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Abstract Interplanetary meteoroids and space debris can impact satellites orbiting the Earth or spacecraft trav-
eling to the Moon. Targeting China Space Station (CSS), 7 satellites selected from the constellation of Beidou Nav-
igation Satellite System Phase III (BDS-3), and 3 spacecraft orbiting the Moon, we have adopted in the paper the
Meteoroid Engineering Model 3, Divine-Staubach meteoroid environment model, and Jenniskens-McBride mete-
oroid steam model to analyze the meteoroid environment with the mass range of 10 °~ 10 g. Orbital Debris Engi-
neering Model 3.1 space debris model is used to analyze the orbital debris environment faced by these satellites.
The flux of space debris with a size larger than 100 um is compared with that of the meteoroids. The results show
that the space debris flux encountered by China Space Station is much higher than that of the meteoroids with sizes
in the above range. And quite the opposite, the meteoroids flux impacting the 7 satellites from the BDS-3 is higher.
Upon adopting the double-layer Whipple protection measure, the catastrophic collision flux of these satellites en-
countering meteoroids is about 10°® times of that without protection, or even less, implying that the Whipple pro-
tection effectively guarantees the safety of the satellites in orbit. Besides, it is also found that the flux of the high-
density meteoroid population encountered by each satellite is greater than that of the low-density population,
whereas the impact velocity is lower for each satellite. These results can aid the orbit selection and the protection
design for satellites and spacecraft.

Key words Meteoroid environment model, Space debris model, Ballistic limit equation, Impact risk assessment
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0 Introduction flux of meteoroids is relatively stable over time, and the

amount of space debris increases with the increasing hu-
In the Earth’s orbit space, the spacecraft is impacted by ~ man space activities, especially the deployment of large
both meteoroids and space debris, while in the Moon’s constellations in recent yearsm. European Space Agen-
orbit space, it is mainly impacted by the meteoroids. The  cy (ESA) estimates that the number of flying objects in
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outer space can be about 130 million in 2019%), and with
the current space debris status and scheduled space mis-
sions, fragmentations increase the cross-section of satel-

lites on orbit!™

, and the collision probability will rapidly
rise every 7 years'". Thus, to ensure the sustainable de-
velopment of the space environment, meteoroid and
space debris mitigation measures are needed to take, and
the impact risk of meteoroids and space debris also
needs to be assessed".

Currently, the meteoroid and space debris models
or software tools that are widely used include Meteoroid
Engineering Model (MEM), Bumper, Orbital Debris En-
gineering Model (ORDEM), Meteoroid and Space De-
bris Terrestrial Environment Reference (MASTER), and
Debris Risk Assessment and Mitigation Analysis (DRA-
MA). Cooke et al® used MEMR2 and ORDEM 3.0
models to analyze the flux of meteoroids and space de-
bris penetrating 1 mm thick aluminum plates in 6 direc-
tions of spacecraft in the Earth orbit space. They found
that the penetrating flux of meteoroids on the surface
facing the zenith is greater than that of space debris
while, the penetrating flux of space debris on the sur-
face facing the ram, port and starboard is higher than
that of meteoroids between 250 km and 2500 km. Moor-
head et al.!” used the later models, i.e. MEM 3 and OR-
DEM 3.1, addressing a similar problem and found that
the penetration rate of meteoroids varies by an order of 2
in magnitude whereas the space debris penetration rate
changes by an order of 7 in magnitude between the or-
bits from 100 km to 100 000 km.

