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COMPARISON OF CALCULATIONS OF FRAGMENT PRODUCTION RATES 

Gregory H. Canavan 

Differences between NASA and DoD estimates of fiagment production 
rates in space debris collisions are shown to be due primarily to different choices 
of the exponent in the debris distribution. The sensitivity to this parameter over 
the range of values consistent with experimental data is discussed. 

This note compares NASA and DoD estimates of fragment production rates in space 
debris collisions. The calculations are performed for a consistent set of debris distribution 
functions, which are implicit in the set of integrated collision frequencies provided by NASA 
Johnson Space Center (JSC) in Attachment A1 for comparison with calculations in the report by 
the USAF Scientific Advisory Board (SAB).2 Attachment A gives a useful table of collision 
frequencies, defines NASA's equation for fragment production, and provides references that are 
used as the basis for the comparisons. This information makes it possible to understand and 
achieve agreement with JSC's average masses for all collisions and to discuss the discrepancies 
in the fragment production rate estimates based on them. The agreement on the average mass 
involved in all collisions is on the order of 1%; the agreement on average masses in catastrophic 
collisions is on the order of 6%, which is within the uncertainties in averaging proceedures, once 
it is recognized that only about 52% of the collisions in the JSC table are catastrophic. 

them over debris and collision frequency distributions are derived, leading to a prediction of 102 
fragments per collision for the highly cascaded distributions presented. While the substitution of 
average masses into fragmentaion kernels for the estimation of fragment production rates is 
technically incorrect, the agreement with the corrected 3SC fragment production rates is within a 
factor of two and readily traceable to the different parameters used in the two calculations. For 
JSC's collision frequencies, the JSC production rate overestimates that from the SAB study by 
about 90% due to the choice of the parameter used in the fragmentation kernel. The SAB results 
are also compared to the predictions of the FASTT model developed by DNA to model the DoD 
impact experiments, which predicts a lower number of fragments per collison than that calculated 
by the SAB for the average parameters from the DNA test series. 

estimates of the average number of fragments per collison. The differences between the two are 
shown to result primarily from improper normalization, confusion between catastrophic and total 
collisions, and the use of a parameter in describing the fragment distribution that is not supported 
by the empirical DoD data base on hypervelocity collisions. The sensitivity to this parameter due 

Empirical fragment distribution kernels are reviewed and proper metheds for averaging 

This comparison was stimulated by the apparent contradiction between JSC and SAB 
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to the range of values consistent with experimental data is discussed. The remaining discrepancy 
is within the errors expected for the spuriously cascaded distributions used for comparison. 

JSC debris collision rate estimates are given in Table 1 of Appendix A. These estimates 
of cumulative collision rates are derived from 10 Monte-Carlo simulations of debris growth over 
the next century from current conditions for the same launch rate synthesized by repeating that of 
1985-1995 in each decade for every simulation. The growth of cumulative collisions in each case 
is shown in Fig. 1 of Attachment A, which indicates variances on the order of 10-208, as is 
appropriate for the small number of cases. These numbers are sufficiently well behaved to make 
the average quantities computed below meaningful, if a bit noisy. 

with ratios of upper to lower masses of about a factor of 2.8. Summing the entries gives an 
average of 58.4 collisions in 100 years or 0.58 collisiondyr. That is a factor of = 0.58/0.05 = 
11.6-fold greater than the present rate, but JSC indicates3 that the increase due to cascading can 
be normalized to first order by dividing each element in the matrix by a factor of 11.6. Table I is 
used as is below and the results are so normalized where necessary. 

Figure 1 shows the average number of collisions of all types per century from Table 1 of 
Attachment A as a function of the diameters of the projectile and target fragments, where the 
projectile is defined as the colliding partner with the smaller diameter Dp and mass Mp and the 
target as the partner with the larger diameter Dt and mass Mt, which prevents double counting of 
collisions. This average collision frequency is denoted by F(Dp, Dt). The fragment sizes defined 
in Table 1 of Attachment A range from a bin from 0.1 to 0.16 m, which contains the smallest 
fragments, to a bin from 6.3 to 10 m, which contains the largest. The coordinates are oriented so 
that the origin (0.16,O. 16) is at the lower left and the largest fragments (10,lO) are at the right. 

