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ABSTRACT

The paper is aimed at studying the dependence of prob-

ability of International Space Station modules penetration

for different space debris environment models and the

calculation techniques used in practice. Two techniques

(software) were used for calculation of the penetration

probability:

o The Russian «SDPA-PP» code [1, 2].

e The American «<BUMPER» code [3, 4, 5].

The following models were used as the data sources on
space debris environment:

e SDPA-2000 and ORDEM2000 for «SDPA-PP»
software and

e SSP-30425, ORDEMY96 and SDPA-2000 for
«BUMPER» software.

The data on geometrical parameters as well as on wall
and bumper parameters of modules play extremely im-
portant role in calculating the penetration probability. So,
the coordinated unified data on aforementioned parame-
ters and the coordinated equations for ballistic limit criti-
cal diameters (ballistic curves) were applied in all calcu-
lations.

The following issues are presented in the paper:

e The features of the applied methods of penetration
probability calculation.

e The comparative characteristics of the used space
debris (SD) environment data.

e The detailed analysis of penetration probability esti-
mates.

1. INTRODUCTION

In 1999 the Space Observation Center (the former Center
for Program Studies) carried out the work "The analysis
of the probability and conditions of hitting and penetra-
tion of space debris particles and meteoroids into her-
metically sealed modules and components of the ISS
structure» under the contract with the Rocket-Space Cor-

poration (RSC) «ENERGIA»E! The brief information
about the results of this work was presented in the report
[1] u paper [2]. The summary data on possible scattering
of estimates of penetration probability (PP) of technoge-
nous space debris into Russian module walls are pre-
sented in Table 1. The last column gives the NASA data
(LMSMSS32823, Rev B, Table 3-2).
Table 1.
Summary PP estimates for various modules.

Russian SDPA model BUMPER
""""""""" Time | Ty

Module interval, PP values PP/ Time
S years_ .. ,___interval
L SM i 15 0 0.0430 - 0.0965 | 0.133/14.6
. _SPP__: 14 ! 0.0091-0.0397 | 0.067/13.5
. DC1_: 1 000052-0.00098 & -
. DC2 i 141 0.00362-0.00836 : 0.011/13.5
| Progress | 1! 0.00083-0.00177 | 0.100/14.6

UDM 14 0.01155-0.02523 : 0.021/13.5

The scattering of PP estimates my be caused by three
factors:

a) the module’s computational schemes,

b) shading conditions,

c) conditions of space contamination over the forecasting
time interval.

In the majority of cases our PP values are more optimis-
tic in comparison with the NASA data. For SM, SPP and
DC 2 modules they are 2.0 - 2.5 times lower, than
NASA'’s values.

In order to get more detailed data on the contribution of
each above mentioned factor in PP estimates, a series of
test PP calculations was performed using both Russian
SDPA-PP technique and American BUMPER code. The
results of this analysis of PP values are presented below.

! The initial data for this work (the shape and sizes of
modules, the structure of walls, the ballistic curve) were
prepared by the experts of the RSC "ENERGIA".
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2. BASIC INFORMATION ON THE SDPA-PP ES-

TIMATION TECHNIQUE
Version Ne 2
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Fig. 1. Two versions of the SM surface partition into
elementary components.

2.1. Initial data are:

e orbital elements of ISS;

e geometrical parameters of modules (Figure 1);

e wall and bumper parameters;

e cquations for ballistic limit critical diameters (dC ) as
functions of wall and bumper parameters, collision
velocity and SD density;

e characteristics of SD flux based on the Russian SD
model [6].

2.2. The penetration probability of particles

having size in the range of (d;,d,,4) is equal to
PP(d), = P.(d), - P(d, < d|eollision),. (1)

Here: Pc(d )j is the collision probability for the given

module surface component (the SDPA model includes the
software for these estimations);

P(dc < d|COlliSi0n) is the conventional penetration

probability, which takes into account statistical distribu-
tions of influencing factors:

P(dc <cﬂcollisio)fz =
=§ZZP(PMVWC°SBL' ),- 'P(dc <C49k!vm!c°53i )]-

P,s V., 0O, are possible values of the specific

3(2)

weight of particles, of their relative velocity and the de-
viation of the velocity direction from the normal to the

surface, d, = f(p,,V,,,€088,) is the ballistic limit
for a given surface component, p(p . Vm, COSs ei) is

the appropriate statistical distribution. The application of
last formula is a feature of our technique. The other fea-
ture is the application of a cycle on probable directions of
the relative collision velocity in the construction of the

p(Vm, Ccos 9[ )]. distribution (Figure 2).

