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An Evaluation of Ballute Entry Systems for Lunar Reurn
Missions

A study was undertaken to assess the advantages afehsibility of using ballutes for
Earth entry at lunar return velocities. Using analsis methods suitable for conceptual
design, multiple entry strategies were investigated Entries that jettison the ballute after
achieving orbit were shown to reduce heating rateto within reusable thermal protection
system limits and deceleration was mitigated to appximately four g's when a moderate
amount of lift was applied post-jettison. Ballutesize drivers were demonstrated to be the
thermal limitations and areal densities of the ballte material. Performance requirements
for both of those metrics were generated over a raye of total ballute system masses.

Nomenclature

Co = drag coefficient

G = pressure coefficient

Dy = ballute diameter, m

D, = diameter of entry vehicle, m

0o = acceleration at Earth’s surface due to gravity ed/s
Kn = Knudsen number

m = mass, kg

Ap = pressure differential, Pa

O = free stream dynamic pressure, Pa

R = sgpecific gas constant

R, = nose radius of entry vehicle, m

R = radius of ballute minor torus, m

R’ = distance from centerline of ballute to minoru®center, m
S = molecular speed ratio

T = ambient atmospheric temperature, K
V., = vehicle velocity, m/sec

5 = ballute ballistic coefficient,

6 = inclination angle, deg

4, = ballute half cone angle, deg

% = flight path angle, deg

PAank = tank mass factor, m

On = normal accommodation coefficient

Oy = tangential accommodation coefficient

. Introduction

HE problem of Earth reentry from the Moon can benswarized as the requirement to dissipate the large

amount of kinetic energy associated with an entepicle on a lunar return trajectory. Two common
approaches to this problem are to use the aerodgsashthe entry vehicle to decelerate in a cofgtblprocess
and/or to tailor the entry trajectory so as to ig@t® energy in a benign manner. For the form@raach, direct
application of drag is often insufficient until tlemtry vehicle reaches an appreciable level of apfheric density,
which in turn increases the heat rate and magnitiddeceleration felt by the vehicle. Whereas thregion at
higher altitudes and lower densities is preferabmstraints on vehicle shape and size may nowdlto the large
drag coefficients and reference areas required.adewy reference area can be drastically alterexigr the use of
inflatable drag devices commonly called ballutelstoligh their increased reference areas, ballugds several
advantages during planetary entry and descentacBieving improved deceleration at lower atmospheeinsities
the heating rates encountered by an entry vehéoiebe lessened. Larger ballutes can serve toaserthe effective
nose radius of the entry vehicle, thus providinghfer reduction in the convective heat rate. Addilly, ballutes



can expand an available entry corridor by prevegnsiip out at shallower flight path angles. Thiesaefits in turn
have the potential to improve the mass fractionote) to a vehicle’s entry system by reducing thguired heat
shield mass and improving the payload volume foacti In addition, ballute technology provides asm@ble
alternative for cases where thermal protectionesystare not yet qualified or where complete elitmaof TPS
failure modes is desired.

First theorized in the early 1960's, ballutes iffrdhe contraction of balloon and parachute) havey lbeen
envisioned for a variety of mission concepts ingdaerocapture at Marsr Saturn’s moon Titén More recently,
emphasis has been placed on maturing the desighteannologies associated with deployable balluteswards
this end, flight demonstrations such as the IRDTalssiorf and the upcoming Inflatable Reentry Vehicle
Experiment (IRVE) missichhave sought to characterize the behavior of lgluinder reentry conditions. For a
more extensive history, the reader is directedh¢osurvey paper by Rohrschneider and Btaun

Entering the Earth’s atmosphere from a lunar rettajectory is one of the more difficult tasks fagifuture
human exploration. With entry velocities roughl§?4 higher than a typical entry from Earth orbitiiations on a
vehicle’s heating and deceleration can quickly ere@helmed. During the Apollo program, reentry tbhe
Command Module at 11 km/sec typically meant peait hetes between 250 and 300 W/and peak deceleration
of over seven g% A return trip to the moon using a vehicle larged heavier than the Apollo Command Module,
as is currently envisioned, will encounter simitaamditions upon Earth reentry. Indeed, the Crewl&stion
Vehicle is being designed to tolerate even greadating and deceleration. The high heating ratesuntered by
the Apollo Command Module dictated the use of aatale thermal protection system (TPS). Althouddtative
systems are frequently used in robotic explorativasions, the production line for the original divia material
used by the Apollo program (AVCOAT) was shut dovem $everal decadesind thus a new material will either
need to be developed or an existing material @edtifor use future on manned missions. Given liodlh of these
options represent potential risk and significanestment, an alternative technology path consisifrzallute-based
entry deserves parallel investigation. Such aesydtas the promise to mitigate heating rates seiffity to reduce
the requirements placed on an ablative TPS andceethe mass of such a system or more favorablydto the
use of an already developed reusable TPS cond#fiile mitigating or eliminating TPS failure modes ballute
system certainly is not without its own developmeminplexity and risk.

