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Large-scale human exploration of Mars, and in situexploration of Venus pose great

challenges for entry, descent, and landing of spac&ft. The Adaptive Deployable Entry and
Placement Technology (ADEPT), a mechanically deplaple decelerator, presents an
enabling alternative to the traditional rigid aeroshell technology. ADEPT helps in lowering
the ballistic coefficient of an entry vehicle and Bo presents attractive options for lifting and
guided entry. Optimal trajectory solutions which minimize peak deceleration and peak heat-
flux are computed for four different control strategies. The deployable decelerator for
human Mars missions (requiring a landed mass of 40nt) presents an acceptable entry
environment—peak heat-flux of < 80 W/cm, and peak deceleration of less than 4
(compared to 200 W/cm and 15g for Mars Science Laboratory respectively). For lifing and
guided entry for Venus in situ missions, ADEPT coul lead to a two-order-of-magnitude
decrease in peak deceleration and to a 50% decrease peak heat-flux compared to
conventional rigid aeroshell technology.

Nomenclature

B = ballistic coefficient of an entry vehicle, kgfm
Co = drag coefficient

A = reference area of the entry vehiclé, m

B = flight path angle, degrees

Nmax = peak deceleration in Eargh

Omax = peak convective heat flux, W/ém

J = Objective function of the optimal control protrie
t; = final time, s

k = thermal conductivity, W/m-K

Yol = density of the atmosphere, kg/m

R, = nose-radius of the spacecraft, m

\% = velocity of the spacecraft, m/s

Ne = constraint on peak deceleration in Eayth

control variable
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[. Introduction

UMAN missions to Mars, and in situ missions to Vemose great challenges for entry, descent, artinign

(EDL) of spacecraft that can not be overcome byeational rigid aeroshell technology. The challenggist
for entry on both Mars and Venus for unique reaséiwts Mars challenges are due to an atmosphere-aesurf
density of around 0.02 kgfm-thick enough to create substantial heating, but sufficiently high enough
deceleration. On the other hand, Venus has anregtyethick atmosphere atmosphere with a surfaceitenf
around 65 kg/fh which presents a high heat flux and high pressntey environment. At the heart of the EDL
problems on Mars and Venus, is the need to redueeballistic coefficient of the entry vehicle. Thallistic
coefficient of an entry vehicle is defined by

m g
ACp, m?

Ballistic Coefficient (3) = (1)

where, mis the massC, the drag coefficient, and A, the reference suraes of the entry system respectively.
Thus, for a given masgj is inversely proportional to the drag-area of theyevehicle. from a dimensional analysis
of Eq. (1), itis clear that Dimg] = I¥1? = |. Thus the ballistic coefficient increases witharacterisitic length (size),
which is the reason that heavy landers get lesosgiheric assistance during landing. For tgfwehicle,

deceleration occurs at much higher altitudes, thetewering peak g-load, heat rate, aerodynamisqunee, and
total heat load.

Large-scale scientific and human exploration of $Aaill require an order of magnitude enhancemetrided-
mass capability—40 mt to 80 mt at scientificallyteiresting site’s The Entry, Descent and Landing (EDL)
technology employed for all the missions to Mallsdtite is based on that developed for the Vikinggpam in the
1970s. However, the limit of Viking era rigid aehe#l technology is around 1-2 mt on the surfacéafs. To
fulfill such requirements of human exploration ofid requires new EDL technologies and methods. Sufritee
challenges of precision landing of payloads aselarg 40 mt on the surface of Mars have been stimjiedASAZ.

In a follow-up study, larger payloads (about 80 mt) are considereditichide an aerocapture followed by an EDL
via a deployable aerodynamic decelerator. Dwyen€i@o et al. conclude that deployment of a 23-npétgonic
Inflatable Aerodynamic Decelerator (HIAD) for aeapture, followed by a 44-m Supersonic Inflatable
Aerodynamic Decelerator (SIAD) for the supersonégsaént regime would be required to deliver 40 mtthan
surface of Mars where the arrival mass is aboun800On the other hand, a rigid aeroshell wouldunerjan arrival
mass of about 114 mt (and a prohibitive rigid akelissize) to deliver the same payload mdss

The Russian Venera and Vega; and America’s Pioveaus (PV) are the only probe missions to survhe t
harsh entry environment on Venus. All the past ioiss to Venus have used rigid aeroshells (sphere,
circumellipsoid, and sphere-cone designs) technyoldgowever, Venus' thick atmosphere subjects the entry
vehicle to large peak-heat fluxes and high pealelgeation loads. The heritage US entry vehicleMenus is the
45° sphere-cone rigid aeroshell. The size of a riggdoshell technology is inhibited by the payloaitirfg
diameter of the launch vehicle. Thus, payloadtgidonstraints the minimum achievable ballisticfioent, 3, to

