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A COMPABISON OF SPACECRAFT PENETRATION HAZARDS
DUE TO METEOROIDS AND MANMADE BEARTE-ORBITING OBJECTS
David R. Brooks

Langley Research Center

SUMMARY

A recent analysis of the probability of Earth—orbiting spascecraft collid-
ing with manmade objects in space 1s re—examined in terms of spacecraft pene-
trations. A typical double-wall spacecraft structure is utilized to compare
the penetration hazard from naturally occurring meteoroids with that of manmade
cbjects. Tt is shown that the structure is very effective in preventing
meteoroid penetrations. For incident objects having a mass of more than about
2.1 gm, the penetration probability due to manmade objects is about egual
t¢ that from meteoroids, being on the orier of 1-10 percent for g 100-m
diereter sphere in orbit at 500-800 km for 1,000 days. Whereas additional pro-
tection can reasonably be provided against meteoroids, the size distribution

of manmade objects, ranging from entire spacecraft to small explesion fragments,

is such that an equivalent increase in protection is difficult to achieve. For

example, the penetration probability for meteoroids of mass greater than or
jeHmp P . v _ |

équal to 1 gm incident against a 100-m sphere is only about Q.6 vercent, dbut

for manmade objects, it is still in the range of 1-10 percent. The present

level of orbiting manmade objects does not constitute a hazard to current SPace

activities, including the 5pace,transportation system planned for operational

status in the 1980's. However, the hiStcrically documented,grdwth trend in

the orbiting population will evéntually lead to fuﬁtre restrictions on large

permanent space facilities unless steps are taken tu prevent arowth 1n the

orb’ijé’ihg po'pulatiori from corrt-.inuing at its present rate.
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INTRODUCTION

The probability of impact with manmade objectz in space has been treated
recently (ref. 1) in a pafametric fashion for a variety of Earth orbits. A
principal result is that there are already orbits “or which the probability of
collision exceeds 10 percent for a 100-m diameter sphere during a 1,000~-day
period.  While this impact probability level does notvnow pose -an unacceptable
risk for manned operations in much smaller‘spéCecraft, the historical record
of continuous growth in the orbiting population foreshadows a future with
severe restrictions on our use of near-Larth svace. Current knowledge of
manmade cbjects in orbit is based on that part of the total population which
can ﬁe consistently monitored by current rader systems--cbjects tymically no
smallier than about 0.1 m?. The higtory of this pert of the populétion is
given in figure 1, which shows a current growth rate of gbout 230 trackable
objects per year. A& total of more than 3,50Q trackable objects at the aﬁar? of
;975‘should be equivalent ﬁo a total population of about 10,000 objects (in-
cluding those too small to be tracked) according to tﬁé orbiting population model
developed in reference 1.

The matter of aztual spacecraft penetrations, as opposed to impacts,
was not treated in reference 1. In the case of meteoroids, it is well
known that dquble—wall spacecraft struétures arebquite effecfivé against the
expected incident flu# of natufally occurring particles, and that penetrations
of spaéecraft with such protection are rare corpared to impacts.,-This’
neforandum vill review the effectiveness of & typical manned spacecraft
structuréfés‘pfétection agelnst metedroidé,‘&nd compare the results with those
of a similar analysis for the manma&eforbibiﬁg population.
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SYMBOLS

Area of a spacecraft structure, m?

Fraction of the total orbiting manmade populétion having a ébeed
v, £ 0.5 km/sec \

Mass, gm

Fraction of the total orbiting manmade population haviag sufficient
mass. to penefrate a spacecraft structure on impact at relative
speed vi

Probability

Speed, relative to & spacecraft structure, km/sec

Time, sec

nensity, gm/cm3

Flux against a spacecraft structure, impacis per m2 per sec

A unit incident flux, cne impact per m2 per séc

Humber

Suoscripts:

coll

b

g

Collision or impact
Penetration
Totai

A summation index, see equation (3) and table 3
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FFECTIVEJESS OF A DOUBLE-WALL SPACECRAFT SmRUCmUW IN EVLWTIHG

METEOROIﬁ PENETRATION

.
7

A cross section of a typical double-wall spacecraft. structure is shown
in sketch (1) below. Such structures havé’been used for manned spacecraft in

the past; unpublished work at NASA'Langley'Research Center shows that the

dimensions assumed yield a structure equivalent to a Skylab wall.

