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Abstract: The paper deals with a microsatellite and the edlateployable recovery capsule. The aero-brake is
folded at launch and deployed in space and is @bjeerform a de-orbiting controlled re-entry. Tkisd of
capsule, with a flexible, high temperature resisfahbric, thanks to its lightness and modulatingatality, can

be an alternative to the current “conventional’ongary capsules. The present authors already arhtyme
trajectory and the aerodynamic behavior of lowistad coefficient capsules during Earth re-entndaviars
entry. In previous studies, aerodynamic longitudistability analysis and evaluation of thermal and
aerodynamic loads for a possible suborbital reyedegmonstrator were carried out in both continuum a
rarefied regimes. The present study is aimed avighrg preliminary information about thermal and
aerodynamic loads and longitudinal stability fogimilar deployable capsule, as well as informatbout the
electronic composition of the plasma sheet andatssible influence on radio communications at fhitudes
where GPS black-out could occur. Since the compigtstis were carried out at high altitudes, theeefar
rarefied flow fields, use of Direct Simulation Men€arlo codes was mandatory. The computations vadol
both global aerodynamic quantities (drag and lamdfjital moment coefficients) and local aerodynamic
guantities (heat flux and pressure distributiommglthe capsule surface). The results verified thhetcapsule

at high altitude (150 km) is self-stabilizing; & stable around the nominal attitude or at zerdeaofjattack
and unstable around the reverse attitude or atdegpangle of attack. The analysis also pointedtiet
presence of extra statically stable equilibriutmtgoints.

keywords: deployable capsule aerodynamics; longitudinaliétglnalysis; plasma frequency; hypersonic
rarefied gas dynamics; direct simulation Monte €ankthod.

Nomenclature

B = ballistic coefficient

Cp, Gy = drag, longitudinal moment coefficients
CG, Cp = gravity center, pressure center
D = open aero-brake diameter

€ = electron charge

fe = plasma frequency

g = gravity acceleration

h = altitude

| = stability index

Kn = Knudsen number

L = length

m = capsule mass

m. = electron mass

M = Mach number

N = number density

p = pressure

g = heat flux

Q =thermal load

r = nose radius

R = trajectory curvature radius
Re = Reynolds number

s = curvilinear abscissa

S = surface
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t = trajectory travel time

T = temperature

V = velocity

Xcg = position of the gravity center along the x-axis
Xp = position of pressure center along the x-axis

Greek symbols

a = angle of attack

y = flight path angle

€9 = permittivity of vacuum
A = mean free path

p = density

Subscripts, superscripts and special symbols
BCK = backward

CFD = Computational Fluid-Dynamics

DSMC = Direct Simulation Monte Carlo

e = electron

f = fluid-dynamic

FWD = forward

GPS = Global Positioning System

IMU = Inertial Measurement Unit

IRDT = Inflatable Re-entry Demostrator Technology
IRVE = Inflatable Re-entry Vehicle Experiment
max = maximum

mcs = mean collision separation

OBDH = On-Board Data Handling

ref = reference

s = simulated

TPS = Thermal Protection System

w = wall

oo = free stream

(0) = stagnation point

1. Introduction

It is well known that a deployable, or umbrellaeljkre-entry capsule [1-4], thanks to lightness &mdow
construction and management costs, can be analigrro the current “conventional” capsules. lotfa deployable
capsule is made of flexible, high temperature tastsfabric, folded at launch and deployed in spdbe beginning of
re-entry for de-orbit and for other re-entry opinaé. Reducing size, mass and power implies affignt reduction of
launch costs and an increment of management cégattierefore of accessibility to space.

A key feature of such capsules is the low ballistefficient. This feature guarantees low peakrstign point
heating rate and temperature. As reported by Aijnthe ballistic coefficient of a entry vehiclerche considered as a
design parameter and not a consequence of othigindesgjuirements, like: the launch vehicle paylaafluencing the
mass, the aerodynamic configuration, influencing thiag coefficient, the launch vehicle diametefluencing the
reference area (typically the cross-section afEag.possibility of changing the aero-brake geomaligws to properly
adapt the ballistic coefficient to the flight cotidns.

