IMPACT RISK ASSESSMENT FOR LUNAR MISSONS

Bunte, K.D.?V, Miller, A.Y, Hake, P., Milke, 0., Drolshagen, G.®

@ etamax space GmbH, Frankfurter Sr. 3D, 38122 Braunschweig, Germany, Email: k.bunte@etamax.de
@ ESAJESTEC, Keplerlaan 1, 2200 AG Noordwijk ZH, The Netherlands, Email: Gerhard.Drolshagen@esa.int

ABSTRACT

ESABASE2/Debris is ESA’s tod to analyse the effeds
of the space debris and meteoroid environment on
spacecaft in Earth orbit. It all ows establi shing 3D mod-
els and incorporates — amongst others — the latest mod-
els of the spacedebris and meteoroid environment.

In view of some upcoming misgons to the Moon, an
extension of the analysis capabiliti es of ESABASE2’'s
Debris applicaion was performed to be able to asess
the risk posed by meteoroid impads during the entire
misgon.

The main developments comprised the extension of the
orbit propagation capabiliti es to lunar orbits including
the consideration of severa perturbations and the im-
plementation of NASA’s LunarMEM meteoroid model
as well as the extension of the existing Griin meteoroid
model to lunar orbits.

The validation of the software was performed by means
of a comparison of the impad flux and damage asess
ment results with NASA’s Bumper software.

1 INTRODUCTION

The ‘Debris’ applicaion of ESA’s space debris and
meteoroid risk asseesament software ESABASE2 enables
the impad flux and damage analysis on a 3-dimensional
spacecaft model. It incorporates different space debris
environment models such as ESA’s MASTER model
(versions 2001, 2005and 2009, NASA’s NASA90 and
ORDEM?2000 models, as well as the Griin, the Divine-
Staubach and the MEM meteoroid models. Impad
fluxes are cdculated on al surfaceelements of the geo-
metricd model by means of a ray-tradng algorithm
under consideration of shadowing by other spacecaft
comporents[1] [2] [3] [4].

The software comes with an easy-to-use graphicd user
interface which provides input editors for the spedfica
tion of the misson to be analysed, for the definition of
the debris and meteoroid models and analysis parame-
ters. The geometricd model can either be established
within ESABASE2, where the user can seled basic
objed shapes from a comprehensive shape palette, or by
an external CAD todl. In the |atter case the model can be
imported into ESABASE?2 using the STEP interface
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flux, number of impads, failure flux, number of fail-
ures, etc.) are provided superimpased on the 3D geo-
metrica model, 2D diagrams and in tabled listings. In
addtion, the environment model charaderistics are
provided by means of 2D charts. All figures and charts
can be exported.

The latest release of ESABASE2/Debris is applicable to
Earth orbits only. Consequently, the tod could not be
applied to lunar orbits or interplanetary trajedories.

The objedive of the adivity described in this paper is
the extension of the analysis cgpabiliti es to any misson
to the Moon Two main tasks needed to be acom-
plished:

¢ Implementation of lunar orbit propagation ca-
pabiliti es including relevant perturbations.

¢ Implementation of lunar meteoroid enviror-
ment models.

Following the software design and implementation
phases, a comprehensive verificdion and validation of
the new capabiliti es was performed.

2 ORBIT PROPAGATION

The orbit generator used within ESABASE2 is the nu-
mericd propagator SAPRE [3].

The equation of motion is integrated with 4™ order
Runge-Kutta with fixed step size Osculating elements
describe the motion of the spacecaft. SAPRE is a gen-
eral purpose orbit propagator, thus it is nat limited to a
spedfic orbit type.

The perturbations due to the first few harmonics (except
sedoral) of the Earth's gravity field and the perturba-
tions due to Sun's and Moori's gravity fields can be
considered. Also the air drag and the solar radiation
presaure consideration are posshle.

The orbit generator is extended to allow the usage of
different constants for the centre of motion. In this way
propagation of unperturbed lunar orbits can be per-
formed.

The consideration of lunar spherical harmonics is based
on the equations 8-25 and 8-27 of [8], with the maxi-
mum of 8 for degree and order. The used coefficients
are taken from the Goddard Lunar Gravity Model-3.