The focus of this paper is to assess the feagilwfitusing a ballute entry system for a vehiclaineing on a
lunar trajectory. This is done by first quantifgithe impacts that a ballute can have on an erdigatory with
regards to heating and deceleration and then subedy sizing a ballute entry system on a masssbaiside from
examining different size ballutes, this study absplores different deployment strategies for usindpallute,
including an early jettison of the ballute aftepradefined velocity decrement. Trends are explthiatican assist in
determining the performance metrics of a balluteyesystem. As the impetus for this study is thsidh for Space
Exploration, the study focuses on the impacts thaiallute entry system has on the baseline CrewoEagmon
Vehicle.

II.  Approach

The study was broken into two phases with the §estking to quantify the advantages ballutes ctar dfiring
entry and the second seeking to investigate sizemgds of ballutes. The first phase consisteduohing a broad
range of entry trajectories over a variety of b@llsizes and quantifying the magnitude and prafildeceleration,
the magnitude of the heating experienced by bathb#dlute and the CEV, and the dynamic pressuresugered
by the both the CEV and ballute. This was dondiwithe scope of multiple entry strategies. Thgahstrategy
consisted of utilizing the ballute from atmospheeiotry through subsonic velocities. An alternatsteategy
investigated is a hybrid direct-entry approach white ballute is used to impart a sufficient valpdecrement to
make the remainder of the entry aerothermodynatyiegjuivalent to entry from low earth orbit. Thiat the
ballute is used to decelerate the CEV to LEO vékxi(~7.8 km/sec) and is subsequently jettisoriBae potential
advantages of this approach include reducing tlingand pressure loads on the ballute while ititigating the
heating and deceleration profiles seen by the GiEthose consistent with initial plans for the CEMEQ entry).
Within this approach, two separate post-jettisaniesn were investigated, an operationally simpldiste entry and
a low lifting entry.



To assist in evaluating a large number of confitiars, entry trajectories, and deployment stragimalysis
methods suitable for a conceptual design level weesl. The linkage between disciplines in thiglgis visualized
in the design structure matrix (DSM) shown in Feglr Each of the connections between the diseiplepresents
the flow of information between the contributing
analyses. As per the scope of the study, thetBesu| Configuration |—4
attained focus on examining the feasibility of a
ballute entry system from a conceptual level and do
not seek to offer quantitative validation that the

Aerodynamics

concepts explored are feasible in regards to higher Trajectory

level analyses, e.g. aeroelastic and structural orohont

dynamic response. The assumptions and eroheating l—‘
methodologies used for each of the contributing [@

analyses are outlined in greater detail below.
Further discussion on the impact of ballutes orheacFigure 1. DSM for Ballute Analysis.
of the disciplines is also provided.

A. Configuration

The entry vehicle was sized so as to reflect th¥ @Esign chosen by NASA's lom
Exploration Systems Architecture Stddy In particular, the vehicle’s shape is <—)
approximately a scaled up version of the Apollo @Gmand Module with a 5.5 Q
meter base diameter. Other major dimensions aleedtin Figure 2. The nose
radius was linearly scaled as well from an Apoliue of 4.6 meters to a new 325deg
value of 6.4 meters. Lastly, the mass of the evahicle was kept fixed at 9500 kg, 36m
the estimated mass of the lunar variant of the CEV. '

Though many mission profiles using ballutes havenbgreviously envisioned, 6.4m
a majority focus on three distinct ballute confgtimns, shown in Figure 3. The L
trailing torus design consists of an inflated rthgt is attached to the entry vehicle
by a series of tethers. The trailing sphere ia similar nature, though replaces the 2.75m
torus shape with a much simpler sphere. The cldrigis does away with tethers Figyre 2. Entry vehicle
entirely and instead attaches the torus to theyemthicle with a conical frustum ghape and dimension:
that fully encloses the CEV.

A ballute’s capacity to decelerate
the entry vehicle can be measured
by its drag area. The drag produced
by the ballute must in turn be
balanced by the relative mass
contribution of the ballute. That is,
a large trailing sphere may produce
as much drag as a medium sized
clamped torus, however the trailing
sphere may require less material andrigure 3. Trailing torus, sphere, and clamped taus ballutes.
pressurant and therefore be less
massive. Assuming that the majority of a ballutstsgn’s mass comes from the ballute material theimale way
to compare ballute types is through use of a talhallistic coefficientf,. Although the ballistic coefficient is
typically calculated as the ratio of a vehicle’ss®ido its drag contribution, an alternative repméstéon that can be
useful in comparing ballute characteristics is itopdy use the ballute’s surface area rather thanmiass. Under
these rules, the ballute ballistic coefficient tendefined as follows.