a value higher than 100 kg?m

In the only US mission to Venus, Pioneer-Venus,Tthermal Protection System (TPS) consisted of fdépse
Carbon Phenolic (CP)Carbon Phenolic was originally developed as &ebnozzle throat material, and is the only
material with flight heritage for the high heatxland high pressure that Venus presents. Carbonofbés a high
density material and characterized by high thermahductivity. Given these characteristics, the olehi
(with £ =190 kg/mf) enters at steep entry flight path anglgs, to shorten the peak heat-flux which leads to the

increase in the total heat load. For PV, entryhtligngles fall in the range5.4£ < y<-68.7 with an entry

velocity of 11.5 km/s. These entry conditions lead very high peak heat fluxes in the range
5.2 KW < g« < 10.6kKW ; and very high peak deceleration in the rang#9g <7, < 4879 ! Dutta et al. show

that when the ballistic coefficient is lower (~3@/k’), much shallower entry flight angles becomes frabte that
leads to order of magnitude reduction in peak featand peak deceleration load.
A mechanically-deployed aerodynamic deceleratoovwkm as the Adaptive Deployable Entry, and Placement
Technology (ADEPT), is considered as a viable altéve entry system technology that can providatgbenefits
as opposed the conventional rigid aeroshell tedgylUsing ADEPT, the ballistic coefficient can teluced via
the in-space deployment of a high-temperature degigrelerator, which increases the reference crideea of the
entry vehicle. NASA’s Office of the Chief Technolsghas funded a study of the rigid deployed hypeis
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decelerator system. The ADEPT architecture proviadseakthrough for future human missions to Marg]
robotic missions to Venus. The viability of ADEP3rtheavy-mass Mars entry problem, as well as |@wshallow-

y, entries on Venus has been studiéd.

[I.  Motivation

Past probe entry missions incorporated bank angidutation alone (e.g. Apollo and THE Mars Science
Laboratory), a combination of bank angle and anflattack (e.g the Space Shuttle), or no contralllage.g. Mars
Exploration Missions, Mars Phoenix Mission, and tBe&rdust). Until now, only ballistic entries habeen
considered for ADEPT architectut&.However, ADEPT has the capability to simultaneguskorporate bank
angle, angle of attack, and drag modulation fdinkif and guided entry, which will further help toepent a benign
entry environment. Therefore, it is essential teg control strategies are studied and comparegetahe best
choice for a given mission objective. From a gumastandpoint, the capability to control angle ek, bank
angle, and drag has the advantage of precisioningnict the presence of navigation errors and atinesp
perturbations. The goal of this work is to asses®us control strategies for the computation dfrogl trajectories
of ADEPT for entry on Mars and Venus.

lll. Baseline Mission Concepts

A. Human Missions to Mars

The viability of ADEPT concept for heavy-mass Mangssions has been analyzed in the Entry, Descedt, a
Landing—Systems Analysis (EDL-SA) architecture #&s@® The proposed mission architecture constitutes a
multitude of Earth launches providing necessargadollowed by human on Mars surface. Based orEhe-SA
study, four EDL architectures were developed aralyaed for ADEPT The different phases of the architectures
are: launch, deploy
hypersonic deceleratoy
cruise, aerocapturg,
secondary deploymeny
entry, attitude control
supersonic flight,
supersonic retro
propulsion, ejection of
decelerator, subsonic retrq
propulsion, and terming
landing. Depending on th
architecture, certain phasg¢
are not relevant. Thq
phases are described
detail by Venkatapathy e
al. in Ref. 5.The four
ADEPT architectures ar
shown in Fig. 1.

Two discrete
deceleration maneuvers a

included in the nomina] APEPTSize AR,
mission architecture (1)F19Ure 1. FOUr architectures mvorving Uman-scale Mars exploratior

aerocapture to  orbit (z)with a payload mass of 40 mt. The four architecture are derived from NASA EDL-
entry from orbit SA study led by Dwyer-Cianciolo;® but differ primarily in the size of the
Supersonic retro- decelerator and in the method used for deceleratioduring supersonic phase.

propulsion is used for terminal descent as wellfasprecision landing. Therefore, the ADEPT is uded
deceleration only in the hypersonic and supersm@gines, as shown in Fig. 1. The key differencevben the four
architectures is how each of them manages the supierphase. Except #2, all the other architectuses23 m
ADEPT for aerocapture; and all the architectures sisbsonic retropropulsion for terminal descenpessonic
retropropulsion is common to architectures #1,a] #3. For this paper, optimal lifting and guidesjectories of
ADEPT are computed for direct entry from orbit fbe architectures #1 and #3.

Subsonic Supersonic Mypersonic A

Mass
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B. Venus In Situ Missions

The priority science questions for Venus have hdentified in the 2013 National Research CoundiR&kC)
Planetary Decadal Survéfuropean Space Agency's (ESA’s) Venus Expressriguotly in orbit observing polar
cloud dynamics and composition and is helping enthderstanding of the structure, chemistry, andhhjcs of the
atmosphere. The gaps in the knowledge of the athessgo understanding climate evolution of Venuls neguire
in situ measurements of deep atmospheric gas catigpssand surface mineralogy that can be obtainsidg
landers that can survive entry in to the dense Siamuatmosphere. As a part of the NRC’s DecadaleSuNenus
Intrepid Tessera Lander (VITaL) mission concepdésigned to land on the tesserae terrain and ahibe New
Frontiers science objectivés.