The value at the origin of about 0.2 collisions/century for fragments from 0.1 to 0.16 m 

Table 1 gives the collision frequency between objects of various sizes, averaged over bins 

corresponds to the top entry of Table 1 of Attachment A. There is a detectable number of 
collisions of these fragments despite their small size because of their large n ~ m b e r . ~  For Dp = 
0.16 m, as Dt increases there are a few local maxima, a sharp increase at Dt = 1.6, and a 
pronounced peak at Dt = 6.3 m, after which the number falls, indicating that that the most 
numerous collisions are between the numerous small particles and the few large ones. 

Dt falls due to the reduction in the number of target particles in the distribution. However, there 
are secondary peaks at 2.5 and 6.3 m, where the large size of the target particles overcomes their 
lower numbers to produce peaks about 15% as large as that at (0.16,0.63). 

The bottom curve in Fig. 2 shows collisions summed over targets size, CDt F@p, Dt), as 
a function of pro-jectile size. The value is about 16.8 collisiondcentury at Dp = 0.16 m, due 
largely to the large peak at F(0.16,6.3). The sum falls with increasing Dp by about an order of 

As Dp increases, similar scaling on Dt is seen, but the prominence of the peaks at large 
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magnitude by 1 m, where it stabilizes at about 3 through Dp = 6 m, after which it falls by another 
order of magnitude for the largest 10 m bin, consistent with the interpretation of Fig. 1 that 
collisions primarily involve the large flux of small fragments on the few large targets. The top 
curve is the cumulative number of collisions, which is obtained by summing the lower curve up 
to the value of Dp indicated, Le., &DP CDt FQ, Dt). At Dp = 0.16 m the cumulative is equal 
to the sum. It increases rapidly with Dp up to about 1 m; more slowly thereafter. It reaches about 
50% of the total of 58.4kentury by Dp = 0.25 m and 80% by 2.5 m, again reflecting the 
dominance of collisions of small projectiles with large targets in total collisions. Figure 3 shows 
the sum and cumulative collisions as a function of target size, 
increase roughly as Dt3/2, which again indicates a strong role for large fragments as targets for 
the numerous small fragments. 

identify collisions that are not catastrophic, Le., do not satisfy the requirement that the mass of 
the projectile be within a factor of 1,OOO of the mass of the target for complete fragmentation,5 
determined by JSC from inspection of the DoD-DNA impact experiment data base.6 Smaller 
impactors cause only partial fragmentation of targets.7 Excluding these non-catastrophic 
collisions produces the catastropic collisions per century G(Dp, Dt) distribution shown in Fig. 4, 
in which the peaks at small Dp and large Dt sen in Fig. 1 are suppressed by the elimination of the 
numerous collisions involving projectiles too small to cause catastrophic collisions. 

Table 1 of Attachment A indicates that the 5 0.16 m objects have a maximum mass of 
0.73 kg, so they are too small by an order of magnitude to fragment the largest objects, which 
have masses up to 8589 kg. Only fragments larger than 0.4 m can fragment them. By elminating 
collisions with target to projectile mass ratios over l,OOO, JSC reduces the collisions to those in 
the dashed region. That eliminates 27.8 collisions per century and reduces the number of 
catastrophic collisions per century to 30.6-a reduction of about a factor of two. 

Figure 4 shows that the net result is that the peak seen in Fig. 1 at Dp = 0.16 m is 
eliminated, and the peaks at 0.25 and 0.63 m are attenuated to about the levels of those at 2.5 and 
6.3 m, so that the secondary peaks such as the one at (1.6,1.6) become more visible. Figure 5 
shows the sum of G over target size, CDt G@p, Dt), which indicates that contributions from all 
diameter bins are comparable. The cumulative CoDP CDt G(Dp, Dt) rises rapidly to about 50% 
of the total of 30.6 by Dp = 1 m, increases more slowly thereafter, and reaches about 80% of the 
total by Dp = 2.5 m. Figure 6 shows that the sum and cumulative values as functions of Dt 
resemble those in Fig. 1, although their slopes fall for larger targets. 