<

~
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Using this dimensionless form of ballistic coeféiot, if two ballutes have the same surface ared ttaus roughly
the same mass, than the one with the lower valubeoballute ballistic coefficient would produceeater degree
of drag and deceleration. Thus, a lower valup,a$ typically favored as it represents a more éifeddallute. The
respective values @ for the three ballute types are summarized in @dbl The notation used for defining the
trailing and clamped
torus ballutes is
outlined in Figure 4.
For the calculation

Table 1. Ballute performance characteristics for aorus ratio (R, /Ry) of five and
CEV dimensions.

of Cp andB, the Ballute Type Surface Area () Hypersonic Gy By
reference area, 4 ;
is computed based D2 R[/Rt
upon the entire Trailing Torus Db—./ +12 0.741 7.9
diameter of the (Rt R‘ )
ballute, not just an Trailing Sphere 7D§ 1.0 4.0
exposed area, e.g. i 2 2
the reference area of 2 Rt/ R H(Db - D

Clamped Torus 77D — : 1.496 5.9
a clamped torus 1 2 2sin@
ballute is the same as (Rf/Rt + ) b

for an equivalent
size trailing torus. Lastly, the hypersonic draggfticients
are calculated from Newtonian aerodynamics. Frbese
calculations it can be seen that the advantagedhimg torus
provides in reduced surface area versus the clameesion
is insufficient to overcome its significantly lowedrag
contribution. Of the three ballute types the ingilsphere is
calculated as having the lowegst

Though ballutes are often considered solely feirtdrag
characteristics, the clamped configuration offedsaatages
in the heating regime as well. Because of the re¢ipa D
distance of the towed ballute from its entry vedhitie ballute 9
can be exposed to adverse wake effects comindheféntry -
vehicle. Previous studies focusing on these effétnoted
several vehicle/ballute behaviors including thegjufity of
unfavorable flow choking in the core of a trailitmyus and
increased heating to the base of the vehicle dueeverse
flow. In the case of the trailing sphere, shoclpiimyement
on the ballute itself produced levels of localizezhting that
were as high as twice those seen by the sphere.aldeating
results on the clamped ballute were the most fdleraSince
the clamped ballute is attached directly to theebakthe Figure 4.  Toroidal ballute geometry
entry vehicle the boundary layer fully envelops tbdhe definitions.
ballute and the spacecraft. This has the effecgreftly
increasing the effective nose radius of the eneicle thereby reducing convective heating sigaifity. Given
that convective heating to the delicate ballutm@e likely to be a limiting factor than heatingtke entry vehicle,
a further advantage of the clamped configuratiothé the ballute and entry vehicle are exposetbtghly the
same heat rates.

In summary, although the trailing sphere is fabedor its approximate mass to drag contributiatior, the
heating advantages provided by the clamped cordigur are more applicable to the mission scenagmgy
studied. In view of this, the analysis hencefavith focus on using a clamped torus ballute.

B. Aerodynamics

As mentioned previously, the entry vehicle analymexd a scaled up version of the Apollo Command Nedu
Because of the extensive amount of testing alreatg on this shape, aerodynamic data is readiljadne. Thus,
the aerodynamic properties used for the entry Vehiere taken from published d&ta

For many of the ballute diameters evaluated, aabieeportion of the entry trajectory is charactediavith
Knudsen numbers on the order of'10Even though this does not place the ballute fnlithe free-molecular flow



regime (often estimated as Kn10) it does indicate that transitional regime dgramics are important. To attain
transitional values, the free-molecular and contmuaerodynamics were first estimated and then dgimg
function was utilized to estimate the transitiorsdrodynamics. The free-molecular drag coefficientre
calculated assuming a diffuse Maxwellian reflectiomde!’ where the values of the normal and tangential
momentum accommodation coefficients, and o; respectively, are assumed equal to one. Calonlaif the
pressure and shear forces themselves was donethsifgjlowing relation¥:

%52 = %Ssin9+%(%j eXF,(—SZSin2 9)

00
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The molecular speed ratig,is comparable to the Mach number and can be le¢éclias follows:
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Since the ballute shape is a relatively simple ibige possible to numerically integrate the aboekations over the
surface of the ballute to attain values for thevdgnamic coefficients.

In the continuum regime drag coefficients wereneated from Newtonian impact theory. Under thishodtthe
tangential or shear forces are neglected and alesingtation for the pressure coefficient on an aletal area
inclined to the freestream at an an{lis arrived at.

