structures incladexetic honeycombs, variakdgiffness tubes, mulstable
structures, and corrugated structures. Some of the defining features of smart materials and
structures include se#ctuating, i producing an output in response to a stimulus;ssising,
by generating a signal or undergoing strain in response to an environmental change; and self
adaptive, by changing its geometry to adapt to its environrBemart materials can be designed
to gperate as actuators, sensors, and even controllers to control vibration, noise, an§Birflow
Some examples of smart materials applied to morphing concepts include a deployable wing with
shape memory polymer (SMP) composikén [10], active vibration control of an F/A8
vertical stabilizer with piezoelectric actuattd], and the extension and canting of a morphing
winglet with a corrugated structuf&2].

Inflatable structures, due to their compliant nature, lend themselves to many different
mor phing aircraft concepts. Inflatabl e wings
Goodyear built what is consideredrpaps the most successful inflatable airplane between 1955
and 1972 called the Inflaplane The Inflatoplane pressurized the wing skin while controlling
the shape with tension elements between the top and bottom surfaces. A concept for an inflatable
reertry vehicle was even proposed in 1962 by the Aerospace Corporation. The recent
development of braided tubular beam structures has spurred the development of inflatable
structures due to recent advances in manufacturing technology and the availabigty of hi

tenacity, high modulus fibers. Such structures can withstand high inflation pressures, which is



the key toachievinghigh strength beforthe onset of wrinklingThe components of an inflatable
braided spar are an internal gas barrier fabricated froefeatomeric film that is impermeable to
the inflation gas, the bias brazdnsisting of fibers oriented at an oblique anph is

responsible for containing the inflation pressure structurally in the circumferential direogon

the spar caps whicheaxial reinforcements that carry the largest portion of the axial reaction to
pressure and provide the spar with bending stiffness. Braided inflatableospadenew
opportunities for designing inflatable aircraft and have been used in a variety of prototype air
vehicles. Initially, development focused on parafoils and paragliders, while tesaahned

aerial vehicle JAV) design has shown renewed attention tsigteng the wing section using

multiple inflatable sparfL3].

A study by ILC Dover investigated several different actuation methods of morphing
inflatable wings for compact UAVs. Some of the inflatable actuator types incieziestectric
actuators, electractive polymers, shape memory alloys, pneumatic chambers, nastic cells, and
distributed motosactuator assembli¢&4]. While an attractive option for UAV research, many
of these actuation systeroannot be appropriately scaled to large systemsiringlarge force
to-stroke outputs until the technology is further matured. This study, however, did prove that
inflatables can be used as an effective means to morph an afecrafsuch example is arges
of trailing edge actuation devices that are used to flex the trailing edge of a wing. By applying
opposite polarity voltage to an upper and lowercro fiber compositeMFC) actuator bonded to
a metallic substrate on tiedge of a wing, the substrate is caused to curve upward or downward.
This concept has potential applications for morphing cuifant Tabaerodynamic control
surfaces on rentry vehiclesAn additional study demonstrated the feasibility of morphing
trailing edge control using flexible matrix composite (FMC) actudfidik Other work in the
literature has demonstrated a new concept of active honeycomb structure for morphing wingtip

applications based on tubular inflatable systeand an auxetic cellular struct(ii@].

Smart inflatable structures have also seen an increased representation in space related
applications due ttheir lightweightpropertieslow deflated volume, and high strengthmass
ratio. Due to the limited forces they can exert, a study of the optimal sizes and placements of
piezoelectric actuators and sengerperformedor an inflated torus for the application of an

inflatable antenna in spagE7]. A control theory is presented for the application of shape



memory alloy actuators in active shape control of inflatable space strudt8feshe assembly

of smart space structures using inflatable shape changing coloaiss esented 9].

Adaptive inflatable structures haadditionallyfound their way into many different fields

outside of aerospace. A feasibility study of adaptive inflatable structures for protecting wind
turbinesshows thatontrolling the release of compressed air of a tshaped inflatable

structure that surrounds a wind turbine tower at water level can help the system adapt to various
impact scenarios during collisions with small sh[@€]. A study on an innovative inflatable
morphing body structure has been shown to improve the crashworthiness of military and
commercial vehicleR21]. Pneumatic torsional actuators for inflatable robots have also been
developed, sbwing that these new materialan outperform electrmagnetic actuators or

motors by satisfying weight, safety, and performance requirerfgijts

While morphing has nateenany recent development for-eatry vehicles, there remains
an ongoing need to develop new guidance strategies to increase precision landing capabilities for
entry, descent, and landing (EDMhile traditional guidance control using bank reversals and
mass jettisons were demonstrated during the Mars Science Laboratory mission of 2012, new
approaches look to go beyond heritage approaches to achieve the required performance and
precision landing requirements, such as actively controlling the lift vectog aisiactive center
of masxffset, deploying a neesymmetric shape to generate a{zenolift to dragratio at its
trim angle of attack (AoA), or using aerodynamic flageving a QM offset mechanism to
generate lifin a HIAD was demonstrated in theflatable Reentry Vehicle Experiment 3
(IRVE-3) in 2012[1], and a recent studlemonstrates the capability of usingernal moving
mass actuator (IMMA) control systems for improving Mars precision entry guidance of rigid
capslles and demonstrating precision guidance capabitif HIADs [23]. The Adaptive
Deployable Entry and Placement fieology (ADEPT) as shown in Figurebélow is a semi
rigid, mechanically deployable hypersonic deceleratdrithalso proposed for human missions
to Mars[24]. The mechanical actuation system deploys akin to an umbrella, and asymmetric
concepts have been proposed by changing the lengths of the struts to deploy an asymmetric blunt

body shape that can generate measurable lift.



Figure4: ADEPT wnfiguration

Trim Tabs, as shown in Figurel&elow, have been tested extensively as agyommetric
feature on aeroshells and are also a candidate for potential adélAD [25]. Trim Tals are
defined as deployable, aerodynamic control surfaces capable of trimming a vehicle 4weaonon
angle of attack while reducing or eliminating the use of ballast mass and providing a capability to
modulde thelift to dragratio during entry. A singl@rim Tabprovides unidirectional pitch
control, while two or mordrim Tals can provide both pitch and yaw control through alteration
of L/D magnitude and directiourrently it has not been investigated how to implement and
deployTrim Tabs on an inflatable structur@/ith only four tab positions spaced uniformly
across the aeroshell at most, these discrete positions do not provide the resolution in control that
thecontinuous morphing surface offers. Additionally, the small protrusions off the perimeter of
the aeroshell result in a high degree of localized heating on the trim tabs. This, in combination to
its difficulty in attaching to a soft flexible surface, makesTrim Tab concept infeasible for a
morphing HIAD.
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Figure5: Trim Tabmodel geometry

The Aeroassist FligHExperiment (AFExonfigurationwas one of the first studies to look
at the aerodynamic performance of an asymmetrmsaell shap§26]. The AFE configuration
as shown in Figure Below, consistef a 14 ft diameter raked and blunted elliptic cone. L/D was
obtained wih two model sizes withngles of attack ranging from10 to 10 degrees. By taking
advantage of the existing analysis and test data, the AFE tests will serve as a baseline for future
asymmetric concepts. The AFE concept, however, is a rigid aeroshell, and it has not been
investigated bw this shape can be constructed using inflatable mbore. recently, an
asymmetric heatshield configuration named Asymmetric Capsule VEAICM) is introduced
that removed the supersonic trim stability issue found to occur with the asymmetridefi<d
shapg27]. A variety of optimization methods have also been applied to the aeroshell for the
Mars Science Laboratory mission to investigate optimal shapes that will increase landed mass

capability by maximizing drg-area or a specified lift talrag ratio[28].
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Figure6: Aeroassist Flight Experiment (A& configuration

1.5. Introduction to HIADs

A HIAD consists of an inflatable structure mounted on the nose cone of an entry vehicle
consisting of stacked, inflatable nitrogkifed tori covered by a flexible thermal protection
system (FTPS). HIADs are stowed inside the vehicle shroud and areéadffaior to
atmospheric entry, creating a large surface area that decelerates the vehicle as it travels through
the atmosphere while theTPS protects the vehicle from heatig. shown in Figure 7 below,
the stacked torus design consists of multipleksd inflatable tori forming typicallg 60° to 70°
cone connected to the centerbody with multiple structural straps. Each torus consists of a braided
fabric shell covering a gas barrier with reinforcing cords for carrying the circumferential loads

and preiding flexural rigidity.

Figure7: Axisymmetricstackedtorus HIAD design
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HIADs provide several advantages over traditional rigid aeroshells for atmospheric entry.
HIADs are lightweight, deployable ewrbit, and have a high strengitrmass ratio with minimal
storage volume. By producing lower ballistic coefficients, HIADs hefrein a lower peak heat
flux, total integrated heat load, and an increased payload mass. Additionally, the inflatable
diameter is not constrained by the launch vehicle shroud, allowing for a large drag area that can
provide deceleration at higher atmosph altitudes. Studies of tiMartian landscape show that
many landing sites of interest exist in the southern highlands, at elevations 2 km above the Mars
mean radius. Current rigid aeroshell systems do not allow for the landing at these sites because
they cannot reach parachute deployment conditions at the appropriate elevation to be deemed a
successful landing. HIADs, on the other hand, can decelerate early in the atmosphere, thus
offeringaccess to higher landing sites with more timeline margin. Fampbe, HIADs can
reach peak deployment velocity of Mach 2.0 over 20 km higher than a rigid aeroshell system
[29].

1.5.1. Historic r eview of HIADs

A span of research over the past fifty yearsdemonstratethe benefits and needs of
developing new technology that can effectively deetéevehicles operating Btachnumbers
and dynamic pressures beyond what existing decelerators are capablecént years,
renewed interest has been shown indéployabldnflatable Aerodynamic Decelerator (IAD) in
particular. IADs are defined as inflatable devices designed to greatly increase drag on an entry
vehicle[30]. First proposed by NASA Langley Research Center (LaRC) ith theb [BH, st
was not wuntil the 197006s that | ADs reached it
missions as Viking, Pioneer, and Galileo became the first to require deployable decelerators
during reentry. Studie later revealed that these missions were fully capable with-Bastd
parachute technolod$0], and development on IADs halted inthe vtii® 706 s, | eavi ng
technology in a statof immaturity. Figure ®elow illustrates amerous IAD configurations,
typically named by their construction method, such as a stacked toroid, or for the structural

theories used to derive the shape, such as isotensoid and tensi{@2¢one
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Figure8: Example of feasible trailing and attached IAD configurations and a®ékBand
Parachute

Recent atmospheric entry analyses calling for deceleration technology that goes beyond
existingcapabilitieshavesparked new IAD interésnd development. Such technological
development advancement has been shown through initiatives performed by organizations such
as the Air Forcg¢33], the Defense Advanced Research Projects Agency (DAIRZ4)

Lockheed Martir[35], the European Space Agency (E$3§], and NASA[32]. The two most

general types of IADs are identified as Supersonic IADs (SIAD) amgktdpnic IADs (HIAD)

and are defined by the speed in which they are inflated. SIADs are inflated at supersonic speeds
(M O 5) and HI ADs are i nf |l at-antbsphericallj3dlper soni c
HIADs have seen renewed interest in recent years due to their resgibling benefits of

increasing precision landing at higher altitudes than previdbslyghtpossible by decelerating

the vehiclehigher in the atmosphere. HIADs can be used for aptace or entry to landing, and

due to the extreme conditions in which they are deployed, require advheoed! protection

technology to be able to survive high heating.

The most recent flight experiment performed on HIADs was the InflatabenRe
Vehicle Experiment 3 (IRVE3) in 2012. IRVE3 was a suorbital flight experiment launched
onathreest age sounding rocket from NASAGs Wall ops
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demonstrated the survival of arBdiameter HIAD due to exposure to a nussielevant heat

flux, and the effectieness of using a radial center of maffset mechanism to produce a lift
vector for the first active guidance control demonstration of a HIDThe QM offset

mechanism uses DC motor tcshift the centerbody along a lateral axis by splitting the
centerbody in halves and sliditige bodieselative to each other using 8 roller bearings, while a
pair of string potentiometers meassiiee lateral translatiof87]. This produces an offset\C
causing the vehicle to trim at a nearo angle of attack (AoA), causing the vehicle to produce a
lift vector and orient to the desired AoA for atmospheric entry.

The next proposed HIAD flight demonstration is call€FTID (Low Earth Orbit Flight
Test of an Inflatable Deceleraj@cheduled for May 2028nd will feature a &n diameter HIAD
that will fly as a secondary payload otaited Launch Alliance (ULAAtlas missionLOFTID
will provide data from a Low Earth Orbit (LEO)tten aeroheating environment that enables
predictive model correlation and refinemg3t]. Results from this demonstration will increase
theTechnology Readiness Level (TR&af) HIADs, and will prove its relevance to human scal

Mars EDL missions in addition to its value fo
1.5.2. Guidance methods

There are many guidance and control methaasl to generate liftn entry vehicles. The
lifting entry control methodyenerates a lift vector by plag the center of massf the axis of
symmetry to create a nagero trim angle of attack. Although it proeis benefits when
compared to ndift cases, it does not allow for adjustments for changing atmospheric conditions,

and must incorporate a Reaction Control System (RCS) to gain cross range control during entry.

An active system utilizingjfting entry to generate the lift vector andR&€Sto direct the
lift vector is known asift modulation, andvasused for MSL. The RS applies small amounts
of thrust on the entry vehicle to create torque about the axis of rotation which is used to control
the attitude and the effectidirection of the lift force. Liftmodulation benefits from the ability
to provide downrange and cevange control authority. However, the RCS can interfere with the
aerodynamics of the entry vehicle through interaction of the thruster plume and wake of the entry
vehicle, which can decrease its control effectiveness. This leads to unwanted momerdyg that m

change the attitude and lead to excessive heating on the leeside of the entry3&hicle
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New studies demonstrating the use of Direct Force Control (DFC) methods, which permit
uncoupled management of parameters suadnassrange and downrange errsinow that
significant improvement in landing performance can be achigle®FC permits direct control
of angle of attack and sidesliBy modulating the angle of attack at intervals, thevéfttor is
adjusted such that the predicted downrange error at landing may be continuously minimized.
Similarly, modulating angle of sideslip permits managemoépredicted crossrange errdihis

body of work demonstrates the first use of DFC methods éwphing HIADs.
1.5.3. Previous work on morphing HIADs

This dissertation will utilize shape control to modify the lift vector through morphing the
physical shape of the aeroshell. Shape control will redistribute the aerodynamic forces acting on
the surface, thusiodfying thelift to dragratio. Shape control also induces aerodynamic heating
penalties thBmust be accounted faBtructural shape control is performed with a mechanism
and control system working together to force the inflatedshetbinto a desired shape based on
a desired trajectory. By allowing timeorphingstructureto provide entry control, thigreatly

reduces the fuel consumption of the entry vehicle

This dissertatiomxpands on the preliminary investigations on the agraahic
effectiveness of morphing HIAD#n the study by Gregd0], a physically realizable morphed
shape was identified to obtain a desired entry maneuver without increasing the heat flux past 30
W/cn?. A model for aeroshell shape generation,degreeof-freedom DOF) trajectory
simulation, and a stagnation point heating moedaie usedo evaluate the aerodynamic
performance of morphed, symmetric aeroshell shapes and their effect on trajectory. Khis wor
identified that there is future work needed to investigate the mechanisms required to achieve
morphed shape$he next stepf morphingHIAD researchs to design an actuator andntrol
system capable of physically morphing the inflated aeroshell Wwhiteg lightweight, quick to

respond, and minimally impactful on the other atmospheric entry systems.