The present authors already analyzed the trajectodythe aerodynamic behavior of such a kind ofgkepduring
Earth re-entry [3] and Mars entry [4]. In thosedéts, aerodynamic longitudinal stability analysisl &valuation of
thermal and mechanical loads have been carriednobbth continuum and rarefied regimes. Resultsfiedr that
during the Earth re-entry for certain conditione ttapsule can be aerodynamically self-stabilizing,,equilibrium is
stable around the nominal attitude at zero anglet@itk and is unstable around the reverse attiaade80 angle of
attack.

The present study is aimed at providing preliminarfprmation about the aerodynamic behavior of enplete
satellite system, including an orbital module arré-&ntry module, equipped with a deployable adhistaero-brake to
control the de-orbiting phase and to thermally geothe payload during the atmospheric re-entrys@hh is assumed
that a reversible deployment mechanism, includingar actuators, allows to adjust the rotation tredsimultaneous
elongation or shortening of the ribs, so that amratha can be closed or deployed to change aerodigndrag and to



adjust the deorbit phase. During the atmospherantey phase, after separation of the service neoftaim the re-entry
module, the aero-brake reduces velocity, allowirgdapsule to maintain the inner payload at loempieratures.

The present paper is focused on the aerothermodgaarhthe orbital module and of the re-entry medudefore
and after separation of the service module, ingastig local quantities (pressure, shear stres#, fliex) and global
coefficients (lift, drag and longitudinal momerfpcal points were the evaluation of the longitutigtability and of the
plasma characteristics along the re-entry phase Idngitudinal stability can ensure that the satetind the capsule do
not assume, at high altitudes, wrong attitudes comjsing the effectiveness of the system, sincarder to control
the aerodynamic drag, the satellite axis has talWways aligned with the relative free stream veiganith the forward
stagnation point on the nose. This is a very ingrdrrequirement considering that, during the otlptaase, if the
system is aerodynamically stable in the suitakiitude, small size and relatively low power consnignieaction wheels
and magneto-torques can be used for attitude domspecially in presence of large aerodynamicuesqgat lower
altitudes. In addition, after separation of theve® module from the re-entry capsule, the deple/ab-entry system
can not be equipped with an independent attitudéralosystem and the correct attitude is only gotaed if the system
is aerodynamically stable. It is also important tte@ capsule has only one statically stable trimtp(monostability),
as reported by Chen et al. [6] who verified thatagsule configuration with secondary staticallybktarim points is
highly undesirable because it is extremely dangemlien a capsule stabilizes at the secondary toimt pluring re-
entry because the payload could be exposed tdaive f

Hypersonic re-entry velocity creates a bow shockenia front of the capsule, producing dissociatma ionization
of air. The plasma layer, surrounding the capstde, cause communication interference or black@geaally to the
Global Positioning System (GPS). Therefore, thduatan of the plasma frequency is important, etlerugh it is not
relevant in terms of heat flux. Furthermore, simebectrical connections between the service modntethe capsule
must be ensured by umbilical electrical connectaft®r the capsule separation from the platforrmneator pins can
be exposed to the ionized layer enveloping the wapduring re-entry into the Earth atmosphere. Kledge of the
concentrations of charged patrticles, in particyasitive ions and free electrons, together withuanimer of neutral
particles, can be important to evaluate the pdgyid generate variations in the electrostatitembial of the spacecraft
surface, with respect to the surrounding plasmarenment, and/or potential variations among difféngortions of the
spacecraft that can affect the proper functioninglectric or electronic instruments.

Since both the stability and the black-out problemsur at high altitude, computer tests were cdroigt in rarefied
flow fields, therefore the use of Direct Simulatidlonte Carlo codes was mandatory. Computationpiticuum or at
low altitude €50 km) of the drag coefficient, needed for theitrgwf the re-entry trajectory (Sec.3), was caroed
for a very similar capsule by lacovazzo et. al. h$]means of a Computational Fluid-Dynamics (CFBJe; for this
reason, the same values of drag coefficient wese @nsidered in the present paper.