Figure 2 shows the VITaL lander repackaged im&oADEPT structure of a 6 m / 70° diameter ADEPT-all
configuration. The feasibility, risks, benefits, datimitations of the ADEPT mission (with the VITalander
repackaged into ADEPT) are outlined in Ref. 8, vwharmass saving of 248 kg is achievable compardtieto
baseline VITaL Current Best Estimate of 1061°Kg. the baseline mission concept, the lander lanms tessera
region (study baseline is Ovda Regio, 3.7° E lamgt and, 25.4° S latitude) and carries the sasteuments as
VITaL lander and fulfil the same scientific obje&s. The mission concept provides measuremeni@pgurface
chemistry and mineralogy (b) important atmosphepecies that can answer fundamental questions dheut
evolution of Venus. (c) noble and trace gases ¢tnial crustal dipole magnetic field he entry mass of ADEPT-
VITalL is 1602 kg and it carries the payload fronirgrinterface to subsonic (Mach 0.8) parachute @gpknt at
around 75 km. The parachute extracts the lander RBDEPT Decelerator for terminal descent and lagdin

a) )
Figure 2. a) Cross sectional view of baseline VITglb) ADEPT-VITaL configurations. VITaL is a 3.5 m
| 45° sphere-cone, and ADEPT-VITaL is a 6 m / 704%ameter deceleratof. ADEPT for heavy-mass Mars
missions has very similar feature$.

Ballistic entry for ADEPT showed that the peak deraion could be reduced by an order of magnitodg0g
(compared to >226 for Pioneer-Venus) and peak heat flux to 300 YMjcompared to > 5.2 kW/chior Pionner-
Venus). The peak deceleration of @0s still higher compared to other probe entriedvars and Titan. Higher g's
requires more mass for structure and instrumemtsvender, with lifting and guided entry could furthexduce the
deceleration and heat-flux loads, thus mass.

IV. ADEPT Concept Description

The low ballistic coefficient of ADEPT is achievdry mechanically-deployable semi-rigid aeroshell. th¢
heart of this architecture is a mechanically deahdy aerodynamic surface (aeroshell), analogowtombrella.
During launch, the aero surface is stowed to fib ithe payload fairing of the launch vehicle. Ithen deployed in
Earth orbit to provide a large aerodynamic surfdaeng EDL on the target planet. The structuralletom of
ADEPT is comprised of four principal subsystemsinmzody, nose cap, ribs, and struts, as showndgnJa. The
nose cap is a traditional 70° sphere-cone aeroglithlla base diameter of required diameter for ssioh type. For
ADEPT-VITaL® the base diameter is 3 m, and for human Mars atissie base diameter varies from 23 m to 44 m
with 40 mt payload The ribs provide support to the tensioned 3D-wowarbon cloth as the thermal protection
system, and a pair of struts in turn supports edchgainst aerodynamic loads. The nose cone ghiapwédes the
switch to the faceted pyramid shape of the rib @amtbon cloth portion of the aeroshell. The noseeagses Phenolic
Impregnated Carbon Ablator (PICA) as the TPS mat®ffor Mars missions, as shown in Fig. 3a the nose co
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jettisons to expose the supersonic retropropulslements for terminal descent, accommodated entivithin the
structure. More detailed descriptions of ADEPT aptdor Mars and Venus can be found in Refs. 5@and
The main body, shown in Figs. 3b and 4a, consistn upper and a lower rings: the upper ring sugpthe

Carbon cloth
(tensioned over ribs
when deployed)

Struts

Main Body
a) 9)]

Figure 3. a) ADEPT skeleton showing the four primay subsystems: main body, nose cap, ribs, and struts
b) tensioned 3D woven carbon cloth over ribs of ADET when fully deployed?®

landing ring (for VITaL), serves as a structure atbach the nose cap, or as a structure for thersapic
retropropulsion elements for Mars missions as shimwigure 3 and 4. The lower ring serves as theptat for
payload and cruise stage interface.

Figure 4 also shows the three primary configuratiofi ADEPT: stowed, deployed, and landing. Aftee th
function of decelerator is complete, the decelerstinverted to function both as a landing atteéimmsystem and
as a debris shieflAmong the mechanisms, the primary one is a mateed winch and cable system for the

Deployed

Lander

Stowed

a) b)
Figure 4. a) ADEPT for Mars mission with a view ofsupersonic retropropulsion system b) three ADEPT
configurations when stowed, deployed, and for landi for Mars missions®

deployment of the decelerator. A detailed desaiptf the mechanism can be found in Ref. 6. Dradutation by
changing the decelerator deployment angle, is dnieeoadditional control strategies considered Seetion V on
Control Strategies). It is assumed that the samemusiven winch and cable system mechanism cansled to for
the control of the decelerator deployment anglévelgt during entry. However, no additional massdssidered in
computing the ballistic coefficient. In reality gie will be a small mass penalty.