The Asymmetrically Stacked Tori HIAD Design Stuidy Mars Entryinvestigates three
asymmetric HIAD concepts and their effect on modifying L/D and thetsgmic ballistic
coefficient[41]. This study found that implementing a shift of the nosecone with respect to the
axis of symmetrygenerated an increased L/D while also lowering the ballistic coefficient,
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allowing the HIAD to achieve a lower peak heat rate by decelerating at a higher altitude in the
atmospherehusenabling a longer timeline, longer range, and additional maneu\éfihg his

study was not concerned with sttwi@l viability or howto construct using inflatables.

A candidate forwaréhttached inflatable decelerator was investigated, named the
Aerocapture Inflatable Decelerator (AID) that consists of 12 inflatable beams, or spars, in a
radial arrangement suppatey an inflatableorus located at approximately tvtloirds of the
beam[42]. While thisdissertatiordid not investigate morphing feasibility, it did suggest how
this design readily lends itself to morphing concelpits modulation would start with a
deployed nodifting configuration, and when Guidance Navigation and Control (GN&C)
determines that lift is needed for trajectory control, the shape wouwhEhednto a lifting

configuration.

One morphing concept fone AID configuration is to deflate one or more of the radial
beamgo create enough asymmetry to trim the spacecraft at some incidence and generate lift.
This concept is simple and robust to implement, with the largest impact being designing for the
charge in temperature distribution in the morphed state. An additional concept for morphing the
AID configuration is actively bending selected radial beams using inflatable elements such as
pneumatic actuator§here is concern that this structure cannot ratit# high inflation pressure
required to carry the load sustained during a mission to Mars. In addition, the deformations
introducefir i dgeso i n t heizeslheatihgaattle smas.d hi gh | oc al

1.6. Morphing HIAD requirements

1.6.1. Morphing HIAD missionrequirements

While morphing systems can be designed to fulfill the requirements of any system, this
dissertatiorseeks to establish its baseline arousdesvedmission to Marswhich will require a
largerHIAD diameterthan previously testeaf 16.7 mwith increased loads on the vehicle
proof of conceptlemonstration of its implementation and a systberefits analysis of a
morphing system applied to such a mission will further establish HIADs as a leading contender
for a humarscale mission to Mars. Thleads to the question of wHéit to dragratio (L/D) the

morphing HIAD systenmustbe capable of achieving to support such a mission. Designing a
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morphing HIAD to achieve this response will result in the most efficient aneeffestive

design.

To adieve the desired lift and control for human landing constraints, low (< 0.3) L/D
vehiclesare being considered in addition to heritage mid (~0.5) L/D vehicles. This is because
HIADs are able to generate an appreciable amount of drag in comparisonageheehicles by
increasing the drag area, and tlasa rely on decelerating through the atmosphere through drag
instead of increasing its lift to loft the vehicle for longeriodsin the atmospher® reduce its
speedA recent Mars EDLAS guidance analy$or a capture mission compares both low and
high ballistic numbers for low L/D vehiclg4]. In this study0.15 L/D and 0.22 L/D HIAD
vehicles with a diameter of 1607 weighing 51 metric tons are compared to a 0.43 L/D capsule
weighing 72 metric tons.he vehicles have ballistic numbers of 150, 154, and 550°kg/m
respectively. Theehicleis in a low velocity isol orbit, and the velocity required to come out of
orbitinto a capture orbit is 15 m/s. The goal of this simulation is to get the right periapsis and
burn to get rid of crossrange early in the missiod drive down any residual crossrange that
accruesFor downrange control, the simulation is targeting difsand controlling around that
point. The simulationleterminediow much fuel is required to land and if each vehicle can land
in a 50m targetellipse Results found that all cases had in fact successéutiedwithin their
50m target.The L/D of 0.5 in particularhad shown especially tight targeting results within a 50
m target radiusTherefore, this study indicates that a low L/D magnitude of 0.15 is sufficient to

satisfy Mars mission requirements.

Low L/D DFC provides more options with many pdiahsystems benefitsecause less
surface deformation is required. For instance, a relatively benign manipulation ef Bfe Will
lead toadditionalheat savings. Additionally, the system can utilize strap configurations and
actuators to retract the @uttorustowardsthe centdvody interface, resulting in the ability to
maintain HIAD modularity and reduce complexity. The size and power requirements of the

morphing system are also decreased, leading to mass savings.

Because this study is usiljrect ForceControl (DFC) control methods, théchannel,
or downrangehannel has independent control from thehannel, or crossrangdannel For
this mission, a range of lift is required for thehannel, and a symmetric side force is required

in theb channel. Each channel, therefore, has a different magnitude and frequency required for
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modulatingthelift to dragratio. More importance is granted to tbkehannebecauseontrolling
downrange lifrequiresa faster response time and magnituidee morphing systernmerefore

must be able to respond to downrange and crossrange commands, and must be able to morph
sectorsalong the entire periater of the aeroshell to do so. Crossrange requires only about half

of what is required for downrange, arreé éhus not the driving requirements.

The mission requirements are derived from an Entry, Descent, and Landing Systems
Analysis (EDLSA) study of a 20 metric ton vehicle landing within arbadius on the surface
of Mars[4]. When tailoring a morphing system to this mission, the designer needs to know what
deformation is required to get the trim angle of attack necessary to produce the required
downrange L/D. In order to obtain the most efficient minimal shape change and itoorder
reduce the motor power and weight requirements, the system should be dasgmdahgo

the minimum L/D combination required to achieve the goal @htission.

Monte Carlosimulations have shown that for a morphing HIAD concept employing
Direct Foce Control methods, the vehicle must fly nominally @f angle of attack (AoAand
be morphed with the deflection required to trim the vehickngles of attack within a range of
+9.5°to avoid impingement heatirjg]. Simulations have shown that there is a need to aelie
maximumlift to drag(L/D) ratio of +015 at &9.5° AoA. Furthermore, there was found to be a
slight bias in the positive L/D direction, where the minimum L/D was éhl§7. Due to this bias
towards the positive direction, the total amount of morphing can be designed to achieve a
magnitude of £0.11/D with a bias in the planar centermmfisg(CM) location of +0.05 to
achieve a L/D range of approximatef/068 0.16 L/D to satisfy mission requiremenBy
designing around0.11 L/D,thereforethe systeman be more weight efficientgquire less
power todrive the motorsanddeflect the HIAD less, resulting in a more structurally sound entry
vehicle with faster response rates. Additionadgrodynamic analysén this studyhaveshown
that the lifting system must respond from a neutral L/D to the maximum L/D in under 10 seconds

to have sufficient control authority.

The deformation and loadequired toobtainthe trim angle of attack necesy to
achieve the required £0.11 Ldbeinvestigated in this dissertation. The approach is to first
performstructuraldeflection tests tdeterminevhat reasonable deformations are achievable

with a reasonably applied load. The deflected shapes aryzadalsinghe Modified Newtonian
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Impact Theorywith solutions performed for intermediate stages of deformatidetermine

what L/D can be achieved with that shapel at what ratelThis analysis is an iterative process

that lets two approaches guide le@ther to determine what magnitude and frequency is needed
to achieve the desired L/Dheaerodynamicand flight dynamics approach seeks to refine
assumptions and modeling to inform the minimum L/D and rates deemed successful for landing,
while the structuralanalysisapproactseekgo design the structure to deform as minimally as

possible to reduce loading and localized heating while informing what shapes are possible.
1.6.2. Morphing HIAD structural requirements

When conceptualizing and designing morphifigD concepts, systems level
requirements must be defined in which the proposed concepts must adhere to. This allows for a
robust analysis to take place where concepts of equal value are compared in order to select the
most readily integrated and efficiezdncept. In general, morphing concepts should be able to
generate a modulated L/D of up to +0.15 during hypersonic entry, be simple and lightweight as
possible, be structurally sound, extend to aeroshell diameters uprtop@@sess a smooth outer

mold line to avoid localized heating, and be aerodynamically stable over its flight regime.

It is very important to consider haworphing the inflatable structunefluences heating
of the aeroshell during entry. As the vehicle travels through the atmostecaaount of
heating is directly proportional to the density of the atmosphere and the hypersonic speeds in
which it is traveling. The thermal energy transferred from the kinetic energy of the freestream air
molecules is then transferred to the flexiblerthal protection system {FPS) through both
convective and radiative heat transfer. TREHS technologies incorporated into the IRSE
missionwere designed to experiengeak heaflux rates as high &0 W/cn?, and the current
stateof-the-art FTPS tehnologies can withstand cold wall heat flux rates as high as 503V/cm
[2]. The peak heat flux exerted on a HIAD is further mitigated by its ability to decelerate at
higher altitudes. When designing technology that modifies the shape of the HIAD aeroshell, it is
important to consider its effects on heating which may influereedsign of the HPS. For
example, wrinkling of the HPS structure due to morphing would cause large increases in
heating. These effects have not yet been considered or analyZscetdiForce Control

methods on HIADs and are an important contributbthis dissertation
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Requirements are defined in detailTable 1below to enablehie selection of the ideal

candidate for a neeymmetric morphing HIAD system in the sections to follow.

Tablel: Morphing HIAD structuratequirements

Performance criteria Requirement description

Aerodynamic performance L/D of at least +0.15 for downrange flight control is sufficient for downrange targ
of 50m and reduces RCS propellant consumption.

Structural performance HIAD system must withstand maximum aerodynamic lazfdgp to 840 kNwith
sufficient margins with activation of morphing features.

Control authority performance Actuation times of morphing features must be no more than 10 seconds for fligk
control at hygrsonic flow conditions.

Aeroheating/TPS performance HIAD system must withstand peak heat rates and integrated heat loads with sul
margins that may be caused by morphing features.

Vehicle integration HIAD with morphing features shall m®mmpletely integrated with the space vehicle

Manufacturability Morphing system that relies on existing, flight proven infrastructure of the currer
system will be seen as a more ideal candidate.

Packing and deployment Morphing HIAD system must be suitatfor high density packing within a specifiec
volume deployed exatmospherically from a packed condition without damage.

1.7. Contributions of this research

The novelacademic contribution of this dissertation is the implementation of Direct
Force Controto Entry, Descent, and Landing syste novel DFC strategy is introducau
this dissertation for the first timte enable independent downrange and crossrange control of a
morphing HIAD. This concept is uniquely different from heritage approachesdwtidy the lift
vector to any direction, and is the only feasible concept to date thétehpstential tsave
metrictons of fuel and enable the accurate control of HIADs in Entry, Descent, and Landing
scenariosThis work presentthe first physicallyrealizable form of DFC applied to a HIAD
along with a control methodology on how to achieve downrange and crossrange control through
independenactuation of cabless opposed to previous stulisingTrim Talbs which have
currently not been proven phygally realizableon HIADs, nor have their control methodologies

been demonstratgé5]. Additionally, a morphing HIAD actuation system with realistic vehicle
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dynamics is integrated into a closkedp feedback simulation for thedt time for a Mars entry
trajectory to assegle capability of a morphing system to accurately control the guidance and

terminal area initiation phase to safely land a vehicle of Mars.

This dissertation preseritse onlystructural feasibility study cd morphing HIAD or
entry vehicle. To date, the physical implementation of morphing inflatable decelerators has not
been investigated thoroughly. The structural integrity of the HIAD due to morphing is essential
to assess its performance when generatfhoplthe entry vehicleAdditionally, this work is the
first to assign morphing capabilities and perform morphing aeslys a beanbased finite
element modelThis work isalsothe first to demonstrate morphing on a HIAD test article and to

build afully actuated sutscale proof of concept morphing HIAD article.

The morphed shapes generated by the finite element simulations in this dissertation ha
been developed to be exported quidklyassestheiraerodynamic characteristics to determine
whathrape is required to generate the Thsgiliired
enable future systems and tradeoff studies to quickly evaluate morphing aeroshell performance in
order to enable its implementation inlgatages of the desigrocess. Additionally, a morphing
HIAD actuation system with realistic vehicle dynamics is integrated into a elospdeedback
simulation for the first time for a Mars entry trajectory to assess the ability of a morphing HIAD

to safely land a vehiclenoMars.

This dissertation also performs a systdevel analysis of morphing vehicles, from
concept to flight. A thorough investigation is presented, where morphed shapes are assessed
based on their structural and aerodynamic performance accordingycahatodels correlated

to test data. This analysis will lead the way for future investigations of morphing entry vehicles.

Multiple novel concepts for morphing configurations and control methods are presented
in this dissertation, along with the advarga@nd disadvantages of each. Future work in this
field will allow researchers and designers to make more informed choices on which morphing

system they will use based on their systems requirements.

Finally, this dissertation applies morphing conceptsitmlémental research applications.

The concepts used in this dissertation can be applied to any vehicle that needs to change its shape

in order to modulate its properties in real time.
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1.8. Dissertationoverview

This dissertation is outlined as followlhe motivation, goals, and objectives behind the
work are provided in Chapterdlong with an introduction to morphing and HIADs. It also
provides a literature revievan overviews thenorphing HIAD design requirements, aligts the

contributions of this research.

The design space of morphing applied to a HIAD is investigated in Chapter 2 by first
investigating the mechanics of inflatable structures for fundamental morphing applications.
Beambasedinite element models of inflatablstructures are compared to analytical calculations
to validate the models to be used in morphing applications. Following this study, an actuator and
sensor design study is performed to investigate optimal actuators to morph the structure of the
HIAD andthe sensors necessary to monitor its displacement and measure aerodynamic
coefficients in real time. Based on the performance requirements outlined in the previous section,
aconceptuatlesignstudy is performed to investigate several morphing HIAD desigcepts
and two promising concepése selectedsing a series of design dexstudies to be analyzed in

detail in the following chapter.

The morphing HIAD design concepts established in the previous claaptexplored in
Chapter 3n order to assessdlr ability to obtain the desired performance requirements based on
acrewed mission to Margirst, a tool is introduced that can quickly generate or import any
morphedblunt bodyshape and assess its aerodynamic characteristics to determine what shape is
required to generate the requitdttodrag( L/ D) rati o at the vehicl ed:s
Next, testing is performed on an inflatable structure to assess the validity of the morphing
concepts, and a finite element model of the morphing HIAD i$ fmliowing the test conditions
in order to correlate the data and validate the model for additional sttideBnite element
model isthenadapted to a largecale morphing HIAD to assess structural integrity in a Mars
entry environment. Finallyg trajectory model is introduced to assess the downrange lift
capabilities produced by morphing as a means of increasing precision landing capabilities of an

entry vehicle.

Themethodology to control and monitor the motors of a morphing HIAD to accurately

control the shape of the aeroshelresentedn Chapter 4A novel Direct Force Control
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strategy is presented which enables downrange and crossrange control using a morphing HIAD.
Next, a motor sizing study is performed to estimate the total energy usage required for the two
selected morphing concepts. The simulations include an accurate motor model along with
accurate vehicle dynamics to account for inertia due to morphinggmobr, morphing, and

vehicle dynamics are then implemented into a cldsef feedback simulation for a Mars entry
trajectory to assess the ability of a morphing HIAD to safely land a vehicle ontzally, a
subscale test article is created to demonsetthe effectiveness of using a control actuation

system to precisely morph the shape of an inflatable structure.

Major conclusiongind contributions of this dissertatiare summarized in Chapter

along with a discussion of future research opportunitiesorphing HIADs.

