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ABSTRACT

The space debris population has increased in the last
decades and is still growing. This problem results
amongst others in protecting spacecraft against particle
impacts, especially for manned missions in low Earth or-
bits. Depending on the mission, even for smaller space-
craft, it is reasonable to protect the main structure agains
space debris and meteoroid impacts. For the risk analysis
of spacecraft in meteoroid and space debris environment,
so called risk analysis and damage prediction codes such
as BUMPER or MDPANTO have been developed [1].
They are used in order to quantify the risk for a defined
mission resulting from impacts of particles. This analy-
sis can be done based on two idealization concepts of the
spacecraft surface. In the first concept, the surface area
of the shield is taken for the analysis, in the second con-
cept the surface area of the protected structure is taken.
Due to the difference in surface area of the shield and of
the protected structure, the analysis results could be de-
scribed on one hand to be conservative and on the other
hand to be optimistic. For large spacecraft this difference
in surface area is negligible, but for small spacecraft it
becomes more important. In this paper, an approach is
developed in order to estimate a surface area, that reflects
better the actual impact relations for small spacecraft.

Key words: risk analysis; damage prediction; damage
prediction tools; representative surface area.

1. INTRODUCTION

For spacecraft, the meteoroid and space debris fluxes
have to be treated as vector quantities and the effects of
directionality must be carefully evaluated. This is done
by risk analysis and damage prediction codes. A basic
relation in assessing the risk for a spacecratft in orbit, is
the determination of number of impacts. The number of
impacts N increases linearly with the exposed atéa

flux F' and exposure timé' [1]:

N=F-A-T 1)

F is the cumulative number of impacts (of a particle with
given diameter and larger) per unit area and time. Once
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Figure 1. Different Surface Areas can be used for the Risk
Analysis and Damage Prediction

N has been determined, the probability of no impacts in
the corresponding time interval is given by Poisson statis-

po=e )
The same equations apply is the number of failures
rather than the number of impacts. The number of fail-
ures depends on the failure criterion which is determined
by the shielding thickness and effectiveness as expressed
by a damage equation. A widely used failure criterion
is the complete penetration (that is "perforation”) of the
structural wall. But other failure criteria are possible as
well, such as a hole larger than a given critical size or
penetration depth that exceeds an allowable amount.

For the risk and damage prediction analysis, a surface
area has to be defined for the determination of the num-
ber of impacts (equation (1)). For this, two approaches
are thinkable:

» Use of the surface area of the satellite its&lf,; or
« the use of the surface area of the shidlg, ;4.

In figures la and 1b, these two possible concepts are
sketched for a simple cubic spacecraft.
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same size and are parallel to each other. Furthermore it

20— :ia;cm is assumed, that the debris cloud, generated upon pene-
é; 200% e-s0em H tration of the shield, hits completely the back wall. This
B 180% L is not the case for all impacts if the shield and back wall
g area are not the same. When applying the virtual surface
5 160% % area, this effect is already considered adequately.
£ 0% LS
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Edge length of the inner Safellite [cm] In this study, two approaches in the determination of the
representative surface area have been investigated. They
Figure 2. Changes in the Surface Area of SC due to differ in the consideration of the impact angle:
shielding

 only normal impacts are considered;
Due to the overlapping shield at the satellite egdes (fig-
ure 1b), not all particles impacting in the edge region of
the shield can be seen as critical for the satellite itself.
The debris cloud caused by these impacts hits the satel- The center-of-mass trajectory and the cone angle of the
lite partially or even miss it. Ke.eping this in mind, it is debris cloud will change according to the impact angle.
obvious, that the use of the shield surface area leads to gt not only the impact angle influences the debris cloud

conservative results. On the other hand, the use of the cnharacteristic, but also the diameter of the impacting par-
satellite surface area would be too optimistic. Hence, in jcle d,, the impact velocityv, the shield thicknesss
order to obtain more realistic results, which reflect better anq the speed of sound of the shield matefigp]. At

the actual relations of impacts on such edge regions, itis |gast these parameters have to be defined, in order to per-

proposed to use a surface area, which size is between the form the analyses for the approach considering oblique
surface area of the shield and that of the satellite. The in- jmpacts.

crease in surface area by the shielding with certain spac-

ing (S) between the back wall (satellite) and the shield, is  For the first approach, that considers normal impacts

shown in figure 2 versus the edge length of a cubic satel- only, a simple assumption for the debris cloud expansion

lite. It can be seen, that for smaller spacecraft, increase i has been taken. It is assumed to be independent on the

surface area due to the shielding is very high. For larger parameters mentioned before. The center-of-mass trajec-

spacecraft, the increase in surface area is negliable. tory and the cone angle of the debris cloud do not change.
R For a double wall system, the diametgrof the debris

The presented approach computes a"virtual” surface area ¢|gd in the distancé (figure 3) is assumed to be:

Ay, that can be used for a realistic risk and damage anal-

sis of small spacecraft (figure 1c).
y p (fig ) d; = § (5)

» normal impacts and oblique impacts are considered.