Outside Tnside

0.635 nmz“?4*‘—r > = 5.6mm

Sketch (1)-Double-wall aluminum Sﬁacecraft'sﬁructure,(not to scale)

The thin outer wall is separated from the primary structural wallkand séfves
£o fragment incominé metegroids so:£hat,their energy is,disPersed.over a
kiarﬂe area‘ making it moreVdifficult‘tO'Denétrate-the innef wall. Hetedroids
are assumed to have an dverage density of about 0.5 gm/cm ,‘and unpubllshed
1mpa t tests Wlth l1ghtwe1ght glass and resin Droaectlles (p =0.7T g /cm Y

i

show that the mlnlmum-mass which will penetraﬁe the inner wall of the &bove

structure is

‘mi,‘%"g‘a‘ S 0



(the units of m ‘and v are gm and km/sec, respecfively.)
Metecroid speeds relative to the Earth range from dbout 10 to T0O kn/sec, with
an average of gbout 20 km/sec; the distribution function is given in reference 2.
For a speed of 20 km/sec, the minimum penetration mass would be 0.1198 gm
according to equation (1).
The number-mass distribution of meteoroids up to lngm at 1 astronomical

" ynit (the Earth's orbit) has also been modeled in reference 2, and the results
are shown in figure 2, where number densities (partiéles/ms) have been multi-
plied by a constant avefage speed of 20 “km/sec %o compute incident flux ¢.
This flux is assumed to be isotropic, on the: average, with respect to a ran-
donmly oriented object.  For spacécraf? in orbit around the Tarth, the flux
values in figure 2 for any given cumulatiﬁe mass (that is, the fiux for all
reteoroids greater than or equal to a given mass) must be multiplied by a de~
focussing factor and a shielding factor to account for the Earth's gravitational
focussing of meteorcids and also for the shielding provided by the Earth
{(ref. 2). TFor a typical Skyldb ofbit at 425 km, the product of these two factors

, is‘about 0.65. Thus, the average cumulative penetration ¢? flux against‘aj
spaceﬁraftbin a 425-km orbit is 3.6 x 1o“lh impacts/mz-seC. The cOrrespondiﬁg
probébility of penetration (assuming that this number'is_mﬁch less than 1) is

related to flux through a Poisson distribution:

- A - ' © 28t
P = Ate = At (1 - At + - s s 2
L= b = g (1 g s P ) (@)

‘Using the Skylab area of 1u5 e ana.A'time of 1 year (At = 4.573 x'lo9fm?—sec)

-

gives P = 0.000166, showing that e typical manned spacecraft provides




extremely good protection against penetration by naturally oceurring

objects.
THE PENETRATION FLUX OF MANMADE OBJECTS

Anéiogously to studies involving meteordids, calculation of the pénetrar

tion flux of manmade objects incident on a particular structure involves a
knowledge of the mass and‘speed distributions of the incident objecfé as well
as details of the structure itself, Humber veréus apparent radar cfoss—secfion
data given in reference 1 for variocus classes of orbitiné objects (table 5
“and fig. 10-15) have been used as/the basis for a normalized numbeffversus-
mass relationship by assuming a flat-plate shape and a density of 2.7 gm/ém3
{aluminum). The resuﬁ&s are listed in table 1 and plotted inkfigufe 3.
According to these calculations, the smallest assumed orbiting fragment hés a
- mass of 8.29 x thh gmn.. A normalized number-mass relationship has been chosen
because the total number of manmade orbiting objects cannot be determined
directly due to the large percehtage of objects which cannot be ﬁracked from
the éround, Based on the observed history of known 6bjects, théttotal
population is thought to be constantly increasing and haé’beeh extrapolated‘to
the future in refgreqcé 1. A total level pf_lO,QOO objects,is appropriate for,:
early 19753 thé anaiysis in reference 1 can be used to_extrapolate the assuméd.'
total of ofbifiﬁg]objects to future dates; the; fﬁat ﬁhereas the meteoroi&
numoer-mass relatipnship is a linear log—ldg-rélatiéﬁshipvinvﬁhe mass range

from 10-6 to 1 gm, (see fig. 2), the,diétribﬁtion;forgmanmade objects levels

off at a1 %qf«about‘loks g (fig. 3) as a result of the depletion of smaller
 otjects through orbital decay. (A similar leveling off, although for totally

