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Abstract
In-space satellites fragmentation events contribute to the continuous growth of man-made debris. Observations of these 
events can provide limited information on the number and characteristics of the generated fragments, as only the largest 
ones can be detected with ground instrumentation. Numerical simulations replicating in-orbit fragmentation can integrate 
the missing information regarding fragments number, shape, and orbital distribution. In this context, this paper presents the 
numerical reconstruction of COSMOS 2499 break-up of January 4th, 2023. First, a digital twin of the satellite is modeled 
with the Collision Simulation Tool Solver, a custom semi-empirical simulation code, to replicate the explosion of an inter-
nal tank; different expansion velocities for the exploding elements are examined and the resulting fragments size and shape 
distributions are presented. In a second part, the effect of the attitude at the moment of the break-up on the generated debris 
orbital distribution is discussed. Finally, the numerical results are compared with the available data from ground observa-
tions, showing a good accordance with them.
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1  Introduction

The last decade showed a consistent increase in near-Earth 
orbits launches [1, 2], further increasing the risk of colli-
sion and fragmentation events that may hinder the access 
and exploitation of such orbits [3–5]. In fact, it has been 
observed that in-orbit accidental [6] and intentional [7, 
8] collisions or explosions [9] can create large fragments 
clouds and can strongly increase the space debris population.

Space Surveillance and Tracking (SST) [10] and Space 
Situational Awareness (SSA) [11] activities allow the con-
tinuous identification, cataloging, and tracking of space 
debris [12], mostly from ground facilities [13–15], and the 
consequent evaluation of fragmentation events [16] and re-
entry forecast [17]; in addition, for trackable objects, avoid-
ance manoeuvers can be defined to reduce the probability of 
collisions [18, 19]. To further lessen the risk to operational 
spacecraft and to propose mitigation techniques, the scien-
tific community is therefore working to better understand 

the fragmentation process, predict the event epoch and the 
cloud time evolution [20, 21], and define how it may affect 
the environment, including the smaller debris not observable 
from ground facilities. The most popular tool to date for sim-
ulating such occurrences and statistically determining frag-
ment distributions is the NASA Standard Break-up Model 
(SBM) [22]; it consists in a set of empirical equations that 
describe the velocity, area-to-mass ratio, and characteristic 
length cumulative distribution of the generated debris. How-
ever, the reliability of this model is partially limited by the 
inability to discern between central and glancing impacts; 
the NASA SBM was also created using an outdated set of 
spacecraft configurations that did not take into account the 
most recent developments in manufacturing techniques or 
the application of innovative composite materials. For these 
reasons, numerical models have been created in an effort to 
overcome NASA SBM's limitations by taking into account 
more complicated spacecraft and impact configurations. 
These models include FASTT [23, 24], IMPACT [25, 26], 
and the more recent IMPETUS [27] and PHILOS-SOPHIA 
[28].

In this context, the Collision Simulation Tool Solver 
(CSTS) has been developed within the framework of the 
University of Padova's research activity on space debris 
[29] to simulate complex collision scenarios with detailed 
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geometrical models of the involved bodies [16]. The tool 
employs a semi-empirical approach, discretizing the objects 
as a mesh of Macroscopic Elements (MEs), representative of 
their main subsystems and components, connected by struc-
tural links capable to transmit loads and deformations. MEs’ 
break-up is governed by semi-empirical relations; the gener-
ated fragments are propagated and can cause further damage 
to other MEs in a cascade effect. This approach, partially 
based on computer graphic algorithm, allows the simulation 
of a wide range of collision and fragmentation scenarios [31, 
32], producing statistically accurate results [30].

In an effort to evaluate the capability of CSTS to repli-
cate explosion events, the break-up of COSMOS 2499 has 
been recently simulated. This satellite (U.S. Satellite Catalog 
Number 39765) was in an 82.45 deg inclined orbit with apo-
gee of 1537 km and perigee of 1163 km; on January 4, 2023, 
it was subjected to its second known break-up event (after a 
minor fragmentation on October 23, 2021) [33]. While liter-
ature data are not available on this spacecraft configuration, 
it has been inferred that the satellite is equipped with energy 
storage elements and a thruster with on-board propellant/
pressurization systems [34], that could have caused the Janu-
ary 2023 explosion. Ground observations tracked between 
20 [33] and 36 [35] fragments generated by the event.

The remainder of this paper is organized as follows. The 
next section presents the digital model of COSMOS 2499, 
defines three different explosion conditions implemented in 
CSTS, and introduces the resulting fragments distributions. 
Section 3 discusses the effect of the spacecraft attitude on 
the orbital distribution of the generated fragments. Finally, 
the numerical data are compared with ground observations.