Krag et al™ investigated the impact of micro-mete-
oroid and orbital debris onto a solar array in 2017. Hoff-
man et al.” used the Bumper-3 code to assess the fail-
ure of Extravehicular Mobility Unit (EMU) for Extrave-
hicular Activity (EVA) on International Space Station
(ISS) caused by meteoroids and space debris''”. Further,
they employed MEM 3 and ORDEM 3.1 to assess the
damage risk of EMU, and found that for a period of 6.5
h EVA, the impact damage risk is rather small. Evans et
al"" provides an overview of the modeling theory and
functionality of the Manned Spacecraft Crew Survivabil-
ity software code, which is used to predict the probabili-
ty of several outcomes of micrometeoroid and orbital de-
bris penetration for ISS. Actually, according to the mea-
sured value, the damage found in post-flight inspection

of the Pressurized Mating Adapter cover and the re-
turned airlock shield panels of ISS is consistent with the
predicted results of the Bumper 3 risk assessment code
using the ORDEM 3.0 and MEMR2 models"”. Addi-
tionally, Lorenzo Olivieri et all™ performed the space
debris assessment for the large constellations in Low-
Earth Orbit, and found that reducing the lifetime of indi-
vidual satellites in a constellation would cause an over-
all increase in the total number of uncontrolled resident
objects.

Currently, few researchers have systematically as-
sessed meteoroid risk for satellite constellations. There-
fore, operational satellites and spacecraft including the
China Space Station (CSS) in Low Earth Orbit (LEO), 7
satellites in the satellite constellation of Beidou Naviga-
tion Satellite System Phase III (BDS-3), and 3 satellites
orbiting the Moon orbit are tested against a variety of
meteoroid and space debris models in this paper. MEM
3, Divine-Staubach meteoroid environment models, and
Jenniskens-McBride meteoroid stream model are used to
compute the meteoroid flux encountered by each satel-
lite. The double-layer Whipple protective structures are
considered. ORDEM 3.1 model is used to generate the
space debris environment for the 8 satellites orbiting the
Earth. Both the fluxes of meteoroids and space debris
and the impact risk assessments are compared and ana-
lyzed, which can provide support for spacecraft struc-
ture and orbit design as well as on-orbit maintenance.
One application is the installation of the ISS protective
shields based on the calculated risk assessment data to
help enhance spacecraft protection in the maximum risk

[14]
zones™ .

1 Meteoroid Environment Model and
Impact Risk Analysis Method

In this section, we briefly discuss the meteoroid environ-
ment models that we have adopted to analyze the envi-
ronments faced by the 8 satellites in the Earth’s orbit
space and the 3 satellites in the Moon’s orbit space. All
the satellites are developed in China, and the 8 satellites
orbiting the Earth are currently in operation.

1.1 Meteoroid Environment Model

Meteoroids are granular particles in the interplanetary
space orbiting the Sun, generally including sporadic me-
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teoroids, meteoroid streams, efc. A complete meteoroid
environment model includes: (1) mass-density distribu-
tion, (2) velocity distribution, and (3) flux-mass/diame-
ter distribution. The meteoroid flux F is defined as the
number of particles with mass greater than m passing
through any configuration surface per square meter per
year generally (m >+ a '), which refers to the average ac-
cumulation number of sporadic meteoroids and mete-
oroid steam. In this paper, MEM 3 and Divine-Staubach
meteoroid environment models are selected. MEM 3 can
be used to analyze the flux and impact velocity varia-
tions of meteoroids in all directions of the spacecraft and
the Divine-Staubach model can be used to calculate the
catastrophic collision flux and penetrating flux of mete-
oroids. The results are compared to those obtained from
the Jenniskens-McBride meteoroid stream model.

The MEM developed by NASA is based on meteor
radar observations, lunar impact craters and zodiacal
light observations. It’s a parametric model of the spatial
distribution of sporadic meteoroids in the solar system
from 0.2 to 2.0 AU. NASA released MEM 3.0 in
2019""! which models meteoroids with mass ranging
from 10°° to 10 g. MEM 3 divides the meteoroid envi-
ronment into two populations: the high-density popula-
tion consisting of helion and anti-helion meteoroids with
a density of about 3.8 g~cm73, and the low-density popu-
lation with a density of about 0.85 g'cm73, with the lat-
ter composed of toroidal and apex meteoroids el Ac-
cording to the output results of MEM 3, this paper main-
ly discusses 9 directions: ram, wake, port, starboard,
zenith, nadir, Earth/Moon, Sun, and anti-Sun.