The aerodynamics surface—qgrey surface in Fig. 4a—foimed by the tensioned 3D-woven cloth over the
ribs.The carbon cloth is capable of operating atperatures in excess of 1600° C, thereby precluttiagneed of
additional TPS materiafs® A detailed entry aerothermal analysis of ADEPT-&lTcan be found in Ref. 6 and that
of ADEPT-Mars can be found in Ref. 5.
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V. ADEPT Control Strategies

The primary control method conceived for ADEPTHe faingle of attack and bank angle, which can beeeth
via the gimballing of the aerodynamic surfacAdditional control methods are considered to us@erd their
effectiveness for different entry problems. Foufedient control methods are summarized in thisisedor human
Mars missions. For Venus in situ missions, the dgdaank angle control method is included insteadnoflified
drag control.

A. Angle-of-Attack and Bank Angle
The originally designed control method for ADEPTtésgimbal the aerodynamic surface. Gimbaling & th

aeroshell results in a shift in the center-of-madative to the aeroshell’s axis of symmetry. Thé& 81 center-of-
mass results in a non-zero trim angle-of-attackiciwiproducesn aerodynamic lift. The lift vector dapointed in
the desired direction by suitably gimbaling theoagell. This can be deduced into a unique comhinatf angle-
of-attack and bank angle. The maximum excursioreaisgl2.5 degrees, with a corresponding trim aoflattack
of 27 degrees. Figure 5 illustrates the gimbalifighe aeroshell and the resulting shift in centemass. The
method of bank angle control for ADEPT is differéiman the traditional method, where the lift vedtocontrolled
by rotating the entry vehicle using a reaction oargystem.

i CM shift n €
'.‘/ Center of pressure @‘//I Center of pressure
__— Center of gravity
O"/ Center of gravity O~

BIY 9 YT
TR B

T

»

< 12.5 maximum

a) 9)]
Figure 5. a) Ungimbaled aeroshell: The center of mssure and center of mass are aligned along the
aeroshell axis, trimming the vehicle at 0 deg. anglof-attack.. b) Gimbaled aeroshell: There is a sfiiin
center of mass and center of pressure, trimming theehicle at a non-zero angle-of-attack. Bank angie
controlled by gimbaling about the yaw axis.

B. Drag Modulation

This control methodology involves actively contiof the level of deployment of the mechanical dexabr.
The decelerator angle is 70 deg. and 45 deg. whierully deployed and retracted respectively lasven in Fig. 6.
The fully deployed decelerator corresponds to mimmg3, and fully retracted corresponds to maximum-
[ configurations respectively. When retracted, sagtduack or pre-tension, local wrinkling, and @efions of the
3D woven cloth due to large pressure loads areegtayl. Since the vehicle is in ballistic flight abighout the
trajectory, it produces no lift. The drag coeffitiedepends on the decelerator angle, hence the ke
modulation. Controlling the level of deploymenttbé decelerator can help contain g-loads withiaradle limits.

As the aerodynamic forces increase, the deceleratoacts to contain the g-loads, and redeploysnwthe

a) b)

Figure 6. a) Decelerator (colored red) fully deplogd (70 deg.) b) Decelerator fully retracted (45 dey
The possibility of 3D woven cloth sag due to lackr@re-tension, local wrinkling, and deflections dueto
large pressure loads are neglected.
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aerodynamic forces decreases. One of the poteathdistages for drag modulation control is thatdhare no
lateral forces generated so it cannot be useduboBplane maneuvers unless bank angle contrlkis used. Drag
modulation is achieved by changing the drag slegildyment angle. For the 23 m ADEPT (architectu2g #nd
drag modulation control method, the bounds in tbetrol is between 123 kgfmand 365 kg/rh For the 44 m
ADEPT, the minimum and maximum ballistic coeffidgercorresponding to decelerator deployment anglég)o
deg. and 45 deg. are 34 kg/and 104 kg/rhrespectively.

C. Modified Drag Modulation
Modified drag modulation is similar to drag modidat except that the aeroshell is permanently glethan a

particular direction, resulting in a permanent effsn center-of-mass with respect to the axis ofigetry of the
aeroshell. The offset in center-of-mass resulta imon-zero trim angle-of-attack, enabling the viehto generate
lift. The trim angle-of-attack can be varied by trolling the level of deployment of the decelerafbine trim angle-
of-attack increases when the decelerator is degloyare, and vice-versa. One important assumptiahishmade in
this control strategy is that the vehicle instaptarsly trims to the new angle-of-attack when theetlrator angle is
varied, without any transient oscillations. The ified drag modulation control strategy is illusedtin Fig. 7.

Decelerator angle: 70 degrees Decelerator angle: 45 degrees
Trim angle-of-
Center of mass Trim angle-of- attack:
ettack: Center of mass -11.4 degrees
-22.9 degrees
a) D)

Figure 7. a) Decelerator fully deployed b) deceletar deployed to 45 degrees. In both the cases, ttrém
angle of attack changes according to the change éenter of mass.

