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ABSTRACT

In this study, we use smooth particle hydrodynamics
modeling to examine the creation of mission-lethal non-
trackable debris from impacts of 10 g, 100 g, and 10 kg spherical
and cylindrical objects on small satellite bus structures at 0, 15,
45, and 75 degrees obliquity. Our simulations include impacts at
velocities below, approaching, and above the energy-density
threshold that typically disables satellite functionality and
creates additional lethal debris. We compare the mass
distributions resulting from smooth particle hydrodynamics
simulations to the distributions derived from NASA’s satellite
breakup model; NASA’s approximation of debris generation
aligns well with our simulation results for large, trackable
masses but deviates from simulation results for small, non-
trackable masses. Results also show only minor differences in
satellite damage and debris generation between spherical and
cylindrical 10 kg impactors.

Keywords: Smooth particle hydrodynamics code, orbital
debris, lethal non-trackable debris

NOMENCLATURE
d impactor diameter, cm
KE kinetic energy, J (Joules)
m; mass of impactor, mg
m; mass of target, mg
p density, kg/cm?
0; impact angle, ° (degrees)
Vi impact velocity, km/s

1. INTRODUCTION

As the existing orbital environment becomes denser with
both new spacecraft and additional debris, understanding the
deleterious effects of collisions and other breakup events is
critical to maintaining a safe orbital environment. The National
Science and Technology Council stated in 2021 that “lethal non-

* Corresponding author: pmancini@ida.org

trackable debris represents the largest quantity of orbital debris
of concern and poses significant risk” to satellites in low earth
orbit [1]. “Lethal non-trackable” debris is broadly defined as
ranging in size from 0.1 to 3 cm. Novel developments in on-orbit
optical detection and advancements in ground systems will help
reduce the threshold of what is considered “non-trackable” [2,
3]. Presently, however, observations and measurements of on-
orbit debris must be collected with ground-based sensors, which
can resolve sizes down to roughly 10 cm.

Predicting debris generation from impactor sizes below
detectable levels depends on empirical modeling supported by
multiple data sources. This paper provides numerical simulation
data for those models. The NASA breakup model is one such
empirical model. It is heavily used in the orbital debris
community to describe the number and size of trackable and non-
trackable debris created from on-orbit collisions and explosions
[4]. NASA developed the model using both ground-based
observations of on-orbit breakup events and laboratory testing,
such as the Satellite Orbital Debris Characterization Impact Test
(SOCIT).

Since debris-generating (i.e., catastrophic) on-orbit
collisions are neither frequent (fortunately) nor instrumented for
data collection (unfortunately), most recent hypervelocity impact
data have come from laboratory testing (e.g., gas gun shots) [5,
6, 7] or modeling and simulation with numerical hydrocodes [8].
However, few comprehensive datasets exist, as conducting gas
gun testing and running spatially and temporally resolved
hydrocode simulations both take considerable effort.

This paper implements a smooth particle hydrocode to
improve our understanding of satellite breakup caused by
impacts with small (lethal non-trackable) debris and large orbital
objects and to compare the resulting mass distributions of debris
with the NASA breakup model’s predictions. We present the size
and velocity distributions of debris generated from impacts with

1 © 2024 by ASME



mission-lethal debris that is below and well above the NASA-
defined threshold for catastrophic collisions.

2. MATERIALS AND METHODS

Our goal in this study was to provide high-fidelity
simulation results for comparison with NASA model results and
with recent laboratory data, as well as to obtain additional
insights into the breakup physics of a variety of impact
kinematics. The output data of interest for this study are the
mass, size, and velocity distributions of generated debris.

We compared our results to results from the NASA breakup
model as implemented in EVOLVE 4.0 [4]. This breakup model
describes the number of fragments of a given size that are created
following a satellite breakup event. NASA has determined that a
collision will be catastrophic if the relative kinetic energy of the
smaller object in an impact divided by the mass of the larger
object is equal to or greater than 40 J/g. In other words, the model
predicts that catastrophic collisions will occur when

0.5m;v;>

40 I/8 )

where m; is the mass of the impactor and m, is the mass of the
target [4]. Assuming the impact meets the criteria for
“catastrophic,” the distribution of debris results in the following
power law:

N(> Lc) =0.1 (mt + mi)0'75 LC_1-71; (2)

where N(> L¢) is the number of particles greater than a given
Lc, Lc is a characteristic length of the debris fragment (in
meters), and (m; +m;) is the total mass of the target and
impactor (in kg). This study compared the number of fragments
predicted in Equation 2 to the results from simulated collisions
of a notional satellite bus with objects ranging from below the
40 J/g catastrophic threshold to well above this threshold.