CpE%:ZSinZH (5)
d.

As opposed to the free-molecular pressure and stwefficients, the Newtonian relation allows for explicit
integration over the surface of ballute. As subb,zero angle of attack drag coefficient for arglad torus ballute
can be calculated from the following:

CD,ballute :(&j [:I'_Sin4 eb]+ 25|r12 eb (R[ ’ Rt cz:osgb) _(&j CO§ Hb
R, Ry R,

(6)

+ w [2-3cod, +cog g, ]+ (ﬂj sin' 6,
3R’ R,

The reference area used for non-dimensionalizatiadghe above is based upon the ballute radiys,ARlditionally,

Eq. (6) can be broken down by the contribution adheof the three main geometric elements of thenptal torus
ballute. The first term in Eq. (6) is the drag fficéent of the spherical nose portion, the sectamin is the drag of
the conical frustum, and the last term comprisegdittag from the exposed portion of the torus itselfr a given set

of entry vehicle dimensions the ballute half comgle, 4, can be calculated by assuming a smooth interface
between the ballute and the entry vehicle heatdhkielding the following:
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6, = cos{ﬁj @

Using the entry vehicle dimensions mentioned pnasip a ballute cone angle of roughly 65 degreesaisulated
and is used for this study.

Determination of the transitional regime drag cioéghts was done using the bridging function of &drukH?
provided below.

CD B CD,cont

1 |oglo(KT+1.1403
Corm ~Coeom N2 o

exp(-y?/2py (8)

C. Trajectory

The analysis of atmospheric entry at Earth was dieg the three-degree-of-freedom version of ttegiam
to Optimize Simulated Trajectories (PO&Tysing the standard 1976 atmosphere. Entry védscivere kept
constant at an inertial value of 11.1 km/sec. Agpi@ric interface was assumed to occur at andtiad 125 km.
Entry flight path angles were varied to within 1728 a degree over a five degree corridor so asosety evaluate
skip-out boundaries for each diameter. This l@febsolution was also needed because many of tine favorable
ballute entry trajectories are those that enter tigalimits of skip-out and spend a significantcamt of time in the
upper atmosphere.

For this study three main entry strategies werestigated. In all three, the ballute was assunegdogied in-
space prior to reaching the atmospheric interfatée first strategy consisted of using the baltbhteugh the entire
entry. Recognizing that this approach may striessiesign requirements of the ballute by expodgibg significant
dynamic pressures and thermal loading, an altemasirategy is to simply jettison the ballute afserme
predetermined velocity decrement has occurreds dbincept represents a hybrid aerocapture/diréict approach
that attempts to use the ballute to dissipate gnendil the lunar entry becomes similar to entrgnfr low Earth
orbit. Portions of trajectories using the ballutere flown with a zero angle of attack. The secand third
strategies investigated involved the manner in titie entry vehicle was flown after ballute jettiseither at a
ballistic zero angle of attack or with a moderdfteolf drag ratio of 0.3. The latter value of LIB based upon that
provided by the Apollo capsule at its timmed araflattack.

D. Aeroheating

Estimations of the aeroheating encountered by #ilitb and entry vehicle were done using two stigna
point heating approximation methods. Convectivating was calculated using the correlation providgdsutton
and Grave¥. During Earth entry at lunar return velocitieadiative heating from the shock layer contributes
considerably and must be accounted for. Towardsetid the method for estimating radiative heasdéty Tauber
and Suttof? is used. A major variable in both formulatiosghe effective nose radii. For large clampedubes
this nose radius is much greater than that of they &ehicle alone. Examination of CFD cases catgul as part of
the aerocapture technology portion of NASA's In @p#ropulsion prograthindicated that the effective nose
radius of a clamped ballute as a percentage ofbikite diameter tends to increase as the balliameater
increases. For this study an approximation wad tisgt estimated the nose radii to be a quarténeofliameter of
25 m ballutes and up to three quarters the dianadtballutes larger than 100 m. Although largeeetive nose
radii significantly reduce convective heating, ttadso lead to increased radiative heating sinceextive heat rates
are proportional to the inverse square root ofrtbee radius while radiative heat rates are roughtportional to
the nose radius itsélf Thus, depending on the proportion of peak hgatime to radiative effects, larger ballute
diameters can actually incur higher heating réetas smaller ones. Though this general behavicaggured by the
two heating methods employed, more detailed arslydi be required to validate the calculated Isvef heating,
particularly by the radiative portion.

E. Mass Estimation

The last discipline integrated into the analysis Wt of ballute system mass estimation. Thé battute entry
system was considered as four components consisfitiige ballute itself, the pressurant requiredriitate the
ballute, the pressurant tankage, and a fixed messcated with pressure transducers, valves,ditietc. Ballute
mass was calculated from the total surface ardheoballute for a given average areal density dtiteamaterial.