6 .



different physical reasons, can be seen (fig. 2) in the meteoroid population
for masees nine orders ef magnitude smaller.)

| For manmade objecfs, it is not sufficient to treat the incident speed zs
a constantbaverage value, as can be done ﬁe good approximation for meteeroids,
Also, ££e relative speed distribution cannot be assumed isotropic, and is in-
stead strongly dependent on the target.orbit parameters. In table 2, the
probability distfibution for incident speeds is given for several represe;ta—f
tive orbits, including,ones which giVe nominal and_nworst;case" collision prob-
abilities according to reference 1. As the'calculations required fef this enaly-
sis can_be made easily froﬁvthese data in their present‘fori,kno attempﬁﬁhas
been made to model the speed distributions or to represent them anelytically.
“Note that for some of the target orbits at lo; altitgﬁes and low ineclinations
’.‘the distributione are fairly uniform compared to,higher eltitu&es an@ ineiiﬁa-
.tions %hich.show‘strongly the effect of encountering.most objects in e fetfo~
grade orientation (high relatlve velocity) | | |

It remains now to determine the relatlonshlp between penetration mass and

velocity appropriate to manmade objects, correqundlng to equation (1) for )
lmeteoroids. An dbvigﬁs'expeeted difference arises from the fact that, whereas
meteoroids are of low density, manmade objects tend to be metallie and. of

accordingly higher density. Anether difference is the SPeed rangefdf incident
t

' partlcles, which for the manmade populaxlon is expected to range from.o to ‘about

16 or»17,km/sec (twice the orbital speed).~ In figure h a penetration‘threshold -

"_vmodel for aluminum_proéect;les (p = 2.7 gm/cm ) is given, based on unpublxshed

h1gh-veloc1ty 1mpact tests agalnst the structure shown in sketch (l) Thei :

P,
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bréaks?in the curve approximate experimental results and illustrate behavior
which is typical of double-wall structures. As tﬁe relative‘speéd increﬁges,
some fragmentation of inqoming projecti;es starts to occur at the first ﬁreak
(3 km/sec). Then, as fhé,ihcident speed increases beyond 3 km/sec, the mass of
the incomihg projectile must be iﬁcreased‘before the fragmentsﬁgan penetrate

" the inner wall. uAflspeeds higher than 6 km/sec, the penetration behavior of

projectiié fragments returns to a negative slope. The performance of double-

wall structures has been reported extensively in the literature (ref. 3).

The preceding data aﬁ? éufficient to calculate the penetration flux

. Table 2 gives 16 speed increments

"resulting from a unit incident flux'¢unit

and the fraction Fi(v) of the total population associated with the increment
v, + 0.5 km/sec for selected orbits. Figure b gives the mass m required to

or interrolation between the

P

penetrate at each speéd increment and Tigure 3
' ‘ i o s g )
values in teble 1) gives the fraction of the total population Ni(mp) which is

;capabléyOf penetration. - It is reascnable to assume that the relative speed and

mass distribution of manmade objects are mutually independent so that the

pehétrating flux for a unit incident flux is:

Ie;

Ly 0y = 25 Fy(VI(m) (3).
foi e ;_
Jooe vr L s

A
g
~ As an example, consider a 500-km orbit at 28 1/2° inclination (due east

~launch from Cape Canaveral). The speed distribution of manmade objects inci-

dert on a sPECecraff'inffhiéjorbit is given in t€b1é 2. Details of the




penetration flux ealculations can be followed by reference to table 3; which
lists the 16 relative speed increments, v, with the speed distribution,;Fi(v),
" mass required for penetration, Mb(v), fraction of the population which will

unit

penetrating flux ¢p. ‘The ‘'sum of the entries in the last column shows that

penetrate, Ni(mp), and fraction of a unit incident flux, ¢ ., which becomes a

82 percent of the incident flux results in a penetration. The penetration flux
¢p is given for a unit incident flux in table 4 for several representative
~orbits. Clearly, the penetration flux is nearly independent of orbit parameters

for ﬁhe range of orbits considered.