ESA’s MASTER assesses the influence of these
particles on space missions by simulating known debris
and meteoroids in the Earth space[”]. ESA released
MASTER v8.0.3 in April 2022, which improves the au-
[18], and embeds both the Divine-

Staubach meteoroid environment model (denoted by

tomation significantly

D-S) and Jenniskens-McBride meteoroid stream model
(denoted by J-M) %1 Jenniskens and McBride estab-
lished the J-M meteoroid stream model based on naked-
eye and photographic observations of amateur as-
tronomers around the world from 1981 to 1991°% In the
D-S model, the average density of meteoroids originat-
ing in asteroids is about 3.5 g~cm73, and the density p of
meteoroids originating in other parent bodies is given by

Chin. J. Space Sci. ZIAFAFFIR 2023, 43(4)
2.0, m<107¢;
p=< 10, 107°<m <1073 (1)

0.5, m>10""2.
Here unit of p is g'cm%, and m is the mass of the mete-
oroid (unit g).

NASA’s ORDEM can be used to describe the space
debris environment faced by spacecraft and can give the
flux data of space debris at 6 different sizes. NASA re-
leased ORDEM 3.1 in December 2019 which uses the
latest and highest-fidelity datasets derived from radar
and optical detections and in situ detections”'!. The
model uses state-of-the-art analytical techniques to up-
date the model population[zz]. ORDEM 3.1 categorizes
space debris into 5 types: intacts, low-density fragments,
medium-density fragments and microdebris, high-densi-
ty fragments and micro debris, and sodium-potassium
eutectic coolant droplets for Radar Ocean Reconnais-
sance Satellite reactors. The densities are about 2.8, 1.4,
2.8,7.9and 0.9 g-cmfs, respectively.

In fact, meteoroids with a mass smaller than 10°° g
have a very small possibility of causing damage to
spacecraft in orbit. According to the limiting conditions
of the mass of the meteoroid in each model, the mete-
oroid environment with mass ranging from 10° to 10 g
will be discussed in the risk assessment of the space-
craft. And based on the output results of each model, the
particle velocities discussed in this paper are relative to
the spacecraft unless otherwise specified.

1.2 Ballistic Limit Equation

The expected damage on a satellite surface as the result
of a meteoroid or space debris impact can be assessed
through empirically derived design equations by provid-
ing crater depths or diameters as a function of the parti-
cle propertiesm]. The Ballistic Limit Equation (BLE) de-
fines the failure limit of the spacecraft structure on the
basis of the properties of the particles, and is used to cal-
culate the critical particle diameter (that is, particles with
the velocity v, the impact angle a, and the diameter
greater than d; colliding with the protective layer will
penetrate) 4 BLE can be divided into single-layer BLE
and multi-layer BLE. In this paper, the satellite protec-
tion type is set as double-layer Whipple plate protection,

and its BLE uses the Christiansen equation [23l,
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Where d_ is the critical particle diameter in cm; the sub-
scripts p, s, and b denote the parameters of the particle,
the first protective layer, and the second rear wall (bulk-
head), respectively; ¢ is the thickness of the plate in cm;
p is the density in g-cmﬁ3; o is the yield strength of the
rear wall in MPa; a is impact angle, in degree; v is the
impact velocity in km's and v,=vcosa; S is the dis-
tance between the first protective layer and bulkhead, in
cm.

Some of the above models use size as one of the pa-
rameters, while others use mass. In order to facilitate the
comparative analysis, this paper assumes that the shape
of the meteoroid is spherical, so the mathematical ex-
pression of the relationship between the mass and diam-

eter of the meteoroid is as follows *%':

_ prd®

Therefore, the critical particle mass m. can be calculated
according to Eq.(2) and (3). Similar to d,, m. means that
a particle with mass greater than or equal to m,. will pen-
etrate when impacting the protective layer with the ve-
locity v and the impact angle a.