Plotting the predicted number of debris particles on the basis
of their mass distribution (instead of their length distribution)
required that we convert Lc-based ejecta into mass. In this paper,
we used the SOCIT mass prediction equation (see Figure 4-3 in
reference [9]). The conversion of L¢ to mass is shown in
Equation 3:

M = 0.0000192L,*?%, 3)

where M is the predicted mass of the produced fragment (in kg)
and Lc is the characteristic length (in cm). The NASA breakup
model combines Equations 2 and 3 to predict the cumulative
number of particles per fragment length and mass.

Recent lab-based hypervelocity experiments have
contributed to the growing library of satellite breakup
measurements [5, 6], building upon the foundational SOCIT
testing [10, 11] and manually counting and characterizing
thousands of fragments. In this study, we also compared our
numerical results to these recent experimental contributions.

Figure 1 shows the collision target in this study, a 110 kg
1 m® aluminum notional satellite bus that approximately
resembles the OneWeb bus (200 kg and 1 x 1 x 1.3 m). Our
representative  satellite contains internal compartments
constructed of thin aluminum, batteries, and a hydrazine tank to
emulate realistic internal bus components. Because the impactor
only impacts the satellite bus, we decided to remove the pair of
solar arrays, weighing a total of approximately 30 kg, to save
computational resources and reduce simulation run time.
However, in reality the solar arrays would contribute to the
fragment distribution.

IDASat OneWeb

64 Internal
Compartments

2 Large Batteries

1 Hydrazine Tank

FIGURE 1: (LEFT) MODEL OF THE TARGET SATELLITE BUS
WITH 100 g ALUMINUM IMPACTOR AND (RIGHT) A ONEWEB
SATELLITE BUS.

This study involved two classes of mission-lethal impactor:
lethal non-trackable objects and catastrophically large trackable
objects. The former correspond to debris in the 1 to 5 cm range
that exist in low earth orbit and can be expected to impact a
satellite at orbital velocities relative to the speed of the spacecraft
(5 to 10 km/s). The large 10 kg impactor cases represent
scenarios that far exceed the 40 J/g threshold and cannot be
tested in lab-based experiments. Lethal non-trackable debris
objects have been shown to cause the loss of some exposed
satellite elements and internal components, such as batteries and
radiators [12]. We selected velocity, v, and impact angle, 6;, for
the lethal non-trackable debris cases based on our previous work
using ORDEM 3.2 flux predictions at 550 km altitude [13].
Table | contains the run matrix for all numerical simulations
presented in this study.

Table 1: RUN MATRIX FOR 10 g, 100 g, AND 10 kg ALUMINUM
IMPACTORS AGAINST A 110 kg SATELLITE BUS.

Impactor 6,° mi, g | d,em | v,km/s | KE/my,
J/g
15 6.3
g o 15 10 1.9 11 34
& § Aluminum 45’ 4 0.44
£ sphere 7 5’ 15 62.5
9= 100 | 41 11 33.6
4 44
o » | Aluminum
_é g - " 15 5921
ce ;
g gﬂ Aluminum 0 10,000 i%(())(’) 1.5 1480
S = cylinder 4 01
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All of the impactor and velocity combinations in Table 1
penetrated the satellite bus and created additional mission-lethal
debris. In previous work, we have divided the category of
mission-lethal orbital debris into two sub-categories: marginally
lethal debris and catastrophically lethal debris [13]. At the lower
end of impact energy, marginally lethal debris can disable
satellite operations (especially when the debris impacts the
satellite’s coolant and electrical lines), whereas catastrophically
lethal debris will both disable the satellite and generate vastly
more mission-lethal debris following the impact. In both cases,
the original impactor may still be small enough to go untracked
by most low earth orbit surveillance methods.