The average mas per collision is evaluated by adding Dp and Dt for each element in 
F(Dp, Dt), forming the product (Dp + Dt)F(Dp, Q) for each element in the collision matrix, 
summing over all Dp and Dt, dividing the result by the total of 58.4 collisions per century, and 

EDP F(Dp, Dt), which 

Catastrophic collisions. The dashed lines around the lower left bins in Table 1 of App. A 
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multiplying by 0.6, which produces the average mass involved per collision. The factor of 0.6 is 
needed because the JSC bins have a ratio of maximum to minimum mass of = 2.8, so the 
geometric average mass of each bin is only = 1142.8 = 0.6 times the mass of the upper limit used 
to index the bin. This process is repeated with F replaced by G to determine the average mass per 
catastrophic collision. 

functions of Dp. The upper curves are the sum and cumulative m a s  for all collisions. The 
contributions are a maximum at small Dp, fall until Dp, = 1 m, and then level out. The 
cumulative value rises rapidly, reaching more than half its asymptotic value of 2293 kg by 0.4 m. 
The lower curves are the sum and cumulative mass for catastrophic collisions, which are 
minimized for the small Dp fragments that cannot fragment the large objects. For Dp larger than 
1 m, the distribution of contributions to the mass for catastrophic collisions approaches that for 
all collisions. and then level out at bout 100 kghin. 

The top curve the cumulative contributions to average mass rises more slowly, reaching 

Figure 7 shows the contributions to the average masses per collision sumed over Dt as a 

half its asymptotic value of 1102 kg by about 0.4 m. Note that this value is the average total mass 
for the fragments involved in all collisions. Only a fraction = 30.6 / 58.4 = 52.4% of the 
collisions in Table 1 are catastrophic, so the average mass of fragments involved in catastrophic 
collisions only is 1102 kg / 0.524 = 2103 kg. These results are compared in Table I to those from 
the table of average geometric masses below the collision matrix on Table 1 of Attachment A. 

Table I. Average Mass (kg) 
911 collisions 

JSC 227 1 
SAB 2293 
difference % 1 

catastrophic difference % 
2007 -12 
2103 -9 
5.8 

The average masses compare well for both all and catastrophic collisions. The 1% in all 
collisions is in the noise and the 5.8% discrepancy could be acconted for by differences in 
averaging. Both calculations agree that the average mass falls by 9-12% for catastrophic 
collisions as compared to all collisions-largely due to the exclusion of the exclusion of the 
collisions by the smallest fragments with the large ones. The mass involved in collisions falls by 
about a factor of two, from 2293 to 1102 kg, as shown above, but only about half of the 
collisions are catastrophic, so the ratio of the average mass in all to catastrophic collisions 
appears relatively stable. 

The fragment production kernel for hypervelocity impacts has been studied in DoD 
and NASA experiments,g and the few dozen well diagnosed tests have been summarized and 
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interpreted.9 The results of those experiments can be fit reasonably well by expressions for the 
cumulative number of fragments with masses greater than m of the form 

where Mt is the target mass, approximately the total fragment mass in those experiments, and A 
and B are parameters that characterize the number of framents produced. The value of B can be 
inferred for each experiment from the slope of the plot of In C versus In m; A is determined by 
the intercept. The value of B so determined is 0.62fo.07. The SAl3 report uses this average value 
of B determines A = 1/B - 1 from conservation of mass.10 

The average fragments per collision is determined by averaging Eq. (1) over the 

C = A(Mt/m)B, (1) 

collision matrix of Table 1 of Apendix A to determine the average number of fragments 
produced per collision, which is 1 1 

where Z(Dp, Dt, Mf) is the average number of catalog particles of diameter greater than 0.1 m 
(or mass Mf 2 0..26 kg, according to Table 1 of App. A) produced per collision between objects 
of mass Mp and Mt. F(Dp, Q) is the collision rate between them, as represented in this 
comparison by the elements of the collision frequency matrix in Table 1. The sum is over Dp and 
Dt, and the prime indicates that the sum is to be taken only over catastrophic collisions, in which 
F reduces to G, as non-catastrophic collisions do not produce additional particles. 2 is in general 
a function of Dp, Dt, Mf, and the ratio of projectile to target mass for catastrophic interaction. 
While Z is a function of mass, it is generally not a linear function of mass. Thus, it is not 
permissible to calculate the average mass per catastrophic collision 

and use it in EQ. (1) to estimate the average number of fragments per collision, unless Z is 
linearly proportional to mass, Z = K(Dp +Dt), in which case 