The consideration of the 3 body perturbation is ex-



tended to allow the applicaion to lunar orbits. The se-
lenocentric positions of the cdestial bodes (Sun and
Earth) to be considered and the correspondng gravity
constants are required as inpu for the generic part of the
perturbation caculation. The rotation of the position
vedors to the selenocentric frame is dore acrding to
[10].

3 METEOROID MODELS

3.1 Grin

The Grin meteoroid model is an omni-diredional, in-
terplanetary flux model of the sporadic meteoroid envi-
ronment. It represents the total meteoroid flux at 1 AU
distance from the Sunin the ediptic plane in absence of
the Earth [1].

The Grin meteooid model is used as is, however the
focusing and shielding formulaewere extended.

The focusing effed cdculation is expressd in Eqg. 1.
The cdculation of the shielding effed is represented in
Egs. 2 and 3. The Earth equator radius is augmented by
100km atmosphere height. Further information can be
foundin [1].

Re + HAtmo

G.(h) =1
() + R.,+h

(1)
Hamo = 100km (Earth)
Hamo = 0 km (Moon)

with the focussng fador G, the central body radius Re,
the objea altitude abowe the surface h and the radius
augmentation due to the Atmosphere Haro-

The equations for the shielding fador # are given in the
following:
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The body radius R and the radius augmentation Hagmo,
are extended to be arguments to the computation rou-
tinesinsteal of fix Earth’s constants.

The Taylor HRMP velocity distribution [11] is aso
extended to be used on lunar orbits. It describes the
meteoroid velocity distributionat 1 AU from the Sunin
absence of the Earth’s mass For the consideration of the
influence due to the Earth, the distribution is re-binned
based on the bodys radius and gravity constant, as
given in [1]. The re-binning is modified in a way that
allows varying the used constants of the cdestial body.

Thus the re-binning can be dore based on the lunar
constants if the distribution is applied to orbits around
the Moon

3.2 MEM and LunarMEM

NASA’s Meteoroid Engineaing Model (MEM) applies
a physic-based approach for the modelling of the spo-
radic meteoroid environment. It is validated against
radar observations. MEM provides the flux and velocity
distribution of the meteoroids within the inner solar
system (from 0.2 to 2.0 AU). The flux is computed for
the mass range 10° g to 10g and the gravitational fo-
cusing and shielding effeds are considered. Further
information can be foundin [5].

LunarMEM is a MEM version, which is tail ored to the
vicinity of the Moon It is applicable to Moon orbiting
misgons up to a distance of ca 66000km from the
Mooris centre [6]. Further charaderistics such as the
particle density of 1 g/cm?® and the mass range are co-
herent to MEM.

The implementation approach of LunarMEM s oriented
on the approach used for the arealy implemented
MEM version that is tail ored to the Earth. Fig. 1 depicts
the flow chart of the approadch of the LunarMEM model
implementation into ESABASE2/Debrris.
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(Read setup file for LunarMEM
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Figure 1. Flow chart of the LunarMEM implementation

The LunarMEM applicaion isinvoked througha single
point interface'e_Imem’.

Before the geometricd analysis is performed, the left



branch (‘SR mdgeonT) is passd. In this brunch the
setup and inpu files for the LunarMEM applicaion are
written and the exeautable, provided by [6], is started to
generate the flux distribution. The LunarMEM result
files, which provide the 4-dimensional distributions
(azmuth, elevation, velocity, flux), are parsed and
stored into the appropriate ESABASE2 arrays. In this
way the information is provided for the flux and damage
anaysis.

During the analysis phase the right branch (‘ SR loopra’)
is cdled. In this branch a random impad diredion is
generated based on the flux spedra stored in the ESA-
BASE2 arraysin the ealier phase.

The used output resolution of the meteoroid flux direc
tion and velocity of the LunarMEM applicdion is
5 deg x 5 deg x 5 km/s (azmuth, elevation, velocity).

4 VALIDATION

4.1 General

The development and extension adivities of the ESA-
BASE2 software are foll owing the test-driven develop-
ment approach. Automated test cases are establi shed for
ead function of the software before the adual devel-
opment. The function development is considered as
finalised if the test cases are running succesdully. This
alows effedive automated regresson testing of all
software comporents. More than 1000 automated test
cases exist for the complete ESABASE2 software. The
regresson tests are performed on a daily basisin a con-
tinuows integration process

In addition to the automated tests, a separate manual
validation test cases for al implemented functionality is
performed (e.g. orbit propagation, pointing vedor com-
putation and LunarMEM exeaution).

