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The applicability is examined of the hypervelocity collision model included in the NASA standard breakup
model 2000 revision to low-velocity collisions possible in space, especially in the geosynchronous regime. The
analytic method used in the standard breakup model is applied to experimental data from low-velocity impact
experiments previously performed at Kyushu University at a velocity range less than 300 m/s. The projectiles and
target specimens used were stainless steel balls and aluminum honeycomb sandwich panels with face sheets of
carbon fiber reinforced plastic, respectively. It is concluded that the hypervelocity collision model in the standard
breakup model can be applied to low-velocity collisions with some simple modifications.

Nomenclature
A/M = area-to-mass ratio, m2/kg
DA/M (χ, ν) = area-to-mass distribution function of χ and ν
D�V (λC , χ) = delta velocity distribution function of λC and χ
LC = characteristic length, m
M = mass, kg
N (LC ) = size distribution function of LC

N (x; µ, σ) = Gaussian (normal) distribution in x about the
mean value µ with a standard deviation of σ

S = dimensionless scale factor
x , y, z = fragment three dimensions, m
�V = delta velocity, m/s
λC = log(LC )
µ = mean
ν = log(�V )
ρ = material density, kg/m3

σ = standard deviation
φ = dispersion path angle with respect to projectile

in-coming velocity
χ = log(A/M)

Introduction

S PACE structures may encounter impact phenomena in orbit.
Apart from mission related collision at rendezvous or deploy-

ment, the important phenomena to be considered are collisions with
exterior objects such as meteoroids and artificial debris. These ob-
jects normally collide at very high velocity, potentially causing fa-
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tal damages to space structures and the further creation of many
more fragments, which then can be threats to other spacecraft in
other orbits. These hypervelocity impact phenomena have been ex-
tensively studied both theoretically and experimentally, for exam-
ple, by Bess,1 Nebolsine et al.,2 Kling,3,4 Johnson,5 and McKnight
et al.6,7

The protection schemes of space structures, especially that of
the International Space Station, is fairly well defined by now. The
protection device is known as Whipple bumper, which is a thin wall
placed in front of the main structure at a sufficient distance. At
impact, much of the projectile kinetic energy is consumed during
the material phase change process of both projectile and the bumper
wall, and then the remaining energy is scattered into a larger area by
the time the projectile remnant reaches the main structure. Because
of this, the protection device is effective against a high-velocity
impact. At lower velocity, the projectile just penetrates the protection
wall, and then makes almost direct impact onto the main structure.
The low-velocity impact phenomena are not well understood despite
the mechanism of destruction being simpler.

Most collisions in low Earth orbit (LEO) are hypervelocity colli-
sions. Impact velocity is defined by the difference of velocity vectors
of two colliding objects. The scalar velocity V is expressed in terms
of the magnitude of object velocities before impact, V1 and V2, and
an angle between two velocity vectors, θ , as

V 2 = V 2
1 + V 2

2 − 2V1V2 cos θ

If the two objects are flying toward the same direction (θ = 0), the
collision velocity becomes minimal. On the other hand, if a head-on
collision occurs (θ = 180), the maximum collision velocity occurs.
Collision probability of an object with other objects is given by
the product of collision cross-sectional area, spatial density, time,
and relative velocity between the colliding objects. Therefore, if the
external objects are distributed randomly, collisions at the leading
edge, where the head-on collisions may occur, are most frequent,
whereas those at the trailing edge are scarce.

Artificial objects in geostationary Earth orbit (GEO) are dis-
tributed differently. Most of them are originally placed on the equa-
torial plane, and then they change orbital plane due to the lunar and
solar gravitational perturbations combined with the Earth’s oblate-
ness. The change in inclination starts at a rate of about 0.8 deg
per year but shifts the direction of the change after the inclination
reaches the maximum of 15 deg by 27 years (Ref. 8). If a satellite
under north–south station keeping is to be hit by another artificial
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860 HANADA ET AL.

object, the angle of collision must be less than 15 deg. Semimajor
axis and eccentricity are also subject to various perturbations, but
variation of these elements is not significant. All orbits are essen-
tially circular at nominal geostationary altitude. Objects in inclined
orbits make a daily excursion in north–south direction relative to
stationary satellites. Because the orbital velocity is about 3 km/s,
the collision velocity is less than 800 m/s. Therefore, most colli-
sions in GEO would be low-velocity collisions. Note that when a
collision between a GEO satellite and an object in geostationary
transfer orbit (GTO) is considered, the collision velocity is raised
to 1.5 km/s, which corresponds with the required delta velocity to
insert a satellite into GEO from GTO.