For other dependences of Z on Mp and Mt, this approximation does not hold. In particular, for 
the form of Z inferred from the DoD-DNA impact tests given by Eq. (1) 

&f> = C' Z(Dp, Dt, Mf) F(Dp. Dt) 1 C W p ,  Dt), (2) 

<M> = C (Mp +Mt) G@p, W 1 C F(Dp, Dt), 

<Winear  = C KOMp +Mt) G P p ,  Q) 1 C F@p, Dt, = K a>. 

(3) 

(4) 

<N> = c' A[ (Mp + Mt)/MsIB F(Dp, Dt) / C F(Dp, Dt) 
* A {c' [(Mp + Mt)/Ms) F(Dp.Dt)l/ C F(Dp,Dt)P. (5 )  

The errors in such an approximation can be quite large for the DoD-DNA B = 0.62 for which the 
scaling of Z is far from linear, which strongly suppresses the effect of large excursions in mass 
relative to the linear approximation of Eq. (4). In any case, it is not necessary to use the 
approximation of linearity, as the full collision frequency matrix and kernel are available for this 
cornprison, so the desired averages can easily be evaluated without approximation. 

The average number of fragments per catastrophic collison is determined by 
averaging the fragmentation kernel of Eq. (1) over the catastrophic collison distribution G of 
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Table 1. The kernel, under the optimistic assumption that all of the mass of both the projectile 
and target are converted into fragments is given by 

(6) 
where Mf is the "mass of the smdlest debris considered," which corresponds to 0.26 kg, or a 
diameter of 0.1 m, the smallest size in the JSC Catalog. Inserting the kernel of Eq. (6) into the 
full Fq. (2) produces the plot of fragment production as a function of Mp and Mt shown in Fig. 8. 
This plot for fragment production as a function of projectile and target size resembles the plot of 
catastrophic collisions in Fig. 4, although the peaks are accentuated by the greater fragment 
production in collisions between large particles. 

C = A[(Mt +Mp ) / MflB, 

Figure 9 shows that the integrated contribution from smaller objects is significant. The 
contributions to fragment production integrated over target size is roughly the same from bins of 
all projectile sizes larger than 0.6 m, except that from the largest ofjects, which is an order of 
magnitude smaller. The cumulative integral over projectile size reaches about 50% of its full 
value of 102 fragments by a projectile diameter of about 1.6 m. This value is larger by 2570% 
than the value of 60-80 fragments per collision given in the SAB report, but is based on a 
significantly different, hypothetical cascaded future debris distribution. to Figure 10 shows the 
Fragment production rate as a function of target diameter, which increases rapidly with Mt as a 
result of collisions of large targets with projectiles large enough to be catastrophic. 

on a "standard NASA equation to determine the number of objects greater than a given mass" 

in which Mf is the "mass of the smallest debris considered" 0.26 kg, corresponding to a diameter 
of 0.1 m, and Me is the "mass of the ejecta (i-e., total mass for catastrophic collisions)." This 

The JSC note on "Parts Creation" in Attachment A gives an alternate procedure based 

CN = 0.4478(Mf/Me)-O-7496, (7) 

expression involves only aggregate quantities, so it can be evaluated directly with the quantitities 
calculated above. Substituting the JSC average masses of Table I into Eq. (1) gives 

Table 11. Fragments from average mass of catastrophic collisions 
JSC all coll JSC catastr (CN) SAB catastr difference 

avg. mass 2271 2007 2103 5.8% 
fragments 403 368 102 -206% 

The average JSC mass for all collisions is that given below Table 1 of Attachment A and 
in Table I above. The calculated value of 403 fragments for all collisions corresponds to using 
JSC's average mass of 2271 kg from Table I in Eq. (7). However, Fig. 7 shows that only about 
half of all collisons are catastrophic, so it is inappropriate to use this full mass in estimating 
fragment production. Using instead JSC's mass of of 2007 kg for catastrophic colisions from 
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Table I in Eq. (7) gives the value of 368 fragments in the middle column. The third column 
corresponds to the SAB’s calculated average mass of 2103 kg in Table I, which is calculated in 
an integrated average of Eq. (6) that produces the 102 fragments per collision shown. 