SM
Cylinder

Fig. 2. Distributions of magnitude and direction of the
velocity of possible SD impact on the SM surface.

3. CHARACTERISTICS OF THE SPACE DEBRIS
FLUX RELATIVE TO ISS

Table 2 below presents the results of calculation of the

flux of SD sizing larger than dj by means of five different
models: NASA-91 (SSP-30425), ORDEM96, MAS-
TER'99, ORDEM2000 and SDPA2000. The results refer
to the year 2000. The altitude of the orbit is 400 km.
Table 2.
Values of the cross-sectional area flux of SD sizing
larger, than the specified value, m~year.

———————————————————————————————————————————————————————————————

___Model 010 1 10___i 10
_SSP-30425 | 3.58E-3 | 1444E6__ | 9.18E-7 |
' ORDEMY6 i 491E-3 | 6.20E-6 | 2.16E-7 !
| _MASTER'99 |  234E-3 | 7.28E-6 5.73E-7
| _ORDEM 2000 | 3.56E-3 @ 1.54E-6 | 2.90E-7 !
. SDPA 2000 2.77E-3 10.90E-6 5.86E-7

The same data are presented below in Figure 3.

The comparison of cross-sectional area flux estimates by
means of different models indicates, that the acceptable
agreement between the ORDEM96, SDPA2000 and
MASTER’99 models takes place in the range of SD sizes
up to 1 cm only. The flux estimates by the ORDEM2000



model in the range of SD sizes from 0.25 cm to 2.5 cm
are 2.5 — 6.5 times lower than the estimates by the other
models. These distinctions also relate to the comparison
with the data of former NASA models: SSP-30425 and
ORDEMY96. 1t is difficult to explain such a large differ-
ences between the estimates for SD size of about 1 cm.
To clarify the reasons of these differences the extra
analysis is required.

é\\ 1SS 2000 -0~ MASTER'99
0.001 X h=400 km +~ ORDEM-96
k i=51.6 deg —o— SDPA-2000

0.0001 -0~ ORDEM-2000

\ —e- SSP-30425
1e-5 N

1e-6 Pzt

Cross-sectional area flux, 1/sq/m/year

1e-7

001 003 005 .010 .025 .050 .100 .250
Min. debris diameter, m
Fig. 3. Data on the cumulative flux of SD of different
sizes relative to the ISS.

The ORDEM2000 model data well agree with other ones
only for SD with minimal sizes lower than 0.25 cm u
higher than 10 cm. Here the differences from the MAS-
TER’99 and SDPA2000 models do not exceed 2 times.

The SDPA2000 and SSP-30425 models are in a rather
good agreement throughout the SD size range under con-
sideration. However, the estimates of the cumulative flux
of SD sizing 2.5 - 5.0 cm in the SDPA model at least 2 —
3 times exceed the data of the other models. In the previ-
ous version of our model the distinctions in this size
range were greater, however.

The value of the probability of collisions (Pc(d)j) of

spacecraft surface components with SD particles depend
not only on the flux value (Q), but on possible directions
of impact (the relative velocity) as well. It should be
noted that the distribution of possible directions of the

relative velocity pV, (AZ) and the distribution of di-

ol (AZ) are not the

same. They differ in the set of events, over which the
averaging is carried out. In the first case the averaging is
carried out over the set of particles, and in the second
case — over the set of possible collisions. The

pQ,.;(A2) distribution is applied in the SDPA model.
The relationship between these distributions is as follows:

rections of possible collisions pQ

prel (AZ): I/re‘l (AZ) erel (Az) .
Il/rel(AZ) pV,el(Ag) dAz
The data on the p Vrel (AZ ) u pQ,el (AZ ) distributions,

calculated in the SDPA model, as well as the dependence
of the relative velocity on the direction are presented in
Figure 4.