For the 10 kg impactors, we chose to hold the mass constant
and vary only the shape of the impactor (sphere, cylinder) and
cross-sectional impact area. Thus, each of the three 10 kg spheres
has a corresponding cylinder with the same diameter and cross-
sectional area. We used hollow spheres with variably thick inner
walls to increase sphere diameter while holding mass constant.
Figure 2 illustrates the six 10 kg impactors used in this study.

10kg spherical impactor 10kg solid cylindrical impactor

—| d=100 [«

—(30 cm|+—
19 cm— «—
1 m?3 satellite bus target

FIGURE 2: SCHEMATICS OF THE SOLID AND HOLLOW
SPHERES (LEFT) AND SOLID CYLINDERS (RIGHT) USED AS
IMPACTORS.

d=19cm

d=100cm .

d=30cm

d=100cm
——

1 m3 satellite bus target

We used the Smooth Particle Hydrodynamics Code (SPHC)
to numerically model hypervelocity impacts [14]. SPHC uses a
mesh-free Lagrangian method to accurately model large material
deformations and multi-phase interactions. Virtual particles—as
opposed to grid vertices—act as interpolation points, and each
particle carries material and kinematic information.

By means of a clustering algorithm, SPHC combines virtual
particles into “clusters” that represent material objects, such as
the satellite bus or small debris fragments. The output from
SPHC provides the properties (m, p, Lc), position (x, y, z), and
velocity (vy, v, v-) for each virtual particle and cluster in the
simulation.

3. RESULTS AND DISCUSSION

In this section, we present quantitative and qualitative
results from the hydrocode runs listed in Table 1 and compare
them to existing models and related studies. Then, we describe
the cumulative number of generated debris as functions of
characteristic length and mass.

3.1 Satellite breakup and debris properties

To provide visual context for the size of the impactor, its
penetration depth, and its breakup mechanics, Figure 3 presents
a time series of three cases: (left) 100 g solid sphere at 15 km/s,
(middle) 10 kg solid sphere at 4 km/s, and (right) 10 kg hollow
sphere at 4 km/s. Recall that the lethal non-trackable debris cases
hit the target at non-zero impact angles, whereas the large
catastrophic impactor cases impacted at 0-degree obliquity for
simplicity and because there are no predictions for such large
debris objects.

m=0.1kg,d=4.1 cm m=10kg,d=19 cm m=10kg, d=100 cm

v = 15km/s v = 4km/s v = 4km/s
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=600 ps

FIGURE 3: HYDROCODE RESULTS FROM THREE
HYPERVELOCITY IMPACTS ABOVE THE 40 J/g NASA LIMIT
FOR CATASTROPHIC IMPACTS: (LEFT) 100 g SOLID SPHERE,
(MIDDLE) 10 kg SOLID SPHERE, AND (RIGHT) 10 kg HOLLOW
SPHERE.

As shown in the leftmost column of Figure 3, the 100 g
impactor penetrated the satellite bus and created a crater in the
topmost bus compartment within the first 50 ps of impact. As
expected in hypervelocity impact scenarios and indicated in our
simulation data, pressure waves propagated through the satellite
bus and there was a rapid phase change of material near the
impact location. Additionally, pressure waves traveling through
the bus material resulted in spallation on the bottom surface and
downward ejecta. Both bus and impactor material were ejected
from the top, side, and bottom of the target. Because SPHC
provides both the location and the velocity of all fragments in the
simulation, we can study both the quantity and the shape of
fragments as well as the velocity at which fragments are ejected.

The middle and rightmost columns of Figure 3 present
results from two 10 kg cases, a 19 cm solid sphere and a 100 cm
hollow sphere. The impact energies per unit mass of the two
objects were 421 J/g, an order of magnitude larger than NASA’s
definition for catastrophic collisions. In both cases, the impactor
completely penetrated the entire satellite bus, as illustrated by the
blue impactor material exiting the bottom of the bus at =300 us
and 600 ps. The impact of the 19 cm solid sphere formed a cavity
slightly wider than its diameter, as predicted by hypervelocity
cavity models [15], and a large portion of impactor mass
continued through the bus and ejected out the bottom surface.
The large hollow sphere, however, impinged the target with a
cross-sectional area covering almost the entire target face and
penetrated the entire volume of the bus.