2. Re-entry demonstrator configuration

Figure 1 shows the outline of the satellite in dgpd configuration. The complete satellite, inchgliservice
module and re-entry module, is a cylinder with 8ddiameter and total length of 62 cm. The soliddimdentify the re-
entry module (length 38 cm), the dashed lines ifletite service module (length 24 cm). The re-entrgdule also
includes a rigid hemispherical nose (7 cm thickhva radius at the stagnation point of 19.5 cm} Térentry module
contains the payload and other subsystems needéetifomission, umbrella-like framework, ceramicrfatfor the
conical deployable aero-brake and a light-weigtmderature-resistant material (e.g. carbon fibenpmsites) for the
rigid hemispherical nose. Other subsystems incltamteinstance, linear actuators, batteries, sensec®very systems
in the re-entry module, as well as On-Board Dataadiag (OBDH), power, telecommunication, attitudentrol
systems, thermal control systems in the serviceuteod\ total mass of 15 kg and 35 kg was assumethfore-entry
and service modules, respectively.

When completely deployed, the aero-brake is a ¢@ife of 45 deg and a maximum diameter (D) of 104 The
drag and the moment coefficients are computed derisig as reference area (S) the base area (849486.8 cn%,
depending on the configuration) and as referencgtitethe diameters of the deployed aero-brake &rileosatellite
(104 or 30 cm). Table 1 summarizes some parametdtre re-entry demonstrator. The reference systasmassumed
according to Fig. 1, with the z-axis forming a tigfanded triad with the longitudinal x-axis and thdial y-axis.

It has to be pointed out that there is no ideapshar such a kind of capsule because many asp#ktence its
design like aerodynamic stability, heating, funatibity, etc. Many sphere-cone aero-brake configumatexist whose
aperture angle can be up to 60 deg. The 45 degquapengle is typical of low ballistic capsulestofidr Earth and for
interplanetary missions [7] and it is a compronbséween an efficient aerodynamic deceleration lfigber the angle
the stronger the deceleration) and longitudinabikta (the higher the angle the less stable thaildmium). For the
present capsule, the cylindrical shape providesa golution for the link and the detachment of $bevice module,
the aero-brake deployment mechanics and the hoursihg launcher ogive.



38 24

Fig. 1. Geometrical characteristics of the re-edignonstrator (dimensions are in centimeters)

Table 1: Parameters of the re-entry demonstrator

Cylinder length [cm] 38+ 62
Cylinder diameter [cm] 30
Mass [kg] 15+ 50
Aero-Brake diameter [cm] 104
Reference surface [éIn | 7097+8495
Nose radius [cm] 19.5
Reference length [cm] 30-104

3. Re-entry Trajectory

Equations 2.a and 2.b compute the trajectory ot#psule after its separation from the satellite:

dv_1pVSG g
dh_Zsiny m V
dy _ 1 g 1
%_Rsiny W@

(2.a)

(2.b)

where V is velocityy is flight path angle, g is drag coefficient, S is reference area (i.e.dhgsule base area), m is
capsule mass, g is gravity acceleration and R rgature radius of the trajectory. The inverse & thtio S@/m is

defined as ballistic coefficient (B [kg/zr}). Pressure at the stagnation point of the cap§ui@)) was preliminary
evaluated assuming a pressure coefficient of &, thu

|O(0)Er>V2 (3.3)

whereas stagnation point convective heat flg§0f ) was evaluated by the Tauber's engineering forf@jia



q(0) = 183><10‘4\/§V3 (3.b)

where r is curvature radius of the capsule noskeastagnation point. Equation 3.b provides anrexeging estimation
of heat flux. More precise values were compute®BWC (see Sec.6).

Equations 2.a and 2.b were integrated numericallya dorward scheme with a first order approximat{&uler
method). The following Eq. 4 computes the therroabl at the stagnation point Q(0):

QO) = Jq(O)dt )

where t is the trajectory travel time.

4. Direct Simulation Monte Carlo (DSM C) Codes

It is well known that the Direct Simulation Montea® (DSMC) method [9, 10, 11] is currently the mosdely
used tool for the solution of rarefied flow fielldm continuum low density (or slip flow) to freeotecular regimes.
DSMC considers the gas as made up of discrete miekedt is based on the kinetic theory of gases@mputes the
evolution of millions of simulated molecules, eamie representing a large number (sa%f’)lﬁf real molecules in the
physical space. Intermolecular and molecule-surfaalbsions are taken into account. The computatiatomain is
divided in cells, used both to select the collidmglecules and to sample the macroscopic, fluidadyin quantities.
The most important advantage of the method isitlddes not suffer from numerical instabilities ataes not directly
rely on similarity parameters (i.e. Mach and Regsahumbers). On the other hand, it is inherentsteady. A steady
solution is achieved after a sufficiently long siatad time.