An advantage of the use of a representative surface area is
the fact, that the damage prediction codes need not to be
changed. Only the geometrical model has to be adopted.
This can be done by the scaling factersandr;, which

are used as given in the equations (3) and (4). In equa- ) ) ) )
tion (4), a is the edge length of the satellite angt is A simple cub_lc spacecraft with double vyall protection
the representative edge length of the satellite. The scal- System (spacing=5cm) has been used, in order to in-
ing factorsr 4 andr, depend not only on the spacecraft vestigate the behaviour of particles impacting in regions
geometry but also on the spacifigand of course onthe  Of the shield, where the wall setup is not anymore con-
assumptions of debris cloud characteristics. In this paper form with the assumption for the use of common ballistic
the scaling factors are determined for the example space- limit equations. The relations are easy to derive and the

2.1. Consideration of Normal Impacts Only

craft at hand, which is described below. geometry of the spacecraft is a good starting point in or-
der to transfer the developed method to other spacecraft

Ay = ra-Asa 3) geometries. Due to symmetry, it is sufficient to use one

av = 1-a 4 quadrant of the shield of the cubic spacecraft for further

investigations (figure 3). The area of this quadrant can
The modification of the geometrical model is important be divided into several surface area elements. Each ele-
due to the fact, that common ballistic limit equations, ment describes the different behaviour of the debris cloud
such as the Cour-Palais and the Christiansen equations hitting the back wall (satellite). Depending on the expan-
assume a defined wall setup. The determination of the sion of the debris cloud of a normal impact, four different
probability of the back wall damage is based on a wall regions are assumed close to the shield edge of the cubic
setup, where the area of shield and back wall have the spacecraft (figure 3):
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Figure 3. Approach Concept

* Region 1- Debris cloud completely impacts the
back wall (satellite)

* Region 2- More than 50% of the debris cloud im-
pact the back wall

» Region 3- Up to 50% of the debris cloud impact the
back wall (front and side wall)

* Region 4- Up to 50% of the debris cloud impact the
back wall (only side wall)

The concept of computing a virtual surface area is to re-
duce the shield surface area according to the impact con-
sideration of the debris cloud on the back wall of the
spacecraft. Obviously, only in the regions 2 to 4, the sur-
face area of the shield is going to be reduced partially. In-
stead of the surface area of the shield, the problem can be
reduced to one dimension only. Thus, the relevant length,
is the edge length of the shield (figure 3).

The edge length of the shield is divided intelements.
The length of each element s different for the two models
used:

» Sector Model 2 = 4 (corresponding to the four re-
gions, that are defined above)

« Element Model  is arbitrary
At the center of each element, one impact is simulated.

In the simple approach, the impact angjeis zero, so
normal to the shield surface. Depending on the impact
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Figure 4. Spacing Factor (SF)

positionz;, at which the impact along the edge length of
the shield occurs, the edge length can be classified into
the regions defined above. For each region, a so called
reduction functiony; is calculated, that expresses the im-
pact behaviour of the debris cloud on the back wall (satel-
lite):

ai

-SF
diS

gi = (6)

In equation (6)¢; is the covered length on the back wall
by the debris cloud with the diametéyin the distance
(equation (5)). The spacing factSt# in equation (6) is
applied, in order to consider the increased spacing when
impacting on the side surface of the satellite (figure 4). It
is defined by equation (7). The point on the side surface
for the distanceS; is determined by extending the line
from the impact position through the center-of-mass of
the half debris cloud circle to the side wall.9f becomes
larger thanS + a, which means, the extended line passes
the inner satellite, the reduction function is set to zero fo
this element.

S
SF = 5 @)
S a
S = ;'(%‘—5) 8)
2 d;
Ys = g; 9

The reduction funtciomy; is calculated for each element
and multiplied by the element length The sum over all
elementlengths resultsin the virtual shield edge lefgth
(equation (10)). From this representative length the
virtual surface arealy, can be easily derived (equation

(11)):

ly = Zgi i (10)
i=1
Ay = 2405 =24 gi-l)>  (11)

i=1
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Figure 6. Smple Model - Region 1

2.1.1. Sector Model

The sector model (SM) reflects directly the regions de-

fined along the edge length of the shield (figure 5). The

element length is equal to the length of the region. So the
number of elements, that are used in the sector model is
n=4.