3

0.024 ez ; 16

e /\ SDPA ISS
LW 0 12

0.018 ? X
. 4 K
g : i% g £
2 / i R g6 OB K
B 0012 L5 oot Ao w g o
kS ge O H ¥ oo ¢ o
5 A i DD 5! - : [
= A iy o - . =
g i PR : G| s
< 3 o ”k % <
0.006 —e— pQrel(Az) (L) ) | 4

LV

; -0~ pVrel(az) (L) \ -‘
e Vrel(AZ) (R) ]
(- 5

5 15 25 35 45 55 65 75 85 95
Azimuth, deg

Fig.4. The distributions pQ,,, (42) and pV,,(Az), as

well as the angular dependence of the relative velocity,
for the SDPA2000 model.

4. COMPARISON OF THE DAMAGE PREDIC-
TION CODES TEST RESULTS

As the simplest geometric model for test calculations we
choose a cube with the side of 1 m and circular orbit pa-
rameters: altitude H = 400 km and inclination i=51.6°
(the BOX model, [4]). The properties of all faces, each of
which represents a double wall, are given in Table 3. In
all cases the wall material and the shield material was the
same, namely, — 6061-T6. The area of each of cube faces
was 1 m%.
Table 3.
Cube wall characteristics.

i Shield : Stand : Wall

D No AT ek, L off, | thick,

: : cube E m E cm E cm : cm

"1 Forward | i'd'";L"'éfié"'?"'i'z'() """"" 025
"2 1 Port 1 1.0 ' 025 @ 110 ¢ 025
3 At 1.0 7020 100 ¢ 025
L'21"L"é{ér'ﬁééid"L"'ifd"'?"'().'2'5"'?""é'o""i"'(')'éé"'J
15 ' Zenith ! 10 @ 010 @ 80 025
e Nadir | 10 005 1" 70 V7 025

Table 4 presents five basic calculation versions, which
differ either in the model of environment, or in the analy-



sis program itself. The cross-sectional area flux values,
corresponding to these versions, were presented above in
Table 2.

A

Table 4.
________________ Basic calculation versions.
 Used program BUMPER | SDPA-PP
Lo___.code . S .
{ Versions |\ 1 i 2 3 & 4 i 5
; Orbital debris | gpps | NASA | ORDEM | SDPA | ORDEM
| environment 2000 ! 91 ! 96 ! 2000 ! 2000
: model : : : | |

Test calculations were carried out in two stages. At the
first stage the collision probability estimates, and at the
second stage — the estimates of the probability of wall
breakdown were considered.

In analyzing the estimates of the probability of collisions
of SC surface elements with particles of different sizes

(P, (d )].) it is convenient to consider these estimates over

a year interval, as well to calculate the ratio of obtained
estimates to the cross-sectional area flux value:

Ay = F)C(d)j/lQ(d)j year|. @

In the BUMPER program quantity A, ; denotes the

“Effective Cross Section Area” of the oriented planar
plate in the orbital debris environment and is calculated
by formula:

A=A i cosBo)l plo)-do.

where A is the upside surface area of the planar plate;
P(®) is the approach angle probability density function;
@ is the azimuth angle of approach; ﬁ is the angle be-
tween the normal to the plate and the direction of ap-
proach of orbital debris. This formula includes only posi-

tive values of cosine, i. e. the collision only with the fa-
cial side of a plate is considered.

In the SDPA model this quantity is calculated by formula:
Ay =Cy-A, (6)
where C, is some dimensionless coefficient, which de-

pends on the shape of a surface component (of different
size) and on its orientation, A is the characteristic area of
a surface component. In the given case the area of cube's
faces is A=1 m’ Therefore, the degree of proximity of
estimates A,; in calculations by means of the BUMPER

and SDPA-PP programs is an indicator of concordance
between the collision probability calculation techniques.

The results of determination of the probability of colli-
sions of cube faces with SD sizing larger 0.1 cm, as well
as the corresponding effective area estimates A, , are

presented in Table 5. The upper line of this table presents
the probability estimates P,(d) and the lower line — the
area estimates A,; for each face of a cube.