The DSMC codes used in the present study are: Zidbgymmetric DS2V-4.5 64 bits [12] and 3-D DS3\62
[13]. DS2V can consider, optionally, two built-ilemical models by Gupta-Yos-Thompson [14] for &rmodel
considers air as made up of five neutral species K, O, N and NO) and 23 chemical reactions, the othedel
considers air as made up of ten reacting speciesN@ O, N, NO, O, N, O, N*, and NO) and 45 chemical
reactions. This code was utilized to study the taeronodynamic behavior of the axial-symmetric cémswith its
deployed aero-brake, during atmospheric re-ent§3\WD implements only the first Gupta-Yos-Thompsondeio The
three-dimensional model was utilized to study teedynamic stability of both the complete sateldited the re-entry
capsule after separation.

Both codes are “sophisticated”. As widely reporiedterature [15, 16, 17], a DSMC code is defirsgphisticated
if it implements computing procedures able to gnega a higher efficiency and accuracy with respec “basic”
DSMC code. A sophisticated code, in fact, consideossets of cells (collision and sampling cellsiwvthe related cell
adaptation, and implements methods promoting neaesghbor collisions. This type of code automdljcgenerates
computational parameters such as number of cetlosimulated molecules by the input numbers ofjahgtes and
of free stream number density. It uses a radiabhteig factor in solving axial-symmetric flow fieddand provides
optimal time step. Finally, the same collision peamnot have sequential collisions; this is physicempossible
because after a collision, the molecules move dawaypposite directions.

Besides being sophisticated, these codes are disneed; the user can verify that the numbers wilsited
molecules and of collision cells are adequate bgmeeof the online visualization of the ratio betwele molecule
mean collision separation (mcs) and the mean fatte (o) in each collision cell. In addition, the codeloal the user to
change (or to increase) the number of simulateceoubés during the run. The mkgatio has to be less than unity
everywhere in the computational domain. Bird [16§gests 0.2 as a limit value for an optimal quaditythe run. In
addition, the code gives the user information abloeitstabilization of the runs by means of the ifgaff the number of
simulated molecules as a function of the simuléiteé. The stabilization of a DSMC calculation ihewved when this
profile becomes jagged and included within a baefththg the standard deviation.

5. Test Conditions and Quality of the Results

The re-entry trajectory was computed from 170 kime initial conditions are: ¥=7800 m/sy=0, 2, 4 or 6 deg and
Cp=1, the latter constant along the whole trajectérgubsequent computation of the trajectory redievariable drag
coefficient as function of altitude. The environrta@parameters at each altitude were calculatea ciymputer version
of the US Standard Atmosphere 1976. Tables 2 aep@&t some input data and free stream parameteted 3-D and



2-D DSMC simulations, respectively. Velocity andiated parameters (i Res.p) are those computed by Eqg.2.a and
2.b withy=0 deg. According to Moss [18], the capsule in dgetl configuration is in transitional regime:
10°<Kn,,5<50.

The 3-D runs were performed by DS3V at the altitafie=150 km and in the angle of attack intervalGfL80 deg,
with a 5 deg spacing, for the evaluation of thescdglongitudinal stability. The 2-D runs were perhed by DS2V for
the evaluation of the capsule drag coefficient glthe re-entry path.

Table 2: Input data and free stream parameteréfied flow for DS3V simulations

hikm] | Vo [mis] | No[m®] | T.[K] | Ma Re.p KNwp

150 7800 5.1810%° 634 | 13.3 0.42 47.8
Table 3: Input data and free stream parameterr@fied flow for DS2V simulations

hikm] | Vo[m/s] | No.[m¥ | T.[K] | M., Re.p KNwp
130 7800 1.9410" 468 | 16.6 2.4 1410
110 7800 2.1410" 244 | 24.0 48 7410t
100 7735 1.1910% 196 | 27.2 339 1210°
95 7632 2.9210" 189 | 275 857 46107
88 7293 1.0%10%° 187 | 26.5 2910 1807
83 6843 2.3%10°° 193 | 245 6270 56.0°
78 6263 5.2810°° 203 | 19.7| 10951 2:40°
73 5233 1.1210% 212 | 17.9] 20850 10°
68 4109 2.2¥10% 225 | 13.6| 31645| 6x10*