The apparent discrepancy in fragments between the JSC and SAB calculations of a factor 
of 368 / 102 = 3.6 is partly definitional and partly substantive. JSC‘s average of 368 fragments is 
only appropriate for the 52.4% of the collisions that are catastrophic, so the average number of 
fragments per collision of all types is 

(8) 
which is only a factor of 193 / 102 = 1.9 larger than the value from the SAB calculation. This 
corrected value of 193 fragment / collision is used for comparisons below. When necessary to 
avoid confusion, the value of 368 is referred to as the “average number of fragments per 
catastrophic collision.” The residual difference of a factor of 1.9 is due primarily to the 
difference in the choice of exponent B, which is discussed after cumulative fragment production. 

JSC cumulative fragment production. Figure 2 of Attachment A shows JSC’s 
estimates of cumulative fragment production versus cumulative mass in [catastrophic] collisions. 
While the calculations that produce the chart are not presented, the implied conclusion that the 
fragment production is almost linear in the mass involved is worth examining, which can be done 
with the tools described above. Although Eq. (7) for CN applies to the total mass involved in 
catastrophic collisons, Fig. 2 of Attachment A is apparently generated by substituting Eq. (7) for 
2 in the average of Eq. (2). Figure 11 tests that by comparing the result of doing so with the 
result gernerated by useing Eq. (6) with B = 0.7496 to estimate fragment production. The curves 
are similar and displaced by a small amount, which indicates a small multiple difference. 

The ratio of the two curves is almost precisely 1.34. That is almsot precisely the ratio of 
the JSC and SAE3 A coefficients, which is 0.0.4478 / (1/B - 1) = 0.4478 / (1 / 0.7496 - 1) = 1.343. 
Figure 12 shows the A coefficients from the SAB, JSC, and FAS’IT DNA models. They cross at 
B = 0.65, but the JSC A is constant, so it remains above the SAB and F A S n  coefficients @e.,. 
the JSC disctibution is not normalized), which is the source of the factor of 1.34. Thus, it is clear 
how JSC Fig. 2 is generated. 

With that understanding, it is possible to compare JSC and SAM versions of JSC Fig. 2 
by changing the SAB exponent back to 0.62 and plotting the resulting cumulative fragment 
productions as a function of cumulative mass involved in producing them, as is done in Fig. 13. 
The lower curve is the the SAB curve for B = 0.62, which is roughly linear although it falls off 
for large fragments and saturates at about 102 fragments, as discussed in Table II. The top curve 
is the JSC curve from using Eq. (7) as a kernel in Eq. (2). It asymptotes to about 264 fragments, 
which is a factor of 2.6 larger than the SAB value for all large fragment sizes. From the above 
discussion it is clear that this factor is made up of a factor of 1.9 due to the use of B = 0.75 rather 

CN = 368 x 0.524 = 193 fragment / collision, 
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than the experimental value of 0.62 and a value of 1.34 due to improper normalization relative to 
FASTT, Le., non-conservation of mass. The product of those two factors is 1.9 x 1.34 = 2.6, 
which is precisely the factor that separates the two curves. 

403. As noted in Table 11, that corresponds to using the mass for all collisions; however, only 
half are catastrophic. When the JSC mass of 2007 kg in the second column is used, Eq. (7) 
produces 368 fragments as shown. As discussed in Eq. (8), when that value is corrected for the 
fact that only 52.4% of the collisions are catastrophic, the resulting fragment production rate is 
193 fragments per collision, which is a factor of 1.9 greater than the SAB value due to the use of 
the higher B = 0.75, as discussed above. 

does provide the information that for most fragment sizes, the cumulative fragment production is 
roughly a linear function of cumulative mass. Thus, apart from the large objects, for which 
fragment production saturates, the derivative of the number of fragments with respect to that of 
the cumulative mass is about constant, which means that objects of all masses and sizes produce 
comparable numbers of fragments. 