COMPARISON OF PENETRATION HAZARDS DUE TO

METEOROIDS AND MANMADE OBJECTS

The determinatibn of actual le&els of’penetratingbflux, or the
probability of penetration, for manmade objecﬁs requiresh? knowledge of
~the levels of ihéidgnt flux associated with manmade objects. Since the
*,equivalence between flpra@d provability has been éstablished in equatioﬁ
(2);i¥£e impact proﬁéﬂilit% analysis in reference 1 may be applied equally.
ﬁell to specifying fhe incidént flux so that spacecraft hazards associated
ﬁitp;ypth natufal'aﬁd’manmade obJects may be cOmpared on an équivalent
basif”i Repfééramlng of the- probabllle analy51s descrloed in reference 1 =

...... i |
’and new calculatlons of probablllty have ylelded rev1sed.1mpact data for 500;.»'

,,.,_

and 800 km c1rcular o“bltsiwhlch are given in figure 5. These results

4 |
: L

,‘1nd1cate that the probab111ty~data for some target 1nc11naxlons were

'underestimated by ebout an order of magnitude in figure 17 of reference 1.
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This numerlcal error in no way affects the oualltatlve argumenf proposed in

- fr”

reference 1 ?o exglaln the shape of the probablllty curves, nor does it affect

the population ﬁodel which represents a substantial portion of the work docu-
mented in reference l; | |

The impact and penetrationxcompari$0ns between natural and manmade
objects encountered in Earth orbit ere contained in teble 5. The first line
shows the total iocident flux of meteoroids greater than or equal to lO—lz‘gm, §

‘ N

at 500 and 800 km. The slight differences are due toxiorrectionofor ehielding
and gravitational focussiné, which are dependent on altitude (ref. 2).
Against the 100-m diameter spherekused as a standard terget in reférence 1,

T

the flux produces agbout T x 10 impacts‘in 1000 days; >There is no equivalent

i

deta for manmade objects, as the size of these has been limited to masSée
greater than or equal to about 8 x 10 ' gm as previously discussed (fig. 3). -
Accordingly, the seoond>line’compares the flux of meteoroids having a mass equal i
to of greater than the assumed smallest orbiting mahmade object with the flux
from ﬁhe essumed;total manmade orbitiog population. Jote that more than 4o
ﬂGUEO”Old 1mpacts are expected durlng the 1 OOO-day perlod - The flux of manmade
obgeeus 1s»computed from equation (2), using the correspondlng probablllty range
of Q. 018 - 0.157; it is 3 orders of magnﬁ+ude less than the meteor01d flux.

‘ At thls point, it is temptlnv to conc;uoe that the hazard from manmade

Objects is negligible compared to meteor01ds. However the relatlve 51tuatlon

hanges- dramatlcally on the next line. Here, con51deratlon shlfts to the

flux of genetratlng objects agalnst ‘the standard.target k Recalllng that the - o B

Gourl all structure protects qgnlnst meteoroids of less than 0.12 gm, the

10




meteoroid penetration flux is 9 orders of magnitude smaller than the
total flux and 3 orders of magnitude smaller than the meteorocid flux
. corresponding to thé massuéf the smallest orbiting manmade object. However,
+the probability of meteoroids penetrating the standard target is still sbout
10 percent over 1,000 days. The corresponding flux of penetrating manmade
objects has dropped very iittle, remaining at 82 to 86 percent of the total
according to,table 4, As a result, the corresponding penetration probability
has’dfopped‘from 0.018~0.157 to 0.015-0.135, using the 82-percent level at
low inclination and 86 perceng at the higher inclinations. Now the penetration
nazard from manmade objects is about the same as the meteoroid hazard.

