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Abstract

The portion of space surrounding the earth
interested by man made flying crafts has
become more and more polluted: on top of
natural objects, man made debris circle the
earth at different heights. Advanced design
methodologies are now used for preliminary
design. Within these frameworks various
analysis can bring specific benefits. Evolving
from similar uses in the aeronautical field, we
have used the Zonal Analysis techniques at
conceptual level to evaluate the risks of
damages coming from impacts with debris, and
so gather evidence for internal systems
reallocation. The two cases in study are both
conceptual design developed for research
purposes at Politecnico di Torino: a trans
atmospheric vehicle and a micro satellite. The
work presents the environment, the threat and
the preliminary results of this research.

1 General Introduction

Space operations and on-orbit fragmentations
have crested a large number of man made, free
flying, uncontrolled objects. Naturd objects,
meteoroids, are aso present. The eath is
completely enshrouded in a cloud of so cdled
space debris. Figure 1 one shows a redidic
view taken from a moddling software [1]. The
meteoroids environment is farly condant with

time, while the man made debris environment
hes a more dynamic behaviour. The gpatid
digribution of cadogue orbits families is
clusered around the standard data of launch
laitudes and preferred dtitudes and inclination
bands. This, together with datistical evauations
on higorica productions of man made objects,
has provided forecasts and evaudtions of
impact patia dengties.

Figure 1. Modd of spatid digtribution of debris
(Courtesy of IFR TUBSESA)

This environment can be extremdy dangerous,
because a 1 cm gze fragment orbiting at speeds
well above 28000 km/hour, or 8 km/second,
could shater a multi million dollars multi years
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devdopment sadlite The physcs cdl the
regime above sad hypervelocity. No need for
explosve when you have plenty of kinetic
energy.

The design of spacecraft in our research group,
the Sysem Enginegring Group working a
DIASP (Politecnico di Torino), comes as a
folow up to the desgn of arcraft, and
hypersonic vehidles [2], [3], [4]. The man
research am is to deveop more efficient,
advanced and complete desgn methodologies.
Among others two are the latest design research
activities. One is the prdiminay desgn of a
sub-orbital  technology demondrator, another is
the conceptud desgn of a micro sadlite for
earth observation.

The sub-orbitd vehicle comes as an evolution of
a recent sudy [5] aming a paticipating a the
X-Prize contest. The purpose was the design
and implementation sudy of an advanced
reusable launch vehicles to let the space tourism
Start.

The sadlite is thought to be a micro sadlite
developed by a pool of universties. It would be
placed in a Low Earth Orbit (LEO), around 900
km of height, and the experiments on board
should be rdatve to eath observation. The
conceptua layout has been defined and the
outline of the proposed payloads identified.

As new tools are available they are added to the
methodology. Among these new tools and
evolving from previous knowledge is the Zond
Andyss (ZA) technique. In this context and
relative to the particular threet ZA can be used
to evduae different architecturd configurations
and internd systems layout to ensure the most
protection to minimize risks. This leads to the
goplication of techniques amilar to the ones of
vulnerability and  survivability, which ae
typicad of fighter arcraft desgn, to assess the
potential damages on the vehicle.

The maximum dtitude reached by the trans-
amospheric demonstrator would be around 120
km, thus remaining dgnificantly lower than the
inferior limit for debris tracking and modelling.
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But, as this is an evolution, of a previous design,
it will evove into a Single Step To Orbit
(SSTO) craft. So the andyss was intended to
acquire confidence with the method on this
specific gpplications.

The smdl sadlite was chosen for the andyss
because, even if the surface is smdl and o,
given a certain levd of threet, the flux of debris
is low, the economic design does not dlow for
any kind of protection. Being so smple not
much can be done as far as layout modification,
but ideas can be developed for higher class
crafts.

The purpose of this work is to show how the ZA
techniques can be goplied within the
preliminary desgn methodology, in the two
above mentioned different cases. In particular,
having an initigting fault, not coming from
internd  falure but one generated from the
outside, an impact.

2 Debrisgeneration and environment
characterization

The portion of space surrounding the earth, up
to a cetan digance from it, is “polluted” with
natural objects and man made debris.

The former have origin and didribution ather

random or predictable through cosmic laws. The

latter ones come from a variety of sources. We
remind here some of the most important ones
with abrief explanation each:

- in orbit fragmentation and callisons in
brief is what we can cdl exploson, it is
due to various reasons and as of today
records show agpproximately 160 events
of such kind. Dimensons and directions
of debris generated is variable and covers
different orders of magnitude. About
100000 of the generated quantity are
edimated to be ill in Low Eath Orbit
(LEO). One paticular kind are the
fragments due to collison between
satdlites. These are not yet a source with
ggnificant contribution to the overdl
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population. 3 events have been recorded
so far.