The variation of fragments per coliison with B can be assessed by changing the value 
of B in the kernel of Eq. (16) used in the averaging of Eq. (2). Figure 14 shows that this variation 
is fairly strong. From a value of about 60 fragments per collision at B = 0.55, it increases to a 
value of about 240 at B = 0.8. Its value is about 197 at B = 0.75, which is close to the JSC value 
of 193 in Eq. (8). However, the review of DoD impact experiments in a companion paper shows 
that a value of B = 0.75 is not consistent with the DNA test data, and that the mean value of B = 
0.62 better characterizes the full data set.12 The SAB calculations are best represented by the 
DNA average value of B = 0.62, for which the discrepancy between the corrected JSC and S A B  
estim ates is a factor of 193 / 102 = 1.9, as discussed above. 

Figure 11 also shows a curve labeled FASTT, which is the semi-empirical curve 
developed by DNA to model the DNA experimental results cited by JSC. 13 It lies slightly below 
the SAB curve at small B, crosses it at about B = 0.65, and rises more sharply for larger values of 
B. Of interest here is that the curve developed by DNA to model the DoD data gives a slightly 
lower value of B than the average value of B = 0.62 used in the SAB calculations, which 
represents an independent test of the SAB's reduction of the DNA data and a confirmation of its 
estimate of the number of fragments produced. 

In the JSC curve an asymtote is shown for the geometric mean number of fragments at 

While there is no new information in JSC Fig. 2, the SAB recalculation of it in Fig. 13 

Thus, it appears that different choices of the exponent in the fragmentation kernel are the 
dominant factor in explaining any discrepancies between the JSC and SAB calculations. The 
source of the SAB value of B is the average of the experimental results in the summary DNA 
report. The JSC kernel is described as the "standard NASA equation to determine the number of 
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objects greater than a given mass." It is not otherwise discussed or explained in the documents 
referenced in Attachment A, and does not agree with the DNA data or with the FASTT model 
derived to model it. 

Summary and conclusions. The JSC Attachment contains much of the information to 
complete the comparison of SAB and JSC estimates of fragment production. It gives a useful 
table of collision frequency, NASA's equation for fragment production, and some references, 
which are used as the basis for the comparisons made above. This information makes it possible 
to understand and achieve agreement with JSC's average masses for all collisions and to discuss 
the discrepancies in the fragment production rate estimates based on them. The agreement on the 
average mass involved in all collisions is on the order of 1%, which is in the noise. The 
agreement on average masses in catastrophic collisions is on the order of 6%, which is within the 
uncertainties in averaging proceedures, once it is recognized that only about 52% of the 
collisions in JSC's table are catastrophic and the JSC rates are corrected for that fact. 

averaging them over debris and collision frequency distributions are derived, leading to a 
prediction of 102 fragments per collision for the highly cascaded distributions presented. While 
the JSC substitution of average masses into fragmentaion kernels for the estimation of fragment 
production rates is technically incorrect and sometimes misleading, the agreement with JSC on 
the corrected fragment production rates at that level is within a factor of two and readily 
traceable to the different parameters used in the two calculations. For the JSC collision 
frequencies, the JSC production rate overestimates that from the SAB study by about 90% due to 
the choice of the parameter used in the fractionation kernel. The SAB results are also compared 
to the predictions of the FASTT model developed by DNA to model the DoD impact 
experiments, which predicts a lower number of fragments per collison than that calculated by the 
SAB for the average parameters from the DNA test series. 

This comparison was stimulated by the apparent contradiction between the JSC statement 
that the average debris collision would "produce about 480 fragments larger than 10 cm"14 with 
the result in the SAB report that the average number of fragments per collision is 60-80.15 For 
the conditions specified by JSC for this comparison, the number of fragments for JSC's "standard 
equation'' is 368 per catastrophic collision, or 193 per collision, which is only a fraction of 193 / 
480 = 40% of the 480 claimed in the literature, but still a factor of 193 / 102 = 1.9 greater than 
the value calculated by the SAB on the basis of DoD-DNA parameters. The majority of the 
discrepancy between the two results can be traced to a factor of 1.9 in fragments per catastrophic 
collision, which is due to JSC's use of a fragmentation formula that is inconsistent with the DoD- 
DNA test data and a further factor of two due to the confusion between catastrophic and total 
collisions in JSC's statement. 

