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The object of this study is the process of dis-
posing of the upper stage body of a launch vehi-
cle made of polyolefins by burning in the dense 
layers of the Earth’s atmosphere during remo
val from Earth orbit. The task addressed was to 
determine the possibility of disposal of the upper 
stage bodies of launch vehicles made of polyole-
fins during deorbiting.

The mathematical model built makes it pos
sible to take into account the effect of ballistic and 
aerothermodynamic aspects at the same time. 
The application of this model makes it possible 
to estimate the degree of disposal of the upper 
stage bodies of launch vehicles made of polyole-
fins in the Earth’s atmosphere at the stage of sci-
entific research. In turn, this makes it possible 
to rationally choose the design parameters of 
materials for launch vehicle bodies, taking into 
account the disposal phase in the dense layers 
of the atmosphere, as well as rationally select 
the initial parameters for deorbiting orbits. This 
makes it possible to maximize the level of disposal 
and minimize the probability of debris falling on 
uninhabited areas of the Earth.

The results of the study showed that launch 
vehicle bodies made of polymer materials such 
as polyethylene and polypropylene could burn 
up in the atmospheric part of the trajectory by 
90–100 %, depending on the mass-dimensional 
characteristics and the type of orbit. In turn, 
increasing the ellipticity of the orbit makes it pos-
sible to increase the steepness of the entry of the 
upper body of the launch vehicle into the dense 
layers of the atmosphere, and hence, to increase 
the heat flows that contribute to the combustion 
of the body. With this in mind, methodological 
recommendations have been compiled for choos-
ing orbits of the necessary ellipticity, taking into 
account the place of fall of fragments of the upper 
bodies of carrier rockets that did not burn up in 
the atmosphere
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1. Introduction

The use of composite and polymer materials in the rocket 
and space industry is a rather promising direction. The main 
advantages of their application include:

1) weight reduction by 20–40 % compared to the use of 
metal structures [1];

2) preservation of strength properties, as in metal struc-
tures [2], as well as, under certain conditions, their im-
provement;

3) lower energy costs for production compared to metal 
alloys;

4) reducing the cost of manufacturing objects of rocket- 
comic equipment.

All this leads to a steady increase in the number of de-
vices, nodes, and assemblies for objects of rocket and space 
technology, made with the use of composite and polymer 
materials, over the last decades [3]. The advantages of poly-
mer materials are explained by their properties, which could 
be represented in the form of the following comparative table  
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with other analogous materials [4]. Thus, according to [4], the 
main advantage of using polymer materials is lower density 
with similar, and in some cases, greater strength. In comparison 
with the AMG6 alloy, the density of polyolefins is more than 
two times lower, with titanium alloy – by more than four times, 
with steel – by more than seven times. However, the disadvan-
tage of polymer materials is a significant decrease in strength 
properties under conditions of increasing temperature.

Thus, according to [1–4], it could be concluded that poly-
mer-based composite materials have better strength proper-
ties than metal-based alloys. This led to their introduction 
into the components and assemblies of modern rockets and 
satellites. However, the production of composite materials is 
a rather complex and expensive process. Given this, paper [4] 
analyzed the possibility of using polyolefins as alternative 
materials for the manufacture of shells of autophagic rockets. 
Among such materials, polyolefins such as UHMWPE, PE-X, 
and PP are singled out.

In addition, works [5–7] put forward a hypothesis and 
carried out a scientific justification [4, 8–11] of the possibility 
of using polymer materials of the polyolefin type for the manu-
facture of hulls of launch vehicles of the ultralight class. These 
materials are more accessible and cheaper than composite 
materials, which is a significant advantage when resources are 
limited. According to the recommendations of the International 
Convention on the Non-Proliferation of Space Debris, the upper 
stages bodies (USBs) of LVs must be removed from target orbits. 
One of the widespread directions of this process is removal to 
remote areas of the Earth’s surface. Under these conditions, part 
of LV UBs burns in the dense layers of the atmosphere, with the 
drop of some refractory parts to the Earth’s surface.

All of this renders relevance to research aimed at mini-
mizing the parts of LV UBs with a polymer casing, which in 
the process of deorbiting could reach the surface of the Earth, 
with the minimization of the size of the fall areas. Particular 
attention should be paid to the construction of a generalized 
mathematical model of thermodynamic processes in LV UBs 
from the polymeric casing during deorbiting. Its application 
makes it possible to assess the degree of disposal of LV UBs in 
the process of removal to remote areas of the Earth’s surface 
at the stage of scientific research.