Solid rocket motor firings  when firing
solid rocket motors particles are expelled,
in paticular made of ALbOs3 an liner or
insulator. The paticdes sze is normdly
less then 3 om. Thee ae high
concentrations on Geo Trandfer Orbits
(GTO) and Geodationary Orbits (GEO).
50 % of the objects larger than 1 cm are
a LEO dftitudes.

Coolant release of nuclear reactors in
gace these events generate  manly
droplets of NaK wused as coolant in
nuclear reectors. Particles of coolant are
rdleesed during the gection of the
reaction core. It is necessary to open the
coolant loop during the gection of the
core.

Surface degradetion: it is due to a
multitude of factors among which ae
atomic oxygen and impinging radiation.

3 Survivability: overview of the problem

In this context survivability can be defined as
the capability of a spacecraft to withstand the
naurad and manmade hodile environment.
Naturd are the meteoroids, man-made is the
bountiful harvest of objects generated in various
ways from man-made crafts.

Before giving a brief overview of survivability,
we would like to emphasize two very important
points [6]. First, when the craft is foreseen will
operate in an environment posing threds,
aurvivability must be serioudy conddered. This
means by everybody during the early stages of
desgn. And this fits pefectly wdl with our
researches on the preiminary design and other
research works, pushing the importance of early
andyss. As per other features, implemented
thanks to engineering gpecidties, survivaility
features, can be best incorporated during the
ealy phasss. Rerdfitting in some cases might
be impossble, dways expensve. Second point,
the people working on these features must work
in close cooperation with the rest of the design

contaminated environment

team. They should be able to read the design
across al areas and suggest improvements.

3.1 Damage mechanisms

A damage mechanism can be assumed as the
physcd dexription of the tangible instrument
or messuréble quantity that will inflict the
damage upon the craft. According to the generd
classficaion the most part of the debris in orbit
can be cdlassfied as fragments, while some
should be addressed as penetrators. One damage
mechanism  can  initiadte severd  damage
processes. If we want to enhance the
survivahility of our crafts we will need to know
the nature of the damage process and the
teemind  effects caused by the damage
mechanisms. For our gpplication the traditiona
mechanians goply with very large margins as
we arein the hypervelocity impact field.

Given the dimenson and shape of most of the
debris we have conddered only fragments
and/or penetrators. The worst case assumed for
the impact incudes having wal gresses and
interaction of the fragment cloud with pressure
gas. Hence the proceses identified are as
follows

Stress  concentration around the impact
hole that can induce front sde failures.

Ablation and decderaion mechanisms
reduce the kinetic energy of the fragments.
Under cetan conditions, the fragments
energy can be completely consumed up [7].

Rear wall cratering and perforation of the
fragments can initiate crack growth due to
the dress magnification and cause
subsequently rear Sdefailure.

Shockwaves ae trangmitted from the
projectile-target interface into the pressure
gas (case of pressure vesses only). Bow
waves of the individud fragments add up to
a grong gas shock wave, which impacts the
rear wall and can cause rear Sde failures.
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4 Zonal Analysisfor spacecr afts

The forethoughts of Zond Andyss come from
two basic consderations we have made during
the development of design methodologies [8].
Digitd Mock Ups (DMU) are a relevant part of
the desgn process of new arcraft. And they
have proved extremely powerful and versatile. It
has now migrated to the design of space re-
usable vehicles and satdllites.
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From previous experiences we have redised
how inadequate FTA is to predict or discover a
certain class of sdfety threats. The limits are due
to the fact that is unable to catich the multiple
efects of falures That is fallures that
propagates to adjacent systems, causing other
sysems falures. These falures, can hence be
seen as induced falures due to the ingalation
of severd subsystems, interacting within  the
main system.

ZONAL ANALYSIS

BASIC IDEA: a component failure, beyond
functional effects, could induce damage on

of the whole system.

SAFETY study at
installation level

adjacent components could lead to the collapse |4 i

Y

each BAY is

separately considered

methodology.

bay 1 at D.M.U.C.L. level A
at detailed level
- on virtual Mock-up (simplified if
necessary); - on physical or virtual Mock-up;
bay 2 - criteria and evaluation scores
suggested by the computer, which | . gebate between Designers of
win replaces the specialists and the i .
bay i - various subsystems;
check-lists; - use of check lists.