D. Angle-of-Attack, Bank Angle, and Decelerator Deplognent Angle Control

This control strategy combines gimbaling of theoakell with controlling the level of deployment tife
mechanical decelerator. Gimbaling of the aerospedlvides control over bank angle and angle-of-&ftand
controlling the deployment of the decelerator pdeei further control over the coupled lift and dfagces. This
control strategy will be the most complex of alHowever, it might result in better trajectories acah be
advantageous from a guidance perspective becawsigitional control authority.

VI. Trajectory Optimization Methodology

A. Aerodynamics and Atmosphere Models

Newtonian flow theory is used to compute the aenadyic coefficients of ADEPT to improve computatibna
speed while performing trajectory optimizati$iThe possibility of 3D woven cloth sag due to lackpre-tension,
local wrinkling, and deflections due to large pressloads are neglected while computing the aeramijcs
coefficients. For Mars missions, an exponentiatcgphere model is used with a scale height of flakd a
surface density of 0.02 kgfmFor Venus in situ mission, a nominal density jpeaf Venus-GRAM? is used.

B. Trajectory Optimization

Trajectory optimization was performed using Gaussudospectral Optimization Software (GPOP$)hich is
a general purpose optimal control software. GPO®&earts the continuous time optimal control problieno a
nonlinear programming problem, which is then solusthg IPOPT. Using each control strategy, theettajry was
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optimized to minimize the stagnation point heatloMinimizing the stagnation point heat load resuhlt the
minimization of the peak g-load.
1. MarsHuman-Class Missions

The initial conditions were fixed at a velocity®6 km/s, and an altitude of 120 km. The termimaildition was
set at Mach 1.5. It is expected that the supers@tiopropulsion system is capable of producindnéigieceleration
than the supersonic parachute on Mars Science aaiygr which justifies the slightly higher final leeity. The
vehicle was constrained not to descend below
10 km altitude.

2. Venus In Situ Missions Start

For ADEPT-VITaL, an entry mass of 160:
kg is carried. The entry vehicle carries tF
scientific payload from entry interface with i GPOPS <  Aerodvnamics
velocity of 10.8 km/s to subsonic (Mach 0.¢ I .
parachute deployment altitude above 75 km. l

In both the cases, the peak g-loads ¢ [ liehten zload

. . Constraint

constrained not to exceed a particular valt
The optimization is performed iteratively, an | B Solation
after each iteration, the g-load constraint Yes Feasible?
tightened to the lowest possible value whic
yields a feasible solution. The optimize
selects the best entry flight path angle whic lNu

minimizes the stagnation point heat-load. Tl

trajectory optimization methodology is show Xad

in the schematic in Fig. 8. Figure 8. Trajectory optimization methodology for ADEPT
using GPOPS!? Newtonian flow theory is used to compute

C. Problem Statement the aerodynamic coefficients?

The entry spacecraft is modeled as a po....
mass over a spherical non-rotating Earth. The ediffgrential equations of motion are taken fromf.RE3. The
objective of the optimal control problem is to nmmze the stagnation point heat-load. This objectise
mathematically stated as:

t
; _ P \3
Min J=|k [=—V~dt 2)
i ! /Rn

Where,k is thermal conductivity in W/m-KR, is the spacecraft nose radiysis the atmospheric density; akds

the spacecraft velocity. The valuelofor Mars and Venus is 1.9027.0* W/m-K. The objective is to determine the
trajectory and control of the entry vehicle frontrgrinterface to terminal conditions which minimittee objective
functional given by Eq. (2) and satisfies the pgd&ad constraint;, such that,

Minax < 1Tc (3

and the control should conform to
u () <u(t)<su (t) (4)

where, the contral(t) can be any one of the strategies described indde¢t

8
American Institute of Aeronautics and Astronautics


http://arc.aiaa.org/action/showImage?doi=10.2514/6.2014-4139&iName=master.img-013.jpg&w=250&h=176

Downloaded by PURDUE UNIVERSITY on November 2, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2014-4139

VIl. Results

Using GPOPS, optimal trajectories and control daioed for human-class Mars missions, and Venustin
missions. Peak stagnation-point convective heat, ra¢ak g-load, total stagnation-point heat load, amalyzed
while assessing the effectiveness of ADEPT foryeatr Mars and Venus. Four control strategies, sumnzeg in
Section V are evaluated and compared for humars-&fss missions. For Venus in situ missions, anotbetrol
method—bank angle modulation—is also considerd@beranalysis.

A. Human-Class Mars Missions

For human-class Mars missions, two ADEPT archirestto land 40 mt (with an arrival mass of 90 nmMars
surface are evaluated. The two architectures are Eptry From Mars Orbit Via 23-m ADEPT, and Rytry From
Mars Orbit Via 44-m ADEPT, where the trajectorieshioth the cases terminate at supersonic just poidhe
initialization of supersonic retropropulsion.