2. Literature review and problem statement 

In [4], an in-depth analysis of the physical-chemical cha
racteristics of polyolefins was carried out in view of the pos-
sibility of application in rocket and space technology (RST). 
It is shown that materials such as UHMWPE, PE-X, PP are 
promising for the manufacture of casings of autophagic rockets. 
However, no studies on the influence of resistance force of 
the Earth’s atmosphere on the integrity of structures, their 
heating, and ablation have been conducted.

In turn, in earlier studies, ground-based experimental 
testing of the autophagic propulsion system of LVs under 
various operating modes was carried out [7]. The justification 
of feasibility of using polypropylene as a fuel component of 
autophagic LVs was carried out. Also, it is stated that the 
strength characteristics of polypropylene are suitable for the 
manufacture of a thin casing shell. However, these tests were 
conducted for other types of materials, and the main focus 
was on the analysis of their use as fuel for autophagic LV.  
In addition, the question of analysis of the heating of LV body 
in the dense layers of the atmosphere was not considered.

In further studies [9], analysis of features of the aerody-
namic heating of the surface of LV bodies made of thermo-
plastic polyolefins – polyethylene and polypropylene – was 
carried out. As a result of experimental and theoretical 
studies, it was determined that these materials meet the 
conditions of heat resistance during movement in the atmo-
spheric section of the flight path during launch into orbit.  
In turn, during the movement of LV UB in the dense layers of 
the atmosphere in the section of the trajectory of deorbiting, 
its velocities are significantly higher than the trajectories of 
removal. Given this, the influence of thermal factors on the 
strength characteristics of LV UB would increase significantly. 
However, no analysis of the heat resistance of such materials 
on the removal path was carried out, which does not make it 
possible to determine the degree of their disposal.

In [10], the issue of designing the structure and ballistic 
parameters for an ultralight LV of variable length was conside
red in order to ensure acceptable thermal loads on the body 
structure in the atmospheric part of the trajectory. The funda-
mental possibility of using polyolefins as structural materials 
and fuel for the casing is substantiated. It is shown that in or-
der to ensure an acceptable thermal regime of the structure, it 
is necessary to use thermal insulation from polymeric Teflon 
coating. But the influence of thermal regimes in the process 
of cessation of existence was not considered. This is explained 
by the fact that the polyolefin components in the case of the 
use of autophagic LV serve as fuel for DU and do not require 
disposal in the dense layers of the atmosphere.

In turn, in work [11], the authors conducted a study aimed 
at evaluating the possibility of using a variable-length LV from 
a lightweight polymer body to launch a payload on a suborbital 
trajectory. It is shown that polyolefin housings could withstand 
thermal loads well in the atmospheric part of the trajectory of 
the launch of LV into orbit. However, the aspects of removing 
the bodies of such rockets from orbit were not considered.

Thus, in a series of studies [4, 7–11], a comprehensive 
justification of the expediency of using polyolefins for the 
production of tanks for autophagic LVs and ultra-light LVs 
was carried out. However, the emphasis in those works is 
at the analysis of effectiveness of the use of polyolefins as 
fuel components and the analysis of heat resistance of these 
materials on the trajectories for launching the payload into 
orbits. Deorbiting and disposal processes were not considered 
since the main goal was research on providing reliable LVs 
with structural components from polyolefins for launching 
spacecraft into orbits.

Another example of the use of polymers for spacecraft is 
research on the possibility of applying inorganic polymers as 
components for designing optical systems for Earth remote 
sensing satellites [12]. The results of the study showed that 
geopolymers meet the minimum requirements for the stabi
lity of physical properties under the conditions of the initial 
impact of the space environment, namely in vacuum and 
when heated. However, no analysis of the physical properties 
of these materials during the movement of space vehicles in 
the dense layers of the atmosphere was considered. This is 
explained by the fact that in the phase of active operation, 
these optical systems are intended for use when moving in the 
rarefied upper atmosphere of the Earth.