Table 5.
P, (d) (%) and A, (m?) estimates

v Cube v Calculationversion i
Cface 0o b3 b4 b s
LT 104761 0251 1 0317 i 0172 0236 |
T2 0635 1 0701 | 0.645 | 0.638 | 0.662 |
g 10098 | 0016 ! 0163} 0095 i 0111
S 10355 10324 | 0331 ! 0344 ! 0332 |
= 10001 | 00 i 0004 | 0001 | 0000 |
0004 | 00 1 0008 | 0003 | 0001 |
LT 10092 | 0116 § 0163 [ 0095 | 0118 |
72 1 0333 1 0324 1 0332 1 0344 | 0332 |
| E 1036710482 1 0646 1 0363 i 0472 |
D2 1326 ¢ 1349 1 1316 1 1328 1 1.326 !

The data of the two latter lines indicate that the differ-
ences between corresponding effective area estimates
A, (do not exceed 2.5%) are much lower, than the dif-

ferences between probability estimates, for which the
maximum 1.80 times differs from the minimum. In ac-
cordance with the data of Table 2, the cross-sectional
area flux estimates, calculated by the NASA91 and
SDPA2000 models, differ 1.77 times, i.e. virtually to the
same extent, as the collision probability estimates. This
proves that the main source of differences between prob-
ability estimates are the differences between the cross-
sectional area flux estimates. The differences between the
techniques of calculation of collision probability and dis-
tributions of impact directions are considerably less sig-
nificant.

In analyzing the penetration probabilities it is also con-
venient to consider not only the estimates of penetration
probabilities themselves, but their ratio to the collision
probability. In accordance with expression (1), this ratio
has a meaning of the conventional penetration probability
(under the condition of impact). However, in the
BUMPER model the quantities of such a type are not
calculated. For this reason Table 6 below presents the
conventional penetration probabilities only for calcula-
tion versions 4 (the upper line) and 5 (the lower line).



Table 6.
Conventional probabilities of cube's faces penetration by
particles of different sizes.

e R Cube faces T ";
" SDsie | Forward | Pori 1 AR T Sarbowd |
| G000 o001 66000 oiv00a
L 01002 000007 E 0.0001 10,0000 1 0.0001
, v 0.1498 ¢ 0.1038 : 0.0000 : 0.1383 .
0257050 0154 1 0.0798 10,0000 1 01046
i v 0.6913  0.7522 + 0.0057 . 0.8030 .
L 030100 6911 1 07356 10,0000 1 07850
T onzso 08394098l 00364 0988

These data show, that the structure of walls provides,
virtually, the complete protection against penetration of
particles sizing smaller than 0.25 cm, and for the rear face
- against particles of essentially larger size — up to 1 cm.
It is seen also, that in application of the SDPA2000
model (version 4) the conventional probabilities of
breakdown by particles sizing 0.25 — 0.5 cm are 30%
higher, than in application of the ORDEM2000 model
(version 5).

Table 7 presents the penetration probability estimates
related to all versions under consideration.
Table 7

Penetration probabilities PP (%) for cube walls.

———————————————————————————————————————————————————————————————

i Cube i ______BUMPER [ SDPAPP |
o I____]____I____g __________ 3 I___:@____I____§____I
| Forward | 00655 | 00932 | 0015 | 00444 | 00112 ]
b Port 100311 | .00326 @ .00392 ! .00221 ! .00048 !

The comparison of the results of calculations for versions
4 and 5 indicates, that the penetration probabilities, corre-
sponding to the application of the ORDEM?2000 model,
are 4.2 times lower, than the results of application of the
SDPA2000 model. The analysis has shown, that in the
test example under consideration the main contribution in
the penetration probability (not lower, than 85-90%) is
made by the particles sizing 0.25-1.0 cm. As follows from
the data of Table 2 and Figure 3, the values of the flux of
SDs of this size according to the SDPA2000 model data
are 3 — 6 times greater, than those according to the OR-
DEM?2000 model data. It is this circumstance, which rep-
resents the main reason of the difference between the
penetration probability estimates considered above.