1. Entry From Mars Orhit Via 23-m ADEPT

The comparison of the peak g-load load correspantiinthe trajectory that minimizes the stagnati@np
convective heat load is shown in Fig. 9a. Amongthtieefour control strategies, angle-of-attack (aara&) bank angle
control method yields the trajectory with the minim peak g-load of little less than 25 The maximum peak
deceleration of 4 is found in the case where the three controlscarebined: angle-of-attack, bank angle, and
decelerator angle (to be referred as ‘three-contr@thod’ henceforth).

The cost function is the stagnation point heat leddch is to be minimized. Heat load determinesamount of
thermal protection system mass on a entry spa¢edied three-control method in reality should yitié minimum
peak g-load. If the cost function is changed (saminimize g-load), the three controls-method wopédhaps yield
the optimal trajectory for minimum peak g-load lowean 4g. Nonetheless, the range of minimum peak g-load, fo
all the four control strategies is between §.t 49. The small range in g-load implies that, for thstcfunction
defined in Eq. (2), having a complicated three-ouatstrategy does not necessarily offer advantages a simple
angle-of-attack and bank angle control strategyc&ien route to Mars on a 6-months trip to Mawsnéns will be
deconditioned. As such humans’ g-load tolerancealoitity will reduce. For Apollo missions, the pegkoad
during Earth reentry was betweeg 6 7g. for Mars entry, the constraint on peak g-load fair limitation.

The stagnation-point heat-rate (or heat-flux) fibttee control strategies are shown in Fig. 9hs Itlear that the
same trajectory using aoa and bank angle contetdyiboth the minimum peak g-load and minimum Hieat+ate
of 33 W/cnf. The peak heat-flux rates for all the control temies lie between 33 W/érto around 51 W/cfa Even
the maximum value of heat flux rate, 51 Wfcnis lower than the heat flux rate (< 200 Wfrfor Mars Science
Laboratory missiol. The heat rate represent benign aerothermal emazan during entry of ADEPT and much
lower than the aerothermal capability of 3D wovembon cloth which has been tested in arcjet at\Waént at
NASA Ames Research Center, and at 246 \W/amNASA Johnson Space CentéThe margin in the peak heat
flux can take in to account any increased heatimign@ to sagging, deflections, and wrinkling of tberbon fabric,
which is otherwise neglected for the analysis. E@mparison, the peak g-load and peak heat rat@roMfirs
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Figure 9. For 23-m ADEPT entry on Mars, for four different control methods: a) deceleration (g-load)n
Earth g's b) stagnation-point heat rate in W/cnf. The plots are for optimal trajectory solutions wtere the
stagnation point heat load and variable g-load consint.
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Science Laboratory are Bfand 200 W/crrespectively.

The total heat loads at the stagnation point géttaries corresponding to all the four control hoets are
shown in Fig. 10a. It is clear that the three-cointnethod produces the trajectory with the minimstagnation
point heat load as the optimizer tries to shorteration (minimize heat load) of the trajectorylgtibunded my g-
load constraint. The minimum total stagnation-pdieat load is 4000 J/&nwhich is slightly higher than those
encountered in the EDL of the Mars Exploration Rev@pirit and Opportunity.The maximum heat load is for the
drag modulation control method is 1.65 times mbaentthe minimum heat load possible. The fact thaiipa-bank
angle control method produces the trajectory withimum peak g-load is clear from the altitude-vélpplot in
Fig. 10b: ADEPT using aoa-bank angle control deeéts higher up in the atmosphere flying a shaflght path
angle to meet the constraint of peak g-load, ane$d peak heat flux of 33 W/ém

Considering that the angle-of-attack and bank anghdrol yields the “best” trajectory, the histasf the two
control variables are shown in Figs. 11a and 1idurE 9b shows nature of bank angle control isséirditive on-
off, bang-bang control.
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Figure 10. For 23-m ADEPT entry on Mars, for four dfferent control methods: a) stagnation-point
heat load in J/cnf b) altitude vs. velocity.
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2. Entry From Mars Orbit Via 44 m ADEPT

Compared to a 23-m ADEPT, for the architecturei#lfig. (1), a 44 m ADEPT is used for entry on Mars
Logically, a 44-m ADEPT will lead to further decsmain
ballistic coefficient. The variation of the ballstcoefficient as 400 T Docaloreior ahale = 45 doticas
a function of ADEPT diameter is shown in Fig. 1eTarrival 350\ |—Decelerator ang|e =70 degrees
mass is assumed to be 90 mt for which the ballegiefficients '
are computed using Eq. (1).