In turn, when designing aerodynamic systems for deor-
biting the class 1U, 2U, 3U cube sats, polymer materials such 
as Kapton were also used [13]. An inflatable mini aerostat, 
a  packaging and unfolding device, as well as an electronic 
control unit for an inflatable aerodynamic diversion system 
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have been developed. But no study of combustion in the 
Earth’s atmosphere was conducted. This could be explained 
by the fact that ultra-small spacecraft would in any case burn 
up when moving in dense layers of the atmosphere, taking into 
account their size, mass, and types of component materials. 
This is explained by the fact that such film materials are quite 
exposed to the factors of the space environment in low Earth 
orbits [14] and burn quite easily in dense layers of the atmo-
sphere. Taking this into account, the analysis of the degree of 
disposal of aerodynamic diversion systems from such mate
rials may not be carried out.

Another approach to using composite materials is the 
design of fiber-reinforced composites in aerospace engineer-
ing [15]. In the case of applying such structures in combina-
tion with the above-mentioned polyolefins, the resistance of 
such materials to the factors of the space environment may 
increase. Given this, the disposal of LV casings made of such 
materials in the dense layers of the atmosphere could be 
a  challenging task and require the selection of special deor-
biting trajectories.

Thus, our review of the literature [4, 7–15] demonstrates 
that the use of polymer materials, especially polyolefins, has 
a  sufficiently high level of scientific and practical develop-
ment in the world and in Ukraine. Thus, it could be concluded 
that Ukraine is also one of the leaders in the application of 
polymeric materials in general and polyolefins in particular 
in the field of RST.

However, one of the unsolved problems related to design-
ing LVs from polymer materials is the task of their disposal 
after the mission is completed. This issue is being solved by 
many leading RST organizations in order to combat the pollu-
tion of the Earth’s orbit [16]. A likely method to solve it is to 
deorbit spent LV UBs from the target orbits with subsequent 
combustion in the dense layers of the Earth’s atmosphere. Un-
der these conditions, the task of ensuring LV UB destruction 
with subsequent combustion of its debris under the action of 
mechanical and aerothermodynamic loads of the atmospheric 
section of the trajectory is becoming more urgent. On the other 
hand, deorbiting process should ensure that the minimum 
amount of debris reaches the Earth’s surface at the predefined 
parameters for the specified drop area.

In the world literature, the task to deorbit objects from 
space equipment, taking into account their drop to the Earth’s 
surface, is called re-entry [17–19]. Thus, in work [17], a mathe-
matical model was built, and methodology was devised for de-
termining the scatter of coordinates for the spacecraft re-entry 
fall regions at controlled deorbiting. The use of the Kalman 
filter made it possible to increase the accuracy of determining 
the area of the possible re-entry region of the space vehicle. 
However, in the classic tasks of removing spacecraft from or-
bit using re-entry missions, special protective thermal shields 
and devices for braking satellites in the lower atmosphere are 
designed. This is explained by the fact that in such missions 
the main goal is not disposal but preservation of the structure 
of the spacecraft for its further use after repair and restoration 
on Earth. Taking into account that the main purpose of deor-
biting LV UB from polyolefins into the dense layers of the 
atmosphere is disposal, and its movement in the atmospheric 
part of the trajectory is uncontrollable, the approach from [17] 
cannot be fully applied. In turn, works [18, 19] argue about 
the expediency of choosing the optimal trajectories of the 
removal of space vehicles taking into account the movement 
in the extra-atmospheric sections of the trajectory. The appli-
cation of methods, optimization and algorithms of statistical 

analysis of multiple Monte Carlo tests showed the possibility 
of choosing the optimal parameters of the re-entry trajectory. 
However, all those methods were considered for spacecraft 
without taking into account the degree of combustion in the 
atmosphere and the change in their mass as a result. 

Based on our review of the literature [4–19], it could be 
concluded that the approach to designing polyolefin casings 
is new. Taking into account the detailed scientific and the-
oretical substation of this approach [4, 7–15] regarding the 
issue of development of LV casings from polyolefins and their 
strength at the start-up stage, the issues of disposal assess-
ments after the end of operation remained unresolved. The 
mains reasons why the task to assess the degree of disposal 
of the carrier rocket body made of polyolefins in the Earth’s 
atmosphere remains unsolved are as follows:

– this class of LVs is new for rocket and space technology 
and has been developed only in recent decades along with the 
spread of demand for cheapening the process of launching 
payloads into near-Earth orbits [4, 7–15];

– the task of assessing the degree of disposal of the LV 
casing is multidisciplinary and multifaceted, which relates to 
the simultaneous solution of complex scientific problems of 
ballistics at hypersonic speeds, aerodynamics, heat and mass 
transfer, strength, materials science, etc.;

– the complexity and high cost of conducting experimen-
tal work.