1.3 Impact Risk Analysis Method

Particles with high velocities, when colliding with
spacecraft produce large impact energy. For instance, the
energy of a particle with a mass of 1 g, whose speed is
10 km's ',
falling from a height of 5 m for CSS 7 When assess-

is equal to the load energy of a mass of 1 ton,

ing the risk of spacecraft caused by meteoroids or space
debris, the Energy-to-Mass Ratio (EMR, the symbol E is
employed as a representation for the acronym EMR
here) can be used to measure whether or not an impact is
a catastrophic collision event. If the value of EMR is
greater than 40 000 J -kg’l,

pact event is a catastrophic collision. The mathematical
[28].

it is considered that the im-

expression of EMR is given by

2
m,v

B="0 (4)

2m

Here m,, is the mass of the particle; v is the velocity of
the particle impacting the spacecraft; mg is the mass of
the spacecraft; the unit of EMR is J 'kgfl.

It is assumed that the probability of the spacecraft
experiencing particle impact follows Poisson distribu-
[29]

tion “, i.e. the probability P of the spacecraft encoun-

tering » times of collision is given by

N
and
N = FAT. (6)

Here N is the average number of collisions between
spacecraft and particles; F is the flux of spacecraft en-
countering particle impacts; A is the impact cross-sec-
tional area of the spacecraft; 7 is the operating time of
the spacecraft. For the convenience of comparison, this
paper assumes that the impact cross-sectional area 4 of
the spacecraft with the meteoroids or space debris is 1
m’, and the time T of the spacecraft is 1 year.

Thus, the probability that a spacecraft does not col-
lide with any particles (#=0), in other words, the proba-

bility of non-impact is
PN = e_N. (7)

Hence, the probability that a spacecraft collides at least

once is

P]:17PN:17€7N. (8)

2 Meteoroid Risk Assessment
for Spacecraft
In this section, we discuss in detail the meteoroid envi-

ronment faced by the 11 satellites mentioned in the last
section.
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2.1 Satellite and Its Parameters
It is crucial to analyze the meteoroid environment that
CSS may experience because the potentially hazardous
granules can not only damage the structure of the sta-
tion but also threaten the health of the astronauts con-
ducting EV As. Satellites with three different types of or-
bits are selected according to the distribution of the
BDS-3 satellite constellation. Figure 1 shows the sche-
matic of these satellites: BEIDOU-3 G3 with catalog
number 45807 (referred to as G3) in Geostationary Earth
Orbit (GEO); 3 satellites BEIDOU-3 IGSO-1, BEIDOU-
3 IGSO-2, and BEIDOU-3 IGSO-3 with catalog number
44204, 44337, and 44709 (respectively referred as I1, 12,
and I3) in Inclined GeoSynchronous Orbit (IGSO); and
3 satellites BEIDOU-3 M20, BEIDOU-3 M22, and BEI-
DOU-3 M24 with catalog number 44865, 44794 and
44543 (respectively referred as M20, M22, and M24) in
Medium Earth Orbit (MEO). Their characteristic param-
eters are shown in Table 1.

In the Moon’s orbit space, 3 kinds of satellites
(MO1, MO2, MO3) in 3 orbits are selected to test
against the above models. In the Moon J2000.0 coordi-

Fig. 1 Schematic of the BDS-3’s satellite constellation
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nate system, their characteristic parameters and initial
state are shown in Table 2, which are based on the or-
bital parameters of the Chang’E-1 spacecraft, Chang’E-2
spacecraft and Chang’E-5 spacecraft respectively.

It is assumed that the velocity of the particles is
perpendicular to the spacecraft surface, i.e. the impact
angle o = 0°. When the satellite adopts double-layer
Whipple plate protection, the first protection layer is set
as a 0.1 cm thick aluminum plate (Al-6061-T6) and the
second layer (bulkhead) is set to 0.2 cm thick aluminum
plate (Al-6061-T6), placed 0.5 cm apart B9 The materi-
al properties of Al-6061-T6 are shown in Table 3 B,

2.2 Meteoroid Flux Calculated by MEM 3 Model
The output file of MEM 3 divides the meteoroid envi-
ronment of mass ranging from 10 to 10 g into 2 popu-
lations: high-density meteoroid population and low-den-
sity meteoroid population. Accordingly, this section dis-
cusses the meteoroid flux that the satellites may en-
counter separately.