24



2. CONCEPTUAL DESIGN STUDY

The design space of shape morphing technology applied to a HIAD is explored in this
chapter by firstnvestigating the mechanics of inflatable structures fodémmental morphing
applicationsBeam finiteelement models of inflatable structasre compared to analytical
solutionsto validae the model$or usein morphing applicationg-ollowing this study, an
actuator and sensor design study is performed to investigate optimal actuators to morph the
strudure of the HIAD and sensors necessary to monitor its displacement and measure
aerodynamic coefficients in real time. Based on the performance requirements outlined in the
previous section, eonceptuatiesign study is performed to investigate several hmogpHIAD
design concepts artdio promising concepts aselecedusing a series of trade studies to be

analyzed in detail in the following chapter.
2.1. Inflatable beammechanics forfundamental morphing applications

The mechanics of beabased inflatable statures on the component level are
investigated in this section and the development of the analysis methodology utilized in this
dissertation is outlinedA goalof this dissertation is to add capabilities to inflatable beam
structural models in order to assess and demonstrate the structural feasibility and integrity of
using an inflatable structure for shape morphing applicatidms work in developing beam
based mdels of inflatable beams is summarized, and analytical tests are perfamched
compare to experimental results to validate the models. Capabilitiethamadded to these
models to investigate their use in morphing applicatiadsch is noted as the spic
contribution of this dissertatiohese models are investigated in later sections of this
dissertation through tireapplication to a fulscale HIAD to further develop morphing

capabilities.

The structural response of HIADs has been extensivellyestuincluding modal tests of
a 6m HIAD [43] and largescale wind tunnel experimeri#4]. Current statef-the-art finite
element (FE) modeling of a HIAD system uses shafied elements to modhktinflatable
structure and follower forces to model the internal inflation preg46teWhile accurately
capturing the structural response due to an aerodynamic load, they are computationally
expensive to run. Theeambased rodeling ofinflatable beams investigated in this section offer
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much shorter computational times and can be readily applied to any inflatable structure, such as

the stackedori HIAD configuration.

Previous work on braided beams can be found in the literaBuown et al[13] derived
equations for the wrinkling moment and the bending stiffness for braided beams, and Veldman et
al.[46] presented experimental and theoretical amalfer braided beamsith axial fibers
placed parallel to their length. Davids and Zhp#§] developed a Timoshenko beam element
for the nonlinear analysis of pressurized fabric beatomns. Brayley et aJ48] extendedhis
work to model the bending response of inflatable, braided beams with external reinforcing straps.
The post wrinkling response was modeled using parameters obtained empirically from beam
bending tests. However, by coupling the axial and bending fosieg predefined moment

curvature relationships, the effects from all stress deformations are not captured.

Modeling the structural response of inflated members with axial reinforcing cords poses
many challenges. Clapp et p9] found that the nonlinear response of the cord must be taken
into account along with cord loading direction to accurately model the axial and bending
response of the inflatable member. This study found that although the braided shell largely does
not catribute to the pravrinkled axial and flexural stiffness, the braided geometry and elastic
properties are required to obtain the correct cord prestress and prestrain properties and to obtain
the correct gross axial stiffness of the shell, including tfexest of the braid angle change that

occurs during axial extension.

This sectiorpresents an overview tiie development of a computationally efficient
beambased FE model that captures thdgmensional, large displacements and the nonlinear
behavior of nflated members with axial reinforcing cords initially explored by Young ¢ @l.

This methodology allows the beam response to be captured past the point of wrinkling without
the use of empirically derived parameters, andideeof a threelimensional corotational

framework with a stiffnesbased fibetbeam element allows the full stress state to be analyzed,
including the axial, bending, and torsional response. This dissertation extends the capabilities of
these models to miitable for morphing applications by adding unique morphing elements and
accounting for the pressure changes in the element due to compressimressedurface

contact area due to morphirigeam elements atbenarranged in a HIAD configuration and
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morphing systems are implemented to monitor the loads as a function of morphed defiection

the next chapter, as shown in Sections 3.2.4 and 3.3.5.

2.1.1. Fundamental mechanics andmaterial development of abraided, inflatable

beam

This sectiorpresents anverview ofthe mechanics of the braided fabric covering the
inflatable beam using netting thedBi]. Methods are outlined to obtain material properties for
the development of braid and cord models that are used as inputsbieaim finite element

model.
2.1.1.1. Mechanics of abraided shell

The inflatable members that make up the beams and tori of a HIAD and other inflatable
structures consist of an impermeable polyurethane layer to contain the inflation gas covered by a
shell composed of braided Technora fabric, as showigure9 below([51]. Axial reinforcing
cords, discussed later in this section, are also bonded to the shell to restrain the braid from

deforming significantly.

Figure9: Braided shell detail

The inflatable shells described as a thiwalled cylindrical pressure vessel that when
inflated, is put into the stress state where the hoop stkgss,twice the longitudinal stresa,,
according to the cylindrical stress equatidescribedy Equations 1 and [51].

n! )
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nt 2
o
The radius is, the internal inflation pressurepsand the shell thicknesstisFor the

following analyses, membrane quantities atikzed by premultiplying all quantities by the
shell thickness. Equations 3 antd@low show the hoop stregkimembraneand longitudinal stress,

OLmembrane€Xpressed in membrane quantities bymretiplying by the shell thickness.

” ” b r]_I (3)
C
n n b h ‘l (4)

The braided shell is only capable of carrying longitudinal stress, and without any axial
restraint, there exists only oegquilibrium braid angle that can satisfy the stress state of the
pressure vessel. The addition of an axial restraint, such as a reinforcing cord, allows for the
design of different braid angles by distributing the pressure resultant as a percentage shared
between the cord and the braid. Netting theory is used in the following section to estimate the

critical braid angle and the percentage of axial restraint that must be taken by the cords.

Figure10below shows the braid unit cell used for the present analysis, with a coordinate
system designating the longitudinal axisand hoop axig;1, with individual fibers oriented at a
braid angleb, at a fiber distancé, apart{51]. Each fiber can only take tensile forces and can

rotate freely about their joints.

Figurel0: Braid unit cell
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The unit cell widthwi, and heightl, are extracted from the model and used to estimate
the longitudinal and hoop forcds, andFn, respectively, as shown in Equations 5 through 8
[50].

0 coOET 5
a coATTO (6)
l PPN PPN
0o, 0 n?c(‘xOEI M1 GIE | ()
o, a NEeATTO cniMiro (8)

For the braid unit ceBhown in Figure 12only one braid angle can satisfy equilibrium
conditions. The principle of virtual work is applied bel@amdcertain coordinates of the points
at which the longitudinal and hoop forces are applied are shown in Equations Skmlovl@s
a function of baid angle.

®w CcOATIO 9)
® O6OET (10
The variation in coordinate location with a virtual change in braid angle is shown in

Equations 11 and lizelow.

T CAOET f (11
Tw OGATTO T (12)
The principle of virtual work52] states that for any virtual displacement, the sum of all
forces acting on a body zero, as shown in Equations 13 ancog&tbw.

1 YT Ow O ® (13
NIGET ¢oOET 1 ¢qni&MiTO6ATI O ¥
I OAINC uv®&J (14

Solving forb yields the equilibrium braid angle of approximately 54.7° obtained from
netting theory. This is the angle that the braid will return to without an axial restraint when
pressurized. When including axial reinforcing cords, braid angles greater than theiequi
braid angle can be used because once pressurized, the cords are tensioned thus preventing the
braid angle from changing and giving the inflated structure some axial and bending rigidity. The

pretension from the cords is calculated infllowing section.
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In the braid unit cell shown in Figufel below with the same longitudinal and hoop
forces, an axial reinforcing cord is included to restrain the braid from deforming significantly
[51].

Figurell: Braid unit cell with axial reinforcing cord

The internal tensile force in the fibét,is calculated by taking a cut that includies

hoop forces as shown in Figut2 below.

\®

Figurel2: Free bady diagram with hoop force and internal fiber tensile force
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The static equilibrium equation in the hoop directiesrshown in Equation Abeldsf; as

shown in Equation 16 below.

O cniAiTO ¢QOET n (15
. ATTO (16)
Q ni 1

A second cut is made including the longitudinal force to solve for the cord Toras

shown in Figure 3 below.

Yo ¥v No

Figurel3: Free body diagram with longitudinal foreeternal fiber tensile force and cord force

The static equilibrium equation in the longitudinal direcsmrshown in Equation 17

yields To as shown in Equation 18 below.

o~ e CATTQ 17
O niQEI cnlaelE—TAlTO Y T
wEf (18

uY AR < = ’I‘ -
nit OEI ¢ OB
The unit cell width can be calculated as a function of the circumference of the pressurized

cylinder and the number of reinforcing cords,to solve fol in Equations 19 and 28elow.

CGOET ¢ ‘.dﬂ (19)

! (20
G OET
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Substituting into Equation 18 ashown in Equation 2khelowyields the netting theory
expression for the foe in an axial reinforcing coraks a function of pressure and braid angle
[53].

)4 . 21
vy nd 0 ChED (21)

Netting theory is now applied to Hookeds L
biaxial, plane stress to obtaihed| properties for use in FE modelirfgrst, a pressurized
cylinder made of a thin, orttrmpic membrane is shown in Figuté below[51]. Axial forces,
Frooke are applied longitudinally to keep the shell in a statgatlibrium at the desired braid

angle.

| FHooke

Figurel4: Pressure vessel with restraining forces

Hookeds Law relates the strain in the mate

an orthotropic material in Equation B2low.
” yoon (22

Themoduliof elasticity in the longitudinal and hoop directions BrendE,
respectivel y. TBdadtRedangtedioal and hoop sttessmdhe restrained,
pressurized cylindearel.. andln, respectively. The equations of equilibrium are then applied

to the restrained presswresseby taking a cut as shown kigurel5 below.
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Figurel5: Pressure vessefuilibrium cut

Summing the forces in the longitudinal directiorEquation 23and solving fodiL. in

Equation 24yields
(23

ino (24)

c cu ‘l
The restraining forces keep the pressure vessel from expanding or contracting in the

longitudinal directiondefined by theompatibility equatioras shown in Equation 25.

- T (25)
CombiningEquations22, 24, and 2%ields Equation 26 below.
n o L (26)
-~ i~ A~ ntm
¢O ¢ti0 ©O
Noting the relationship in thasshanirssonods

Equation 27and applying this substitutido Equation 26the restraining forcExookecan be

calculatedas shown in Equation 28.

o, (27)
[0)
O nit p ¢ (28
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The form of this equation is the same as the equation for the force in the axial reinforcing
cord, form= 1, or one restraining cord. Equating the two restraining forces by relatinggnetti

theory to Hookeds Law yields Equation 29 belo

’ Qe (29)
This expression will be used in tf@lowing section to determine the braided shell

orthotropic properties that satisfy netting theory.
2.1.1.2. Material properties of aninflatable beam

An inflatable member, consisting obaaided shell, an impermeable gas barrier, and
axial reinforcing cord is shown in Figude below. Extensive material experimentation was
performed as a part of the University of Maine NASA EPSCoR program as described by Clapp

et al.[49] and is used in the present analysis to extract pertinent data for use in FE analysis.

Figurel6: Straight, inflatable, braided tube with integral reinforcing cord

This sectiompresents an overview afethodsusedto obtain shell material properties for
use in a bearbased FE modeling approach. In order to isolate the longitudinal stiffness of the

shell, the biaxial planstress state of thedided membrane is calculated in Equation 30.

p , (30)

The longitudinal strain), the longitudinal and hoop stress, andi, respectively, and
theinpl ane Poi s.s areabtaised from testsoperformed by Clapp et al. using
photogrammetry techniques arehction measurements of the pressurized cylinder on the load
frame[49]. It is noted that Equation 25 is not appliedEguation30 since the properties are

being measured directlin beambased FE analysis, the shell must be put into the correct
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prestressed state in order to account for the work done by pressure follower forces. During
inflation, the slight change in braid angle causes a stiffening effect that must be accounted for
the model. Therefore, the stiffening effect due to change in braid geometry must be added to the
extensional response to obtain the gross extensional stiffness of the inflated member using
netting theory. To calculate the gross stiffness, the compeassaction force on the shell is
calculated in two states using netting theory. The first state is calculated in the initial, pressurized

configuration as shown iBquation31 below.

O A1 p chéT (31)
The second state enforces a small longitudinal smdinas shown ifEquation32

below.

"0 Y- N1 p cwéd ¢ i0OY- (32
The new radius and braid angleandbs, respectively, can then be calculated from the
geometry of the braided shell as showikigure 17 below, assuming the fiber length,stays

constant

Longitudinal

T—V Hoop

Figurel7: Geometry of a braided fiber before and after a slmadjitudinal strain

The gross stiffness can then be calculated from the initial and pertedostbn force as

shown in Equation 3Below and is used for all beabased FE analyses in thissertation
O O (33
c“1 Y-

Table 2below summarizes the gross extensional stiffness calculated for two studaght

O

specimens at multiple inflation pressufgs]. Also summarized is the braid angte radiusr,
longitudinal stiffnesskL, and irplane shear modulu§+. It is noted that the measurements

were reported in English units and thus are wseistentlythroughout this analysis.
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Table2: Beambased FE modeling properties &iraight tube inflatable beams

Specimen Pressure(p) Braid angle Radius (r) angitudinal Gr(?ss extensional In-plane shear
[kPa] (b) [deg] [mm] stiffness(E.) stiffness(Egrosy modulus (G+)
[N/mm] [N/mm] [N/mm]
34 59.8 170.4 14 20 549
Nominal 60° 69 59.7 170.4 15 27 773
straight tube 103 59.8 170.7 15 33 931
138 59.8 170.8 17 41 1090
34 70.6 169.0 14 16 224
Nominal 71° 69 70.6 169.0 14 18 320
straight tube 103 70.6 169.3 13 20 420
138 70.6 169.5 14 23 468

Unable to carry a compressive load, tension tests have found the cordtfance
relationship to be nonlinear at low tensile strains and linear at high tensile strains. The cords also
follow a different unloading and loading path under hysteretic behakvhe cord load paths are
predicted using a ordimensional cord forestrain lookup table for interpolation within the FE
routine. The forcestrain relationship allows the cords above the neutral axis of bending to follow
the cord unloading path, whilee cords below the neutral axis to follow the cord loading path.
The initial tensile forceTo, in each cord is calculaten Equation 34ising netting theory, where
mis the number of cords.
O (34)

v :
a

Once the initiatensile force is obtained, the cord fosteain lookup table is generated
from tension test data of the cd®]. If the load is above the initial cord force, the cord loading
path is used, whereas if the load is below tltealrcord force, the cord unloading path is
interpolated using unloading tension test data. Additionally, the initial strain is interpolated from

the cordforce strain relationship.
2.1.2. Analysis andvalidation of beam-basedfinite element model

This sectiormpresents the results of straight tube tests conducted by Clapp48i ai.
order to validate the beabased FE modeling outlined in tlukapter. The development of a
beambased FE analysis methodology for use with braioiidtable members with axial
reinforcing cords based on Young et[80] and issummarizedn Appendix A. In this section,

the bearrbased FE modeling technique is applied to a straight tubgtaot bending test with
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varyingbraid angles and inflation pressures to compare to experimental results and validate the
model. Later sections will model the fidtale HIAD structure, including validation with

experimental data and incorporation into morphing applications.
2.1.2.1. Four-point bend testoverview

An experiment to acquire the fepoint load deformation of straight, inflatable, braided
tubes with axial reinforcing cords is conducted by Clapp ¢49].. The beams had three axial
reinforcing cords evdy spaced around the cressction, and the braid angle, inflation pressure,
and orientation are varied. Figut8 below shows the configuration used for the straight tube
four-point bend tests. The ends of the beam are supported by rollers, and twg &heaps are
centered in the clear span an equal distance from the center. Load is transferred from the actuator
to the strap sets using a spreader beam, and the displacement of the beaspanrisid

measured using string potentiometers in combinatidim a&/jphotogrammetry system.