The line in the plot corresponding to deceleratimigle of
70 deg. is when ADEPT is fully deployed. In the gira
modulation control, as the decelerator deploymemglea is
controlled between 70 deg. and 45 deg.. The minimu

Ballistic coafficient (kg/m?)
8
o

decelerator deployment angle assumed is 45 deggnibe 150
which the decelerator may touch the payload. Theyeaof |
large ballistic coefficients is when the decelerasaetracted to 100~ -
45 deg. L.
Figure 13 shows the plot of g-load as a functiotirok for
the four control strategies for the case of 44-mERD. It is % j
evident that lowering the ballistic coefficient mcreasing the et i fu"f?jeployeadsdece,;gmr (m)45
reference area reduces the peak g-load by morehhlinin Figure T2 Vanation i EUGE

fact, it is possible to land on Mars with the peakeleration of s .
around 1g for both the modified drag modulation and threecpeffICIent as a functhn of ADEPT
diameter for a 90 mt arrival mass. The
control method. The two peaks of the g-load cuorettie drag di d h )
modulation control method hints at the ‘skip’ natusf the lameter corresponds to when ADEPT s
trajectory. Therefore, there is a limit to the minim peak g- fully deployed. Each plot corresponds to a
load achievable using any control method beforespiexecraft value of the decelerato deployment angle.
skips out to meet the g-load constraint. On thewotand, for human missions to Mars, it is benefith maintain
the g-load profile within the human tolerance. W#em ADEPT also results in the reduction of pea#tttieix as
compared to the 23 m ADEPT. The minimum peak Heati$ found to be 13 Wi/chfor the three control method,
less than half of the minimum peak g-load valuetfar 23 m case. The peak heat flux values for ¢lie ¢ontrol
methods are between 13 Wfcand 23 W/crfy and is well below the 250 W/énthermal capability of 3D woven
cloth TPS. The stagnation point heat load of 2766%Jis lowest for drag modulation, and angle-of-attankl bank
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Figure 13.  For 44-m ADEPT entry on Mars, for four dfferent control methods: a) g-load in Earth g’s,
plot with two peaks denotes skip nature of trajectny b) stagnation-point heat rate in W/cnf. The plots
are for optimal trajectory solutions where the stagation point heat load and variable g-load constrait.
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angle control methods. The three control methodchvlields the minimum peak g-load and minimum phekt
flux, results in to a total heat load of 3550 Jcithe maximum heat flux of 4150 J/gis for the case of modified
drag modulation control method.

B. Venus In Situ Missions

In addition to the four control methods outlined Section V, simple bank angle control method isesssd
instead of modified drag control for Venus in sitission using ADEPT. All the previous US Venus russ, the
peak deceleration is more than 2p8nd peak heat rate greater than 3 kW/dbutta et al. showed that use of lower
ballistic coefficients (< 30 kg/f could lead to order of magnitude decrease inpik g-load. ADEPT-VITaL
demonstrated that the peak g-load reduces wf@bballistic entry’

300

25
% — Ballistic — Ballistic
— Drag Control —Drag Control
250 —
80 —Bank Angle Control Q iz:kaﬁ:g;\:smml o 20
___AoA and Bank B — 5
—AoA, Bank Angle, 8 g T and brag Controly 8 3 15
< 20 and Drag Control = = = = -
g £ 2 150 £3 —Ballistic
115 o2 a3 —Drag Control
s S L10 —Bank Angle Control
@ § 100 g2 ___AoA and Bank
10] T e Angle Control
2 50 @« 5 ___AoA, Bank Angle,
5| \ and Drag Control
90 80 90 100 110 120 130 0 80 00 120 140 G0 100 200 300 400 500
Altitude (km) Altitude (km) Time (s)
a) b) c)

Figure 14. 6 m/70° ADEPT for Venus in situ missits: a) g-load b) stagnation-point convective heat
rate c) total convective heat load. Bank angle cordl is assessed in lieu of modified drag modulation

Figure 14a shows the comparison of peak g-loadbédlistic entry and four different control methodé
ADEPT-VITaL. It becomes very clear that the threatcol method yields the solution with minimum pegload
of 3 g. The reduction in peak g-load represents a furtnder of magnitude reduction compared to the ADEPT
ballistic entry case. It is interesting to see tloatVenus entry, the peak g-load for all the faontrol methods lie
between 3jto 6g.

In Fig. 14b, the the peak heat flux correspondingltthe control methods are shown. Comparedddtat rate
of 300 W/cns for ballistic entry, use of guided entry resutisd heat flux rates between 160 Wfam 180 W/cr,
again within the thermal capability of 3D woventwam cloth. All the control methods result in to weimilar heat
rates of around 160 W/dywhile the rate is somewhat higher for the casdraf) modulation. Therefore, from g-
load and peak heat rate point of view, it can bendat a particular control method does not aoffgnificant
advantage over another.

On the other hand, since the atmosphere of Venuerysdense, the total stagnation-point convedtirat load is
significantly higher. Since, the entry flight andte the ballistic entry case is steeper, the haesd is less compared
to the cases when control is used as the vehiele dl shallower flight path angle to meet the gtoanstraint. The
range of heat load is from 16 kJ/ctn 23 kJ/crhas shown in Fig. 14c.

A note on the history of control commands for difi@ methods is as follows. Figure 15a shows tlag dkirt
deployment angle which characterizes the drag natidal of ADEPT for Venus mission. ADEPT is partigal
retracted to 55 deg. at entry interface and stastimfully deployed at 70 degrees. The delecerstoetracted when
the g-load continues to increase as the spacet@afends and aerodynamic forces increases. Fangte of attack
and bank angle control method, the control hissogsiee shown in Fig. 15b and Fig. 15c.