2 � Break‑up simulations

To simulate COSMOS 2499 break-up, the digital twin of 
the satellite was modeled with CSTS (see Fig. 1). Given 
that COSMOS 2499's size and shape have been compared to 
those of the 50 kg–1 m-long prismatic Yubileyniy satellite 
[36], this spacecraft served as the basis for the numerical 
model with the addition of a tank and a single nozzle placed 
in the lower part of the satellite. The model consists of 59 
MEs, representing the main spacecraft subsystems and com-
ponents, mainly structural elements and boxes representing 
instrumentation and electronics, whose density has been 
adjusted to obtain the total mass of 50 kg. The explosion is 
modeled by imposing an initial radial velocity to the MEs 
discretizing the internal tank (red arrows in Fig. 1). Three 
different radial velocities have been considered, respectively, 
50 m/s, 150 m/s, and 1150 m/s, to represent different internal 
energies of the propellant tank; the first two values are typi-
cal of exploding vessels from literature [37], while the third 

one is in line with the fragments velocities elaborated from 
the 2009-047B explosion event analysis [9]

The numerical simulations performed with CSTS allow 
determining the number and main parameters generated by 
the event. For the three explosion velocities, break-up simu-
lation results can be seen in Fig. 2 and include cumulative 
number distributions (i.e., the number of objects with size 
larger than the value reported in x-axis) for the fragments 
characteristic length and area-to-mass distributions.

It can be observed that the number of generated fragments 
increases with the explosion velocity. For the lower value 
(50 m/s), only 52 objects are generated; they mainly consist 
of large parts of the satellite, separated due to the failure of 
the structural joint. In this case, the explosion velocity is 
not high enough to cause a noteworthy fragmentation of the 
MEs of COSMOS 2499 model.

For the intermediate explosion velocity (150 m/s), a larger 
number of objects (88) is generated, due to the fragmenta-
tion of part of the components of the satellite; the cumulative 
number distribution suggests that the additional objects have 
a small characteristic length (below 5 cm). Comparing the 
area-to-mass histogram to the previous case, it can be noted 
that the additional fragments lie around log10(A/m) = − 1 
(i.e., an area-to*-mass ratio of about 0.10 m2/kg). This result 
suggests that only a few MEs, with comparable densities, are 
subjected to the fragmentation.

Finally, for the most energetic case (1150 m/s), a finer 
fragmentation of COSMOS 2499 can be observed, with a 
total of 328 debris larger than 1 cm. The majority of these 

Fig. 1   COSMOS 2499 model in CSTS. In red, the exploding tank 
elements’ velocity vectors at simulation start
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objects lie in the size class between 1 and 10 cm; in this 
case, their area-to mass ratio presents two major peaks, the 
first one between -1.5 and -1 (from 0.03 to 0.10 m2/kg) and 
the second one between -0.5 and 0.5 (from 0.32 to 3.16 m2/
kg). These results suggest that, due to the high energy of this 
event, a larger number of MEs with different densities are 
fragmented by the explosion.

Ground observations from space-track.org (United Space 
Surveillance Network) cataloged 36 fragments from COS-
MOS 2499 break-up [36]. This value is compatible with 
numerical results: assuming a resolution of about 5 cm, it 
can be noted that all simulations generate between 40 and 
60 fragments larger than this size.

3 � Effect of spacecraft attitude on orbital 
distributions

Results generated by the three CSTS simulations include 
information on the generated fragments velocity with 
respect to an initial reference frame fixed on COSMOS 

2499. The orbital propagation of these fragments is there-
fore related to the definition of the spacecraft attitude, i.e., 
the orientation of the COSMOS 2499 body-fixed reference 
frame with respect to the orbital reference frame (e.g., 
local vertical–local horizontal reference frame). It shall 
be underlined that a few orbital parameters (the semi-
major axis and the eccentricity) of COSMOS 2499 can 
be directly extrapolated from the last observations of this 
object before the event; a precise knowledge of all param-
eters would require the knowledge of the fragmentation 
epoch.

To date, literature data on fragmentation events observa-
tion do not include information on the body attitude at the 
instant of the event; in fact, this information is usually not 
available and debris cloud data are presented in the form 
of Gabbard diagrams. In fact, the position of the explod-
ing tank, close to one base of COSMOS 2499, suggests 
that velocity propagation of the generated fragments can 
be strongly directional: debris from the nozzle area would 
probably be directly ejected in space with a high velocity, 
while fragments closer to the satellite center would impact 

Fig. 2   CSTS simulations results for the three investigated explosion velocities. On the top, cumulative number distributions of the generated 
fragments; on the bottom, area-to-mass ratio distributions
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and interact with other elements, resulting in lower propaga-
tion velocities.

An assessment of the influence of the spacecraft attitude 
on the debris cloud orbital distribution can be seen in Fig. 3: 
for each explosion velocity, the fragments Gabbard diagrams 
were elaborated considering three different attitudes:

1.	 First, a nadir-pointing satellite was considered, with the 
nozzle aligned to the Earth direction. In this case, the 
majority of the generated fragments lie in the proximity 
of the COSMOS 2499 original position (green squares 
in the plots) or below it. Only the most energetic event 
(explosion velocity of 1150 km/s) generates debris with 
apogee above the spacecraft one. A symmetric condition 
(nozzle pointing to the zenith, not reported in the figure) 
would have generated fragments mostly in the proximity 
of the spacecraft and above it.