Figurel8: Straight tube foupoint bend test configuration
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2.1.2.2. Beam-basedfinite dementmodel validation

In this section, the beatmased FE modeling tools are applied to the analysis of a straight
tubefour-point bend test using inputs obtained directly from the test spesiriba beam model
configurationfor the straight tub&est is shown in Figurg&9 below. A rigid vertical link is used
to simulate a roller boundary condition offset from the cemiedif the beam. The roller is only
allowed to translate horizontally. Haafymmetry of the test is employed, where a second roller
boundary condition divides the beam at the center plane of symmetry, only allowing the beam to
translate vertically. Ten elents utilizing three integration points are used in the following
analyses. Global load controlled Newtonian iterations are utilized with adaptive load stepping

[54]. A converged loadisplacement curve is found acceptable whih current mesh.

Inflatable member Plane of symmetr\
Forc
T Rigid
. link 5200 —>)
350 mm m
1,640 R

14 -

Figure19: Beam model of straight tube test

Test results are presented for two sets of studies, one with a nominal 60° braid angle and
the other with a 71° braid angle, at four inflation pressur&4 &Pa, 69 kPa, 103 kPa, and 138
kPa In each test, the three cords are placed relative to the beam in identical configurations where
the angle they make with the horizontal axis is 30°, 150°, and 270°, respectively. The rest results
are compared to beabasel FE results as shown in Figuz@below. The results show that the
wrinkling load that occurs when the top cord losestpnsion during bending results in a loss in
beam stiffness and is accurately captured by the model. The dependence on inflativa [ress
also shown, where across both tests the increase in pressure results in an increase in load.
Additionally, increasing the braid angfg,increases the loachrrying capacity of the inflatable
beam because the fibers are oriented closer to theaxi®mphus increasing their stiffness due to

bending.
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Inflatable beam load vs. displacement for 8 = 60°
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Figure20: Inflatable beam load vs. displacement experimental vs. beam FE resultsfer (a)
60° and (bp = 71°
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2.2. Actuator and sensordesignstudy and designconceptselection

In this section, an investigation is performed to chagdgnal actuators and sensors
necessary to morph the HIAD as well as to monitor its displacement and aerodynamic
characteristics in real tim&he morphing HIAD design concept process isewed and two

leading concepts are selected that will be investigatddtail in thefollowing section.

2.2.1. Actuator and sensordesignstudy
2.2.1.1. Actuator designstudy

Actuators with strong force generation are needed to alter the overall shape of the
inflatablestructure and overcome internal inflation pressures while retaining structural integrity.
The choice of actuator is driven by the following requirements: deliver a large magnitude of
force to overcome internal inflation pressure, displace the outer draofi¢he HIAD to achieve
the desired shape, respond fast enough to morph the shape within the required time frame,
consume low power, use an available power source, have a low relative weight, and be folded
and packed efficiently. Additionally, the actuatidevice must be applicable to inflatables and

other flexible structures.

Multiple types of actuators and force application methods are considered before settling
on a final design that satisfies all of the actuator requirements. One actuation optgonss of
Pneumatic Muscle Actuators (PMAS) designed to decrease in length and increase in diameter
when nflated[55]. Retraction strokes of 25% to 35% of the deflated length are achievable.

Some additional types of actuatargalso investigated. A Mactfiber composite (MFC)
actuator is a thin film that consists of a layer of unidirectional piezoceramic fibers sandwiched
between layers of copper electrodes and acrylic. MFCs are lightweight, capable of achieving
high bandwidh and power output. They require a sufficient amount of compliance in the
structure to be effective, which can lead to problems with aerodynamic loading and
deformations. Other materials investigated include shape memory alloys (SMAS), piezoelectrics,
andelectroactive polymer skin (EARRNne example of a morphing actuation mechanism applied
to aircraft is a deployableing with a shape memory polymer (SMP) composite EinSome

inflatable actuation devices include nastic cells, actuathrced bump flattening, and trail edge
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actuation devices. Other actuation devices include pulley systems utilizing servos attached to the
tail boom that pull nylon lines connected to thegwip. These devices historically have been

used orsmallscaleUAVs, which may not generate enough force for a$ullle HIAD system.

The use of cables powetby a motor mechanism is also a reliable method of pulling on the

outer torus to deflect thélAD. There are multiple advantages of using an electric motor

actuation system over other novel actuators that have a low force to stroke ratio, including its fast
response rate, ease of integration with other electrical systems, low weight, and eas®lof c

For these reasons, a morphing actuation mechanism consisting of an electric winch motor to

actuate control surfaces requiring high loads and actuation rates is the leading candidate.
2.2.1.2. Sensordesignstudy

Several types of sensors may be used tktitae deflection of the HIAD due to
morphing as well as monitor aerodynamic forces in real time. Both of these measurement types

will be used when designing a controller to morph the HIAD to achieve a desired L/D.

Sensors will be used to measure the atiflection of the outer torus. String
potentiometers are one option to track this deflection for displacement control putposes.
exampleis a string potentiometer configuration to track cable displacefB6htStrain gauges
are an additional option, which are bonded to an object using an adhesive, and their change in
electrical resistance as the object is deformed is used to measure the strain in an object.
Additionally, a photogrammetry system is a high figeldomplex option which essentially uses
a highspeed photography system to remotely measibecBordinates of an object. It is
ultimately proposed to use a system of string potentiometers to track the displacement of the

aeroshell due to their simplicignd effectiveness in tracking cable displacement.

Sensors will also be usednwnitor and control the trajectory of the vehida Inertial
Measurement Unit (IMU) is the leading control unit for any spacecraft, and is an electronic
devicethatisusedo measure a vehiclebds specific force
accelerometers and gyroscopes. The accelerometers are used to detect linear acceleration, while
the gyroscopes are used to measure rotational rates. These raw measuremesrisediedh
into an inertial navigation system to calculate altitude, angular rates, linear velocity, and position

relative to a global reference fraf®]. IMUs can specifically work in a Direct Force Control
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scheme for an entnyehicle by detecting changes in the angle of attack and sideslip angle. By
accurately controlling the angle of attack and sideslip angle through morphing of the inflatable
aerodynamic shape, the lift to drag ratio can be modulated in time for the velackutately

land within a desired landing ellipse.

2.2.2. Designconceptselection

Multiple morphing aeroshell concepts are presented based on requirementdirest a
ForceControl approach for a Mars EDLAS guidance analfgisThe goal is &0.11 low L/D
Direct ForceControl method with independent downrange and crossrange control. Some
investigated approaches include attacHingy Tals to the outer diameter of the inflatable
aeroshell, morphing the inflatable structure asdgnmorphing the shoulder of the inflatable
structurejmplementing asliding aft torusandinflatable andieflatablepillows attached to the
inflatable structure. These conceptstarbe usedor direct comparison to traditional fixed L/D

with bank ante control approaches, which are not as fuel efficient or accurate.

One leading concept appli€ésim Tabs to an inflatable structure to generate lift in the
downrange and crossrange channels. Some disadvantalges dfals are huge localized
heating onle Trim Tabs themselves. Additionally, there are only four discrete tab positions,
which would require a means of roll control to adjust the vehicle to the proper oriestation
that there is no coupling between the downrange and crossrange chéhaelslso does not
exist a structurally sound method to deployThien Taldes on the flexiblenflatable structure.

Figure21 belowshows a concept of an inflatalleém Tabdesign concept in wor65].

Figure2l: InflatableTrim Tabdesign concept in work
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Other methods of producing an actively controlled moving surface on a HIAD to produce
a nonsymmetric shapbas also been investigated. Fig@gbelow shows @roof of concept
model for a 1 m scaled aft torus translation confggjt Onedisadvantage of this concept is that
it is a highly complex mechanism that has interfacing problems witre#itef the payload.

Figure22: Aft torus translation In proofof concept model

It is also investigated if other inflatable decelerator concepts have the capability to benefit
from morphing concept3.he Aerocapture Inflatable Decelerator (AID) concept for planetary
entryis proposed to morph a novel entry vehiclebbynding selected radial beams using
inflatable elements such as pneumatic actud@is This concept requires a newly built
structure apart from HIADs that has not yet been siratly built or tested. This dissertation has
performed a study of this conceptassess the initial feasibility of a morphing spar with rim
concept using SimMechanics inAMLAB . By actively bending selected radial beams with
linear pneumatic actuator$e structure was able to morph to a4sgmmetric shape to generate
lift as shown inFigure23 below. While this concept doatemonstrate iteeasibility, the

structure itself is not shown to handle the loads imposed by the Mars entry environment and is

not thereforenvestigated further in thidissertation

Figure23: Morphing spar with rim concept a) n@ctuated antl) actuateghape
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2.2.2.1. Morphing Structure concept

A cable and motor mechanism is one option proposed to constrict the outer torus of a
HIAD. A series of independent motors spaced equally around the centerbody connection drives
high strength cables secured to a polymeric skin on the outer torus tegctibeof the
aeroshell radially inward to generate a +symmetric shapestring potentiometers will be used
to measure cable pull distance and an IMU system will be used in the control algorithm to
measure thangle of attack and sideslip of the vehidievill be powered by an eboard voltage
or gas power supply. This system can enablesyommetric control through independent
actuation of cables.

The requirements for caini state that the HIAD mustllow for independentiownrange
control forangle ofattackmodulationto produce a lift to drag rati@nd crossrangeontrol for
sideslip modulationTrajectory analysis has shown that less L/D is needed for bank angle
control,therefore the system is designed to achieve maximum downrange ¢dhtrol
Furthermore, the independent actuation of the motors allows the lift vector to be controlled
without rolling the vehicle to achieve any combination of angle of attack and sideslip angle.
Figure24 below is representative afseries of morphing cables on a HIAD. Each cable is
spooled by a motor and winch mechanism located on the aft centerbody connection of the HIAD.
Each cable islsospaced symmetrically along the perimeter of the centerbody, and &xtend
along the aft sidef the HIAD towards its termination along the perimeter of the autest
torus. The series of terminating cabdes attachetb a morphing skin located on the fore side of
the HIAD to alleviate any wrinkling during morphing. At any point during an ediggcent, and
landing scenario, only oreectorof cables along the perimeter of the outesst torus are ever
active at one time. By controlling the motors
itself towards any lift vector necessary for ttoh and can turn off lifgeneratiorby returning to
its original shape. By deforming osectorof the HIAD aeroshell at a time, the vehicle produces
a nonsymmetric shape, and due to a resulting-sgmmetric pressure distribution, the vehicle
trims toa nonrzero angle of attack, thus generating an appreciable amount of lift.
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Centerbody

Morphing cables

Figure24: Morphing Structure cable and motor mechanism

An electric winch and pulley system is proposed to morph the HIAD structure. Brushless
DC (BLDC) motors are used for implementing displacement control for deforming the HIAD
using cables, and a disc braking system is used to hold the morphed shape Higtastength
material such as Kevlar is proposed for the cablbgh are spooled by motors located in
centerbody slots and are secured to a polymeric skin to wrap around the outer torus and serve to
pull sectorof the outer torus towards the centetha@onnection to produce a nggmmetric

shape and produce lift.

When choosing the location of the motor placement, it is desirabtntain the system
within the HIAD for successful integration with other systems. Packaging of the morphing
system is fand to be of the utmost importance in this design. Therefore, the morphing cables
should be placed as close to the HIAD inner surface as possible for packaging and integration
purposes. Bcause this design is nmyload dependent, the design is not affédty any future
modifications made to the centerbody, making it robust for various entry vehicles and payload
designs. Figur@5 below shows a packaged HIAD and the ideal location of motordation to

the centerbody connecti¢h].
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Ideal location of motors
with respect to
centerbody connection

Figure25: Suggested motor placement for actuators in HIAD system

To further illustrate this point, the maximum deformed cross section of a previous
morphing analysis is shown with various motor placements alongetiterbodyn Figure26
below and the displacements are exaggerated ta #&athe motor placement moves aft down
the centerbody, the required actuation force is lowered while the required cable pull distance is
increased. These positions are more machidy advantageous at the cost of being packed less
efficiently within the HIAD system. If these designs are to be pursued, it is suggested that these
concepts use a cable and pulley system to maintain mechanical advantage, but redirect the force

vector ® that the motor can still be packaged as close to the HIAD system as possible.
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Figure26:. Cable and motor placement locations

In thefollowing chaptersanalyses are performed where the motors are located in
centerbody slots such that the cables follow thet@@gentialcone angle of the HIADIn
Section 4.4, the effects of varying the placement of the motors such that the cables run horizontal
to the @nterbody, as well as both running 20° upwards and downwards to the centerbody are

investigated.
2.2.2.2. Morphing Shoulder concept

TheMorphing Shoulderconcept is developed to increase the structural integrity of the
HIAD by manipulating the shape of the outer toou$y as opposed to the entire structuriee
same actuation system as Merphing Structureoncept is employed, but the outaost torus,
known as thehoulder, is deployed with a relatively low internal inflation pressure as compared
to the innetori-stack. For example, if thanertori stack is inflated ta03kPg the shoulder
torus wouldonly be inflated tal0.3kPa It is noted thatiie Morphing StructurendMorphing
Shoulderconcepts are essentially the same concept, but exist on a continuum of shoulder
inflation pressures. The final design will determine an optimum shoulder inflation pressure in
relation to the existing tostack,following an additional relesign of the material properties of
the shoulder torus to better lend itself to morphing applications, such as low rigidity and cord

orientationto lower the power demands from the actuators

Through the selective actuation @ldes pulling a circumferentiakctorof the shoulder

torus towards the centerbody structure, the aeroshell is adbddcion toa norsymmetric shape
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andgenerate lift at a nemero trim angle of attack. In this process, the inner structure of the
HIAD remains relatively rigidvhile the shoulder torus is able to deform significantlg asn
structural member. The advantage of this concept is that thetarnstack will not wrinkle or
deform significantly and will be able to carry the majority of the aerodynamic load, while the
shoulder torus behaves as an aerodyoamember to generate lift. FiguB& below shows an
illustrative concept of a crosgectonal cut of the deformation of the shoulder in relation to the
HIAD structure. As can be seen, the shoulder torus produces the majority of the deformation,

leaving the remaining structure to perform in laadrying capabilities.

---------- Baseline Cross-section
Morphed Cross-section

35

Z (m)

251

-7.5 -7 -6.5 -6 -5.5 -5 -4.5

Figure27: Morphing Shoulder baseline vs. morphed cigssstion

2.2.2.3. Comparing designconcepts

This section investigates the advantages and disadvantages of these morphing concepts
and performs an investigation into their manufacturing remeres that will lead to a better

understandingfahe benefits of both concedt®m a cost perspective

There are many advantages and disadvantagestiofonceps that should be
investigated when tailoring a morphing design to a desired missiodiphing Structure
concept is more closely aligned with the current HIADs in development, which will ultimately
make this concept easier to integrate into the current system. It also simplifies the pressure

regulation system by pressuring all tori to equalssure. This concept, however, is expected to
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require a larger load to drive the displacement of the structure due to the stiffness of the high

inflation pressures within the tori.