This is exactly what is observed in the considered sources. 
For the most part, they are aimed at solving one problem: 
design, ballistics, materials science, etc. Or to solve the task to 
dispose of objects of rocket and space technology of a different 
class (which are built using classic materials such as steel, 
aluminum, etc.) by deorbiting them to uninhabited regions of 
the Earth [17–19].

Taking into account our review of the literature and the 
growing interest in the construction of LV UB casings from 
polyolefins, there is a task to determine the possibility of their 
disposal at the end of the period of active operation. To solve 
this problem, it is necessary to analyze the possibility of com-
bustion of LV UB from a polymer material (polyolefin) in the 
process of deorbiting into the dense layers of the Earth’s atmo-
sphere. Under such conditions, there is a task to build mathe
matical models and algorithms to analyze the degree of dispo
sal of polymer bodies along the passive part of the trajectory.

3. The aim and objectives of the study

The purpose of our work is to determine the possibility of 
disposal of LV casing made of polyolefins during deorbiting to 
remote areas of the Earth’s surface. This will make it possible 
to estimate the degree of disposal of LV UBs by burning in the 
dense layers of the atmosphere at the system level of design 
and at the stage of conceptual design.

To achieve the goal, the following tasks have been set:
– to build a generalized mathematical model that takes 

into account the effect of ballistic and aerothermodynamic 
aspects, to estimate the degree of disposal of the body of LV 
UB made of polyolefins in the Earth’s atmosphere at the stage 
of scientific research;

– to analyze the degree of combustion of polymeric LV UB 
in the dense layers of the Earth’s atmosphere;

– to compile methodological recommendations for ensur-
ing the environmental safety of the removal of polymeric LV 
UB from Earth orbit.
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4. The study materials and methods

The object of our study is the process of disposal of the cas-
ing of LV UB made of polyolefins by burning in the dense layers 
of the Earth’s atmosphere when deorbiting from Earth orbit.

The main hypothesis of the study assumes that the dispo
sal of the casing of LV UB from polyolefins occurs through its 
combustion in the dense layers of the Earth’s atmosphere at 
aerodynamic heating during deorbiting.

The following assumptions are adopted in the work:
1) LV UB is a material point of variable mass that moves 

under the action of the Earth’s gravity and the aerodynamic 
resistance of the Earth’s atmosphere;

2) the midsection area and the average coefficient of the 
atmosphere drag are unchanged;

3) the melting process is uniform; it occurs linearly with 
layer-by-layer propagation in the material;

4) Earth is general terrestrial ellipsoid WGS-84;
5) the gravitational potential of the Earth is EGM 2008;  

the influence of the 2nd, 3rd, and 4th zonal harmonics is 
taken into account;

6) Earth’s atmosphere. GOST 4401−81. Standard atmo-
sphere. Parameters for dense layers. NRLMSISE-00 is upper.

The expediency of the introduced abstraction is due to the 
reduction of computing costs and the simplification of the 
mathematical apparatus of the model of aerothermodynamic 
processes in LV UB for its integration with ballistics models. 
In turn, it is expected that the use of such a mathematical 
apparatus will allow for quick assessments of the possibility 
of disposal of the casings of LV UB made of polymeric ma-
terials in the dense layers of the atmosphere with reasonable 
accuracy. This is required at the system design level and at the 
conceptual design stage.

The work uses general scientific and special research 
methods:

– methods of system analysis and synthesis for the construc-
tion of a mathematical model with the simultaneous application 
of models of heat flows in the atmospheric and extra-atmo-
spheric sections of LV UB trajectory and ballistics models;

– method of synergistic approach for integration of heat 
flow models and a model of LV UB movement;

– a method of mathematical modeling and computer 
simulation to analyze the process of deorbiting LV UB from 
polymeric materials with subsequent burning in the upper 
atmosphere.