5. ESTIMATES OF PENETRATION PROBABIL-
ITY OF ISS SERVICE MODULE.

The configuration of Service Module, used in the
BUMPER PP calculations, is represented in Figure 5.

Fig. 5. The configuration of Service Module

The shielding properties of all module critical zones, de-
picted with their numbers in Figure 5, are presented in
Table 8. All the shields as well as pressure walls of zones
Nel,2,3a,4,5,6,7,8,9,10, 11, 12, 13, 15, 3b are made
of aluminum alloy AMg-6, but pressure walls of zones
Nel4d, 16 are made of stainless steel. Here tp, ty, S are
thickness of shields, walls and a distance between them,
respectively.

__________________________________________________ Table 8.
Service Module critical item @ Thickness,cm
D region AR '
I S Cth S it
11" tranfer module "sphere” 1020 ' 20 ! 060 :
2" itransfer module "cover 17010717 10,0 1 050 |
3a ranster module feoner T 1010 | 20 : 040 !
4" 'Working module "bottom” 1010 1 20 | 035 |
5™ Working module "fvd eyl 1 010 1 20 1 016 |
16 {Working module "radiator cyl" 1 0,10 | 50 1 0,16 !
7" Working module "nadir cyl” | 0,10 | 50 | 016 |
8" [Working modulc "eone wishld" | 010 | 20 | 023 |
19 {Working mod. "cone w/o shld" | 0,10 [ 3,0 {500 !
"0 Working mod "radiator cyl” | 0,10 | 50 | 0,20 |
111 'Working module "nadir cyl" | 0,10 : 50 ! 020 |
112" ipower module "short s.0. cyl” | 0,37 | 230 | 035 |
113" {power module "long s.0. cyl' | 037 | 23,0 | 035 |
14 ,};1:(;;_) tanks 1037 1 80 1012 !
115 I Transverse chamber "cover’ | - | - | 035 |
16 Tpower module aft 1030 | 30 1 025
3b_ithick plate@transfer mod. cone | 0,10 | 20 T 2,60 'i

. :fwd docking mech



The estimates have been made on the basis of initial data, pQ l( A 2). Obviously, the increase in orbit height
presented in section 2, for 5 variants of Table 4. The cal- "

culation results are presented in Table 9. They include the
values of probability of ISS Service module penetration
over a year time interval and its effective area, as well as
probability of collision (impact) with particles sizing 0.1
cm and larger.

gives rise 2 times in PP.
6. CONCLUSIONS

The comparison of the probabilities of penetration calcu-
Table 9 lated by different techniques using different environment

Calculati Its for Service Modul models shows, that:
mnnnnnnn - UL BHOD TESIEES JOT DEIVICe YOOMe: . 1. different calculation techniques results in scattering

BUMPERSDPA-PP of PP estimates in the range of several tens of per-

! R R I T 5 Ceml;, difforent envi ¢ models in PP cal
T op SR A AU S PP T 12 . applying different environment models in calcu-
rPP610560r07040826T03 62013 61 lations results in varying PP estimates in the range of
. PL% 8408 ! 1037 | 17.06 | 961 | 12.10 | several hundred percent;
 Aegy.m’ 1 31.74 1 30.55 | 30.59 | 34.70 i 34.00 : 3. the dependence of PP from SC orbit height requires
"""""""""""""""""""""""""""""""""""""""""" to consider the SC orbit height time profile in PP

The overall ISS Russian Segment configuration, used in calculations.

the Service Module PP calculations, is represented in
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Let us consider also some additional PP calculation re-
sults featuring the influence of ISS orbit height. The
probability of penetration of the Service Module over

2000 year with SPDA2000 environment model presented Germany 17-19 March 1997
in Table 10.
Table 10.
PP of the Service Module over 2000 year with using
_____________________ SDPA2000 model.
I Height of circuit orbit k. km |
______ 368 . 400 o 446 ;48
1...0.0031 i 0.0036.__: 00042 : _0.0064

These results were obtained with SPDA2000 environment
model using both SD specific flow values (see Table 3)
and the distribution of directions of possible collisions