By reducing the internal inflation pressure of the shoulder torudlks in the
Morphing Shoulderconcept are expected to be much lower. Due to the higher relative
displacement of the shoulder torus compdodtie structure, however, it is expected that the
cable pull distance will be larger, resulting in a longer respdime. This concept also allows
for the potential redesign of the structure of the inflatable shoulder torus. Each torus is designed
to achieve high bending and axial stiffness through the use of axial reinforcing cords that allow
the braided fabric todowoven at a high braid angle. A high braid angle orients the fibers towards
the hoop direction, which increases the bending stiffness of the torus. Because the shoulder torus
would be designed as a netructural member, it is proposed that either thalaginforcing
cords be removed altogether, or the braid be designed with a much smaller braid angle. With
these changes implemented in the structure, the loads required to morph the shoulder would be

much lower.

Both of these concepts have a few disadaged thashould be noted for this analysis,
althoughthese issuewill be addresseah future manufacturing of these concepier instance,
there may exist high localized heating at the morphed regions and specifically where wrinkling
may occur. The moftpng skin on the fore side of the HIAD is expected to alleviate this issue by
smoothing over the regions of the morphssgtor In addition, it is also noted that without
pressure regulation, the compression of each torus will increase the pressulitsdiasadine
value. Both concepts, when in their morphed state, experience a lower projected area than the
baselne state which in effect redutiee coefficient of dragCp, of the vehiclelf the lowered
drag of the vehicle due to morphing does not adedyudecelerate the vehicle to reach the
desired velocities, it is proposed to design a morphing HIAD with a larger diameter such that the

morphed planform area produces an adequate coefficient of drag.

Other concepts are also explored in addition tartbegphing HIAD concepts, and this
section explores why the morphing HIAD concept is ultimately the leading contender and will be
explored in the main content of this dissertation.M @ffset mechanism is a traditional means
of controlling a vehicle for aecapture or entry. However, for the sheer weight and diameter of

vehicles sized for Mars entry purposes, it is estimated that a mechanism would have to be
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designed to move the centerm&ss0.01 times the vehicle diameter in the crossrange direction

and 006 times the vehicle diameter in the downrange direction. From a preliminary analysis, this
would require 20 metric tons being moved over
Current technology is simply not capable within power and weight esgeints to move this

mass over any response time in compliance with trajectory guidance standards. In addition, the
elements, such as roller bearings, would have to be sized in excess to support such a complex
mechanical design. Not only is this a mechdrsballenge, but a packaging challenge as there is

not a lot of packaging flexibility within the payload to mahes large mass.

This dissertation also enumerates the advantages of morphing HIADErowerals,
which is another commonly investigated meaif aerdynamiccontrol[25]. Trim Tabs require
an extrusion off of the aeroshell, and results in unwanted shock potentials and shock interactions.
They also result in unwanted excess material a$rine Tals have to be pulled inwards to
modulate thdift to dragratio (L/D). The morphing HIAD, on the other hand, pulls the existing
tori-stack and the TPS along with it using tension elements. This is known as the inverse shelf
concept, as a part of the planfoarea is eliminated as opposed toThen Tabconcept which
employs an extending shelfh addition, a talleploysan aerodynamic surface forward by
pushing an element into the flow of the aeroshell, which is more difficult than pulling a tension
elementas demonstrated by the morphing HIAD concept. It is also noted that the morphing
HIAD concept pulls in excess material to modify the shape of the aeroshell. The amount of
wrinkling should be mitigated due tbe flexiblethermal protection systerk{TPS)being
tensioned around the morphed region. An added beri¢fieinverse shelf concejd that the
wrinkling occurring in the morphed area will only exist in the shadow region, and the vehicle
will not encounter any wrinkling effects or high heating lo@ hot side of the aeroshell, where

maximumheating and pressure occurs during aerocapture and entry.

The morphing HIAD concepts also presents many opportunities for unique control
strategies. Typically, trajectory engineers are concerned with commaardihgommand in the
downrange direction, andbecommand in the crossrange direction. A hybrid approach could
exist where only one morphed region is actuated itJttteanne) and a separate approach could
be used in thé channel such as &M offset mechanisnThe unique advantage of a morphing

HIAD is thatanysectoralong the perimeter of the aeroshell can be morphed to target any
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direction and achieve any combinationttindb commands. By clocking the motor positions to

any angle along thvehicle, only one morphed surface area is required.

It is also important to consider how the manufacturing processes will #iféaarist and
efficiencyof both conceptsBoth concepts are deployed in a rammpressed inflatable shape.
The structure wiltherefore only experience wrinkling due to morphing on sewtorof the
perimeter that is being pulled on when guidance requires that it is needdd TPi&therefore,
can be designed to have a smooth shape that only wrinkles when it is beingmpufldds
concept is proven flight effective atigkinternal pressure within the testack remains
relatively constant, then this design will be effective at reducing the localized heating in the

morphingsector

The followinganalysis will show thathie morphing HIAD approach is the best concept
for its structural simplicity and low mass approach to controlling a HIAD for aerocapture and

entry purposes.
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3. STRUCTURAL FEASIBILITY STUDY

Themorphing HIAD design concepts established in the previous chexgtexplored in
this chaptein order to assess their ability to obtain the desired performance requirements based
on a realistic application of use. Firsgndidate morphing HIAD shapeseajuickly generated to
asses#ts aerodynamic characteristics to determine what morphed shape isdeqigemerate
the required lift tadragratio( L/ D) at the vehicl etésgsngisri m angl e
performed on an inflatable structure toesssthe validity of the morphing concepts, and a finite
element model of the morphing HIAD is built following the test conditions in order to correlate
the data and validate the model for additional studiks.finite element model thenadapted
to a lage-scale morphing HIAD to assess the structural integrity in a-daity environment.
Finally, a simplified trajectory model is introduced to assess the downrange lift capabilities
produced by morphing as a means of increasing precision landing cagmbflian entry

vehicle
3.1. Morphed aeroshellaerodynamic formulation

The studies by Johns¢s8] and later Greef#0] set out to broaden the heat shield design
space by conducting parametric analyses of heat shields for multiple trajeatatigeir results
are used in this section to assess candidate morphing HIAD shapes before more detailed models
are produced usinfinite element analysis based on accurate loading to the HIAD structure
These studies found that heat shield bodies with larger eccentricities maximize downrange and
crossrange capabilities with minimal heat load. However, they did not cotied@ctthat these
geometries are not easdghievablaising inflatablesand the resultant morphed shapesated
the constraint of maintaining the diameter of the centerbody strugiddéionally, they did not
considerany structural failures due to morphicgused by thélding and buckling of the
inflated tori and wrinkling of the HPS, causing increases in heating and uncontrolled
aerodynamidorces[32]. Green varied the eccentricity of the aeroshell, but didcontludeany
meaningful changes in the lith dragratio (L/D) for a reasonable shape chamgeause this
work did not develop tools for analyzing reymmetric shapes for producing{generating
capabilities Additionally, he did not consider the effecfsthemorphing shape on trimming the
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vehicle to generate a larger change in Bfidl instead investigated static angles of attack on the

changes in trajectory performance

This dissertation improves upon these tools for evaluating morphed aeroshell shapes by
taking into account noisymmetric shapes that can be used to generate-zenotift to drag
ratio at its trim angle of attackhe goal is to find the minimum required deflection to achieve a
desired L/D. Minimizing the amount of deflection reduces the poaguired from the morphing
system and opens the design space for less complex systems, and lowers the aerothermal heating
constraints on thiexible thermal protection systehile the previous analysis in the literature
failed to conclude any meaningifchanges in L/D for a morphed aeroshell shape, this
dissertation enhances the aeroshell generation tools to take into acceagtmmoetric shape
morphing, which produces a much higher L/D change than symmetric morphing by trimming the
vehicle to a notzero angle of attack. It is noted that the tools developed for rapidly generating
morphed aeroshell shapes in this section only serve as a means of performing a preliminary
analysis to estimate the shape change required to produce a required L/D, amg Setand
3.3 no longer rely on these shape generating tools, as new techniques are introduced to generate
and export geometrically and structurally realistic thadeeensional models of morphing HIAD
shapes obtained from finite analysis methods develapdd/alidated based on experimental

testing performed directly in this dissertation.

Morphing HIAD shape generation is a useful technique to be able to quickly generate a

morphed shape estimate and determine what deformation is required to achieveda.desir
For quickly generating an aeroshell shape, a spherically blunted cone axial profile is developed
using techniques introduced by Johnfef8], and the three dimensional geometry of the
aeroshell is created by revolvirgetaxial profile around the base cresgtion. Modifying the
base crossection is used to create a morphed shape, and is defined using the generalized super
ellipseequation59] and is definedn Equation35 by

i %o Al ng %o OE ?d %o 59
wherer is the radius from the origin aridis theangle of sweepThe variablen; describes the
polygon order, and the variabte determines the roundness of the corners of the polygloere

2 will produce smooth corners amdlues greater than 2 will produce concave corriérs
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aeroshell generation technigues used in this dissertation differ from previous techniques in the
literature by only implementing the general super ellipsaiguon a section along the

perimeter of the aeroshell where the morphed surface is desired. By varying the polygon order to
correspond to this degree of surface area, the roundness panascatebe varied to pull the

morphed surface inwards in variomsrements. These generated shapes can then be discretized
into a set of finite elements to allow for the analysis of morphed aeroshell shapes that are
investigated throughout this dissertation, as well as other complex shapes proposed for future
studies.

The Modified Newtonian Impact Theory is used throughout this dissertation to estimate
the aerodynamic coefficients generated by the vehicle at its trim angle of attack to determine if
the morphed shape has achieved the required lift to drag rati ealitiated against
commercial software in the following sectidrhe equations used to perform the following
analysis are defined from Johngé8]. For the present analysis, it is assumed that the sideslip
and bank angle dhe vehicle aero zerdhe Modified Newtonian Impact Theory assumes that
only the tangential component of the fluid momentum is conserved, and is generally a good
estimate for estimating the pressure distribution over the surface of a vehicle in hypégdanic
[60]. The body coordinate system used the analyses is shown in Fig@&below[58].

Cy

Figure28: Body coordinate system
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The lift todrag radias defined a$./D = C./Cp, where the coefficient of lift and

coefficient of drag is defined in Equati@6 and37 below

6 6 AT|10 6 OFI (36)
6 6 Of1T o6 AT|0 (37)
whereCy andCa are the normal and axial force coefficients, respectivelyiadhe angle of

attackasdefinedin Equation38.

® (39)

| O A T F] 13 | 13
W
Theangle of attack where the pitching moment coefficient about the center qQf@nass

is zerois defined as the trim angle of attaekd is sbwn in EquatiorB9

. . . W . Q (39)
0 0 6 =5~ 0 g
whereCnoi s t he pitchi ng mo me astshoarbimEguatiohOhedow,a er os h el

and(xcom, Zcow) is the location of the center of mass

P (40)

0 — W & 0Q0 ® & 60Q0
0Q

whereA,, Cp, anddA are the projected areepefficient of pressureand differential surface area,
respectivel){{58]. TheXy andZy, projections of theinit normal at each point are represented by
Ny andnz,. The normal and axial aerodynanfiicces areshown in Equationg1 and42 below
[58].

5 O—p ;606 (43)

p

o 42
0 5 € 00Qo (42)

TheModified Newtonian Impact Theoig used to calculate the coefficient of pressure,
Cp, which is defined as the fluid flow normal to the aeroshell and is shown in Eqd3to@how
[58]. It is noted that this theory compares very well with Higlelity CFD predictions over a
range of angles of attack at hypersonic speeds, and is typically a very good estimation for blunt

bodies with large inclination angles.
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A¥e> (43

The freestream velocity vectas shown in Equatiof

@ o o ATOATIOMET ATIOREI (44)
where for this analysis assumes the sideslip abgle,zero, and is thus onlyfanction ofthe

angle of attackl)
The maximum value of the pressure coefficenshown in Equatiofb

¢ Nhog (45)
o7

isused to calculate the coefficient of pressumdenedby the ratio of stagnation pressure to

0 f

freestream pressum,2/pe; the freestream mach numbBty; and the specific heat ratio[55].

The ratio of the stagnation pressipegs, after the shock to the freestream pressure is defined by

the Rayleigh pitot tube formu[&8], where he obstructiorto flow creates a shock wavand the
stagnation pressure is no longer the total freestream pressure but is now represented by Equation

46 as shown below.

A p [ QO rop O ¢ (46)
n [ p 7 0 cr p

Any portion of the aeroshell shielded frdlow will result in a zero coefficient of

pressureThe aerodynamic coefficients of any generated or imported morphed aeroshell shapes
can by analyzed using the Modified Newtonian Impact Theory at hypersonic entry g83eds
These tools can be used to quickly assess what morphed aeroshell shape and associated radial
deflection is required to achieve the required lift to drag ratio. This analysis methodology is then
applied to candidate HIAD shapes to evaluate the radialctiefiethat satisfies performance

requirements for various diameter HIADs in the following section.
3.1.1. Validating the morphed aeroshell aerodynamievaluationtool

The goal of this section is to compare the aerodynamic results of the morphed aeroshell
aerodynanic evaluation tool iMATLAB to a trusted software package designed at NASA using
theModified Newtonian Impact Theomalled Configuration Based Aerodynamics (CBAero) to
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validate the tool and gain confidence in the results. The candidate geometrysettius is a

Morphing Structurel6.7m HIAD obtained from finite element deformation analysis outlined in
Section3.3dsi gned to generate approximately 0.11 L
The smooth geometry is imped in CBAero as shown Figure29 andrunover a sweep of

angles of attack to find the location where the pitching moment about the cemizss zero.

suts dro T8 T |

1I%
i

Figure29: CBAero setup for analysis of imported Morphing Structure aeroshell geometry

The pressure distribution results at an awnglattack of 0° is shown in FiguB9 below.
Additionally, Table 3elow compares the trim angle of attack and L/D at the trim angle of attack
from CBAero andMATLAB . The results show th#tte vehicle analyzeih CBAero trims to an
angle of attack 0f8.1196° producing a L/D of 0.1116, whtlee vehicle analyzed in MATLAB
trims to an angle of attack é8.0498° producing a L/D of 0.1111. The percent difference
between the two is 0.4490%, showing that the aemajmresults are validated to a high degree
and confidence is gained in the mogdraeroshell evaluation tool.
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Figure30: CBAero pressure distribution 8t= 0° for Morphing Structure aeroshell geometry
with flexible TPS system

Table3: Aerodynamic predictions of Morphing Structure using CBAero and MATLAB

Trim angle of attack (U) [deg] Lift to drag ratio (L/D)

CBAero -8.1196 0.1116
Matlab -8.0498 0.1111
L/D percent difference [%)] -- 0.4490

3.1.2. 12m HIAD aerodynamic analysis usingshapefunctions

This section serves as a preliminary analysis to determine what aerodynamic shapes can
be generated using the existing HIAD geometry and what aerodynamic performance can be
expected due to a given morphed shape. The deflection values obtained fromlykis aih
inform what actuation methods and magnitaderequired to achieve the desired shapes and

how the structure reacts to such deformation.