Harada9 and Goto10 investigated these low-velocity impact phe-
nomena possible in GEO though laboratory experiments to establish
a mathematical model to describe the fragment properties. Because
the expected collision velocity between cataloged objects in GEO
shows a peak at a few hundred meters per second, those experiments
were conducted at a velocity range less than 300 m/s. The model was
formulated in a manner similar to what had been done in the area of
hypervelocity impacts and was published by Yasaka and Hanada,11

Hanada et al.,12 and Yasaka et al.13 Many international commu-
nities working on GEO space debris environment modeling have
adopted their low-velocity collision model. They also have adopted
the NASA standard breakup model 2000 revision because it is re-
ported that the present GEO environment estimated with the NASA
standard breakup model matches well with the observation result.
They treat separately low- and hypervelocity collisions, however.

The purpose of this paper is to examine the applicability of the hy-
pervelocity collision model included in the NASA standard breakup
model to low-velocity collisions possible in GEO. Therefore, the
experimental data from the mentioned low-velocity impact exper-
iments will be reanalyzed and compared with the hypervelocity
collision model. The analytic method is the same one used in the
NASA standard breakup model 2000 revision. This paper will con-
clude that the NASA hypervelocity collision model can be applied
to low-velocity collisions with some simple modifications.

NASA Standard Breakup Model
The NASA standard breakup model 2000 revision is quite dif-

ferent from other fragmentation models. Previously, mass and di-
ameter (or size) were used interchangeably as the independent vari-
able. However, with the incorporation of area-to-mass distributions,
this interchangeability is lost, and then characteristic length LC is
chosen as the independent variable. The following subsections will
describe the hypervelocity collision model adopted in the NASA
standard breakup model 2000 revision according to Johnson et al.14

Size Distribution
Collisions between two satellites may be noncatastrophic, char-

acterized primarily by fragmentation of the smaller object and by
cratering of the larger object, or catastrophic, wherein both objects
are totally fragmented. The difference between a catastrophic and
a noncatastrophic collision is determined by the ratio of kinetic en-
ergy at impact to target mass. If the ratio is equal to or greater than
40 J/g, then the collision is catastrophic.

Based on several laboratory hypervelocity impact experiments,
including the highly instrumented satellite orbital debris character-
ization impact test (SOCIT) series as well as the onorbit collision
of the Solwind spacecraft, the number of fragments of a given size
and larger can be described as

N (LC ) = 0.1(M)0.75(LC )−1.71 (1)

In Eq. (1), the value of M is defined as the mass (in kilograms) of
both objects in the case of a catastrophic collision. In the case of a
noncatastrophic collision, the value of M is defined as the product
of the mass (in kilograms) of the smaller object and the square of
the collision velocity (in kilograms per second) with a proportional
factor of 1 s2/km2, giving the ejecta mass (in kilograms). The smaller
object is assumed to be destroyed in every collision, and its mass

is added to the ejecta mass. Note that Eq. (1) and the following
equations may be found their original form in Ref. 14.

Area-to-Mass Distribution
For objects with LC smaller than 8 cm, a single area-to-mass ra-

tio A/M distribution function has been derived from hypervelocity
impact experiments as follows:

DSOC
A/M (λC , χ) = N

[
χ; µSOC(λC ), σ SOC(λC )

]
(2)

where

λC = log10 LC , χ = log10 A/M

and N is a normal distribution in χ about the mean value of

µSOC
(
λC

) =






−0.3 λC ≤ −1.75

−0.3 − 1.4(λC + 1.75) −1.75 ≤ λC < −1.25

−1.0 λC ≥ −1.25

with a standard deviation of

σ SOC(λC ) =
{

0.2 λC ≤ −3.5

0.2 + 0.1333(λC + 3.5) λC > −3.5

Note that the A/M distribution function given by Eq. (2) is assumed
to describe adequately the A/M characteristic of small debris pro-
duced in the explosive breakup of either spacecraft or rocket booster.