The DS3V and DS2V runs were carried out with a nemdf simulated molecules of about 810° and 2.@(107,
respectively. For all runs, the codes suggestednaber of 6 molecules/cell for the adaptation preaafsthe collision
cells, while, for the sampling cells, DS3V suggdsaenumber of 30 molecules/cell, DS2V suggestednaber of about
250 molecules/cell.

Besides from the above mentioned DSMC criterior Sec. 4), the stabilization of the runs was aksified from
a fluid dynamic point of view by means of the raticthe simulated time dkto the fluid-dynamic time {}, which is the
time needed to cross the computing region at the $tream velocity. A rule of thumb suggests thétiid-dynamic
computation is reasonably stabilized whgyfL0. As reported in Table 4, even though the vafumasA for the 2-D
runs does not always satisfy the suggested linditevaf 0.2, it is less than unity up to the altiéudf 73 km, as
requested by the method, and it is only slightlghler than 1 at h=68 km. Moreover, the ratifi; tsatisfies the
stabilization criterion of the runs from a fluidtgmic point of view. These criteria are even matisfed at altitudes
higher than 100 km, therefore the parameters dt sitdudes are not reported in Table 4. All 3-Btsesatisfy the
quality requirements. As an example, Table 5 repiypiical values of both parameters, that do rgoticantly change
in the whole interval of angles of attack.

Table 4: Quality parameters for the DS2V runs

h [km] 100 95 88 83 78 73 68
mcsh 0.007 0.018 0.07 0.18 0.42 0.61 1.31
oty 10.08 9.62 23.79 19.03 14.70 10.0% 6.6(

Table 5: Quality parameters for the DS3V runs

h [km] 150
mcsA 0.03
td/ts 50.00

6. Analysis of theresults
6.1 2-D tests

Two-dimensional computations were carried out lgy[m$2V code to study the aerothermodynamic beha¥itre
re-entry capsule, in deployed configuration, afieparation from the service module, during its desinto the dense



atmosphere. As said before, for a preliminary agiajythe aerodynamic drag coefficient used in Eq.ahd 2.b was
assumed equal to 1 along the whole trajectory. ddmputation of the trajectories was then correatsishg drag
coefficients computed by DS2V at the altitudes riggmbin Table 3 and by lacovazzo [3] at altitudesaeen 10-50 km.
The drag coefficient was assumed 0.75 for altitudss than 10 km and 2.05 for altitudes higher tha® km while it
was calculated by the following equation, in thitwade interval 1&h<130 km. Figure 2(a) shows the drag coefficient
profile and the related best fit curve:

Cp=0.8432-4.719810°h+1.35110*h*-1.7869%10'h® )

where altitude h is in kilometers. The correlatmpefficient is 0.9858. Figure 2(b) shows the peofilf the ballistic
coefficient B [kg/n%] as a function of altitude. B is very low, companegith the ballistic coefficient of the current re-
entry capsules: B ranges from 8 to 22 in the irsteh®-130 km. As reported by Akin [5], typical vakiof the ballistic
coefficient range from 250 to 500 kg%rT’For example, the Dragon V1 capsule (m=3310 kg,083=1nz) [19], re-
entering from the International Space Station assiming a drag coefficient of 1, has a ballistiefticient of 308. The
very low value of B computed for the present capssildue to its small dimensions (30 cm diametéh alosed aero-
brake, 104 with open aero-brake); however, sintgpsules of larger dimensions, both deployablenfhatable, still
have low ballistic coefficients. In fact, deploying inflating the aero-brake involves a surfacaease with no mass
increment.
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Fig. 2 — Profiles of (a) drag coefficient, withatdd polynomial best fit curvex£0 deg), and (b) ballistic parameter as
functions of altitude