In this analysisthe Modified Newtonian Impact Theomnd the super ellipse equation
are usedo assess thaerodynamic feasibility of some commmorphed shapes using arh2
HIAD. The super ellipse formula is used to generate an aeroshell shape with a polygon order of
my = 3, corresponding to one deflected control surfacsector spanning 120° of the surface
area. The unique aspect of the morphing HIAD, however, ightmighthe independent
actuation of cableonesectorcan be actuated in any direction to control the HIADerefore,
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only onesectorof the baseline HIAD is amipulated in order to simulate deformattorobtain a
nonrsymmetricshape. As shown in tiégure31 below, the n pamameter is varied to deflect the

outer perimeter obnesectorof the aeroshetiowards the centeAs the n parameter is

decreased, theorner roundness is decreasetiich alsccauseshe outer diameter of the

mor phed section to decrease, si seddrihisdlsag t he wu
noted that for each new shape generated, the circumference is maintained tioce¢qddhe

baseline shape,m 1, rp = 2.
Q// ‘ Q// Q/ Q// Q_/
m=1 m; =3 m, =3 m; =3 m; =3

n,=2 n,=1.9 n,=1.8 n,=1.7 n,=1.6

Figure31: Morphed aeroshell shapes for a 12 m aeroshell with a 120° morphing sector

Results are obtained for a trRdiameter aeroshell with a 120° morphsegtorand are
summarizedinTabled he vehicleds center of mass i s ass:!
symmetric axis of the aeroshell, with the axial center of Hoasteda distance from the
geometrical nose a factor of 0.35 times the outer dianRRésults bund that @.231 L/D value
corresponding to a trim angle of attack t$.5° was found for the m= 3, o = 1.6 shape. For

this generated shape, the maximum inward rathifiection was found to H&7539 m
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Table4: Aerodynamiaesults for a 12 m diameter aeroshell with a 120° morphing sector

Shape Shape  Trimangle of  Lift todrag Ballistic coefficient Deflection

function attack (U) [deg] ratio (L/D) (b) [kg*m2] (@) [m]
| r:l_:zl 0.0 0.0000 332.8119 0.0000
\ 2 —
A
m = 3 -3.9 0.0586 369.7020 0.1984
\ n=1.9
[ m =3 7.8 0.1169 350.9267 0.3900
\\ n=1.8
m =3 -11.7 0.1752 366.8981 0.5751
| np=1.7
| m =3 -15.5 0.2321 387.7607 0.7539
{ n=1.6

/

A plot of the L/D at the trinangle of attaclof the vehiclevs. radial deflectioms shown
in Figure32 below. It is found that by varying the roundness parameter and increasing the radial
deflectiontowards the centerbodyf the HIAD, the L/D increasasearly linearly This
relationship is useful when estimating what redial deflection is required to achieve a desired L/D.
This analysis shows that the maximum radial deflection required to achieve 0.110L.36714
meters This value is found to be significant for futleinalyses because the inner torus diameter
of a 12m HIAD is 0.8255meters Therefore, it is found that approximatéithe deflection of a
single torus diameter will achieve about 0.11 L/D. This potentially allows for the outer torus, or

shoulder, to dehe majority of morphing to achieve the required aerodynamic performance.
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Figure32: L/D at trim angle of attack vs. radial deflection of a 12 m diameter aeroshell with a
120° morphing sector

Figure33 below shows the aerodynamic results of these shape functions at various angles
of attack. The relationship is also shown between the ballistic coeffibientyCpA, andlift to
dragratio, L/D. For a decelerating system with lift capability, it is desirable to &dngh L/D
and a lowballistic coefficient A low b can be achieved by either increasing the coefficient of
drag or surface area, or decreasing the mass. These results however, saw that by increasing the
L/D by morphing, the ballistic coefficient increas&his may be due to the lower overall surface
are due to pulling in one surfaoethe loss in drag at a cost of increasing lift. It is notedttisit
optimization strategis addressed in Section 3.3 and finding the balance of maximizing both lift

and drag is addressed in Appendix D.
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Figure33: CLvs.U Covs.U L/D vs.U andb vs. Ufor a 12 m diameter aeroshell with a 120°
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morphing sector

Lift to drag ratio (L/D)

The goal of morphing is to achieve an angle ofcitthat produces a desired liftdoag

ratio. As shown in the aerodynamic coefficients for a given angle of attack, the morphing

coefficients do not differ greatly from the baselinefioents. Therefoe, morphing can bgeen

as a trim device whose purpose is to generate &ytmometric pressure distribution on the

vehicle to trim the vehicle to a neero angle of attack to generate lift. This allows morphing to

be compared to other devices suciam Tals, because all of these concepts will generate

approximately the same lift at a given angle of attack. However, the advantages of morphing are

seen by the relatively minimum amount of deflection required to achieve a high angle of attack.

The main chage introduced by morphing is the shift in the pitching moment coefficient

about the center of mass. Morphing the HIAD introduces a moment, and the aerosi#dl trim

the angle of attact whichits pitching moment coefficient about its center of mas®ro By

trimming to this location, the L/D of the aeroshell increases. Although the magnitude of L/D at a

specific angle of attack does not increase dramatically, the moment produced by the morphing is

the main contributor to thiecreasing lift capabty. Figure 34 below shows the pitching moment
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Figure34: Pitching moment coefficient about center of mass vs. angle of attack for a 12 m

diameter aeroshell with a 120° morphing sector

An additional analysis is performed to show the effects or reducirsgtterin which

the aroshell is morphedn this analysis, thpolygon order is increased fromm3 tom; =4,

which reduces the effective control surface of esatttorfrom 120° to 90°For this analysis,

only one control surface is actuated within a 88¢torand deflected as shown kigure35

below.

Figure35: Morphed aeroshell shapes for a 12 m aeroshell with a 90° morphing sector
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Aerodynamic results are shown in Tabl&é&ow. By onlydeflectinga 90°sector less of
the surface area of the HIAD is being morphed. This redugtisarface area is shownliry a
lower L/D obtained at the same radial deflection distance as thedstldgting a 120%ector
While a smaller actuated surface produces a smallrléss actuation is required and a balance
between power and actuation requirements and aerodynamic generation needs to be found to
determine the optimal control surface required that is unique to any particular mission involving
morphing HIADs.As menticed previously, this optimization is addressed in Section 3.3 and in
Appendix D.

Table5: Aerodynamic results for a 12 m diameter aeroshell with a 90° morphing sector

Shape Shape Trimangle of Lift todrag Ballistic coefficient  Deflection

function att ack rato (L/D) (b) [kg*m?] () [m]
( r:;: 21 0.0 0.0000 332.8119 0.00
My = 3 3.0 0.0451 337.6491 0.1984
\ n=1.9
N
m =3 6.1 0.0915 345.1819 0.3900
L | n=1.8
( o Mm=3 9.1 0.1363 355.3366 0.5751
n=17
m = 3 12 0.1798 368.0848 0.7539
‘\ N2 = 1.6
\ ¥

The use of quickly estimating the aerodynamic coefficients as a function of incremental
shape change can therefore be appbeaitrajectory analysisimulation where the incremental
change in morphed shapan be represged as a function of time. Figu8é below shows a
representation of discrete morphing throtigg use oshape functions to simulate a morgh
event for a duration of 10 seconds, beginning at 1 second and with a morphing resolution of 1
second. At each morphing state, corresponding to 1 second in time, the trim angle of attack is
updated according to the aerodymc properties of the morphed incremental slaaqukis set to

the current angle of a@itk. The coefficient of lift, coefficient afrag, and planform area
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therefore, are obtained from the morphed aeroshell shape at their current angle of attack. The

incremental change of the HIAD shape as a function of time is simokigure36 belowas a
means of demonstrating this concept

=

=3

e

Incremental shape change

Figure36: Morphing of symmetric to neaymmetric aeroshell for use in a trajectory simulation

Table 6below is a sample representative of the aerodynamic inputs of the morphed shape
fed intoatrajectory simulator at each time gt& he coefficient of lift, coefficient of drag, and
HIAD.

planform area are all functions of the morphed shape and affect the trajectory of the ghorphin
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Table6: Aerodynamic coefficient table for a morphing trajectory simulation

Time [s] Coefficient of lift (CL) Coefficent of drag (&) Projected area (&) [m?]

0 0.0000 1.4988 192.4579
1 0.0209 1.4924 191.6069
2 0.0418 1.4860 190.7560
3 0.0626 1.4796 189.9050
4 0.0835 1.4732 189.0540
5 0.1044 1.4668 188.2030
6 0.1253 1.4603 187.3521
7 0.1462 1.4539 186.5011
8 0.1671 1.4475 185.6501
9 0.1879 1.4411 184.7991
10 0.2088 1.4347 183.9482
11 0.2297 1.4283 183.0972

Trajectory simulationsan then be rufor a morphing HIAD as well as a baseline HIAD
which does not induce morphinbhis dissertation showsow these inputs are féato a
trajectorysimulationto determine the trajectory as well as heating change due to mqrphing

which is eplored in Sectios 3.4 and 4.
3.1.3. 16.7m HIAD aerodynamic analysis usingshapefunctions

In this analysis, the diameter of the HIAD is expanded to @ investigate its
applicabilityfor Mars mission applications. When scaling the HIAD to larger diameters, the
amount ofdeflection increases, therefore increasing the demdrttie actuator system. If the
morphing system can be designed for a lagge system, however, it calsobe scaled down
to smaller outer diametems orderto be usefuldr multiple mission apptations. A similar
aerodynamic analysis is performied a 120° control surfacgcaledto a 16.7m outer diameter.
The results are summarized in Tableelow for multiple deflected shapes, and show that about

0.4821 mof maximum radial deflection is required to achievElQ/D in a 16.7m HIAD.
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Table7: Aerodynamic results for a 16.7 m diameter aeroshell with a 120° morphing sector

Shape Shape  Trimangle of Lift todrag Ballistic coefficient Deflection

function  attack (alpha) ratio (L/D) (b) [kg*m?] (@) [m]
mp=1 0.0 0.0000 169.1320 0.00
=2
my = 3

4.1 0.0628 172.7288 0.2761
n=19
my = 3

-8.1 0.1239 178.6876 0.5428
n=18
m =3 121 0.1853 187.2504 0.8004
n=1.7
my =3 -16.1 0.2470 198.7832 1.0492
n=16

Mars-scale missions will rely on largéiameter HIADs, such as the 16r/outer
diameter HIAD, to provide the deceleration necessary for large paylbag$ollowing sections
will further investigate the aerodynamic and structural properties of tharlBl[AD using
theseanalysis techniqueas orderto quickly estimate the deflections required to achieve a
desired L/D.

3.2. Morphing HIAD testing and model validation

The purpose of this section is tottesalistic load application methods to morph a HIAD
and to correlate this data with analytical models to better predictdaede HIAD performance.
These results will inform the model of what loads are required to achieve the desired deflected
shape, awell as which load applications are most suitable to eliminate the effects of wrinkling
or indentation of the torus. This section will initially perforesting on a én HIAD employing
theMorphing Shoulderconcept, followed by the development of a correléitate element
model using the commercial software progr@BAQUS. Additionally, the beanribased FE
methodology is applied to a HIAD structure and morphing elements are developed to simulate

morphing andheresults are compared to experimental and diadkd FE results.
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3.2.1. Experimental testing of a 6m HIAD overview andresults

Testing is performed utilizing an existing HIA®DmM National FullScale Aerodynamic
Complex (NFAC)project inflatable structure teassembly to determine the forces required to
generate the desired shape chaiige.e desi gnation ATX0 is used to
HIAD assembly with X designating the number of the torus, where T1 is the torus adjacent to the
centerbody, and ineasing as the adjacent tori move farther away from the centerbioaly.
assembly is a modified® diameter test article, with the-torus, ad shoulder torus removed.
Six nylon webbing straps areitially attached front he cr owdés f eeasofthpai ri ng
deflated outer torus, known as th@torus, orshouldertorus to loops on the inner T4 torus on
the oppositesectorof the HIAD, forming an approximate 64° morphiagctor In light of having
a rigid fixed centerbody to react against, the innerdtack is highly pressurized and its
deformation is negligible with respect to the shoulder displacement, and is therefore used to
approximate a fixed boundary conditigkdditiondly, a piece of KaptotKevlar Laminate
(KKL) skin is bonded to the straps to i mprove
morphing. In this test, the two inn¢ori, T1 and T2, are not inflated. The rest of the inner tori
stack, T3, T4, and T@re allinflated toa rigid 83 kPa. Figur&7 below shows the HIAD
assembly inflated t83 kPawith the shoulder torusitially deflated.

Figure37: Test article with shoulder torus deflated

Initial tensioning of the shodeér torus is shown iRigure38 below.To initiate morphing,
ratchet cranks on the inner, middle, and outer strap pairs are adjusted to achieve a smooth
displaced shape, and once these lengths are locked in place, the shoulder T6 torus is inflated
from pressures ranging from 6.9 kPa to 13.8 kPa such that the shape is maintained by the loads in

the straps.
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Figure38: Test article with shoulder torus inflated and straps tensioned

The load on the inner strap is measured using a calibrated load cell as shown iB%Figure
below, and the outer diameter of the test article is measured in the loaded and unloaded state to

determine the overall morphed displacement as a function of shanfldéon pressure.

Figure39: Load cell on inner strap

Thedeformation testperformed fora13.8 kPashoulder pressuiis shown in Figurd0
below. Results show that by adjusting the straps to reach a change in outer diafddtét 4im
the inner strap is loaded 627N at a13.8 kPanternal inflation shoulder pressur&dditionally,

the HIAD assembly returns to its original shape when unloaded.
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13.8kPaat 627 N centestrap load —p 13.8kPaunloaded

Figure40: Deformation test at a 13.8 kPa shoulder inflation pressure

The results are alsshown in Table 8 belowf'esting is performed at shoulder inflation
pressures ranging froé9kPa to 13.8 kPal his information is used to developimerical

models to correlatithe experimentakest data with model predictions.

Table8: 6 m HIAD Morphing Shoulder experimental test results

Strap positions [cm]

Sinner 2 middle 2 outer Inner strap  Shoulder inflation Outer Change in outer
load [N] pressure [kPa] diameter [cm] diameter [cm]
254 20.3 15.2 363.0 6.9 491.5 14.6
33.0 254 15.2 405.7 6.9 489.0 17.1
33.0 254 15.2 413.7 6.9 488.3 17.8
254 20.3 15.2 485.7 10.3 492.1 14.0
33.0 254 15.2 533.8 10.3 489.0 17.1
25.4 20.3 15.2 573.8 13.8 491.5 14.6
33.0 25.4 15.2 627.2 13.8 489.0 17.1

3.2.2. Testdata correlation using finite elementanalysis

A threedimensional shelbased FE model of therd HIAD configuration is developed
using thefinite element FE) softwareABAQUS [61] to predict the response of the morphing

70



straps and to compare against experimental results in order to correlate the data for future
parametricstudies. The development of the model is presented, followed by a discussion of the
convergedasimulation resulten order to correlate the model to test datadan additional study

on the change in shoulder pressure due to morpheigashown to validtethis concept.

The inflatable torstack is modeled with element type S4R, a 4 node reduced integration
guadratic shell element. The shell material is a linearly elastic, orthotropic material as described
in Chapter 2. The axial reinforcing cords, whare superimposed onto the shell nodes, are
modeled with element type B32, a 3 node quadratic beam element, and its axial behavior is
described by a direct forestrain input table. Cord properties and orthotropic shell material
properties utilized in tisimodel are derived from compondenel tensiortorsion test$49].