The empirical fragment distribution kernels are reviewed and the proper metheds for 
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Overall, a more accurate summary would appear to be that debris collisions produce an 
average of about 102 fragments, which can be directly related to JSC’s estimate through a simple 
series of corrections: multiply the JSC = 480 x 403/480 [normalization] x 368/403 [catastrophic] 
x 0.524 [catastrophic / total] x U1.9 [B = 0.62) = 100, in agreement with the SAB value of 102. 
That produces a factor of 4.8 reduction in the JSC estimate to a level of about 100 fragments per 
collision, at which fragmentation would produce little cascading. The remaining discrepancy is 
within the errors expected for the spuriously cascaded distributions used for comparison. 

Acknowledgment. The author would like to acknowledge the cooperation of Dr. Nicholas L. 
Johnson of the NASA Johnson Space Center for providing the collision frequency table on which 
this comparison is based and the comments and suggestions of his SAB colleagues on the result. 

10 



References 

1. N. Johnson, NASA JSC letter of 2 May to W. Ballhaus, Vice-Chairman, USAF SAB. 

2. G. Canavan, 0. Judd, and F. Naka, "Comparison of Space Debris Estimates," SAB report. 

3. N. Johnson, telecon with W. Ballhaus. 

4. G. Canavan, 0. Judd, and F. Naka, "Comparison of Space Debris Estimates," op. cit., Fig. 3. 

5. D. Kessler loo0 D. Kessler, Collisional Cascading: the Limits of Population Growth in Low 
Earth Orbit," Adv. Space Res. Vol. 11, No. 12, pp. 1263-1266, 1991, p. 1265. 

6. D. McKnight, R. Maher, L. Nagl, "Fragmentation Algorithms for Strategic and Theater 
Targets (FASTT) Empirical Breakup Model," DNNSPSP report January 1994 (Kaman Sciences 
Corporation, Washington) 

7. G. Canavan, "Analysis of DNA Impact Test Data," Los Alamos LA-UR-97-draft, July 1997. 

8. D. McKnight, N. Johnson, M. Fudge, and T. Maclay, "Analysis of S K I T  Debris Data and 
Correlation to NASA's Breakup Models," NASA 9-19215 JSC-SNC (Kaman Sciences Corp. July 
1995). 

9. D. McKnight, R. Maher, L. Nagl, "Fragmentation Algorithms for Strategic and Theater 
Targets (FASIIT) Empirical Breakup Model," op. cit. 

10. G. Canavan, 0. Judd, and F. Naka, "Comparison of Space Debris Estimates," op. cit. 

11. G. Canavan, 0. Judd, and F. Naka, "Comparison of Space Debris Estimates," op. cit., p. 21, 
Eq. (2). 

12. G. Canavan, "Analysis of DNA Impact Test Data," op. cit. 

13. D. McKnight, N. Johnson, M. Fudge, and T. Maclay, "Analysis of S K I T  Debris Data and 
Correlation to NASA's Breakup Models," op. cit. 

14. D. Kessler Adv Sp Res. D. Kessler loo0 D. Kessler, Collisional Cascading: the Limits of 
Population Growth in Low Earth Orbit," op. cit., p. 1265. 

15. G. Canavan, 0. Judd, and F. Naka, "Comparison of Space Debris Estimates," op. cit., p. 21. 

11 



projectile diameter (m) 10 

Page 1 

Fig. 1. coll per cent 2d 

Fig. 1. Collisions per century 

0 ,  
1 

diame ter 



F 2 Collisions vs Dp 

$ 
P 

Fig. 2. Collisions versus projectile size 

0 

proJectile diameter (m) 