The bank angle profile can be easily identifiedrastraditional bang-bang control. The angle ahktprofile
has a number of high-frequency variations owindeasity variations in the VenusGRAM used in thdarojaation.
From system point of view, a low-pass filter canused to smooth the high-frequency disturbances.
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Figure 15. 6 m/ 70° ADEPT for Venus in situ missits for four different control strategies: a) drag
skirt deployment angle (drag modulation) history b)angle-of-attack, and c¢) bank angle modulation. The
high frequency variations in angle-of-attack is duaise of Venus-GRAM.

VIIl. Discussions

For a fully deployed 23-m ADEPT the ballistic coeiént is 123 kg/rh and 34 kg/rhfor a 44-m ADEPT. For
the 23-m ADEPT, the simple angle of attack and bemde control method is capable of delivering 40omMars
with a benign entry environment, where the pea&agtlis less than 2gand peak heat flux rate is 33 W/crhow
peak g-load is preferred for human mission to Massafter more than 6 months trip to Mars, huméies heing
deconditioned, the g-load tolerance capability Wil lower. Using a 44-m ADEPT, peak g-load can um¢hér
decreased to a comfortableg &ntry on Mars.

The minimum peak heat flux rate for 44-m ADEPT &\WW/cn?, as opposed to 33 W/érfor the 23-m ADEPT.
The peak flux heat rate is far less than the theoapability of 3D woven carbon cloth. The stagoatpoint heat
load determines the mass of the thermal protestystem. The minimum heat loads for the 23 m anch4te 2750
Jlent and 4000 J/cf comparable to or less than heat load of Mars RiRomission® Depending on the
performance of the control methods, as well asstiséem mass and complexity, the right control metioo lifting
and guided entry can be selected.

Ballistic entry on Venus using low ballistic coefént (< 30 kg/) ADEPT results in order of magnitude
reduction in the peak g-load (from > 26@0 30g) and stagnation point heat flux rate (from >300@i to 300
W/cn?).* Results in this study indicate that use of liftiagd guided entry result in further order of magnhé
reduction in the peak g-load to less thagmdhd as low as 8. At the same time, guided entry results in arobdb
reduction in the peak heat rate to 160 Wicoompared to a ballistic entry. Use of three asntnethod results in
the minimum peak g-load and peak heat flux rate.

The advantages of low peak g-load are manifold:

a. Reduction of entry loads leads to decrease in tstraic mass of the spacecraft, and payload support

mechanisms.

b. Due to reduction of deceleration loads, similaséen for Mars entry; therefore sensitive sciensguments
could be included, not otherwise possible wherdragroshell technology is used.

c. Overall mass savings due to reduction in the deatibm loads can be used (1) for an improved therma
management system for surface operations of théetarf2) increase mass for instrument suite, (2) an
reduced launch vehicle requirements.

d. With low peak g-load, there is no requirement toadiep instrument systems to withstand extremely hig
loads; thereby saving millions of dollars in deystent and research cost.

The peak heat flux of ADEPT-VITaL of 160 W/éiis less than the current capability of 3D woverboa cloth

at 250 W/crh. That is, there is a considerable margin in hat& when guided entry is considered, as opposed to
ballistic entry using ADEPT. For Venus missiond,tak control methods, offer similar perfomancedemms of
peak g-load and peak heat rate. Therefore, totat load, as well as system mass and complexity meaysed to
select the right control method for lifting and ded entry. At the same time, for drag modulatidweré are no
lateral forces generated so drag control cannaetsied for out of plane maneuvers unless bank armgieat is also
used.
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IX. Conclusions

Results indicate that ADEPT is an enabling altéveato the traditional aeroshell technology forrgntescent,
and landing of spacecraft of Mars and Venus. ADERIE in reduction of the ballistic coefficient asdallower
entry flight angles become practicable. Consedyeats deceleration occurs at much higher altitudes entry
vehicle is subjected to lower peak g-load, loweatimg, aerodynamic pressure, and total heat load.

ADEPT also presents attractive options of liftingdeguided entry using various control methods. Ohthe
primary methods is the angle of attack and banKeawgntrol via the gimbaling of the deceleratorface.
Additionally, a new control method of drag modudatiis considered which is achieved by controllimghie level of
deployment of the decelerator surface. The extrientiae level of deployments correspond to minimwuvhén fully
deployed) and maximum (when fully retracted) bali€oefficients respectively. ADEPT presents ayvieenign
entry environment in terms of peak deceleration pedk heat rates for both human Mars and Venustin s
missions. For lifting and guided entry for Venussitu missions, ADEPT could lead to a two-ordemdgnitude
decrease in peak deceleration and to a 50% deciegssak heat-flux compared to conventional rigatoshell
technology.

Finally, many interesting targets on Venus—Cleapatfaat Mons, interiors of craters, young flows-etmay
require precision landing. ADEPT has the capabihityincorporating guidance using one of the contmathods
outlined in Section V for precision landing.
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