For the high-density population, the averaged flux
and the averaged colliding velocity of meteoroids for the
total 11 satellites in 9 directions are shown in Figure 2

Table 1 Characteristic parameters of the 8 satellites
in the Earth orbit space

Satellite Mass/kg Average altitude/km
CSS 900 000 393
M20 1060 21528
M22 1060 21528
M24 1060 21528
G3 5400 35786
11 5400 35786
12 5400 35786
13 5400 35786

Table 2 Characteristic parameters and initial Kepler orbital elements of the 3 satellites orbiting the Moon,

where m is the mass, h is the average altitude, a is the semi-major axis, e is the eccentricity,

iis the orbital inclination, Q is the right ascension of ascending node,

w is the argument of perilune, and M is the mean anomaly

Satellite m /kg h /km a /km e i/(°) Q/(°) /(%) MI(®)
MO1 2350 194.65 1932.85 0 90 104 0 296
MO2 2480 100 1837.83 0 90 104 0 296
MO3 2480 100 1944 0.01 31 104 74 296
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Table 3 Material properties for aluminum Al-6061-T6

p /(kg'm)
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Fig. 2 Averaged impact flux of the high-density meteoroid

population in 9 directions for all the 11 satellites

and Figure 3, respectively. Figure 4, together with Fig-
ure 5 shows the results of the low-density population for
comparison. Especially, the averaged flux and impact
velocity of the two meteoroid populations on the surface
facing the Earth/Moon are shown in Figure 6. These
conclusions can be obtained as followed.

(1) Comparative analysis of the averaged flux for
satellites orbiting the Earth/Moon. In the Earth orbit
space, the averaged fluxes of CSS encountering the 2
populations are lower than those of other satellites. The
average flux of the Earth-facing surface of CSS is about
0.1 m>-a', which is the lowest in the whole field. Com-
pared to the 7 satellites of BDS-3, it is found that the in-
fluence of the orbital altitude and inclination on the flux
is not obvious. However, the value of the averaged flux
fluctuates greatly on the surface facing Earth, which in-
dicates that the Earth’s shielding and gravitational focus-
ing may have played a greater role in it on this surface
than along other orientations. In addition, the averaged
fluxes of high-density and low-density meteoroid popu-
lations encountered by MO1, MO2, and MO3 are lower
than those encountered by the 8 satellites in the Earth or-
bit space.

(2) Comparative analysis of the averaged impact
velocity for satellites orbiting the Earth/Moon. The aver-
age impact velocity of a high-density meteoroid popula-
tion is lower than that of a low-density population. With-
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Fig.3 Averaged impact velocity of the high-density

meteoroid population in 9 directions for all the 11 satellites
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Fig. 4 Averaged impact flux of the low-density meteoroid

population in 9 directions for all the 11 satellites

out considering the Earth- or Moon-facing surface, for
the 10 satellites (CSS not included), it is found that the
influence of the orbital altitude and inclination on the av-
erage impact velocity is not obvious. For the high-densi-
ty meteoroid population, CSS has the largest average im-
pact velocity, while the velocity of the 3 satellites in the
Moon orbit space is similar to that of the 7 satellites of
BDS-3 except for the zenith- or nadir-facing surface. As
for the low-density population, the average impact ve-
locity for Moon-orbiting satellites is higher than that for
satellites in the Earth orbit space.