Pressurant mass was calculated as a function dfitdmmal volume of the ballute using nitrogen gatie amount of
nitrogen required was determined by assuming ainedjiballute inflation pressure of twice the peaknamic
pressure with a 15% margin. With the amount ofinegl nitrogen known, tankage mass was estimatieg) tise
following simple relationshif3:

mRT

N, "tank

gO ﬁank

rntank (9)

For the tank-mass factapgn, a value of 6350 m corresponding to a typicahtiten pressurant tank was used.
[ll.  Results and Discussion

A. Trajectory and deployment impacts

The first portion of the investigation focused oml@ating the trajectory and heating charactesstica ballute
entry. This goal included both a characterizatibrthe entry design space and an examination ofipreilballute
entry strategies including retaining the balluteotlgh most of the entry or releasing the balluteeohEO entry
conditions are achieved. The entry vehicle, emiags, and ballute half-cone angle were kept conatahonly the
ballute diameter was varied (from 30 to 200 m).
Atmospheric interface conditions for each of the
trajectories consisted of an 11.1 km/sec inertdbeity
over a range of inertial flight path angles. Tharg
velocity corresponds to a roughly three day tratsie
from lunar orbit and is the entry velocity attain®gdthe
manned Apollo missions.

For entries that retain the ballute, the primary
metrics of interest were peak heating, deceleratiod
dynamic pressures. The first of these is provided
Figure 5 along with a shaded region corresponding t g
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skip out conditions. The overshoot boundary igrdef -5.5

as the point at which the vehicle will no longeack @ ) o,

the surface and will either continue on an escape & 2 ‘ N\ \ ‘
trajectory or in the case of an aerocapture passren 4000 80 Baﬁg?e di;fﬁeteﬁ“rg 100

into Earth orbit. At lower ballute diameters, metle

increases in ballute diameter exhibit large de@sas Figure 5. Peak heating (W/crf) contours for an
peak heating due to both deceleration at highguddts 11.1 km/sec, 9.5 MT entry without ballute
and to an increased effective nose radius. Howdvisr jettison.

trend quickly plateaus as the proportional change i
ballistic coefficient becomes less and the effectiose
radius maximizes at about 75% of the ballute di@met
Although material heating limits are discussedrieager
detail in a subsequent section, candidate material§
typically have temperature limits less than 1000 K,c» A
which corresponds to heating limit of roughly 45‘“

-3

W/cn?. Under those constraints ballute diameters of a& 450, / -
least 110 meters will be required for Earth entry. §> 1

The second metric of interest is primarily duelte t > | 7
inclusion of human passengers on this lunar retur 20
vehicle. As shown in Figure 6, for a given flighdath 5 |
angle, the peak deceleration tends to decrease with 24
decreasing ballute size. More interesting perhspisat
unlike for peak heating, for a fixed ballute sizee t ©®720 60 8 100 120 140 160 180 200

minimum value of peak deceleration does not octur a Ballute diameter, m

the overshoot condition but rather a few tenthsaof Figure 6. Peak deceleration (g's) contours for an
degree away from this boundary. This indicates thai1. 1 km/sec, 9.5 MT entry without ballute jettison



entry trajectories that seek to minimize heatingsdat the expense of increased deceleration lobdthe case of
the 4.5 W/crA heating constraint, this would either mean keepirg110 meter ballute and taking the penalty in g-
loads (approximately 9 g’s) or moving to a largaliite so as to be able to tolerate the heatirgy sifghtly steeper
entry. Additionally, this gives insight into theidth of the deceleration limited entry corridorg:or example,
restricting an entry to seven g's, the same asaheduntered by the Apollo astronauts, impliestal worridor width
of about a quarter of a degree (well within dem@istl navigation capabilities).

Results for peak dynamic pressure are providedgaré 3
7. Occurring simultaneously with peak deceleratipaak
dynamic pressure is of interest primarily for itspact on the
design of the ballute. In particular, a lower pehiamic
pressure allows for lower inflation pressures, opedu
material strength requirements, and can reducékiiéhood
of adverse structural dynamic response. Againtiligithe
ballute to a heat rate of 4.5 W/ent can be seen that
dynamics pressures of no more than 75 Pa and dosg0
Pa will be encountered. As was the case with th
deceleration contours, the optimum dynamic pressur
conditions do not occur at the overshoot boundary. 300