The last line of data in table 5 carries the compari§on between
meteoroias and manmade objects one step further. It assumggﬁthat a
nypothetical structure has beenvdeveloped which increases penetration
protection by an order of magnitude over the double-walled structure shown in
sketch 1. Specifiéally, it is assumed that equation (1) reads m, = h79.é/v2
and thét the vertical scale of figure 4 is multiplied by 10 for equivalent added

protécéion against manmade objects. TFor meteoroid protection, this is apparently

]

& reasonable step to take because the meteoroid_distributibn igfnamﬁ_that_the
penétrationvflux (or probability) is consequently decreasedf5; m\ve‘:1?n an..
drdér 6fvmagnitude. Thé distribution of méﬁﬁadé‘bbjects‘fesultéiLn no’éomQ
parable decrease;‘a repeat of the calculafions described‘above fo%»ﬁhef£ew
penetration requirements sﬁowé that a large percentage of objects can still

penetrate--from 72 to 78 percent of the total,bfor low and high inelinations.,:

respectively. Now the penetration hauzurd from meteoroids is approaching :afe

11



levels even for the large standard target, while the hazard due to manmade
objects is still in the range from 1 to 10 percent. This property of the

//

ﬁlstributlon of manmade objects is ev1dent from figure 3, whlch shows- that
¢
mores fhan half of the population is larger than 100 gm. |

An important p01nt regarding the data in ‘table 5 i1s that the impact and
penetration levels shown do not 1nd1cate the existence of a hazardous environ-
ment for present levels 6fyspace operatiéns. Recall that on the basis of
calculations presented earlier, the peneﬁfation probability for Skyladb was less
than 0.0002 for its year in orbit. For the space shuttle orbiter, the surface
area(z]DOO.m?) is roughly 30 times smaller than the standard target and so
for a year in orbit, the penetration probabilities in table 5 (for a 1,000-day
period) are decreasea by a factor of 100 at the altitudes considered. The
population distributions in reference 1 show that at 400 km the provability
‘Should be decreased by another factor of 2 and at 200 km by an crder of

magnitude.
CONCLUDING REMARKS

Usihg;models of the petecroid and orbiting manmade object environments,
it is possible to compare the relative collision and penetration hazards due
to both types of ijects., Qualitatively, the,conclusions follow from the
functional form of each model, and ﬁhey are not very sensitive to thé precise
numerical values of the ﬁddel parameters. The log-log relationship between
meteoroid number and mass resﬁlts in very low penétration probsbilities for
current spacecraft struétures and missions, with clearly defined requireﬁents

for increased protection, if required, for large space facilities in the fubure.

12



The average total meteoroid flux is constant with time and can be considered
yfedicthble to the extent that meteoroid models have been and continue to be
vérified by experimental Aata.' The present hazard due to manmade objects is
also negligible, but prospects for the future are uncertain. The number-size
distribution is suc@/that an order-of-magnitude increase in structural resis-
tance to penetratio£ a;es not produce a corresponding decrease in,penetratioh

rdbability.‘ Historical evidence suggests a continuing increase in the
orbiting pppulation with no direct way:to monitor the aétual total level in the.
foreseeable future. Thus, the estimated penetration probability for manmade
objects of 1-10 percent for a 100-m sphere in orbit for 1,000 days, which now
exists, is expected to increase between now ani the time when permanent space
facilities of thié size become a reality, with no saccurate means of ascertsin-
ing the actual magnitude ofkthe'problem. (Reference 1 predicts a level of
25,000 objects befqre 1995 .) Furthermore, theré is no reason ﬁo_expect that
thé future aVerage distribﬁtion of manmade objects will differ substantially
from the present, so that the difficulty in providing increased p;otection will
remain.

Conceptually, it is easy to offer SOlutioné to: a dangerous spacefl
environment of the future (réf. k). Space facilities could have automatic
onboard'detection and‘maneuVering capabiiity té prevent collision§i> An
alternative could involve "garbage collection" miésibns to rid spéce of
hazardous material. As a prﬁctical mattér, both of these solutions are ﬁasks
which could consume sizeablé technicél resdurceé which sﬁould be‘a&ailable

for more constructive endeavors. A better solution is to halt the growth of

13



manmade space objects by altering the manner in which space is used, even as
the level of use increases. ﬁatural processes of orbiéal decay will eventually
clear the near-Earth space of small objects, reducing the tptal population

and increasing the percentage of orbiting cbjects which can be tracked from
the ground. Then, not only will the hazard be reduced, but the ability to

monitor and control the space environment will be enhanced.