Figures 3(a) to 3(d) show the profiles of velodiy), Mach number (b), stagnation point pressurea(a)
stagnation point heat flux (d) along the four rérgtrajectories, computed with variable drag cméfht and with four
different re-entry angley=0, 2, 4 and 6 deg. Table 6 reports the travel tifrihe trajectories, the maximum values of
pressure and heat flux, plus the thermal load. Botissure and heat flux increase with the flighh@agle; the values
aty=6 deg are more than double than the ones@tdeg. The maximum values of these quantitiesnatbetween
h=60 and 80 km. Even though the maximum heat ftukh@ stagnation point increases withthe heat load decreases
because the travel time of the trajectory decreases

Table 6: Maximum values of stagnation point pressund of heat flux, heat load

y [deg] t [min.] Rnax [Pa] 01(0) max [kW/m?] | Q(0) [kd/nf]
0 80 2447 541 112
2 21 2696 710 82
4 18 4360 993 62
6 16 6268 1209 52
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Fig. 3 - — Influence of flight path angle on thefiles of (a) velocity, (b) Mach number, (c) statioa point pressure

and (d) stagnation point heat flux along the foumputed re-entry trajectories

Figures 4(a) and (b) show the profiles of pressand heat flux at the capsule stagnation point &snetion of
altitude, computed by the DS2V code. The free strealocity used in the computations, reported ibl&a, is related
to the re-entry path angle of 0 deg.

While conditions at the stagnation point are ndticai, because of the presence of the thermaktas rigid
hemispherical nose (see Sec.2), information aboedspre and heat flux on the aero-brake (made upboic and
supporting ribs) can be relevant. In order to yetife resistance of the aero-brake to both thedg@amic and the
thermal loads, Fig.5(a) and (b) show the pressiofig and heat flux along the aero-brake surfacie altitude of 78
km where heat flux meets a maximum value (see @§).4The shear stress is negligible; its maximuatue is 61 Pa
compared to 1375 Pa for pressure. The influenaheiical (dissociation, vibration, etc.) and iotima reactions was
also evaluated; the capsule surface was considereéetatalytic and at a wall temperature of 300 KttBfigures
clearly show that the influence of ionization orahélux is negligible, while the influence of chemal reactions is
pretty relevant. Considering that a possible falisithe 3M NEXTEL, whose maximum operating tempanetis
around 1500 K and that the supporting ribs can bderof Titanium, thermal and mechanical aero-brakéstance
requirements should be satisfied.
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Fig. 5 — Profiles of pressure (a) and heat fluxallong the capsule surface by three chemical stéiis:. h=78 km

As well known, local stiffness effects, such aswinferential and axial modes, are strongly dependeanthe
material stiffness, aero-brake or TPS boundary itiems and dimensions (e.g. thickness). Since tinggse of the
present study is to assess the aerodynamic fialdrefied regime, it was supposed that the stifr@sthe structure is
high enough to not deal with flutter effects. Treraelastic deformation was not considered becausequires an
iterative calculation scheme that involves aerodyioa and structure, but it will be the subjectwtiffe work.

Furthermore, due to the different configurationss inot possible to compare a deployable aeroéb(alich as the
structure presented in this work) with an inflaea®PS (such as the IRDT or the IRVE) in terms bfaiion behavior.
However, there are some works [20, 21] that show tte ratio of the radius of the conical shell he fTPS length
influences the flutter behavior of a conical shé&k shown in [20, 21] for simple cases (simply suped and single
layered TPS), the flutter behavior is strongly defent on the material mechanical and geometricgatigs of the TPS
(such as thickness, bending stiffness, BCs, etm)ldfger dimensions (corresponding to larger cs3uhe structure
should be more flexible but, as well known, in dyma aero-elasticity the essential point is the dimgpbetween the
unsteady aerodynamic forces and their structurae®s.o



The plasma frequencye(fGHZz]) is related to the number density of eleatr@round the capsule and is computed
by the following formula, reported by Kim et al 2R

(6)

where N, [m'?j is the number density of electrons,sthe electron chargeg is the permittivity of vacuum anddis
the electron mass. In the present applicatignMds approximated by the sum of the number deditations of all
species (@+, N2", o', N, NO+) that impacted the capsule surface. Since DS2\¢iders the gas globally neutral from
an electrical point of view, the number of catidesequal to that of electrons. As an example, Kig) &hows a
polynomial (third order) best fit curve of the el®mn number density along the capsule surface atéh&m. In the
present application flused in Eq.6, was the average value on the apstface.