Examining the altitude, velocity, and deceleratiwafiles 5.5
provided in Figure 8 provides explanation of the&havior.
Entry at flight path angles either right at or jgsty of the AL ‘ ‘ ‘ ‘ ‘ ‘ ‘
overshoot boundary is accomplished in multiple skip =~ ® ® 8 100 120 140 160 180 200
During the first portion of the entry the ballute able to ) )
dissipate enough energy so as to remain on an wlentFigure 7.  Peak dynamic pressure (Pa)
touchdown trajectory though not with out first @it the contours for an 11.1 km/sec, 9.5 MT entry
atmosphere. The deceleration profile is thus mmultsed Without ballute jettison.
with the majority of the deceleration occurring idar the
second entry. As the entry flight path angle stesp more
deceleration is performed early on and the mageitifdthe
second pulse lessens. The minimal peak deceleratiours
when the two pulses are roughly equivalgnt ¢3.8 for this
case). This comes at the expense of an extendezk pul
duration. Further steepening of the entry merdpes tivo
pulses and the maximum deceleration value begins to
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Overall, the entry strategy of not jettisoning tralute is ': 10 e
shown to require ballutes on the order of 110 rdiameter, § 5f
depending on the heating and dynamic pressuresliptéced %0 : o e
on the ballute. It should be mentioned that algtothis " 0 100200300 400 500 600
entry strategy is referred to as not jettisoning ballute, this @ ;5
is primarily in reference to entry through hypetison § 10 |
conditions. Because of safety and heritage coscelgscent g
and landing from supersonic conditions would mik&ly be ) 5
performed under the canopy of a_parachute._ Althoitg) 2 05 160 00 300 00 500 500
large drag area makes it an attractive optionntiete of the Time, sec
ballute through transonic and subsonic conditiormsulds
require significantly more knowledge in the behavif  Figure 8. Altitude, velocity, and sensed
inflatable structures. In fact, such a system fentproposed deceleration profiles for a 100 meter diameter
for landing large payloads on Mats ballute over a range of entry flight path angles.

An alternative to retaining the ballute throughstnof the
entry is to deploy the ballute for only a predetied duration or velocity decrement and then relghs ballute.
In a typical aerocapture strategy the ballute isduto dissipate enough energy from the hyperbgisr@ach
trajectory to transition to a closed Earth orbitarsingle pass. In this investigation, a hybridrestrategy is
proposed that enters at a slightly steeper angtbaaupon ballute release the entry vehicle fol@awsecond Earth
entry trajectory. In this manner the loads encergt by the ballute are traded against those planetthe entry
vehicle. That is, releasing the ballute earliedteto increase the heating encountered by thg eahicle but also



mitigates the strength and thermal requirements of 100

the ballute. Further demonstration of this effisct  apitude, sl

provided in Figure 9 where different release km S
velocities are plotted against a nominal no-release % 100 200 300 400 500 600
trajectory for a 100 meter diameter ballute entgah ‘

a -3.6 degree inertial flight path angle. For thésr T ]
skip-out trajectory, ballute jettison occurs priorthe ‘fﬁggv 5 .
second, stronger dynamic pressure pulse and thus o ‘ ‘ ‘

reduces the peak dynamic pressures encountered by 0 0 200 300 400 500 600
the ballute. Attempting to further lessen the dyita 00— poletison
pressure proves impossible as the initial pulseigcc Dynamic 4 O kmisec
well before the ballute has provided enough vejocit pres;“re'm - 7.5 kmisec
change to allow for an Earth entry. For the same 0=

0 100 200 300 400 500 600

reasons heating limitations on the ballute canb®ot

avoided as peak heating occurs at velocities ofiabo 10 ‘ ‘ ] ‘ g

10.5 km/sec. Decel., F |
Descent after ballute jettison was evaluated under 9 :

two separate conditions, one where the vehicle %5 100 300 s00 400 500 500

continued on a ballistic, zero angle of attack

trajectory and one where the vehicle transitiored t H “

low lifting trajectory with a lift to drag ratio 00.3. fv"’/‘(t:;?ztem ]

The former approach is favorable for its simplicity N ‘ ‘

while the latter approach may be necessary for 0 100 200 300 400 500 600

targeting purposes. Beginning with the ballistic Time, sec

condition, entries with ballute jettison can bewho Figure 9. Trajectory effects of varying jettison
to provide several advantages. Shown in Figure 1@elocities on a near skip-out entry of a 9.5 MT vehle
are entry vehicle heating contours over a range afsing a 100 m ballute and entering at 11.1 km/sepdst
inertial jettison velocities. Provided on the @bsa jettison entry is at a zero angle of attack).

are the peak heating rates on the ballute prior to
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Figure 10. Peak entry vehicle heat rate (W/cf) contours with zero angle of attack entry after jétison for
ballute diameters of a) 65 m and b) 110 m.