Satellite breakup prediction models require information
about the quantity, mass, and shape of debris created from a
breakup event. Figure 4 presents the distribution of fragment
mass as a function of characteristic fragment length for each
simulated collision in this study. The figure also plots the fit line
from the SOCIT experiment for comparison.

Most notable from the results in Figure 4 is how similar the
fragment mass distribution was to the characteristic length
distribution both within each impactor mass category and
between mass categories. Though the amount of generated debris

differed vastly between impactor masses and shapes, as shown
in Figure 3 and discussed further in section 3.2, the trend of
generated mass fragments to length of fragment remained
consistent.

100g Sphere Impactor

16 km/s, 15 deg
* 11 km/s, 45 deg

15 kmls, 75 deg.
4 | ===SOCIT data it

6 10g Sphere Impactor

15 ks, 15 deg

= 11kmis, 45 deg

15 kmis, 75 deg
—S0CIT data fit

3

10 10? 10
Length (mm)

10° 10 10% 10° 10/
Length (mm)
108 10kg Sphere and Cylinder Impactors

« 7.5kmis, 0 deg
* 4.0km/s, 0 deg.
=——S0CIT data fit

10 10kg Sphere and Cylinder Impactors

* 15kmfs, 0 deg.
=——S0CIT data fit

10° 10 10? 10° 10° 10! 102 10°

Length (mm) Length (mm)
FIGURE 4: FRAGMENT MASS VS. CHARACTERISTIC
LENGTH. LETHAL NON-TRACKABLE DEBRIS FOR 10 g
IMPACTOR CASE (TOP LEFT) AND 100 g IMPACTOR CASE (TOP
RIGHT). LARGE CATASTROPHIC IMPACTORS FOR ALL 4 km/s
AND 7.5 km/s CASES (BOTTOM LEFT) AND ALL 15 km/s CASES
(BOTTOM RIGHT), INCLUDING 19 cm, 30 ¢cm, AND 100 cm
DIAMETER IMPACTORS.

Further, the SOCIT measurement fit line appears to align
with the slope of the results from each hydrocode run in this
study regardless of impactor mass, shape, or velocity. This
finding is consistent with recent lab-based hypervelocity tests,
ranging in speed from 2.7 km/s [7] to 7.0 km/s [6]. Murray et al.
noted for their hypervelocity impact experiments against the
DebriSat model that “the slope begins to deviate at just under
1 cm and has a distinctly different slope by 1 mm,” [6] which is
consistent with the results in Figure 4. In agreement with
DebriSat findings, the SOCIT line generally underpredicts
masses for materials with densities ranging from p = 2 g/cm? to
p = 6 g/lcm®. All material in this study was aluminum with p =
2.71 g/lem?.

It is also interesting to note that impactor shape (i.e., sphere
vs. cylinder) had a negligible effect on the mass-to-length
distributions for the 10 kg impactors, as shown in the bottom of
Figure 4. The main variable contributing to change in the
distribution was impact velocity, but even at different velocities
the slope remained consistent.
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3.2 Cumulative distributions in mass and length

Figure 5 presents the results for the sum of debris of sizes
Lc or larger for all cases in Table 1. In contrast to the general
agreement in Figure 4 of results with the NASA mass-to-length
model, the results in Figure 5 show much larger deviations from
the NASA model in Equation 2. Recall that all 10 g impactor
cases in this study fell well below the 40 J/g catastrophic limit
that is an inherent assumption within Equation 2. The NASA
model predicted several orders of magnitude more debris would
be generated than the present hydrocode runs produced. The
100 g cases showed similar results, despite the 15 km/s case
exceeding the 40 J/g threshold. The 10 kg sphere and cylinder
cases, shown in the bottom row of Figure 5, aligned more closely
with the NASA model, though deviations exist and the NASA
model generally overpredicted debris relative to SPHC.