According to Kim [22], the GPS black-out occurstle range of plasma frequency 0.3-3 GHz. Assuntieg t
intermediate limit value of 1.65 GHz, fig. 6(b) st that the plasma frequency overcomes the linitevan the
altitude interval 70-85 km, approximately, and ttieg maximum plasma frequency altitude is 78 kmc&ithis issue is
crucial for the success of a mission, the analysis enhanced, at this altitude, considering thecefif possible errors
of the free stream velocity (therefore of the cé@inetic energy) on the air ionization level ahén on the plasma
frequency. The effects af10% variations of the computed velocity (in thise®637 and 6889 m/s) is relevant; it
involves variations of about -60%and 90% of thespla frequency, respectively.
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Fig. 6 — Polynomial best fit curve of the electrarmber density along the capsule surface at h=78lkmand profile of
the plasma frequency as functions of altitude (b)

6.2 3-D tests

Three dimensional computations were carried outhgy DS3V code on three system configurations: iyise
module with attached re-entry module and closed-heske, identified in the figures as “closed daés| ii) service
module with attached re-entry module and open bheake, identified in the figures as “open satélli@) re-entry
module with open aero-brake, identified in the fegias “open capsule”. In order to compare the dwad) the
longitudinal moments for the three configuratioti® results are presented as dimensional for kess the dynamic
pressureMore precisely, they are shown in terms @fSesand GuzSreilrer. Lref and Sef are the reference length and
the reference surface, respectivelyssland e are the diameter and the base area of the deplgrdbrake for the
“open satellite” and “open capsule” configuratiotiee diameter and the surface of the base of thiedey for “closed
satellite” configuration. Considering that the beung of the re-entry is the most delicate phase that the service
module separates from the capsule at h=150 knarthkysis was carried out only at this altitude.

To verify the influence of the configurations onrédynamics, or of the length of the cylinder, figsii7(a), (b) and
(c) show 3-D maps of pressure on the capsule suftacthe “open satellite” configuration, for exalmpat three angles
of attack: 0, 45, 90 deg, respectively. The posgiof the gravity center (CG) and of the pressergar (Cp) are shown



in the same figures. The position of the pressarges along the x-axis moves forward with the iasgeof the angle of
attack; it moves from 0.2 m at= 45 deg to 0.13 m at= 90 deg, almost overlapping the gravity centershswn in
Fig.7(c), ata= 90 deg the service module is exposed to the fldvis alters the position of the center of pressaure
therefore the size of the moment, and increasedrde

In order to quantify the influence of the servicedule on the longitudinal moment, Table 7 repdhnts $tability
index | (I=(x.g-Xp)/Lref) for the “open satellite” and “open capsule” cgufiations. The index is slightly higher for the
“open capsule” configuration. This is probably doea backward movement of the pressure center hitgiaen the
supposed backward movement of the position of theity center. This verifies that the service ma&dptoduces a
destabilizing effect. Fig.8 shows the profiles o&gl for the three configurations. The presencehefservice module
increases the drag. For example=a®0 deg, @Sref increases from 0.58 to 0.67

(a) (b) (©)
Pressurex 102 |
N/ m? 4.0 6.0 8.0 10.0 12.0

Fig.7 — Pressure 3-D maps on the capsule surfaeg @t0 deg, (bJn=45 deg and (cx=90 deg: h=150 km

Table 7: Stability Index for two configurations

“open satellite” “open capsule”

S ™ | Xoq [ |
0.125 0.4247 0.100 0.4269
150 0.250 0.4244 0.200 0.4269
0.375 0.4242 0.300 0.4269
0.125 0.4240 0.100 0.4266
160 0.250 0.4199 0.200 0.4267
0.375 0.4253 0.300 0.4266
0.125 0.4244 0.100 0.4260
170 0.250 0.4243 0.200 0.4267
0.375 0.4243 0.300 0.4261
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Fig. 8 — Profiles of the capsule drag for the theesfiguration: h=150 km

Taking into account the reference system shownignlFa negative longitudinal moment indicates aeadown
pitching moment. Thus, the conditiony&=0 identifies a longitudinal equilibrium, while aegative value of the
derivative d@ /da identifies a stable equilibrium; the more negative derivative, the more stable the equilibrium.