In the following sedions a variety of validation cases
are presented.

4.2 Sun'sand Earth’s position vectors

The implementation of the 3" body perturbation cdcula-
tion is mostly generic. Thus the individua inpus, the
position vedors of the considered cdestial bodes, have
to be validated. These paosition vedors cdculations are
also used for the pointing fadlity, which allows to align
the axes of a spacecaft or even of certain comporents
of it towards pre-defined or user-defined diredions.

To validate the cdculated position vedors in the seleno-
centric coordinate system spedal events were used.
These events are listed in the foll owing:

« A solar edipse nea the equatorial plane (14"
December 2001,

e 5 full moon phases within the duration of one
yeda, in the yeas 2013 and 2014 nea equi-

noxes and solstices,

e 4 moon phases during a month (full moon, last
quarter, new moon, first quarter) and the fol-
lowing full moonphase.

During the solar edipse the Moonis between Sun and
Earth. For this constell ation the x- and y-comporents of
the unit pasition vedors of Sun and Earth are expeded
to have nealy the same absolute value (one pasitive,
one negative). This was the case for the test. A further
expedationis that the differences of the comporents of
the unit position vedors of Sun(s) and Earth (€) shall
cross zero (exadly the same absolute values) at the
same epoch. This epoch shall be rougHy the greaest
edipse, which was at 18975869406 Modified Julian
Day 195Q The fulfilment of this expedation can be
seainFig. 2.
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Figure 2. Solar eclipse near equator (greatest eclipse at
Modified Julian Day 1950 of 18975.869406

During a full moon phase the Earth is between Sun and
Moon For such constell ations the x- and y- comporents
of the unit position vedors of Sun and Earth are ex-
peded to be aimost the same in the selenocentric frame.
The expeded correlation of the values is depicted in
Fig. 3.
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Figure 3. Sun and Earth unit vectorsin selenocentric
frame for the full moon phases: 2013-03-27, 2013-06-
23, 2013-09-19, 2013-12-17, 2014-03-16

Also the Moon phases during one month showed the
expeded behaviour. Due to the fad that the Earth is
orbiting the Sun, deviations compared to expeded val-
ues for a stationary Earth have to be expeded. These
deviations could be nealy eliminated considering the
angle between the Sun positions for the different epochs
(simplified approad).

4.3 LunarMEM

To validate the implementation of LunarMEM, a cube
with an edge length of 1 m on two lunar orbits was ana-
lysed. The flux distributions provided by the Lunar-
MEM stand-alone application and the ESABSE2/Debris
software using the implemented model for these two
constell ations were compared. The tests were also per-
formed with different number of rays (100, 500, 100Q
5000 100009 for the ESABASE2 analysis.

The analysed lunar orbits are:

e Circular, pdar, atitude=100km;
e Circular, incl. = 30 deg, dtitude = 300km.
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Figure 4. Normalised azimuth distribution of the
LunarMEM stand-alone and ESABASE?2 applications
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Figure 5. Normalised elevation distribution of the
LunarMEM stand-alone and ESABASE?2 applications

LunarMEM, velocity distribution (nor malized),
PLO orbit, 10000rays

1,20

100 - =V elocity ESABASE? ||
’ =/l ocity LunarM EM

0,80

0,60 Il \\

0,40 I

0,20 /

0,00

0 10 20 30 40 50 60 70 80 90 10
velocity [km/s]

flux / frequency (nor malized)

Figure 6. Normalised elevation distribution of the
LunarMEM stand-alone and ESABASE?2 applications




Fig. 4 illustrates the very good compliance of the az-
muth distributions provided by LunarMEM stand-alone
and ESABASE2 analysis with 10000rays for the lunar
polar orbit. As expeded the curve of the distribution
adhieved from the ESABASE2 analysis with 10000rays
shows the smoothest progress due to the minimised
statisticd effeds. In Fig. 5 the elevation distribution for
the same analysis of the lunar pdlar orbit is shown. The
Fig. 6 depicts the very good compliance of the velocity
distributions for the analysis.