(3) Averaged flux and impact velocity analysis in 9
directions. The average flux of the high-density mete-
oroid population is higher on the surface facing the Sun
or away from the Sun, while the flux on the surface fac-
ing the zenith or nadir is lower. Additionally, the impact
velocity along the direction facing the zenith or nadir is
also lower than that along other directions, especially for
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Fig. 5 Averaged impact velocity of the low-density

meteoroid population in 9 directions for all the 11 satellites
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Fig. 6 Averaged flux and velocity on the surface

facing Earth/Moon

MO1, MO2, and MO3. For the low-density population,
the averaged flux is higher on the surface facing zenith
or nadir, and lower on the surface facing the Sun or
away from the Sun. The average impact velocity is the
lowest on the Sun-facing and anti-Sun-facing surfaces,
and higher on the surface facing ram or wake. Addition-
ally, the influence of orbital inclination on the averaged
flux and impact velocity of the 2 populations is more ob-
vious in the Earth-facing or the Moon-facing orientation
than that in other orientations. The difference of the av-
eraged flux and velocity among the orientations is main-
ly due to the fact that the orbit of the meteoroid is simi-
lar to the orbit of its parent body, which is not
isotropicm].

The averaged total fluxes from all directions en-
countered by the 11 satellites, together with the ratio of
the total fluxes of the high-density and low-density pop-
ulation are shown in Figure 7. These results can be ob-

tained as followed.
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Fig. 7 Averaged total flux for all 11 satellites encountering
the high-density and low-density meteoroid populations (the
red histogram is the average total flux of the high-density
population, and the green histogram is the average total flux
of the low-density population). The blue dashed line with the
pentagram is the ratio of the total flux of the high-density

population over the low-density population
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Fig. 8 Critical meteoroid particle mass in 9 directions of
11 satellites encountering the high-density

meteoroid populations

(1) The flux of the high-density meteoroid popula-
tion for each satellite is approximately twice as much as
that of the low-density population.

(2) For each satellite orbiting the Moon, the flux is
lower than that for every satellite orbiting the Earth.

(3) The total flux of either high-density or low-den-
sity meteoroid population for CSS is the lowest in the
Earth orbit space.

Figure 8~ 10 demonstrate the critical mass of the
high-density and the low-density meteoroid population
for the 11 satellites in 9 orientations, respectively. These

conclusions can be acquired as followed.
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Fig. 10 m, of the high-density meteoroid population in
the directions facing the Earth/Moon, Sun and anti-Sun,
and the m, of the low-density meteoroid population

on the surfaces facing the Earth/Moon

(1) The critical mass of the high-density population
is the highest in the directions facing zenith and nadir,
but lower in the directions facing the Sun and anti-Sun.
Moreover, the critical mass for spacecraft in the Moon
orbit space is larger than that for satellites in the Earth
orbit space, especially on the zenith- and nadir-facing
surfaces.

(2) The critical mass of the low-density meteoroid
population is the highest on the surfaces facing the Sun
and anti-Sun, but lower on the ram- and wake-facing
surfaces. Besides, the critical mass in the Moon orbit
space is lower than in the Earth orbit space.

(3) In the orientation facing the Earth or the Moon,
the orbital inclination plays a more important role in de-
ciding the critical mass of the low-density meteoroid
population than the high-density population.
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each satellite orbiting the Earth

2.3 Flux Comparative Analysis of Meteoroids

and Meteoroid Streams
For the 8 satellites in the Earth’s orbit space, this subsec-
tion first uses the D-S model meteoroid environment
model to calculate the meteoroid environment, and then
the J-M meteoroid stream to calculate the stream flux.

The meteoroid flux as a function of the meteoroid
mass for each satellite is shown by the color bar in Fig-
ure 11. It can be seen from the figure that the higher
mass of the meteoroid, the lower the flux. The depen-
dence of flux on impact velocity is shown in Figure 12,
where the velocity of most of the meteoroids encoun-
tered by CSS is higher than that of other satellites. Com-
paring the results among the 7 satellites of BDS-3, it is
found that the orbital inclination has a slight influence
on the velocity at the peak of the meteoroid flux.