- zonal analysis = procedure
bay n integrated in a "conceptual design”

Figure 2: ZA a the traditiond level of detail and in the context of Conceptua Desgn

The importance of the ingalaion regards in
paticular those sysems which count a great
number of components in a confined volume.
This is typicd of spacecrafts where many
subsystems share the same accommodation
volumes. This would eventudly lead to cross
damaging. Not taking into account this kind of
falures may leed to wrong results in a
preliminay andyds focused on functiond
aspects, for example by underestimaing the
number of redundancies needed or by inducing
unexpected failures.

So far, ZA techniques have been developed and
used on arcraft mock-ups, and then on

prototypes, condsting in a visud check by a
teeam comprenensve of dedgnes of Al
subsystems present in such azone

CAD tools now avalable, offer the posshility
to peform a safety zone andyss from DMU,
thereby greatly enhancing the ability to
anticipate failures.

The work carried out so far in our research has
teken the prdiminary sofety andyss a
inddlaion levd to the ealy phase of
conceptual design. Figure 2 reports an overdl
scheme of these concepts.

As gecidids ae not involved a the
conceptua desgn dage, it is impossble to
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cary out ZA in a traditiond way, 0 we
devised a different procedure to evduate the
potential hazards.

Main steps are as follows:

a. Subdivison of the spacecraft in severd
zones. This is done by CAD, "cutting" the
gpacecraft in different parts. It is possible
to draw out information on
equipmentsmodules placed in the different
zones, from DMU views, a shown in
figures 5 and 6 for the trans-amospheric
vehicle

b. The definition of the equipment/module
risk level. The operation is peformed by
the dedgners udng ther enginesring

judgement, teking into account the

fallowing:

v Probability of dynamic mechanicd
falures,

v Presence of explosion sources;

v Presence of corrosive liquids;

v Presence of high pressure vessdls or

PIPES;

v Presence of electrica devices,

v Equipment duty cycle.

Each of the aforesaid aspects receive a
score (*equipment risk score’).

c. The ddfinition of the zone rik levd: this
could be obtaned by summing the
equipment risk score and the zone basic
risk score (obtained with a procedure
amilar to the previous one, which takes
into account temperature, vibration and
shock leve, probability of externd hits,
gpplicable to the whole zone).

d. A “ddta zone risk score® (Aris) is
added to previous sum. This score takes
into account the induced risk due to the
adjacent zones.

The whole procedure to perform the Zond
Andyss a Conceptud leve is summarised in
figure 3, showing how the evdudion of “risk
by ingdlation” can be obtained.

Table 1 is an example of the coefficients,
scores criteria and other data needed to carry
out the aforesaid procedure

contaminated environment

5 Application and results

The ZA has been peformed on the two
preliminary designs available in our research
group.

The very low levd of definition of the two
desgns has not dlowed us to pinpoint
modification or radicad changes Bascdly it
has been applied to verify the compatibility
with the two desgn and have a prdiminary
idea of which could be the bay a highest risk.
As it was expected the dtudion is dightly
different in the two subject, but the principles
remain the same.

1000 1

\

800+

Risk 6004

400

200+

Figure 4 Pareto plot for risk levels

At the end of the process a visudization of the
rsk levels results can be done by means of
Pareto plot of the bays risk scores, see figure 4.
Each bay is shown with the components
divided into categories. This dlows a quick
resume of the concentration of risks.

Obvioudy, high risk concentrations have to be
avoided, by changing the layout in the DMU.
Different  layouts will undergo agan the
procedure and the find results will

give the designer information about:

v Quadlity level reached;

v" Necessity of further improvement;

v' Indication of which aess offer the
possbility of improvement.

8225



M. Gallizio, G. Sembenini, N. Viola

BAYS definition on [
DMUCL

!

Evaluation of inherent

Evaluation of

risk level of the ”?_k Olf Bay "I Risk of Bay "i",

equipment "J" |—» Re-i= f '(Temperaure, —p-| considered isolated:
installed Shoks,Vibrations, Stress,FIuids Ru, = RB—i + éij_ .
in bay i inflammable/corrosive, etC.)

Reference: Table 3

[+)
— * o)
Rm- ij = D (a k:1’6sk + int)
S ="scores" given by six subcriteria: Risk of BAY "i"
- static mechanical failures; induced by
- dynamic mechanical failures; .
- electrical power; neighbour bays
- inflammable fluids; and/or external
- corrosive fluids; )
- high pressure vessels or pipes. ones:
Reference: Table 1
— 4 R,
Dint = f(elect.power, infl/corrosive fluids, etc.) [
I
Reference: Table 2 |
D = Duty Cycle Coefficient :
| man A
| Bay "i" Risk:
o
R.=a.(P,*S.,) |
-i a i-Y i-Y =
n-| y ! ! : Ri RA-i+Rn-i
| Interface area: S, | | Permeability coefficient: P, | |
bay bay L _!
1{2]i]|n 1{2]i|n
pad 1y % Ly,
* 2| a P 2|a
8 iy R iy
& n n
Reference: Table 4 Reference: Table 5