4.4 1ADC test cases
4.4.1 General

The validation of the flux and the fallure results
achieved with the MEM models for an abstraded lunar
misson is based on the tests defined in the IADC Pro-
tedion Manual [9].

The ESABASE? results are compared with the results
provided by the Bumper software [7]. Bumper is a toal
for the flux and damage assesanent used by NASA. For
the Bumper analyses, the low Earth and low lunar orbits
were represented by state vedors with ten minutes in-
tervals, which were analysed. The highly dlli pticd orbit
was described by state vedors with 60 seconds intervals
for one yea. For the latter orbit 4000randamly seleded
points were used for the analysis.

The implementation of both applicaions (ESABASE2
and Bumper) was performed completely independent.
Thus it is very likely that they are using different flux
and damage assessment algorithms. On the other hand
both tools can be used with the same meteoroid models,
MEM and LunarMEM, athoughthe implementation of
the use is different.

4.4.2 Test definition and execution

The definition of the tests for an abstraded lunar mis-
sion is based on the spedfication in [9] and agreed with
NASA [7].

The following two geometries are tested:

e Cube, edgelength of 1 m;
e Sphere, 1 m2 crosssedion (1.1284m diameter)

The following three orbits are used to abstrad the lunar
misgon:

e Earth orbit (1SSlike orbit), asdefined in[9]:
o Circular
0 Altitude=400km
0 Inclination=51.6 deg
0 Other angles=0.0 deg
e Transfer orbit, acordingto [7]:
Highly elli pticd orbit
0 Perigee=400km
0 Apogee=400000km
0 Inclination= 285 deg

(o]

0 Other angles=0.0 deg
e Lunar Orbit, acordingto [7]:
o Circular
0 Altitude = 100km
0 Inclination= 90 deg (pdlar)
0 Other anges= 0.0 deg

The used meteoroid density is adjusted to 1 g/cm? for all
particles.

The used wall material is Al 6061-T6 with the following
properties, as described in [9]:

e Brindl hardness= 95
¢ Density =2.713g/cm?
¢ Sped of sound=5.1 km/s

The balli stic limit equations are used as parameterised
formulations in the ESABASE2/Debris applicaion. The
parameterised single wall equation is given in Eq. 4.
Tab. 1 lists the shield configuration dependant parame-
ters of the equations as well as thase parameters, which
vary during the analysis, e.g. impad velocity or impad
ange.

Table 1. Shield configuration dependant and varying
parameters of the damage equations

Symbol | Unit Description
dp jim [em] Criticd diameter for penetration
ty [cm] Thicknessof target
K [ Charaderistic fador
Po Pp [g/cm?] | Density of target, particle
v [km/s] | Impad velocity
a [ Impad angle
1
te 4
dp,lim = (4)

Kf.Kl.pg.vy.(cosa)f.pi

Table 2. Sngle wall equation parameters

Kt Ky A B | g K

1.8, | 05665 | 1.056 | 0.5 | 0.6667 | 0.6667 | -0.5
22

The parameters of the single wall equation as applied
for the tests are listed in Tab. 2. K; = 1.8 was used for
the perforation case and K; = 2.2 for the test case con-
sidering a minimum crater depth.

The test cases defined in the following list are per-



formed:

e Number of impads of particles with
d>0.1mm

e Number of impads of particleswithd > 1.0 cm

e Number of impads resulting in craters with a
crater depthp>1.0 mm

e Number of penetrations of a singe wall struc-
ture: ‘Single’, 1 mmwall thickness

The MEM model considers a seasonal dependency of
the meteoroid flux. To average out this seasonal de-
pendency (as dore for the Bumper runs) 12 ESABASE2
runs at different epoch of the yea were performed for
ead test with MEM or LunarMEM. The average of
these 12 individual results is compared with the Bumper
results.

The Earth and lunar orbits are described by 4 orbital
points. The highly ellipticd orbit with 4 orbital points
showed higher differences from the Bumper results than
the other orbits, thus the tests were repeded with
16 points describing the orbit.