2.	 In case of an explosion with the spacecraft nozzle ori-
ented “out of plane”, i.e., aligned with orbit angular 
momentum direction, results on the Gabbard diagram 
are closer to the previous case, in particular for the 
lower explosion velocity cases. In fact, this representa-
tion lacks information on the debris orbital inclination, 
that can be affected by this attitude. In this case, a sym-
metric condition (nozzle oriented in the negative angu-
lar momentum direction) would have generated similar 

Gabbard diagrams, with minor differences due to the 
non-homogenous distribution of internal components 
surrounding the exploding tank.

3.	 Finally, for the satellite aligned with the velocity vector 
(nozzle aligned with the negative velocity direction), dif-
ferent orbital distributions can be observed with respect 
to the previous cases. For the lower velocity, fragments 
do not cluster symmetrically around the initial orbital 
parameters, but present a more scattered distribution, 
with a majority of them with apogee below the space-
craft one. For the more energetic impacts, the scattering 
is still evident and a few debris present an apogee higher 
than the COSMOS 2499 one. For a symmetric condition 
(nozzle aligned with the negative velocity direction), 
distributions would present a similar scattered distribu-
tion, but with the majority of fragments with perigee 
above the COSMOS 2499 one.

The knowledge of the spacecraft attitude at break-up is 
therefore an important parameter, as the fragments orbital 
distributions can be strongly affected by the satellite orien-
tation before the explosion. More detailed simulations and 
larger set of orbital data should be investigated to assess 
if information on the debris cloud inclination asymmetries 
might be useful to reconstruct the spacecraft attitude at 
break-up.

Fig. 3   Comparison of Gabbard diagrams of the fragments generated 
by the three CSTS simulations (explosion velocity, respectively, of 50 
m/s, 150 m/s, and 1150 m/s) for three different attitudes of COSMOS 

2499. Green squares indicate COSMOS 2499 orbital parameters 
before the fragmentation
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4 � Comparison with observation data

In this section, the simulation results are compared with 
data from objects tracked by the US Combined Force Space 
Component Command through the space-track.org website. 
Out of the COSMOS 2499 debris that are included in the 
online catalog in June 2023, 36 objects have their first obser-
vation dated after January 4, 2023 [35]. Figure 4 compares 
their orbital parameters with CSTS fragments data for the 
case of COSMOS 2499 out of plane, that among the selected 
cases was qualitatively the one most fitting the observation 
data; in fact, for all three simulations, numerical results are 
in accordance with observations. In particular, for the most 
energetic scenario (explosion velocity of 1150 m/s), the larg-
est fraction of fragments is clustered at the same apogees and 
perigees of the observed debris: for this case, only 3% of all 
fragments generated by CSTS and only 4% of the fragments 
larger than 5 cm are at altitudes above or below the observed 
objects. These results indicate that CSTS can be employed to 
investigate explosion break-ups; while the number of frag-
ments is strongly related to the explosion velocity, orbital 
distributions seem more affected by the spacecraft initial 
attitude.

5 � Conclusions

In this paper, the COSMOS 2499 fragmentation of 4 Janu-
ary 2023 was replicated with a digital twin generated by 
the CSTS code and based on the limited information avail-
able on the spacecraft geometry. The break-up was modeled 
by applying an initial expansion velocity to the elements 

discretizing satellite tank to simulate the satellite explo-
sion. The variation of this parameter affects the number of 
generated fragments and their area-to-mass ratio distribu-
tion; however, the number of fragments larger than 5 cm 
(between 40 and 60) is comparable with ground observations 
(38 debris).

The spacecraft attitude at break-up can strongly influence 
the orbital distribution of the debris cloud; for each simula-
tion, three different attitudes were taken into account and the 
resulting Gabbard diagrams were obtained. It was observed 
that an explosion with COSMOS 2499 oriented in the direc-
tion of the orbital velocity can generate non-symmetrical 
debris clouds; further analysis should assess if information 
on the fragments distribution inclination asymmetries might 
also be helpful in reconstructing the spacecraft attitude at 
break-up.

Finally, the comparison of numerical data with the orbital 
parameters of the tracked debris suggests a good accord-
ance between simulations and observations for at least an 
attitude configuration and an explosion velocity; this result 
suggests that CSTS can be an useful tool to investigate in-
orbit fragmentation events and can help reconstructing the 
attitude of an object at the epoch of a break-up event. Future 
studies should focus on the explosion model, as the imposed 
velocity seems to be strongly related to the fragments num-
ber, and on a more detailed investigation of the effect of the 
spacecraft attitude on fragments orbital parameters.
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