Figure 3 Schemdtics for performing Zond Anaysis
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Table 1 Example
. . Forces or torques
i Thermal stress Relative action
Mechanical exchanged

breakdown

due to static| None | Low | High | None | Rotation | Misc. | Friction | Low | Medium| High
failures

0 1 2 0 1 2 3 1 2 3

5.1 Analysis of trans-atmospheric vehicle

The trans-amospheric vehide is shown in
figures 5 and 6. The desgn a the time we
performed the andyss cdled for an overdl
length of about 40 meters and overdl span of
about 18 meters. The propulson dements are
thought to be a mix of turbofans and rockets.
The vehicle would take off horizontaly and use
the turbofan as propulson up to the dtitude of
flignt  refudling. These  opedions ae
conducted at about 9000 meters and at a speed
of Mach 0.8. Fud condsts of LOX. After
refudling it propds itsdf up using the rockets.
For this sage the maximum dtitude ataingble
Is estimated a 120 km. In the future verson it
ghould reach the insation in LEO. During
flignt a high dtitude the ar-breathing engines
would be sedled off via dedicated vanes.
Subsequently, after payload release, if any, or
tourig time if manned with passengers it
descends to lower flight levels, until reaching
an adequate dtitude for engine redtat. This
would ultimady dlov ful  manoeuvring

capability for approach and landing.

The prdiminary zond andyss has highlighted
that the highest risk would be yielded by the
large centre body part, where the LH; tanks are
located. The gtructurdl loads have not been
assessed yet, but in order to retain the shape
and sudain the dresses during manoeuvred
flight the large centre portion will need
paticular dructurd design. The choices are
locked for this particular detall and no options
were foreseen as avalable as of the prdiminary
desgn. Stll referring to figure 4 We notice thet

the fud tanks might be modified in order not to
increese excessvely the weight due to internd
diffeners or dmilar dructures. So we have

increased, dightly the  volumes to
accommodate spherical  or dlipsoidd  tanks.
The levd of risks due to impact on

systemg(controls, etc.) has been deemed, at this
dage rdatively low, dnce they are digtributed
dl over the fusdage but in aess 4ill vey
likey to be modified. Zone 10 is suitable for
equipment, because, as of now, there is no
room for fud under pressure. Another possible
choice is to move JP4 fud tanks from zone 2 to
zone 10, consdering the advantage to have jet
engines near thelr specific fud. Third choice
would be placing the landing gear in zone 10,
but for the moment no configuraion was
defined for landing gears.

5.2 Analysis of small satellite

The micro satdlite was meant to be developed
by a pool of univerdties, where each member
would have brought its proper gpecific
knowledger. We assumed the task of the
preliminary desgn. Unfortunately due to early
suspension of the program we were not able to
findize the conceptud phase and so we used
for the andyss a very didacticad configuration
as shown in figure 7 dready subdivided for ZA.
The sadlite was thought for a Eath
obsarvation misson, orbiting in LEO a an
dtitude of no more 900 km. The mass was
edimated preiminarily to be within 25 kg. The
overd| dructure was ill under screening from
different posshbilites The only prdiminary
results we have achieved have suggested to
protect a best the opticd instruments.
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8" INTERNATIONAL SYMPOSIUM ON FLOW VISUALIZATION (1998)

Figure 6 Top view, bay subdivison for ZA on the trans-amospheric vehicle

The radiator pand, shown in figure between
the equipment has been seen reducing the risks
on the extena dde Unfortunatey the low
levedl detalls configuration did not dlow more
andyss.

6 Summary

The origind ressarch program originating this
work has now been suspended, so no further
results can be shown, but the preiminary
dispositions.

Neverthdess the man objective has been
achieved: evauate the effectiveness of ZA
outsde its traditiond, for wus fidd of
goplication. And in paticular the posshility to
implement it in our methodology for

preliminary desgn of space vehides The
results are encouraging, it is effective a our
levd of ddfinition. It is vduable for giving
directions to the desgn for survivability in a
contaminated  environment. The prdiminary
desgn, taking into account the output of the
andyds, might steer the layout of some criticd
systems.

Origindly the scope was broader, in the sense
of moddling trgectory of impact. If resumed,
the research will cover the internd dispogtion
and the most probable hit directions.
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Figure 7 Bay subdivison for smadl sadlite
payload module.

Degper andyss if deemed worthwhile,  will
cross risk anadyss techniques and Monte Carlo
smuldion with ZA.
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