Average Cross-Sectional Area
The average cross-sectional area Ax is modeled as having a one-

to-one correspondence with LC : For characteristic length below
1.67 mm, a square is assumed to be the basic shape. For charac-
teristic length above 1.67 mm, on the other hand, a square plate is
assumed, with the thickness proportional to the side length of the
square in millimeters to the power of 0.26. As a result, the size-to-
area conversion yields

Ax = 0.540424 · L2
C , where LC < 0.00167 m

Ax = 0.556945 · L2.0047077
C , where LC ≥ 0.00167 m (3)

The conversion to mass M can be simply obtained by

M = Ax/(A/M)

Delta Velocity Distribution
When A/M is used as the independent variable instead of LC ,

the �V (in meters per second) values were modeled as a normal
distribution in ν = log10 �V about the mean value of

µCOLL(χ) = 0.9χ + 2.9

with a standard deviation of

σ COLL(χ) = 0.4

as follows:

DCOLL
�V (χ, ν) = N [ν; µCOLL(χ), σ COLL(χ)] (4)

Low-Velocity Impact Experiments
Figure 1 shows an experimental facility at Kyushu University

used by Harada9 and Goto10 to conduct low-velocity impact experi-
ments. A single-stage air gun driven by a free piston was adopted to
accelerate a projectile because of its simple and safe operation and
associated low running cost. Its high-pressure reservoir of 300 mm
in diameter with a length of 700 mm was designed to store the

Fig. 1 Low-velocity impact experiment facility.
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HANADA ET AL. 861

Table 1 Low-velocity impact experiments
to analyze fragment size distribution

Shot Velocity before hit, m/s Ejecta mass, mg

21601 111.6 44.3
22401 111.6 50.0
20701 108.1 41.2
Average 110.4 45.2

Fig. 2 Photographic system using high-resolution CCD cameras and
two successive flashes.

pressurized air up to 7.5 MPa. Its launch tube has a length of 4000
mm and an inner diameter of 25 mm. Its vacuum chamber, with a
degree of vacuum of 10−2 torr or lower, has a capacity of 600 mm
in diameter with a length of 1000 mm, sufficient to observe the
fragment creation process at and after impact.

Projectiles to be launched were stainless-steel spheres of 9 mm
diameter. The air gun has a capability to launch these projectiles at
velocities up to 300 m/s. Each projectile was centered in a sabot,
which was removed at the sabot trap located in the forward direction
of the launch tube. As shown in Fig. 2, two pairs of visible laser and
photodiode module units located between the sabot trap and the
observation chamber measured the projectile speed before impact.

The visualization technique adopted in these low-velocity im-
pact experiments is simply photographing fragment creation process
from two directions, horizontally and vertically, using two charge-
coupled device (CCD) cameras and two successive flashes with
time delays after the impact. Figure 2 includes a schematic of the
photographing system. The camera head features a high-resolution
CCD array containing 1008 × 1018 light-sensitive elements (effec-
tive pixels). The size of each pixel is 9 × 9 µm. Each exposure is
started by a trigger signal generated by the digital oscillograph when
the projectile intercepts the first laser light. After the CCD cameras
take an exposure, the system makes two successive flashes of 2-µs
duration to capture a sequence of the fragment creation process.
The images captured by this system enable us to measure velocity
decrement of the projectile after the impact and three-dimensional
dispersion velocities of the fragments released from the target plate
at the impact.

As typical of structures of GEO satellites, thin aluminum honey-
comb sandwich shells with carbon fiber reinforced plastic (CFRP)
face sheets, such as those used for body structures or rigid antenna
reflectors, were prepared for the low-velocity impact experiments.
Target samples were mounted on a rigid frame and then fixed in the
vacuum chamber perpendicular to the trajectory of the projectile.

Tables 1 and 2 list impact scenarios conducted using the ear-
lier mentioned experimental facility. Experiments listed in Table 1
were conducted to analyze fragment size distribution, whereas ex-
periments listed in Table 2 were conducted to analyze fragment
dispersion velocity distribution. In all laboratory experiments, the
projectile penetrated the target plate and created a hole slightly larger
in diameter than the projectile itself.

Table 2 Low-velocity impact experiments to analyze
fragment delta velocity distribution

Velocity before Velocity loss, Energy loss,
Shot hit, m/s m/s J (%)

22113 145.0 8.3 3.5 (11.1)
22116 156.5 14.8 6.6 (18.0)
22120 143.9 11.9 4.9 (15.9)
22121 143.1 17.1 6.9 (22.5)
22122 148.6 18.6 7.8 (23.5)
22123 151.0 21.0 8.9 (25.9)
22124 148.8 16.8 7.1 (21.3)
Average 148.1 15.5 6.5 (19.8)

Table 3 Fragment characteristics from shot 20701

Size

Mass, mg Long, mm Short, mm

4.2 7.40 5.70
2.4 7.40 5.50
1.3 6.60 4.00
2.4 7.00 3.55
2.8 5.30 4.90
1.3 7.25 2.45
.
.
.

.

.

.
.
.
.