jettison. Examination of the heating rates encexgd by the entry vehicle after ballute jettisonws the potential
to mitigate peak heat rates to less than 40 \f/amroughly the limit of an existing reusable et protection

system. Also evident is that this capability exister a range of ballute diameters with the princanstraint being
the heating limitations on the ballute itself. $adower heating rates can be attained at two agpaanges of
jettison velocities, a higher range that lets thyevehicle decelerate more at higher altitudess @fower range that
releases the entry vehicle in a thicker atmosphatelso at a lower speed. ProvidedEimor! Reference source

not found. are peak deceleration contours over a range tidgatvelocities. The peak deceleration valuestgxdo
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Figure 11. Peak deceleration contours (g's) for ze angle of attack entry after jettison of a) 65 mand b)
110 m ballutes.

correspond to the larger value of either the pezdelération with the ballute or the peak decelenateen after
ballute release. At the lower ballute heat ratesl thus
shallower entry angles, peak deceleration occuexr af
ballute jettison. At steeper entry angles the utall
deceleration pulses are merged and peak g's are se
prior to ballute release. Although favorable hegti
conditions can occur at both low and high jettison&
velocities, deceleration considerations are showen t%
favor high jettison velocities as they eliminatee th
second, larger ballute deceleration pulse. Figl2e
shows the peak dynamic pressures the ballute issexb
to prior to ballute jettison. In contrast to reiag the

M®eg
w
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50, ]
75,
100
0

Entry flight p
[$)]

o ’ ) 300
ballute, jettison can reduce the maximum dynamic -9 400
pressures by as much as 50%, particularly for entry 700
conditions near skip-out where the stronger pressur 6755 g 100 120 140 160 180 200
pulse is avoided. Whereas previously achieving the Ballute diameter, m

lowest dynamic pressures meant entering at steeper .

angles and thus incurring higher heat rates, allut9ure 12. Peak dynamic pressures (Pa)
jettison is able to collocate minimum heating andEncountered by ballute prior to jettison for a 9.5
minimum dynamic pressure at the overshoot boundar)MT' 11.1 km/sec entry.

Though not shown, variation of the velocity at whitie ballute was released had little or no immacthe peak
dynamic pressures.

Entry vehicle heating contours for a lifting pdstiute entry are shown in Figure 13. Comparethéoballistic
entry, using a moderate degree of lift reducesetitey vehicle heat rates to well within reusabmeits for nearly all
of the entry angles and jettison velocities evadatAgain, this trend holds over a range of ballliameters, once
more indicating that the thermal limitations of thallute material (as indicated by the abscisskigure 10 and
Error! Reference source not found) will drive the required ballute size more thae ttequirement for a certain
amount of velocity change. That is to say, smallutes can be used to significantly reduce CEMihggust as
well as large ballutes, so long as the balluteant®mdves are capable of handling the increased rgeati
Improvements in peak g's, shown in Figure 14, dse avident when lift is introduced. At the shalst entries,
maximum deceleration can be reduced to 4-4.5 g@pedding on the ballute size. Also, the peak @eatbn is
shown to be almost completely independent of ttisgen velocity. Relating the deceleration contoback to entry
corridors, and again assuming an undershoot boyrafaf g's, the jettison strategy offers little inggement over
retaining the ballute as the lower peak decelanatadues occur over a range of a quarter to a tifialdegree.
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Figure 13. Peak entry vehicle heat rate (W/cf) contours with lifting entry after jettison for ballute

diameters of a) 65 m and b) 110 m.
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Figure 14. Peak deceleration contours (g's) withifting entry after jettison for ballute diameters of a) 65 m
and b 110 m

B. Sizing and Mass Evaluation

The second portion of the study focused on evalgatie mass contributions of a candidate balluteyesystem
to the entry vehicle. From the simple mass modkebduced earlier several sizing trends can quibleyobserved.
Provided inError! Reference source not found.are contours of ballute systems masses for diffesize ballutes
and material densities. At larger diameters, mittgi ballute system masses on the order of seveedslic tons
requires an average material density of 0.15 k@mess. Noting the slopes of the contours atswides insight
into the relative importance of the material aréahsity on the total system mass. In particular,a constant
ballute diameter, doubling the areal density neddybles the ballute system mass. Indeed, foriliheréssure of
100 Pa the mass of the ballute material alone septe nearly 85% of the total mass at even the dbwareal
densities. Though not shown, doubling or halving fill pressure changes the relative contributmmbout 75%
and 90% respectively.