10g Sphere Impactor 100g Sphere Impactor

15 deg.
* 45deg
75 deg.
107t [——EVOLVE

15 deg.
* 45deg

75 deg
104 ——EVOLVE

=)

Cumulative sum of debris at length or larger
Cumulative sum of debris at length or larger

=)
%
%

2

10 107 10°
Fragment legnth (mm)

=)
©

10 102 10°
Fragment length (mm)

10kg Sphere and Cylinder Impactors 10kg Sphere and Cylinder Impactors

05

* 7.5kmis, 0 deg.
* 4.0km/s, 0 deg
—EVOLVE

* 15 km/s, 0 deg.
—EVOLVE

2,

Cumulative sum of debris at length or larger
Cumulative sum of debris at length or larger

10¢ 10° : -
10° 10' 10? 10% 10° 10 10 10
Fragment length (mm)

Fragment length (mm)
FIGURE 5: CUMULATIVE SUM OF DEBRIS OF SIZES L. OR
LARGER. (TOP) LETHAL NON-TRACKABLE DEBRIS FOR THE
10 g IMPACTOR CASE (LEFT SIDE) AND THE 100 g IMPACTOR
CASE (RIGHT SIDE). HOLLOW CIRCLES INDICATE v = 4 km/s.
(BOTTOM) LARGE CATASTROPHIC IMPACTORS FOR ALL
4 km/s AND 7.5 km/s CASES (LEFT SIDE) AND ALL 15 km/s
CASES (RIGHT SIDE), INCLUDING 19 c¢m, 30 cm, AND 100 cm
DIAMETER IMPACTORS.

Figure 6 plots the cumulative sum of debris of masses M or
larger. Generally, agreement with the NASA model is similar to
that in Figure 5, where the model predicted more debris at each
mass than SPHC. However, hydrocode results showed that
similar trends exist for runs at a constant impact angle regardless
of impact velocity (see 15 degree and 75 degree runs for 10 g and

100 g impactors). The 10 kg impactor cases again aligned more
closely with the NASA model for all mass regimes.

10g Sphere Impactor 108 100g Sphere Impactor

15 deg.
* 45deg.
10% 75 deg.
[——EVOLVE

15 deg.
* 45deg.
108 75 deg.
—EVOLVE

=)
)

a;
Cumulative sum of debris at mass or larger
=)
)

Cumulative sum of debris at mass or larger
=
)

=
°

=)
E)

4102 10° 102 10t 108 1% 10?2 10° 102 10* 10
Debris mass (g) Debris mass (g)

o

s 10kg Sphere and Cylinder Impactors 5 10kg Sphere and Cylinder Impactors
10 10
* 7.5km/s, 0 deg.
® 4.0km/s, 0 deg.
10° EVOLVE

* 15km/s, 0 deg.
—EVOLVE

Cumulative sum of debris at mass or larger
=
Cumulative sum of debris at mass or larger

102 10° 102 10* 10f 104102 100 102 w:’

Debris mass (g) Debris mass (g)
FIGURE 6: CUMULATIVE SUM OF DEBRIS VS. DEBRIS MASS.
(TOP) LETHAL NON-TRACKABLE DEBRIS FOR THE 10 g
IMPACTOR CASE (LEFT SIDE) AND THE 100 g IMPACTOR
CASE (RIGHT SIDE). HOLLOW CIRCLES INDICATE v = 4 km/s.
(BOTTOM) LARGE CATASTROPHIC IMPACTORS FOR ALL
4 km/s AND 7.5 km/s CASES (LEFT SIDE) AND ALL 15 km/s
CASES (RIGHT SIDE), INCLUDING 19 c¢m, 30 cm, AND 100 cm
DIAMETER IMPACTORS.

o
©
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4. CONCLUSION

In this paper, we have presented a series of numerical
hydrocode runs modeling the hypervelocity impact of non-
trackable lethal debris and catastrophic large objects on a
notional 1 m? satellite bus. This method allowed us to predict
debris creation for sub-catastrophic conditions under the 40 J/g
threshold and for novel impactor and target configurations not
considered by NASA models. We compared SPHC results to
results from NASA’s breakup model and to linear fits with
existing experimental data.

For cases at or below the 40 J/g threshold, NASA’s
EVOLVE model overpredicted the amount of generated debris
by several orders of magnitude compared to hydrocode results.
However, hydrocode results and experimental fit data for mass-
to-length predictions showed good agreement.
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