The minimum particle mass considered by MEM is
10° g. Considering a material density of 1 g/cm?, this
corresponds to a minimum particle diameter of
0.12407mm instead of the 0.1 mm as defined for the
first test. To adhieve the desired flux for this test case
MEM and LunarMEM results have to be scded. With
the information provided by NASA [7], a corredion
fador of fere = 1.74866 could be cdculated for the
flux with a lower particle diameter of 0.1 mm. The
equations for the cdculation of the fador are expressd
in Egs. 5 and 6.

— 1()2.994350-1073 —-2.662014-x
fcorrect =10 -10

. 10—1.059993-)(2

. 10+0.397943-x3 (5)
. 10—0.057949-x4

where,

(6)

-l
X = 10810\5.012407 cm

withd <3 cm.

4.4.3 Results

The results of ESABASE2/Debris analyses are com-
pared with the Bumper resultsin Tab. 3.

The result differences for the cube geometry on a low
Earth and on alow lunar orbit, which are described by 4
orbital points, are lessthan 6 %. Using 4 orbital points
for the highly elli pticd orbit, too, showed result differ-
ences lessthan 10 %, but higher than the diff erences for
Earth and lunar orbits. Thus the tests were repeaed with

16 orbital points for the highly ellipticd orbit. The re-
sults are presented in Tab. 3. Obviously a much better
compliance with the Bumper results could be achieved,
if the orbits are described by 16 orbital paints.

Similar results are obtained for the tests with the sphere
geometry.

Table 3. Cube results of Bumper [7] and ESABASE2 for
Low Earth (4 points), Low Lunar (4 points) and highly
eliptical (16 points) orbits

Test cases | BUMPER | ESABASE2 | diff [%]

" d>01mm| 1.929E+01| 1.93E+01| -0.16
g = |d>10cm | 128%-06 1.26E-06| -2.09
W5 |p>10mm| 137801 1.34E-01| -2.47
singe 8.807E-01 853E-01| -3.18

- d>0.1mm | 9.555%E+00 9.71E+00 1.59
4 |d>10cm | 6.387E-07 6.36E-07| -0.42
2 |p>10mm| 6.89%E-02 7.29E-02| 5.73
B nge 4.388E-01 460E-01| 488
o |d>01mm| 1408E+01| 1438E+01| 213
¥ |d>10cm | 941%07| 942%F07| 011
2 |p>10mm| 1045-01| 1.046E-01| 0.10
= |singe 6.651E-01| 6.618-01| -050

Fig. 7 provides the comparison of the number of im-
pads on the 6 sides of a cube cdculated with ESA-
BASE2 and Bumper. The number of impads is com-
puted for the test withd > 0.1 mm.

Figure 7. Comparison of ESABASE2 (E2) and Bumper
results on the sides of a cube

An excdlent corresponcence can be seen for low Earth
(LEO) and low lunar orbits (LLO) in the chart. The
distribution results of the highly ellipticd orbits (HEO)
also show a very good correspondence. It is assumed
that for this speda orbit more orbital points and poss-



bly more considered epochs of the yea are required to
get an even better corresponcence of the results for the
individual sides of the cube.

5 SUMM ARY AND CONCLUSIONS

ESABASE2/Debris now offers the cgpability to perform
a spacedebris and meteoroid impad risk assessnent for
lunar missons. Such misson can be represented either
by any number of different orbits (e.g. ISS like LEO,
highly ellipticd and lunar orbit), or by up to 100 state
vedors provided via an externa trgjedory file. Main
development steps were

e the extension of the orbit propagator to lunar
orbits acampanied with the implementation of
the respedive reference frames and pointing
cgpabiliti es, and

e the implementation of NASA’s LunarMEM
meteoroid model as well as the extension of the
appli cability of the Griin meteoroid model.

Besides the verification of al new feaures by means of
unit and integration test cases, a comprehensive valida-
tion was performed via a comparison of the results of
ESABASE2 and NASA’s Bumper software. This com-
parison reveded an excdlent correlation of the im-
pad/failure analysis results for al threeanalysed orbits,
two different target shapes and also for the six faces of
an Earth/Moonoriented orbiti ng cube.

The upcoming release 6.0 of ESABASE2/Debris will
provide the full lunar misson analysis capability as well
asal feaures alrealy avail able in the previous releases.
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