Region 1

Impacts, which occur in region 1 (figure 6), cause a debris
cloud, that impacts completely on the back wall (front
side of the satellite). The region length is characterized

by:

a dj
i< = — = 12
0 < 95_2 5 (12)
d;
L = —-———= 13
= i1 5 5 (13)

As mentioned above, the length of the element is equal to
the region length. The impact position is the center of the
element. The reduction function for this region according

to equation (6) is:

aio
d;

g1 =—2.8F =10 (14)

Since the covered length is equal tal; and the spacing
factor in region 1 is equal 1, the reduction function is
1.0. This means, that the shield edge length of region 1 is

fully considered in the determination of the represengativ
shield edge length.

Region 2
Particles impacting in region 2 (figure 7), cause a debris
cloud, that impacts partially on the back wall (front side

dx
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Figure 7. Smple Model - Region 2

of the satellite). Between 50% and 100% of the debris
cloud impact on the back wall. The region length is char-
acterized by:

d;
) (15)

[VRIRS]

=l (16)

The reduction function for this region according to equa-
tion (6) is:

a
g2 = ;_O’SF2 (17
with

= i -m) as)
a0 = 2 B T

The spacing factor in region 2 isF'=1. The shield edge
length of region 2 is considered between 50% and 100%
in the determination of the representative shield edge
length.

Region 3

Impacts, which occur in region 3 (figure 8), cause a debris
cloud, that impacts partially on the back wall (front wall
and side wall of the satellite). It is assumed, that 50% of
the debris cloud is a possible threat for the satellite. The
region length is characterized by:

a a

— P < =+ = 1

5 < m_2+2 (19)
d;

The reduction function for this region according to equa-
tion (6) is:

a3

a
g3 = —- SF31 =+ 32 SF32 (21)
d; d;
with (22)
di a
asr = 5—(171'—5)
a
azz2 = Ty — 5 (23)

Since the covered length is equal - d;, the shield
edge length of region 3 is considered as 50% . If a spac-
ing factor is applied, the reduction function is less than
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Figure 8. Smple Model - Region 3
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Figure 9. Smple Model - Region 4

50% due to the increased spacing when impacting on the
side wall of the satellite (spacing factSiF3, < 1 and
SF31:1).

Region 4

Impacts, which occur in this region (figure 9), cause a de-
bris cloud, that impacts partially on the back wall (side
wall of the satellite). It is assumed, that 50% of the de-
bris cloud is a possible threat for the satellite. The region
length is characterized by:

di a a
Zt o,z < 2
5 +2 < 1z72+5 (24)
d;
=1l = S_E (25)

The reduction function for this region according to equa-
tion (6) is:

ga = adﬁ - SFy (26)
i

with
d;

40 = 5 (27)

Since the covered length, is equal ta).5 - d;, the shield
edge length of region 4 is considered as 50% . If a spacing
factor is applied, the reduction function is less than 50%
due to the increased spacing when impacting on the side
wall of the satellite.

The graph of the reduction function for the sector model
with and without spacing factor applied (satellite edge
length a=40cm, spacings=5cm), is given in figure 10.

The horizontal axis reflects the x-position along the shield
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Figure 10. Reduction Function of the Sector Model
with/without Spacing Factor (a=40cm; S=5cm)
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Figure 11. Representative Surface Area of the Sector
Model

edge length starting from the symmetry axis of the satel-
lite. The reduction function is decreased near the edge
of the shield as expected. That means in this case, that
the shield edge length of region 1 is considered 100%, in
region 75% and in regions 3 and 4 each 50%. When ap-
plying the spacing factor (SF), there is a further decrease
of the reduction function in regions 3 and 4. The spacing
factor does not effect the reduction function in regions 1
and 2.

When the reduction function for each element and region
respectively is calculated, the representative edge thengt
of the shield can be obtained by applying equation (10).
In a further step, the representative surface area can be
determined with equation (11). The result of the repre-
sentative area is given in figure 11 for several satellites
with different edge lengths. Applying the presented ap-
proach, it can be seen, that the representative surface area
is in between the surface area of the satellite and that of
the shield. The increase in surface area is reduced by
about 58% using the sector model (SM) compared to the
increase in surface area due to a shield with a spacing of
S=5cm. Considering the spacing fact8F' in the sec-

tor model, the increase in surface area is lowered even by
80% . This means a decrease in the number of impacts in
the same order, because of its linear dependency on the
surface area (equation (1)).
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Figure 12. Element Model (EM)
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Figure 13. Reduction Function of the Element Model
(n=100) with/without Spacing Factor (a=40cm; S=5cm)

2.1.2. Element Model

An alternative model for the approach considering nor-
mal impacts only, is the element model (EM). The prin-
ciple is still the same as with the sector model. The dif-
ference is, that the length of the eleméntlepends on
the number of elements and it is equal for each ele-
ment. Thus it is not identical with the length of the de-
fined regions (section 2.1.1). The element length is given
by equation (28).