The positions of the moment reduction pole, idgitd possible positions of the gravity centeggpalong the axis,
are: 0.125 m, 0.250 m and 0.375 m for the “opeeligat’ and “closed satellite” configurations and.Gn, 0.2 m, 0.3 m
for the “open capsule” configuration. Figures 9(&), (c) show the profiles of g as functions of the angle of attack
in the interval 0-180 deg. Figures clearly veriiatt

i) when the aero-brake is open, the capsule idestalforward (FWD) attitude (i.e. around zero angf attack), and
is unstable in backward (BCK) attitude (i.e. arod8) deg angle of attack), for every position & pgole. On the
contrary, when the aero-brake is closed, this hiehas met when the position of the pole is notrwead, for
example ¥g=0.375 m (see Fig.9(c)).

ii) when xg is in rearward position and the aero-brake is pfiea capsule shows extra equilibrium points. frer t
“open satellite” configuration, two extra equilibm points are located around=70 and 110 deg; equilibrium is
unstable for the first angle, stable for the second. The “open capsule” configuration shows onhg @xtra
equilibrium point aroundi=90 deg. In this point equilibrium is unstable tatde, depending on whether90 deg
is approached from lower or higher angles of att#skalready said, according to Chen at al. [6§, phesence of
these extra statically stable equilibrium pointsilddoe dangerous. In fact, for the “open satelliehfiguration, at
0=110 deg, the capsule could stabilize in a wrotitude because the stagnation point would not layhe nose
and the module, containing the payload, would bgos&d to the flow. The same occurs for the “opgrsaia”
configuration wherm=90 deg is approached from higher angles of attack.

iii) the position of the gravity center along thegosule axis influences the equilibrium stabilitye tmore advanced
this position, the more stable the equilibrium.

iv) the influence of the aero-brake is stabilizing.

Tables 8(a), (b) and (c) quantify the stabilitydelsy means of the stability derivatives. The dffefcthe aero-brake
increases the stability level by an order of magtet
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Fig.9 — Longitudinal moment (for less than dynamiessure) as a function of the angle of attackHhoze reduction
poles: (a) ¥5=0.125/0.100 m, (b)¢=0.250/0.200 m, (c)p¢=0.375/0.300 m

Table 8(a): Stability derivatives for “closed sétet configuration

Attitude Xq=0.125 m %¥q=0.250 m ¥5=0.375m
FWD -0.0009 -0.0004 0.0002
Medium FWD Il Il 1
Medium BCK Il I Il
BCK 0.0009 0.0004 -0.0002




Table 8(b): Stability derivatives for “open satigli configuration

Attitude *=0.125 m %¥=0.250 m ¥=0.375 m
FWD -0.092 -0.0056 -0.0021
Medium FWD 1 I 0.0021
Medium BCK 1 I -0.0020
BCK 0.089 0.0054 0.0019

Table 8(c): Stability derivatives for “open capsutenfiguration

Attitude %g=0.100 m ¥q=0.200 m %¥q=0.300 m
FWD -0.0099 -0.0070 -0.0042
Medium FWD 1 I 0.0024
Medium BCK I I -0.0026
BCK 0.0097 0.0069 0.0040

7. Conclusions and further developments

Deployable, or umbrella like, re-entry capsuleantts to lightness and to low construction and mamemt costs,
seem to be a viable alternative to the current Veational” capsules. The present authors alreadysdiccessful
computer tests, simulating the Earth re-entry &edMars entry of such a kind of capsule.

Tests in the present paper are aimed at providiefininary information about global parameters,hsas drag
coefficient and pitching moment, therefore at eatihg the longitudinal stability and local quamgisuch as heat flux
and pressure. The present analysis also provigeslaninary altitude interval for the GPS black-alue to plasma
frequency as well as preliminary information abtha structural and thermal resistance of the fadmmitt of the support
ribs. A more detailed analysis about the black-the, thermal and structural resistance, as wekaselastic and
vibrational effects has already been scheduled.

The 3-D tests verified that the capsule is longitatly stable and the effect of the aero-brakedases the stability
level by an order of magnitude.
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