14



REFERENCES

1. Brooks, David R.; Gibson, Gary G.; and Bess, T. Dale: Predicting The
Probability That Earth—Ofbitiﬁg Spacecraft Will Collide With Manmade
Objects In Spaée. Tth Annual Space Rescue and Safety Symposium,
XXVth international Astronautical Congress, Paper Number ATh=3Y4

Amsterdam, The Netherlands, September 30-October 5, 19Tk.

2.. Anonymous: Meteoroid Environment Model - 1969 (Near Earth to Lunar

Surface). NASA SP-8013, March 1969.

3. Frost, V. C.: Protectioﬁ Against Meteoroids. HASA SP-8042, May 1970.

Lk, Nagatomo, M.; Matsuo, H.; and Uesugi, K.: Safety Design of Space Station
Against Collision Hazard$~with Artificial Crbiting Bodies. 5th Inter-
national Space Rescue Symposium, XXIITI rd International Astronautical

Congress, Vienna, Austria, Oct. 8-1k, 1372.

15



16.

TABLE 1

NORMALIZED NUMBER~VERSUS-MASS RELATIONSHIP FOR THE
EARTH-ORBITING POPULATION OF MANMADE OBJECTS

(a)
Mass Normalized number
(gm) (Cunulative
percentage)

8.29x10(®) 100
1073 99.5
1072 93.8
107t 86.7
- 10° 76.3
10T 67.7
107 55.7
103 ko.9
10h 20,k
10° 17.C
| 106‘ 9.0
2.66x107¢¢) 2.1
(a)pé2‘7 e/ | |
apparent radar cross section of 10_6 m?

apparent radar cross section of lOl m?

(c)



TABLE 2

RELAPIVE-SPEED PROBABILITY DISTRIBUTION FUWCTIONS FOR
COLLISIONS WITH MAN-MADE OBJECTS IN SELECTLD EARTH ORBITS

Orbit parameters - altitude and inclination a)
v 500 km 800 km
(km/sec) 28 1/2° 82° 118° 28 1/2° 80 1/2° 113°
Fi(v)

0.5 0.0116 0.0026 o 0.0135 0.0008 0

1.5 - 0.0390 0.0076 0 0.0328 0.0113  0.0007

2.5 0.0kLkk 0.0252 0.0009 0.0L416 0.0257 0.0009

3.5 0.0394 0.0248 = 0.0009 0.0562 0.0136 - 0.0009

L.5 0.0738 0.0166 0.0010 0.0852 0.009L 0.0015

5.5 0.0864  0.0107 0.0018 0.1299 0.0076 0.0057

6.5 0.0925 0.0155 0.0021 0.2154 0.0145  0.0107

7.5 0.1609 0.0164  0.007h J.1k27 0.0155 0,007k

8.5 ©0.0787 0.0224 0.0046 0.0899 0.0154  0.0062

9.5 o.oésh 0.0185 o.oouok 0.0768 0.0171 0.0058
10.5 | 0.1068 0.0237 0.0039 0;1123 0.0228  0.006k4
11.5 0.0663 0.0329 0.0039 0.0384  0.0259 0.0076
12.5  0.0226  0.0430  0.0043 0;0208 0.0367  0.0087
13.5 ; 0.0301  0.0k72 ?40.0056 0.0270  0.0528 . ¢.0117
1.5 0.0109  0.1355  0.0139 | 6.0027 ~ 0.7093  0.5811
15,5 0.0412  0.557h  0.9kS7 | 0.0148  0.0226  0.3kT

(a)includes nominal (28 1/2°) and worst case (118° or 113°) orbits
defined in reference 1. 28 1/2° corresgonds to a due East launch

- from Cape Canaveral, '

(b) > 15 km/sec.