L= n (2
The example case is calculated with 100 elements, which
leads to a better resolution of the reduction function. Es-
pecially the influence of the spacing factor can be seen
cleary at curve 'EM+SF’ (figure 13). The more the im-
pact occurs towards the edge of the shield, the more de-
creases the reduction function due to the spacing factor.
The result obtained for the representative area applying
the element model, is nearly the same compared to the
sector model.

+5) (28)

The scaling factors for the cubic spacecraft can be ob-

tained easily by applying a scaling function (equation

(29)), which represents the scaling factors dependent on

the satellite edge length
r=1+xz-aY (29)

The scaling factors can be applied as given in equations

(3) and (4). The parametetsandy are listed in table 1

for the element model.
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Figure 14. Representative Surface Area of the Element
Model

Table 1. Scaling Factors for the Element Model

EM 1 rA
(n=100) x Y x Y
with SF 1.7532 —0.9607 3.6625 —0.9674

2.2. Consideration of Oblique Impacts

The approach presented above has beenimproved by con-
sidering not only normal impacts but also oblique im-
pacts. Five impact angles have been defined as represen-
tatives for all impact angles. Thus, instead of one impact
on each element, now five impacts are analysed with a
differentimpact anglé,. The determination of the repre-
sentative shield edge length is given by equation (30) in-
stead of equation (10). Due to the fact, that the regions as
defined in the approach above depend on the debris cloud
deflection and cone angle, it is not possible to use the
simple model in combination with the consideration of
oblique impacts. The determination of the region lengths
and impact positions is too complicated and does not al-
low the use of equation (30). Thus, the element model
has been used for this purpose.

n 5

=305

i=1 k=1

gk,i) -l (30)

The following impact angles are used:
6, = 60°, 30°, 0°, -30°, -60°

In order to simulate the debris cloud behaviour due to
oblique impacts, the empirical relations for the debris
cloud center-of-mass trajectory and cone angle have been
used according to Schonberg [2, 3] (figure 15). The em-
pirical function for the in-line debris cloud is valid for
the threshold of impact angles, that should be analysed.
Thus, this approach regards the behaviour of the in-line
debris cloud only. Further investigations considering the
normal and ricochet debris cloud should be performed.
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Figure 15. Improved Approach - Considering Oblique
Impacts

However, the in-line debris cloud has a larger cone angle
than the normal debris cloud (for the set of parameters
used), which leads to a higher coverrage of the satellite.
Thus, compared to the normal debris cloud, a conserva-

tive estimation should be done.

According to Schonberg [2], the empirical relations for

the in-line debris cloud are given by:

02 Y\ _0.056 . 0.909 5 (LS \—0.626

= = 0.490(=)"905 200 (=)7P040(31
i, 0 90(0) cos p(dp) (31)
72 Ui1.217 . 2.972 15 10.296

= = 2. — 0,(— 32
ep 539( C) cos p( dp ) ( )

The analyses has been done by using the following set of

parameters reflecting common values:

* v =7km/s

* d,=0.1cm
s tg=0.2cm
« C'=5.1kmls

Figures 16 and 17 show the results of the consideration

of impact angles. Curves 'EM-IA" and 'EM-IA+SF’ in

figure 16 represent the graph of the improved approach
with and without spacing factor. It is obvious, that the re-
gion, regarding 100% of the shield edge length is shifted
towards the center of the cubic spacecraft. This is due to
the deflection of the debris cloud. Applying the spacing
factor, there is also a decrease of the reduction function
(curve 'EM-IA+SF’) in regions 3 and 4, but not as much
as with the simple model. This is also because of the de-
flection of the debris cloud, which reduces the influence

of the spacing factor.

It can be seen in figure 17, that the curves of the sim-
ple and the improved approach applying the spacing fac-
tor (curves 'SM+SF’ and 'EM-IA+SF’), have only minor

differences. Thus, there is no need for complex calcu-
lations as the approach considering normal impacts only
leads to satisfying results, at least for a cubic spacecraft

with the parameters investigated here.

The scaling factors for the approach considering oblique
impacts can be determined by using equation (29) with

the parameters andy given in table 2.
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Figure 16. Reduction Function of the Improved Approach

considering Oblique Impacts with/without Spacing Fac-
tor (a=40cm; S=5cm)
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Figure 17. Representative Surface Area of the Improved
Approach considering Oblique Impacts

Table 2. Scaling Factors for the Improved Approach (El-
ement Model)

Impr. Appr. 7] TA
(EM, n=100) x y x y
with SF 1.5876 —0.9442 3.3117 —0.9505
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