The total mass of the fragments created by each impact is shown
in Table 1. Note that the projectile mass is not included in the ejecta
mass because the projectile was retrieved without any damages. The
number of fragments larger than 1 mm in size exceeds 100. More
than 300 fragments smaller than 1 mm in size could be counted
individually. Actual number of fragments can be estimated to be on
the order of 1000. Note that a comparison of ejecta mass with the
mass that the target lost after the impact indicates that only 2% of
actual ejecta mass was not collected.

Projectile velocity decrement after each impact is shown in
Table 2, as well as projectile energy loss. Projectile velocity af-
ter the impact was estimated from the images captured by the CCD
cameras shown in Fig. 2. Table 2 shows that the projectiles lost
only 10% of the initial velocity on average after the impact. This
small decrement in projectile velocity through the impact means that
the penetrating projectile causes other damages inside the impacted
satellite.

Data Analysis and Discussion
Table 3 shows the experimental data from shot 20701, listed in

Table 1. Fragment mass and two sizes (long and short) are listed in
Table 3 but fragment thickness is not. According to Harada,9 how-
ever, fragments from CFRP face sheets seem to keep their original
thickness of 0.1 mm. Therefore, the thickness of fragments from
CFRP face sheets can be assumed to be 0.1 mm. In addition, most
fragments are plate-shaped with rectangular cross section. This in-
formation on fragment shape is useful to guess fragment thickness
with known material density. In the following three subsections,
size, average cross-sectional area, and area-to-mass distributions
will be analyzed and discussed for shot 20701.

Size Distribution
Figure 3 shows a comparison of the fragment size distribution

from shot 20701 with those given by Eq. (1), that is, the NASA size
distribution model. To understand the effect of fragment thickness on
the characteristic length, the size distribution for thickness-ignored
fragments is shown as well. However, the difference is insignificant.
Because this low-velocity impact can be considered as a noncatas-
trophic collision, the value of M in Eq. (1) is given by the product of
the projectile mass and the square of the projectile velocity. Figure 3
indicates that Eq. (1) underestimates the cumulative number of frag-
ments. This underestimation could be caused by the difference in
mechanisms at impact. In these low-velocity impact experiments,
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862 HANADA ET AL.

Fig. 3 Comparison of size distribution: �, thickness ignored; �,
thickness guessed; and, ——, NASA size distribution model given by
Eq. (1).

Fig. 4 Comparison of size distribution: �, thickness guessed frag-
ments and ——, Eq. (5) with S = 6.

the target plate was cracked into fragments without material phase
change, whereas in hypervelocity impacts both the projectile and the
target plate were melted and/or vaporized. However, the estimated
ejecta mass matches well with the measured ejecta mass, and the
slope given by Eq. (1) describes well the trend of the fragment size
distribution. Therefore, a modification to be applied is only sifting
Eq. (1) toward the greater size range. Figure 4 shows a modification
based on

N (LC ) = S · 0.1(M)0.75(LC )−1.71 (5)

with S = 6.

Average Cross-Sectional Area
To estimate fragment average cross-sectional area, the following

two equations are used in this analysis:

Ax = 1
3 (x · y + y · z + z · x) (6a)

Ax = 1
2

(
L2

C + 2LC · z
)

(6b)

Equation (6a) is based on a general technique developed for
irregular-shaped fragments, whereas Eq. (6b) is developed for plate-
shaped fragments and used in the NASA standard breakup model.
As mentioned earlier, most fragments from this experiment are plate
shaped so that Eq. (6b) would be best to estimate fragment average
cross-sectional area. Figures 5a and 5b also indicate that the average
cross-sectional area distribution estimated by Eq. (6b) matches well
with the NASA size-to-area conversion model given by Eq. (3).

Area-to-Mass Distribution
Figure 6 shows a comparison of the area-to-mass distribution from

shot 20701 with those given by Eq. (2), that is, the NASA area-to-
mass distribution model. Note that the average cross-sectional area
is estimated based on Eq. (6b). Most fragments show higher area-
to-mass ratio than the NASA area-to-mass distribution. Fragments
from CFRP face sheets show higher area-to-mass ratio and appear
above +3σ , whereas other fragments from heavier materials show

a) Estimate based on Eq. (6a)

b) Estimate based on Eq. (6b)

Fig. 5 Comparison of average cross-sectional area: ——, NASA aver-
age cross-sectional area model given by Eq. (3).