Contact conditions among the straps and tori interactions are modeled in order to capture the
increasing contact surface area as the shoulder torus dedieietiyrinward during compression.
The HIAD is supported by rigidly fixing the nodes of the inner strap connections and inner torus
surface area to the centerbody connection. The model is developedB#&iQd)S/Explicit

analysis, which is a mathematic teajue for integrating the equations of motion through time.
Explicit analysis has a very robust contact algorithm, is capable of solving sources of
discontinuity such as buckling or local wrinkling of a material, @are efficient for problems

that reaiire large displacement, nonlinear, gustsitic analyseg2].

In this model, the morphing straps are modeled using shell elements to decrease the
stiffness and to better distribute the load compared to beam elements. Thagnddes are
bonded to the tangent nodes on the outer shoulder torus. Due to the two branching strap
connections to the shoulderthe experimental testesach strap is modeled as two radial straps
fixed to theHIAD in order to simulatéhedistributed loadffered by the branching strapehe
finite element model is shown in Figuteébelow, and Figurd2 compares the ratchet strap
connection point of theest versus the model. This model utilizes two loading steps in the
analysis processvhich arean inflation step and a morphing step. In the inflation, sheploads
are applied to the inner surface of the tori to simulation the inflation process. The internal
pressure is modeled using a fluid cavity interaction, which is verified agatstributed
follower force model imAppendix Cof thisdissertationThe inner torstack is inflated t&3 kPa

and the shoulder torus is inflated18.8 kPawhile the end nodes of the morphing straps are
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fixed to maintain a nominal pull distance.the morphing step, a displacement control boundary
condition is applied to the end nodes of the straps along their axial direction to control the pull

distance to match test criteria. Section forces are measured in the straps to determine loading.

The mestsize of the finite element model was chosen to ensure convergence of the
results by increasing the fidelity of the model. Aas@ mesh size will unrealistically predict the
stiffness of the straps and will not be able to accurately produce the morphkithgyresults. It
is also noted that to save computational time, this model represents a 180° symmetric model and

thus only simulated 3 out of the 6 straps with a symmetric boundary condition at the interface.

Figure41: 6 m HIAD Morphing Shoulder element mesh
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Figure42: Details of ratchet strap connection of a) test configuration and b) element mesh

3.2.3. 6 m Morphing Shoulder HIAD model usingshell elementsresults

The deformation results from ti#& simulation are shown in Figu48 below for a13.8
kPashoulder deflected radially abolif.1 cm. Additionally, Figurd4 belowcompares the
deformed shape with thiesteddeflected shape, which reveals that the morphed shape closely
resembles test data. Wrinkling of the shoulder is also captured by the model, which was seen
during testing results.

Displacement

magnitude [cm]
345107
31.6349
28.7589
25.8831
23.0071
20.1313
17.2555
14.3794
11.5037
8.6276
5.7518
2.8758
0.0000

Figure43: 6 m HIAD Morphing Shouldedeformation
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Figure44: Morphed deformation of a) experimental test and b) finite element simulation

The radial displacement vs. average inner strap load at the shoulder inflation pressures of
6.9 kPa10.3 kPaand13.8 kPa are shown in Figu4& below, which compares the simulated
results to experimental results. The results show thdinite element modehgres very well
with test data for all inflatiopressures. Additionally, Tableshows the percent diffemee
between the tesvads and the simulated load$ow that this model is correlated with test data,
additional testing will study the effects of morphing on a large scaleni®IAD. It is also
noted that a detailed analysis of this model as appliadittierent novel concept known as the

Morph and Release Shoulder is shown in Appendix B.
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Average inner strap load vs. radial displacement
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Figure45: 6 m Morphing Shoulder HIAD average inner strap load vs. radial displacement

Table9: 6 m HIAD Morphing Shoulder experimental vs. simulated results

Inflation Radial displacement Test load N] Simulated load N] Percent difference
pressure [kPa] [cm] [%6]
6.9 14.6 363.0 343.9 5.4077
6.9 17.1 405.7 416.4 2.6176
6.9 17.8 413.7 444.0 7.0927
10.3 14.0 485.7 441.6 9.5190
10.3 17.1 533.8 541.9 1.5105
13.8 14.6 573.8 577.0 0.5489
13.8 17.1 671.7 675.5 7.4165

3.2.3.1. Tracking the change inshoulder internal inflation pressuredue to morphing

There is a concern whether the shoulder inflation pressure is adequate to maintain its
shape against aerodynamic forces after being compressed and/or released during morphing.
Pulling on the radial morphing straps compresses the shoulder and decreadem#s causing
the internal pressure tocreasewhile releasing the radial morphing straps relieves the shape of
the shoulder and increases its volume, causing the internal pressure to go down. There needs to
be enough stored energy in the shoulder aftenpressiosuchthat the shoulder returns to its

original shape after being relievedth enough internal pressure to overcomeapglied
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aerodynamic forced his section tracks what the interinalation pressure after the shoulder is
relieved to determine if this pressure change is acceptable. These reslitisrease the

requirements for the shoulder pressure, which will in toecrease thenorphingstrap loads.

If the change in internal inflation @ssure is too high, the addition of a relieving
regulation system wilbe used toelieve the shoulder during compresssuth that the loads to
not become excessively highhere is a concern when defliect theshoulder howeverthat
even thouglit is a& a reasonably low pressure and there is not a lot of mass to move, it is still
encased in a very large volume. The shoylithereforg might not have enough mass to create
the mass flow required to bring it back to the nominal inflation pressure whehdukler is

released.

To test this theory, an additiorstep is added to tHaite elementsimulation aftethe
morphingstep in which the morphing straps are returniedheir original positions and the
change in pressure during free expanssomeasired Theresults are shown in the Figuté
below, and shows that the pressure drops fi@&8 kPa to 12.5 kRavith an overalll.3 kPadrop
in pressure. This small chanigenot significant to hava drastic effect on the ability of the torus
to return o its original shape, bitt may require the nominal pressure to increase slightly in order

to retain13.8 kPaat all stages.

Shoulder Torus Inflation Pressure vs. radial displacement
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Figure46: Tracking relief of shoulder torus inflation pressure vs. radial displacement
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3.2.4. 6 m Morphing Shoulder HIAD model using beambased FEmodeling

The goal of this section is to use the bdamsed FE formulation from Chapter 2 to
expand its application @morphing HIAD configuration. In modeling multiple tori, the
interaction between thaflatable tori in addition to the straps that connect the tori to each other
must be accounted for. Modeling the full HIAD system using a Heased FE modeling
approach is investigated by Youfki] and involves the use of inflatable torus elements,
interaction elements to capture the response among tori, strap elements to represent the loop,
radial, and chevron straps, and link elements to connect straps afthéopurpose of this
section is to dvelopthe methodologyo assign morphing elements to the HIAD structure in

order to deflect the HIAD and achieve a reymmetric shape.
3.2.4.1. Morphing HIAD beambased FEformulation

A beambased FE model is developed to simulate themoof of conceptmorphirg
HIAD test article in order to correlate the model to experimental andtssdtd FE model
results. While this model has a lower fidelity than tABAQUS finite element simulation, the
simulation times are on the order of minutes and can be used téycqagsskss morphing
configurations and their associated performahcéhe following analysis, an enforde
displacement solver is implemented, which allows for controlling the displacement of multiple
degrees of freedom of a model. The@11AD configuration is modeled using beam elements,
and a graphical representation of the HIAD is shévgure47 below.

Figure47. 6 m Morphing Shoulder HIAD using bedpased FE formulation a) full strap
configuration and bdeformed shape with 6 morphing straps

In the bearrbased model, the straps are offset from the centroid of the tori using link

elements. Morphing elements are added to the HIAD structure by connecting 28 straps to link
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elements on the outer shoulder. gesformedin the experimental testingnly 6 out of 28 straps

are used at a time to morph the structure of the HIAD. The outer node of each morphing strap is
controlled simultaneously using the enfatclsplacement solver. By enforcing the nodes of the
morphing straps to displace radially inward such that the displacement is maximum at the center
strap and tapers to zero towards the outer straps, the HIAD is able to teformorsymmetric

shape. The discrete strap loading, however, will not produceadeaesults without finding a
converged solution. Additionally, the discrete loadigablesalong the toruproduces a
discontinuous spike in loading and deflection, which must be refined to obtain an accurate result.

A distributed load igirst simulated on the morphinghoulderregion to obtain an
estimate of the total morphing load by increasing the number of continuous morphing elements
across the morphing region, and a convergence study is performed to track the conedérgence
the total load solutn. Figure48 below represents the number of morphing elements across the
surface of thenorphing structure

Figure48: Simulating a distributed morphing load by increasing the number of morphing
elements

During testing, thdinearly tapered morphing displacement boundary conditions are
applied to an approximate 64° region of the HIAD, corresponding to test conditions. The total
load is tracked as a function of the numbemorphing elements, and Figut@ below shows
that he load eventually converges to a steady value as the morphing elements approach a

continuous surface.
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Convergence of total load vs. number of morphing elements
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Figure49: Convergence of total load vs. number of morphing elements

To obtain the approximated load of the inner stoapampare to the load cell measurements
from the experimental tests, it is assumed that the discrete morphing straps carry the distributed
load as a function of their displacement and position. By assuming a linear displatefoec
relationship amonthe morphing straps, it is approximated that the inner strap load-feorie

the value of the total strap load for this loading condition.
3.2.4.2. Accounting for the additional deflection due to shoulder compression

It is noted that the beatmased method iemited in scope becausas opposed to the
shellbased analysis performedABAQUS, it is not capable of capturing the exact geometry of
the taus as it compresses againstalgacent tori. This deflection due to shoulder compression
is not accounted faand must be included in the results to accurately estimate the total radial

deflection. The goal of this section is to estimate the additional deflection due to shoulder
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compression and add this value to the total deflection for each load incréggras shown in

Equation47 below.

| 1 | (47)
The pressure changes before and after morppirandpz, respectively, of the shoulder
are shown irequationsA8 and49 below:. It is noted that during these tests, the final morphing
pressure was regulated18.8 kPa

n n n ¢ni Q (48)
n n n (49)
The external pressure due to morphing is defing@@®as shown ifequation50 below,
and takes the load at the current iteratlrdivided by the projected morphing actuation region

in the shoulder encompassed by the angle in degfewbered;: is the shoulder diameter.

, O (50)
n : Q0 —
Q ¢ Toon

For an ideal gas isentropic process, the relationship between pressure and volume change

can be measured. For nitrogen gas) (Mth a heat capacity ratio, of 1.4, the area relationship
between the initial and morphedsssections is shown in Equati&d below.
N (51

0 0 —
n

The new shoulder diameteb, of the compressed aré®, can then be calculated
shown in Equatio®2 below.
, 10 (52)
Q -

The deflection due to shoulder compression is then found by calculating the change in
shaulder diameter, as shown Equat®Bbelow.
1 Q 1Q (53
Finally, the shoulder deflectiofshouides IS added to the current estimated deflection from

the beam modetieam to find the total deflection for each iterative lo&gai.
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3.2.4.3. 6 m Morphing Shoulder HIAD using beambasedFE modelingresults

The bearrbased model results are shown in graphical form ifritpere 50, showing that

the shoulder torus is able to smoothly deflect due to a tapered morphing strap load.

Displacemenmagnitude [crr

4

Figure50: 6 m Morphing Shoulder HIAD using beapasd FE modeling shoulder deflection
magnitude

RN W A~ O

The average inner strap loads are compared to the experimentally measured strap loads at
the specified deflected increments measured by the load\sedhown in Figur&1l, the results
indicatethat for the mesured deflection, the beabased morphing HIAD model is able to
accurately capture the load magnitude and inflation pressure dependence. Additionally, the
results show that the additional deflection due to shoulder compression plays a large factor in
morphng the shoulder of the HIAD and must be accounted for. This model is compared to a

large scale 16.i HIAD analysis inSection 3.3.5

These results show that the bebased methodology for inflatable beams can be applied
to assessing the morphing capiieit of HIADs. While theABAQUS model has a higher
fidelity and can accurately capture the compression in thsteage due to loading of the
aeroshell, this model demonstrates capabilities for quickly assessing the load vs. deflection
performance of morphing systems in simulation srtfet are orders of magnitude lower than

the ABAQUS finite element simulations.
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Average inner strap load vs. radial displacement
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Figure51: Average inner strap load vs. radial displacement of 6 m Morphing Shoulder HIAD
comparing beam model, shell model, and experimerdaltse
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3.3. Large scale HIAD conceptualstudy for a human scalevehicle

application

Now that the model correlation study is complete, a new conceptualistpesformed in
this sectiorfor a largescale HIAD to determine its applicability for a human scale vehicle in
entry-like conditions An integrated aerodynamic/structural analysis is performed on two leading
concepts for morphing a large scale 1%.HIAD for enabling humans to larah Mars. These
two concepts are defined by thkrphing Shoulderconcept, in which a low pressure outer torus
is deformed, and Blorphing Structureoncept, in which all tori are equally presgadand the
entire structure is deformed. For both concepts,assumed that 74 motors are placed equally
around the circumference of the centerbody connection that pull on straps connected to the T5
shoulder torus. 24 of these motors @néy ever active at a time t@tract thesectorof an
approximatel20° suface areaf the perimetein a tapered loading pattern tutiate downrange
morphing. Figuré&2 below shows an illustration of the placement of 74 catbesected to
independent winch drum motors on tlemterbody structure. Each cable extends from the
centerbody connection on the aft side of the inflatable structure to thenmagétorus, in which
each cable is then attached to a morphing skin structure extending on the fore side of HIAD
which is then terminated at the centerbody connection on taesifte of the inflatable structure.
When a desired lift vector is commanded, a morpea@orf 24 motors as shown in red are
oriented towards the desired lift vector and are actuated in such a way that the HIAD deforms to
produce the desired lift maigmde by trimming the vehicle to a n@ero angle of attackhe

choice of which 24 motors are actuated determines the direction of the lift vector.

A detailed optimization study on the decision to morph a 120° morphed surface area is

performed inAppendix D
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cables in fixed position
——cables in morphed position

Figure52: Morphing cable arrangement for large scale 16.7 m analysis

A detailed design analysis is performed in order to chtieeseumber of motor and cable
setsfor this configuration based on systetagel benefits that optimize threquirements of the
overall missionBy including more motors, less motor torque is required per motor and
additionally, the size, cost, and power consumption of each mietoease Another advantage
to having more cables pully on the aeroshell is that there is a smaller load requirdorezdch
cable, resulting in the design ofexsessadodder si z
Additionally, the drum size that retracts the cables can be desigesthlier dianetersthat
require less torque, motor power, and energy requirememsumber of motors for this design
is chosen to be spaced opally across the perimeter of the centerbody connection in order to
best utilizethe available spadbdat hasalreadybeen allocated to the centerbody strap placement
Furthermore, by distributing more motors that use less power, redundancy is built into the system
because if one of the motors fail, its adjacent motors are spaced close enough to compensate for

this failure ad retract the aeroshell accordingly.

In addition to the safety and power savings listed above, there is also a concern that
having too few cable sets will restrisector t he s
of the aeroshellithout having scalloping effects in between adjacent motors. Therefore, the
number of motors are also chosen based on giving a smoothed, continuous shape to the morphed
region of the HIAD.
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It is also important to consider all of the potential functions ohtb&or placement as a
system. An overall requirement for HIADs is the ability to retract the inflatable aeroshell once it
has landed on the surface. Upon landing, the fill lines witebminatedand the inflatable
structure will be deflated. There wilkve to be enough cable sets to pull on the deflated HIAD
so it is uniformly distributed around the body, and the motor winch system will pull the
inflatable structure inwards into a packed, stowed position to remove the interference of the
HIAD around the sucture. This will enable vehicles that are servicing the entry platioire
able topull up as close as possibleth@ payload structur®uring this retraction phase, it is
noted that the loads required to retract the entire HIAD will be significkomier because the
inflatable structure will be deflated andlwio longer hold its rigidity. The number of motors
and actuated region atteuschosen based on motor sizing, redundancy, achieving a smooth
morphed surface, and systems functionality.