includes all relative speeds



TABLE 3

PENETRATION FLUX CALCULATICHS FOR A SPACECRAFT IN A
28 1/2° 500 km ORBIT SUBJECTED TO A UNIT INCIDENT FLUX

vi(km/sec) Fi(v) EEé?i) Ni(mp) ;
(gm)
0.5 0.0116 2h.h8 0.6349 0.008
1.5 0.0390  1.59 0.7618 0.030
2.5 0.0k4L4  0.448 0.8138 0.036
3.5 . 0.029k .34 0.8232 0.032
4.5 0.073%5  0.k72  ©0.8220 0.060
5.5 0.086L  ©.60% 0.5030 ¢.069
6.5 | ©0.0925  3.53C 0.8ChT 09.07h
7.5 C0.1600  0.L136  0.B1k® c.im
8.5 , 0.0787  £.339 0.6237 N.055
9.5 o.aés&, 2.271 G.8317 0.079
10.5 0.1068 0.222  0.8387  0.090
11.5 0.0663 ©.1.85 0.8452 0.056
12.5 0.0226 - 0.157 0.8510  0.019
13.5 0.0301 0.13k 0.8566_ 0.026
1445 0.0109 0.117 o 0.8615 '0.009
15.5P)  o.ok2 o0.102  0.8663  0.036
’ 9, = 0.820
(a)

aluminum projectile ,b p=2. 7 gni/cm3

()

includes all relative speeds 2 15 km/sec



TABLE

PENETRATION FLUX IN SELECTED ORBITS,
FOR A UNIT INCIDENT FLUX

Orbit parameters

altitude inclination

(1) (aee) ¥
500 28 1/2 - 0.820
500 82 0.854
500 118 G.865
800 28 1/2 0.817
800 30 1/2 0.853

800 113 0.861
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TABLE 5

SUMMARY OF IMPACT AND PENETRATION FLUXES AND NUMBER OF IMPACTS, COLLISIOH PROBABILITY, OR PENETRATION
PROBABILITY FOR A 100-m DIAMETER SPHERICAL SPACECRAFT IN ORBIT FOR 1000 DAYS

Meteoroids(d) Manmade orbitiggLotjects(e)
Description of flux R Number of ¢(f) Probability
' Alt, 5 impacts or 5 of impact or
(km) (#/m".sec) probability (#/m".sec) penetration
Total impact flux, 2 107 gn 500 2.62%107°  T.11x10" - -
800 2.7hx10“5 7.h3x107 - -
_ _ _1) —
Impact flux, 2 8.29x10 gm(a) 500 1.55x10° % k2 0.68x10™*-1.58x10 I 5.018-0.0l1
(P
800 1.G2x10” Tt 1.98x10’1h-6.98x10'lu 0.051-0.157 coll).
_ : i i , -1k ~1h o -1k : '
Skylab structure penetration flux 500 3. TLx10 0.091 0.56x10 -1.34x10 0.015-0.035
~ (®) ‘ (P_) ()
2.1198gm 800 3.86x10 " 0.095) P 1.62x10" 5. 82007 0.0k2-0.135) P
R : ‘ . -15 -1k -1k
Penetration flux for hypothetical 500  2.27x10 0.0063( 0.49x107 " "=1.22x10 0.013-0.032
structure protected, against meteoroid e P ) (p.)
masses < 1,198'gm?°) 800 2.37x107%7 0.0064 P 1.h2x10"lh 14 P

-5.17x10 " 0.037-0.122

;(a)minimum mass assumed part of the orbiting population, corresponding to a rectangular aluminum projectile with

apparent radar cross section of 1077 m=. ;
(b)prOtection against meteoroids according to equation (1) and against manmade objects as shown in figure bL.. -
(c)see text for protection assumed-against the man-made orbiting population.
(d)flux values corrected for Earth shielding and gravitational focussing.

(e)l0,0QO orbiting objects assumed.

'(r)rahge of wvalues to include range of orbital inclinations.
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L 10732 < 1 < 1078
-4 r Loglo ® = ~14.339 -1.584 Log;o m -0.063 (Log, m)2

Loglo ¢ (particleS‘ of mass, m, or greater per square meter per second)
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- Figure 2.- Average cumulative total meteoroid flux-mass model for 1 A.U. (ref. 2).
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