The dependence of the critical diameter on mete-
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oroid mass and velocity is shown in Figure 13. Recall-
ing Eq.(1), a similar result for the critical mass is shown
in Figure 14. Evidently, both the critical diameter d. and
critical mass m, decrease with the increase of impact ve-
locity. Particularly, d, and m. decrease dramatically with
the increase of velocity between 0.5~2.5 km's ', where
precisely d. drops from 2.932 to 0.139 mm, and m,
drops from 22.374 to 8.096 g.

The catastrophic collision fluxes Fryr; and Fiymra
for the 8 satellites before and after adopting the double-
layer Whipple protection measure are calculated by Eq.
(4). The results, together with penetrating flux Fe, of
the satellites taking the protection measure, are shown in
Figure 15. We find that the Fryg1, in which case indicat-
ed by the subscript 1 all the satellites take no protection,
of CSS is about 8.594 m *-a”' and much higher than that
of the BDS-3’s satellites. The Fgygr; of the 4 satellites in
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Fig. 13 Critical diameter d, as a function of the meteoroid
mass and impact velocity, where each line represents the

critical diameter for a certain mass and velocity
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Fig. 14 Critical mass m, as a function of the meteoroid mass
and impact velocity, where each line represents the critical

mass for a certain mass and velocity
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GEO and IGSO is about 0.5 m *-a”' while the Fgyg; of
the 3 satellites in MEO is about 0.1 m >-a . After adopt-
ing the double-layer Whipple protection measure, the or-
der of the magnitude of £, is about 10 and the order
of the magnitude of Fgyr, is reduced to 10°® for CSS.
Although the 3 satellites in MEO have penetrating flux,
the catastrophic impact will not likely occur.

For the 8 satellites orbiting the Earth, the fluxes cal-
culated according to the 2 meteoroid stream models are
shown in Figure 16. The ratio of Fj.\; over Fp.g for CSS
is about 1.8x10 %, which is the lowest. The Fyy for the
other 7 satellites is also less than 0.04 times of Fp.g.
Hence the flux of the meteoroid stream is much lower
than that of the meteoroid. However, the meteoroid risk
is sufficiently close to the allowable maximum during
periods with some maximum meteor shower activities,

which needs to be taken into consideration.

3 Risk Comparison of the Meteoroid
to Space Debris

Currently, it is not necessary to consider the effect of
space debris in the Moon orbit space now. This section
uses the ORDEM 3.1 model to analyze the space debris
environment for the 8 satellites in the Earth orbit space
and compare the results to the meteoroid environment.
3.1 Space Debris Flux Analysis

Figure 17 shows the flux of space debris for the 8 satel-
lites orbiting the Earth in terms of the debris size, rang-
ing from 10° m to 1 m. It can be seen from the figure
that the smaller the debris size, the higher the flux. It is
obvious that the flux colliding with CSS is significantly
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Fig. 15 Catastrophic collision flux Fryg; and Fgyg, for
8 satellites orbiting the Earth. The solid green dot indicates
the penetrating flux F,., and the magenta square is the ratio

of Fie, over the total flux Fp_g by the D-S model
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higher than that colliding with other satellites. The de-
bris flux for 3 satellites in MEO is higher than that for
the 4 satellites in GEO or IGSO. Overall, the debris flux
encountering CSS is the highest and the lowest for the
satellites in IGSO orbit.

Figure 18 shows the fluxes of space debris with a
size greater than 10 um encountering the satellites with
specified impact velocities. Clearly, the debris flux en-
countering CSS is the highest in any velocity range. Be-
sides, CSS experiences the highest impact velocity of the
most space debris.

3.2 Comparison of the Flux of Space Debris

to the Meteoroid Flux
The meteoroid investigated in this paper with a mass
ranging from 10° to 10 g is assumed spherical. So is the

space debris. From Eq.(3), considering the density of
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Fig. 16 Total flux Fj.y derived from the J-M model for
the 8 satellites (green histogram). The ratio of Fy.y
over the total flux Fp_g from the D-S model is

demonstrated by the blue asterisk
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Fig. 17 Space debris flux of the 8 satellites orbiting the
Earth in terms of the debris size, where each line represents

the flux for a certain satellite and size

meteoroids and space debris and the output flux results
from the ORDEM 3.1 model, we focus on the debris
with a diameter larger than 100 pm.