Fig. 6 Comparison of area-to-mass distribution: - - - -, NASA area-to-
mass distribution within ±±3σ; ——, Eq. (9) with density of CFRP;
. . . . , Eq. (9) with density of aluminum alloy; �, Al fragment; �, CFRP
fragment; �, CFRP+epoxy fragment; �, CFRP+epoxy+Al; and �,
fragment material not identified.

lower area-to-mass ratio and appear below +3σ . The difference
in area-to-mass distribution could be caused by the difference in
materials used in laboratory impact experiments. The aluminum
honeycomb sandwich panels with CFRP face sheets used in these
low-velocity impact experiments were not used in hypervelocity
impact experiments.

Let assume that most fragments are plate shaped so that the aver-
age cross-sectional area of plate-shaped fragments can be estimated
by Eq. (6b). The mass of plate-shaped fragments may be estimated
by

M = ρ · L2
C · z (7)

with known material density. From Eqs. (6b) and (7), we can evaluate
the area-to-mass ratio by

A/M = (LC/z + 2)/(2ρ · LC ) (8)
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HANADA ET AL. 863

From the definition of the characteristic length, the ratio of the char-
acteristic length to the fragment thickness should satisfy LC/z ≥ 1.
Thus,

A/M ≥ 1.5/(ρ · LC ) (9)

Equation (9) means that a lower boundary exists on the area-to-mass
distribution as shown in Fig. 6. All fragments appear above the given
lower boundaries. Therefore, the NASA area-to-mass distribution
model can be applied with Eq. (9).

Delta Velocity Distribution
Table 4 shows the experimental data acquired from shot 22113

listed in Table 2. Table 4 shows fragment two-dimensional disper-
sion velocity but less information on fragment dimension and mass.
It is quite difficult to estimate size distribution and area-to-mass
distributions from Table 4. However, it can be assumed that area-
to-mass distributions in these experiments are similar to those in
shot 20701. This assumption of area-to-mass distribution enables
us to show Fig. 7. The shaded area in Fig. 7 is a possible range
of delta velocity with the assumed area-to-mass distribution. Al-
though good correlation between the delta velocity distribution and
the NASA delta velocity distribution model, that is, Eq. (4), cannot
be observed, two modifications may be applied. One may be to mod-

Table 4 Fragment characteristics from shot 22113

Size, mm Path angle, deg Delta velocity, m/s

4.0 57.0 45.9
2.0 41.0 33.3
5.0 31.0 71.3
2.0 30.0 30.1
2.0 26.0 121.9
3.0 24.0 41.2
.
.
.

.

.

.
.
.
.

Fig. 7 Comparison of delta velocity distribution: - - - -, NASA delta
velocity distribution within ±3σ and shaded area, delta velocity distri-
bution with assumed area-to-mass distribution.

Fig. 8 Comparison of delta velocity distribution: - - - -, modified NASA
delta velocity distribution within ±±3σ and shaded area, delta velocity
distribution with assumed area-to-mass distribution.

ify Eq. (4) as demonstrated in Fig. 8, giving a normal distribution in
χ about µ = 0.45χ + 1.45 with σ = 0.27. Another option is simply
to apply Eq. (4) with the upper boundary of delta velocity derived
from these experiments, that is, 1.3 times impact velocity. The latter
is an easy way to apply the NASA delta velocity distribution model
to low-velocity collisions.

Conclusions
This paper has reanalyzed the experimental data accumulated

through low-velocity impact experiments performed at Kyushu
University. The analytic method applied is the same as that used
in the NASA standard breakup model 2000 revision. The compar-
ison of the reanalyzed data with the hypervelocity collision model
has indicated the following conclusions:

1) The NASA size distribution model describes adequately the
trend of the fragments from the low-velocity impact experiments
but should be modified to not underestimate the cumulative number
of fragment.

2) The NASA size-to-area conversion model and the low-velocity
impact experiments agree well.

3) The NASA area-to-mass distribution model can be applied with
a theoretically derived lower boundary on area-to-mass distribution.

4) The NASA delta velocity distribution model can be applied
with an experimentally derived upper boundary on delta-velocity
distribution.

This paper has indicated that the hypervelocity collision model
adopted in the NASA standard breakup model 2000 revision can be
applied to low-velocity collisions with some modifications. How-
ever, additional low-velocity impact experiments will be required
1) to verify the applicability and modifications; 2) to examine the
applicability and modifications at a slightly higher velocity range up
to 1.5 km/s, that is, a maximum collision velocity between objects in
the geosynchronous regime; and 3) to find where the transition from
low- to hypervelocity collisions is. It is also required to examine the
applicability of the modifications for noncatastrophic low-velocity
collisions to catastrophic low-velocity collisions. The efforts will
expand the versatility of the NASA standard breakup model to ap-
ply to all collisions possible in space.
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