Page 1 

m I cumulative 



2 

8 
3 
C 
.cI 

z e 

F 3 Coll vs Dt 

Fig. 3. Collisions versus target size 
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Fig. 5. Catastrophic collisions versus projectile size 
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Fig. 6. Catastrophic collisions versus target size 
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Fig. 7. Average mass 
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Fig. 8. Fragment production per century per bin 
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Fig. 9. Fragment production versus projectile size 
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Fig. I O .  Fragment rate versus target size 
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Fig. 11 .Cumulative fragment production vs projectile size 
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Fig. 12. A coefficients versus B 
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Fig. 13. Cumulative fragments vs cumulative mass 
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Parts Creation 
Tnr o ~ w t l v w  althlr exoffilse wem to determine (1) the "everage" rmount of maw Invoked 

b I nrtunl colllrlwr and (2) the numbor of lor$$ dobrls (dlamaten greater than 10 om) mated In 
u#h i odllrlon. Thb mhlmum da8rir rkm is lmpartrnt rlnoe It b genenlly ruffifdent to induce 
mWha krwlurg, In aubuqwnt Wlrlon. 
uahadalwu. Tan lO&yoar Morrtc Carlo rum of the EVOLVE code won executed with I bme 
Qml~ d January, tom. A tnmC modd repertlng tn0 hMCtdo rprw lounchea of 108&198S 
(InddH wary obht mrn m a  employed. Connqwntb, tho lomo number of LEO 

mtdlha (along urith thok rook& bodkr 8 d  operrtknrl debris) roheddsd for 
4wmh dwlng tho rwd rrwrrol yeam w m  not modelld. l3qWslonr were allowed w ocwr rt 
JU&d@nl# Only d.tM1c~ on oolllrbno lnvotvlng 0bJoCtr both wltn 8 dlmmcrtor of 10 cm or 
gmtw 0 2W am) wua wlkotsd. Eaoh nndom collbion wos wolultsd to detsnnlne If 

rsrbtsd for aomplete (mtastmphlc) fngmmtation, Sttrtlrtfm wore compiled for both 
md ~ r o p h l o  Cdllsiom. 

m. A total of I84 collisla~ oocurted durlng tha ten Monte Cad0 fuw, npmrantlng on 
rvurg, of 58.4 ool#alor# par 100.yeer atmutation. Figure 1 Illusbntes the oumulatlve number of 
OOUWOLU fw aach of tha ten Montlr Carlo runs. The nonlinosr grovrlh ls inbiortlw of the 
oI#nong rrtrllltr, popuktion #mater than 10 cm ln diamrtcrr, Tibk I wmmsrirtt the oolhlon 
tym by dm (w m#r) aa?egorler, for example, on average, hub cdllslonr occurred each run 
batwaoa object8 In thr 0.40-0.63 m end in thr 3.946.31 m rlu M n  @,80-18.fl7 kg and 1071.b 
WS&4 mwr b ! ~ ,  respectively). Tho goornettic and arithrnetk means of total mesa Involved 
b tho eolllriorrr m Indtutod bm08th Tabto 1 * The average oombld marw of obMdr Involved 
in rY mlll.kn. wm 2271 kg @eomatrla) w 2588 

ullng tho hnd8rd NASA oqu8tlOn to determine the number of ot@ib greater than a given - (er#hrnotic). 

CN - 0.4478 (Nlrl MJ4'- 

tho wmber of debrlr dlameter I O  am or gmater is 403 (geometric) or 444 (arithmetic} Qlvure 2). 

Thma numbers ectudly mpnmnt the most conwrvaUw (lead &Me generated) NASA 
mmeumek In malily, the mass of each objset will be transformod into two sepanto, dlitinot 
doMa doudr wtth gmter totel deMs than assuming a rlnglt fngmntrrllon, Hen-, I two 

nrprolhnty, (total 466) would be ofeatad ln8tead of o single deDrk doud of 394 debris, u 
arlcutrtod wlth the equaUon rbovlr wlth 0 tdsl mas, of 2200 @. In addltlon, if e towrr maw 
rqulvalmnm of 14s gm for 10 cm dlunamr debris or H a combination of taw IntwWty 
ax@donloa#tdon fragment genanUon (pat of thc, mass is conwrtmd wing low Intcrnstty 
rqurtlon, md port of the lllls~ Is wnverlod using odllrlon equations) techniques are used, 80 Is 
mzwtlmw men In the IltHltllm, the total number of debria gorteratod it again greatat- than tho 
Wum dtrd above and in Fi~utr  2. 

OW 800 4 Bnd O M  1400 IC$, mllidrd, two dabrk d0ud8 Of 184 dOM8 and 281 dObd8, 

Nloholri 1. Johnmn 
NASA Johnron Space Center 
1 May 1007 
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