The total fluxes and the impact probabilities for all
11 satellites calculated by each model are shown in Fig-
ure 19. These conclusions can be obtained as followed.

(1) Both the flux and probability of CSS encounter-
ing space debris with a diameter larger than 100 um are
greater than those of the other 7 satellites in the Earth or-
bit space, where the flux is about 70.015 m *-a ' and the
impact probability is close to 1, which is mainly due to
the debris flux in MEO and GEO is lower than that in
LEO. Indeed, the cross-section area of CSS is much
larger than 1 m’, therefore CSS is nearly determined to
impact with space debris according to probability statis-
tics. The impact probability of space debris is about 0.86
for the 3 satellites in MEO. The impact probability of
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Fig. 18 Fluxes of space debris with a size greater than
10 um encountering the 8 satellites shown as the function
of the impact velocity, where each line represents

the flux for a certain satellite and velocity
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space debris for G3 is about 0.95, slightly higher than
that for the MEO satellites, which in some sense reflects
the fact that the space activity in GEO is higher than that
in IGSO and MEO.

(2) Both the flux and impact probability of satel-
lites encountering the meteoroid in the Earth orbit space
are higher than those in the Moon orbit space, which is
due to the more significant gravitational focusing effect
exerted by the Earth than the Moon.

(3) In the current Earth’s space environment, with
the exception of CSS, the flux of the other 7 satellites
encountering meteoroids is higher than that of space de-
bris of a size larger than 100 um, consistent with the re-
sult that the impact probability of meteoroids is higher
than that of space debris, with the former approaching 1.

4  Conclusions

The risk from the hypervelocity impact of meteoroids
and orbital debris should be considered for any space-
craft design, hence developers should take protective
measures including but not limited to adding extra
shielding or placing sensitive equipment at a safer loca-
tion inside the spacecraft B4 This paper conducts a sys-
tematic and holistic risk assessment of meteoroids and
space debris for the BDS-3 satellite constellation first,
and compares it with the CSS. In addition, the impact di-
rections of the meteoroids of the 3 satellites orbiting the
Moon are also discussed. Several models are used and
the results are compared to assess the meteoroid and
space debris environment. These conclusions can be
drawn as followed.

(1) Model MEM 3 yields a result that the averaged
flux of the low-density meteoroid population is lower
than that of the high-density population whereas the av-
eraged impact velocity is just the opposite.

(2) The dependence of both averaged flux and im-
pact velocity on the orbital inclination is more pro-
nounced for the surface facing the Earth or the Moon
than in the other 8 directions.

(3) For the 8 satellites orbiting the Earth, the catastro-
phic collision flux of meteoroids computed by the D-S
model is greatly reduced after adopting the double-layer
Whipple protection measure, and the penetrating flux is
less than 1x10° m >-a".

Chin. J. Space Sci. ZIAFAFFIR 2023, 43(4)

(4) In the Earth’s orbit space, the ratio of stream
flux over meteoroid flux is less than 0.04. Therefore, in
many cases, the impact of the meteoroid stream on
spacecraft can be ignored when assessing the meteoroid
risk.

(5) According to the above comparison results
about the space debris and meteoroid environments with
the size larger than 100 pm (corresponding to 10°° g) of
these satellites, it can be deduced that the impact risk of
space debris should be gained more priority when con-
sidering protection for CSS, while for the 7 satellites of
BDS-3, the impact risk of meteoroids needs to be paid
more attention.

All the spacecraft selected in this paper are in orbit,
thus, the results of this paper can act as guidance for the
safeguard of operation or for the optimized protection
adjustment. In the future, more satellites and spacecraft
can be brought into this set of analyses to reveal the rela-
tionship between the flux, impact velocity, and impact
probability of meteoroids and space debris, and the ori-
entation, orbital altitude, and inclination of these artifi-
cial celestial bodies.
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