This sectionis organized as follows. First, the design requirements are outlined for both
concepts. Thergdetailed analysis of thorphing Shoulderconcept is performed, followed by
detailed analysis of thorphing Structureoncept. Both concepts are coamngd to each other
based on load requirements dhdir efficiencyin generating L/DThe bearrbased morphing
HIAD model is revisited to compare results to the shaled FE model to assess its validity in
predicted the morphing load as a function of rhamg displacementinally, an open loop
trajectory simulation is performed to assess the morphing contributions to increasing the range of

the vehicle and the associated heat savings due to morphing the shape of the HIAD.
3.3.1. Design based on L/D requirements

When designing a morphed state, it is important to look at test data to see what
contributes to effective increases in LMational FultScale Aerodynamic CompleNEAC)
data has shown that tBectorof the HIAD associated with the windward side deflestitghtly
aft and the leeward side deflects slightly forward relative to the centerbody, which in effect
increases the trim angle of attack increasing the side force an@]L/Che IRVE3 Project, for
example, produced L/D @.2 using the ®! offset mechanism that should have seen a L/D of
about 0.12 if the centerbody interface had been [i}id
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As outlined in the mission design requiremesftSection 1.6.1it is determinedhata
L/D of 0.15in a direct force guidance is more than adequate to target the requirech8itus
for enablinga successful landing oars[4]. Additional studies in the aerodynamic analysis for
Mars capture shows that a bias towards the positive L/D allows for L/D of £ 0.11 centered on an
offset of 0.05. Due to the effective contributions lisséve, for the following analysis a L/D of
0.11 s targetedShape function analysis Bection 3.1.4as shown that for a 1607 HIAD, a
maximum radial deflection of approximatéy4826 mis required to achieve L/D of 0.11. Lower
deflection requirements result in a lower required force, which wilifecereduce motor

requirements and weight.
3.3.2. Morphing Shoulderanalysis

In this section, Morphing $ouldermodel is developetbr a 16.7m HIAD using the
correlated model developgdeviously in Section 3.2.0ad application details are shown for this

concept, followed by structural and aerodynamic results.
3.3.2.1. Morphing Shoulder structural development

In the ABAQUS model, the 16.™ HIAD configuration is modified by removing a small
inner diameter (IDputertorus in order to better facilitate morphing daeger diameter T5
shoulder. The small ID shoulder was previously included to induce better flow separation, but
recent studies have shown that the configuration is adequate without this shoulder, resulting in a
5-tori stack configuratiofi2]. In order to reduce the computational expense;dyaifmetry of
the HIAD is employed to include a 180° cut of the HIAD. Nodes in the center plane are
constrained from moving in the globaldfrection, or rotating about the X or Y axes. 24
morphing straps are modeled as shell elements and connect from the T5 torus tangentially
downward to the centerbody payload. The straps are equally spacedgpraximatel20°
section of the HIAD. Due to the hadfymmetric modeling, only 12 straps aredaled in a
approximates0° section. The figure of the HIAD Bori stack with 24 morphing straps is shown

in Figure53 below.
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Figure53: 16.7m HIAD 5-tori stack Morphing Shoulder ABAQUS model

The 16.7m HIAD ABAQUS model is run usind\BAQUS/Explicit with contact. To
control the displacement of the cables, displacement boundary conditepiaced at the end
nodes of the straps at the centerbody termination. The straps are pulled using a linear tapering
function wih a maximum at the center straps and a minimum at the outer strafiser words,
the maximum strap displacement occurs at the cembst strap in the morphirggctor while
this displacement slowly decreases as the straps move outward of the cenéeerdually taper
to zero displacement at the outer strap in the morphing section. The straps outside of the 120°
morphing section are not actuatéach torus is modeled with internal inflation gas of Nitrogen

to track pressure change.

The morphing angbis consists of three steps. During the first step, the internal inflation
gas is pressurized in eatdrususing a fluid cavity interaction. Tori TI4 are pressurized 03
kPg and the shoulder T5 torus is pressurizetit@ kPa The displacement cditions at the end
of the straps are fixed to maintain a nominal pull distance. During the second step, an
aeralynamicload is applied to the bottom surface of the structure to simulate accurate loading
during entry. From an estimated total drag load,521 kNduring entry, it is estimated that only
840 kNis applied to the inflatable structure of the HIAZ). Due to the halymmetric
modeling, half of this load}20 kNis applied to the surface. During the third step, morphing is
initiated by applying displacement control to the end nodes of the straps along their axial
direction to accurately control the pull distance to the performance criteria. Section forces are
measured in the straps to determine the loading at each displacemeifiheteetails of the fluid

cavity interaction module and a validation study to enable its use are detailed in Appendix C.
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3.3.2.2. Morphing Shoulder structural results

ABAQUS Explicit Analysis isperformed to retract th@4 straps to deforrthe HIAD
enough to achieve a lift to drag ratib+0.11. The HIAD crossections at the end of each

analysis step are shown in Figi4below.

Step 1: Inflation Step 2: Aero Loading Step 3: Morphing

Figure54: 16.7 m HIAD MorphingShoulder crossections due to morphing

The results have shown that by wrinkling the shoulder torus, the desired amount of radial
deflectionto achieve the desired L/B able to be achieved. The HIAD deformed shape with a
color contour plot of deflectiois sfrown in Figures5 below. It is also shown that when relieving
the load, the HIAD returns to its aerodynamically loaded shape. It is theorized that by pulling on
the underlying structural skin of the TPS instead of the pulling directly on the torggjrihe

tension would try to balance out any wrinkles to deliver an overall smoother shape.

Displacement magnitude [m]

1.3534
206
1.1278

1.0151
0.9023
0.7895
0.6767
0.5639
0.4511
0.3384
0.2256
0.1128
0.0000

Figure55: 16.7 m HIAD Morphing Shoulder deformed shape
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For the following analyses, the center motor load refers to the individual cable load
located at the center of the morphsegtor The total motor load refers to the aggregated sum of
all 24 cable loads in the morphisgctor The noractuated cables am®t in tension and thus
have zero loadingl'he individual motor loaslof all 24 motorsare shown in Figuré6 below as
a function of the radial displacement of the HIAD. These results show the loading is mainly
produced near the center of deflection, aratease with deflection. Additionally, a table of the
center motor load and the tbtaotor load is shown in Table 10 below with Figbigshowing
theindividual motor load plotted against radial displacement. The trends show a steadily
increasing load wit radial displacement, overcoming initial cord stiffness at the beginning, and
after rolling off slightly, steadily increasing in stiffness again as the shoulder torus becomes more

pressurized due to compression.

16 Load vs. motor number as a function of HIAD radial deflection

0.000 m

0.0249 m
0.0746 m
0.1409 m
0.2023 m
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0.5436 m
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Figure56: 16.7 m HIAD Morphing Shoulder load vs. motor number as a function of HIAD
radial deflection
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Tablel0: 16.7 m

HIAD Morphing Shoulder center motor load and total motor load vs. radial
displacement

Radial displacement [m]  Center motor load [kN] Total motor load [KN]

0.0000
0.0249
0.0746
0.1409
0.2023
0.2650
0.3412
0.4538
0.5436

Total Motor Load (kN)
w »

N

0.0000 0.0000
0.1232 0.4061
0.2213 0.9598
0.2379 1.3457
0.2588 1.7946
0.3017 2.2150
0.4395 2.8652
0.9277 4.2407
1.5055 5.9187

Total motor load vs. radial displacement

1 1 1 1 1 ]

0 0.1 0.2 0.3 0.4 0.5 0.6

Radial Displacement (m)

Figure57: 16.7 m HIAD Morphing Shoulder total motor load vs. radial displacement

The pressure change is also monitored in theldbotorus during morphing. Figubs8

below tracks the increase in pressure of the shoulder due to compression during the morphing

stage. Results show that the pressure increagesally from 10.3kPato aboutl0.9 kPawith

anoverall 0.5934 kPancrease in pressure.
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Internal pressure in shoulder torus
T T

vs. radial displacement during morphing
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T T T

~ — o . ~
o o o g o
o o ~ © ©
T T T T T
I I I L I

Internal pressure (kPa) in shoulder torus

-

o

i
T
L

103 1 1 Il Il L 1 1 Il Il 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Radial displacement (m)

Figure58: Internal pressure in shoulder torus vs. radial displacement during morphing

3.3.2.3. Morphing Shoulder aerodynamic analysis

The goal of this section is to obtain aerodynamic properties from the shapes generated by
morphing iNRABAQUS. The aerodynamic performance of this consgpsudoad requirements
are compared iBection 3.3.30 theMorphing StructureonceptFigure59 below shows the
Morphing Shouldecrosssection before and after morphing at a radial offs€t$436 m

146.7 m Morphing Structure cross-section at 0.5436 m radial offset

Baseline cross-section
Morphed cross-section

Z (m)

15 1 1 I I 1 1 I

X (m)

Figure59: 16.7 m Morphing Shoulder cresection at 0.5436 m radial offset
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To generate a smooth aeroshell shape, it is assumed that the deformation smoothly
transitions from the maximum deformed crggstion in the center ¢fie morphed section to the
nominal shape of the HIAD in a 120° section. The smooth generatesha# shapes are shown
in Figure60 below.

Maximum deformation
e l -~ Tapered section

Minimum deformation”

y

V.
£

Nominal section
—>

Figure60: 16.7 m Morphing Shoulder smooth aeroshell

Aerodynamic calculations are performed usingMualified Newtonian Impact Theory
The center oasss chosen by assumingmd = 0.35 and y»=zcm = 0, where d is the outer
diameter of the HIAD. For a radial deflection®@#926 m a lift to drag ratio of L/D = 0.11 was
achieved with a trim angle of attack-Gf4°. For this configuration, the maximum center motor
load is1.2324 kN and the total motor load %1257 kN

The total motor load and the radial displacement versus/thatthexe hi cl ebés tr i m
angle of attaclare shown in Figurél, respectively. Results show a near linear relationship
between the radial deflection of the HIAD and the L/D it produces, which is beneficial for

control purposes.
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Total motor load vs. L/D at trim angle of attack Radial displacement vs. L/D at trim angle of attack

ES o
T

< o

ES 13
T

N
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Total motor load (kN)
w
Radial displacement (m)
o <}
N w

54

0

L L L I I I ) 0 L L L L L L |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

a) L/D at trim angle of attack b) L/D at trim angle of attack

Figure61. 16.7 m Morphing Shoulder a) total motor load and b) radial displacement vs. L/D at
trim angle of attack

Figure62 below illustrates the changing shape of the HIAD due to morphing for the
purposes of trajectory control. Additionallijable 11 belowsummarizes thetructuraland
aerodynamic properties of the HIAD at each step in radial displacement.

Morphing Incremental Steps

Figure62: 16.7 m HIAD Morphing Shoulder morphing incremental steps
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Tablell: 16.7 m HIAD MorphingShoulder structural and aerodynamic results summary

Radial Total motor ~ Trim angle of L/D at trim Coefficient  Coefficient Projected
displacement [m] load [N] attack [deg]  angle of attack of lift (CL) of drag (Co) Area (Ap) [m?]

0.0000 0.0000 0.0 0.0000 0.0000 1.4988 192.4579
0.0249 0.4061 -0.1 0.0019 0.0028 1.4997 192.1982
0.0746 0.9598 -0.7 0.0109 0.0164 1.5000 191.6042
0.1409 1.3457 -1.6 0.0245 0.0368 1.4983 190.8349
0.2023 1.7946 -2.2 0.0346 0.0519 1.4981 190.0088
0.2650 2.2150 -3.3 0.0507 0.0757 1.4943 189.0640
0.3414 2.8652 -4.5 0.0682 0.1016 1.4888 187.8919
0.4358 4.2407 -6.3 0.0946 0.1397 1.4771 186.2229
0.5436 5.9187 -8.4 0.1238 0.1806 1.4586 184.3333

The morphing system is designed in this section to achieve £0.11 L/D. In this design, a

center ofmasg(CM) offset is implemerdto bias the LD +0.05 for an overall range-©i06 to
+0.16 L/D. A study is performed to determine the exadtdfset to acheve this bias in L/D.

Results have found that to produce a bias of +0.05 L/D in this configuratidn,aif€et of

approximately 10.2 cns required along the planar morphing symmetric &igure63 below

shows the ®1 offset coordinate in thi¥lorphing Shouldercrosssectionas shown to be biased in

the direction

opposite of the morphing sectorAddi ti onal | vy,

t he

bi

angle of attack versus the morphed radial displacement Wi affset is shown in Figuré4.

Morphing Shoulder cross-section

CM offset coordinate

Z(m)

Y (m)

Figure63: CM offset coordinate in Morphing Shoulder craextion
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02 Adding CM offset to obtain a +0.05 bias in L/D

— — —CM Offset = 0.0 cm
CM Offset = 10.2 cm

0.15

0.1

0.05

L/D at trim angle of attack

-0.05

-0.1

_O . 1 5 1 1 1 1 1 1 1 1 1 1 1
-50 -40 -30 -20 -10 0 10 20 30 40 50

Radial deflection (cm)

Figure64: Adding CM offset to Morphing Shoulder to obtain a +005 bias in L/D

3.3.3. Morphing Structure analysis

In this section, the previous agsils using thévlorphing Shoulderis modifiedby
increasing to pressure of the shoulder torus to the pressure of the remaining tori such that the
tori-stack is equally pressured1063kPa While the previous analysis showed that the shoulder
torus deformeanaximally to produce an increase in thetifdrag ratio, this concept will
distribute the loading and deflection to #diretori-stack to decrease the morphing demands
from the shouldel_oad application details are also shofer this conceptfoll owed by

structural and aerodynamic results.
3.3.3.1. Morphing Structure structural development

The model analyzed in this sectioarresponds to the exact configuration used in the
previousMorphing Shoulderanalysis as shown in Section 3.3.2nd this sectiowill be referred
to for concisenes$However, during the first step, the internal inflation is pressured in each torus
to 103 kPainstead of inflating the shoulder torusli®.3 kPa
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3.3.3.2. Morphing Structure structural results

ABAQUS Explicit Analysis is perfamed to pull on the 24 straps to deform the HIAD
enough to achieve a L/D of £0.11. The HIAD crssstions at the end of each analysis step are

shown inFigure65 below.

Step 1: Inflation Step 2: Aero Loading Step 3: Morphing

Figure65: 16.7 m HIAD Morphing Structure crosectionsdue to morphing

The results show a much smoother deflection of thestadk, easily achieving the
desired amount of radial deflection. Furthermore, the shoulder torus remains in more of a circular
shape than the previous analysis. The revolved HIADrdefd shape with a color contour plo
of deflection is shown in Figug6 below. It is alsamportant to notehat when relieving the

load, the HIAD returns to its aerodynamically loaded shape.

Figure66: 16.7 m HIAD MorphingStructure deformed shape

The individual motor loadfaall 24 motors is shown in Figu¥ below as a function of
the radial displacement of the HIAD. These results show that the loading is more evenly
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