Given its importance in determining the overall ma$ a ballute system, achieving a low materialgheis a
primary technical hurdle towards a feasible ballsystem. Achieving low areal densities is compédaby the
thermal and strength limitations of many candidaggerials. Previous conceptual studi@$ave focused on using
thin-film materials such as Kapton and Polyboxox@Z®BO) which have operational temperature liroftaround
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500 °C and areal densities of about 0.075 kg/m  20cC
The low temperature limits of thin-films have led t 180
a focus on using various types of multi-layer

insulation (MLI). These concepts typically consist = 160
of one of the above polymer films as an internal§ 140

bladder combined with additional layers of 2 280

- - - 120 240020
adhesives, metal foils, and outer layer fabricchsuc © 9 2 9000
as Nextel that are designed to resist much highe@ 100 g2 ~~— 1600000

heating conditions. One such conéépwas <
evaluated at heating rates as high as 35 W/cmg 80
without observable damage. Although this concept® 60
had a sizeable average areal density of about 1.86 20
kg/n? its thermal characteristics make it favorable

for regions of a ballute seeing the most heatifige 20
IRVE flight demonstratdr that is scheduled for

launch in 2006 has baselined a ballute that
incorporates a silicone coated Kevlar fabric fog th Figure 15. Ballute system mass (kg) at an inflatio
bladder due to its improved tear resistance ovar th pressure of 100 P

film materials. The remainder of the material ktac

consists dry Kevlar restraint ply, a Kapton gasribar and several layers of Nextel cloth for therpeotection.
Though areal densities for this material conceptrat provided, the entire demonstrator incorpogadi three meter
ballute is less than 100 kg. The IRVE mission jeqiredicts heat rates of about 1 Wfcand dynamic pressures of
600 Pa.

.3 04 05 06 0.7 0.8 O‘.9 1
Average areal density, kg?m

%.5 3.0 3.5 4.0 4.5 5.0 5 6 7 8 9 10 11 12 13 14 15
Maximum heat rate on ballute, W/em Maximum heat rate on ballute, W/8m

Figure 16. Ballute entry system mass (MT) as a fuion of maximum ballute heat rate and average
areal density for an entry mass of 9.5 MT and an dry velocity of 11.1 km/sec.

From the prior trajectory results that incorporabadlute jettison one can estimate a required tetiiameter as
a function of a limiting heat rate on the ballut€his calculated diameter can then be used to atala required
average material density for a specific ballutdesysmass. Results from this simple analysis aveiged in Figure
16. Assuming an entirely thin-film ballute wittsitorresponding density and temperature limitsdgiel ballute
system mass of about 3.5 metric tons or nearly 87%e assumed entry vehicle mass. For compartkengntire
thermal protection system for the Apollo CommanddMle constituted less than 30% of the capsulessgras$
Achieving similar mass fractions for the balluters# would correspond to system masses of 2.85 &drfetric
tons, both of which would require significant impements in either areal density or temperaturetdirof the
material concepts previously mentioned.

IV. Conclusions

This paper focused on analyzing the potential bené#iat a clamped ballute entry system can prowde
candidate capsule shaped entry vehicle with a n&s3500 kg entering Earth’s atmosphere at lunaurnet
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velocities. For trajectories that retained thelute) heat rates were observed to vary from 40 Wfoma 40 m
diameter ballute to as low as 2 W/cfor a 200 m diameter ballute. Peak decelerataines were observed to be
low as six g's but generally exceeded seven g l&rger ballutes in excess of 100 m, dynamic saness of about
75 Pa were experienced. Minimum deceleration amduahic pressure both occurred for entry at flighthpangles
slightly steeper than the overshoot boundary. Tgtienomenon occurred due to the skipping naturé¢hef
shallowest entries that produced multiple decdlamgtulses with the later ones being the strong&siis behavior
was mitigated when the entry strategy shifted tiisjgning the ballute.  For entries that maingdim zero angle of
attack after ballute jettison, entry vehicle hegtes were calculated to be within reusable TPSdiwii 35 W/crA.
However, peak deceleration values generally ex@e@d g’'s. Minimization of heat rates, peak g'sd atlynamic
pressure favored releasing the ballute at an alemtilocity of around 7.8 km/sec. Entries thahsiioned to an L/D
of 0.3 after ballute release provided further naitign of heating and deceleration on the entryalehiHeat rates as
low as 21 W/crhand decelerations as low as four g's were caledlatin general, the reductions in heating and
deceleration could be attained over a range ofitealliameters, thus indicating that ballute sizhguld be driven
by the heating constraints of the ballute itself.

Ballute systems were sized to evaluate technicgiirements that improve concept feasibility. Usihg
trajectory results from the initial part of the dyutrends of required average areal densitiy eftthllute versus heat
rate limitations for a given ballute system massengenerated. These contours in turn provideayade as to the
technical requirements that a candidate ballutet meset. Mass estimates assuming a thin-film malteroduced
vehicle mass fractions of 37% for the 100 m balkgstem alone. Material requirements indicate tuaitinued
technology development would be required for cohéegsibility.
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