5. Results of investigating the process of disposal  
of the upper body of a launch vehicle from polymer 

materials in a dense atmosphere

5. 1. A generalized mathematical model for estimat-
ing the degree of disposal of the launch vehicle body

The following coordinate systems were introduced [20–22]:
a) geocentric inertial coordinate system (GICS) at the 

epoch J2000.0 OXYZ. The origin of this right orthogonal coor-
dinate system O is located at the center of mass of the Earth, 
the OZ axis is directed towards the north pole J2000.0, the OX 
axis lies in the plane of the equator and is directed to the point 
of the true vernal equinox, the OY axis completes the system 
to the right;

b) WGS-84 OgXgYgZg coordinate system. Non-inertial right 
orthogonal coordinate system with origin at the center of mass 
of the Earth Og. The OgXg axis lies in the plane of the equator 

and is directed toward the intersection of the equator with the 
WGS-84 zero meridian, the OgZg axis is directed along the axis 
of the Earth’s daily rotation in the direction of the north pole, 
and the OgYg axis completes the system to the right.

It is proposed to divide the process of deorbiting the poly-
meric LV UB upper body into two phases:

1) motion in the upper rarefied atmosphere (free molecu-
lar interaction);

2) movement in the dense layers of the atmosphere, com-
plete or partial combustion of the casing with the possible 
drop of debris to the Earth’s surface.

In the first phase, the height of LV UB trajectory gradually 
decreases. At the same time, the absolute speed and density of 
the atmosphere increase. In the second phase, gradual aero-
thermodynamic heating of the casing occurs with the transi-
tion of the aggregate state of the casing material to a liquid or 
gaseous state.

Taking this into account, it is advisable to use a mathema
tical model in kinematic parameters according to the follow-
ing principle [23]:

dV
dt

G AX
X X= + ,

dV
dt

G AY
Y Y= + ,

dV
dt

G AZ
Z Z= + ,

dX
dt

VX= ,	 (1)

dY
dt

VY= ,

dZ
dt

VZ= ,

dm
dt

mM= −  ,

where VX, VY, VZ are the projections of the speed of movement 
of the upper body of LV made of polymeric materials onto the 
axes of the GICS coordinate system; X, Y, Z – values of the 
current coordinates of the movement of the upper body of 
LV from polymeric materials in the GICS reference system; 
t – deorbiting time; GX, GY, GZ – projections of accelerations 
of gravitational disturbances onto the axes of the GICS coor
dinate system; AX, AY, AZ – projections of accelerations of 
aerodynamic disturbances onto the axes of the GICS coordi-
nate system; m is the mass of LV UB; mM is the speed of mass 
removal of the casing of LV UB.

Projections of the current position vector onto the axes of 
the WGS-84 coordinate system are determined according to 
the following ratios:
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where MX Xg ←  is the transition matrix from GICS to the 
WGS-84 coordinate system, which is determined according to 
recommendations from [23].

The acceleration of the Earth’s gravity is determined from 
the following equations:
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where µ is the gravitational constant of the Earth; aE is the 
semimajor axis of the general terrestrial ellipsoid.

Geodetic coordinates (latitude B, longitude L, and height 
above the WGS-84 hg ellipsoid) are calculated using WGS-84 
coordinates according to [24].

The density of the atmosphere ρA in the section of the up-
per atmosphere is calculated according to the NRLMSISE-00 
standard, in the section of the dense atmosphere – according 
to GOST 4401–81. Standard atmosphere. Parameters, as func-
tions of flight altitude hg.

The acceleration of the drag force of the Earth’s atmo-
sphere is found from the following equations:
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V V V Vr rX rY rZ= + +2 2 2 ,

where CX is the average coefficient of aerodynamic resistance 
of the atmosphere; SM is the midsection area; ωE is the angular 
velocity of the Earth’s daily rotation.

Heat flows affecting the LV body could be divided into 
two types:

1) heating caused by thermal radiation;
2) aerodynamic heating during movement in dense layers 

of the atmosphere.
Mathematical models of heating from thermal radiation 

during the movement of space vehicles in near-Earth orbits 
are given in [25]. For generalized estimates, it is advisable 

to also use the assumption given in [26], conditionally di-
viding the surface of LV UB casing into illuminated by the 
Sun and non-illuminated. Thus, the differential equations 
for determining the temperature of the illuminated and 
non-illuminated part of the surface of LV UB casing take the 
following form:

m C dT
dt

E A E A

E A A T

sn k
sn

s k solsn a k albsn

p k plansn k sn sn

= + +

+ −

α α

ε σε 4 ,

m C dT
dt

E A E A A Tsh k
sh

a k albsh p k plansh k sn sh= + −α ε σε 4 ,	 (8)

where msn is the mass of the illuminated part of LV UB casing; 
msh is the mass of the non-illuminated part of LV UB casing; 
Ck is the heat capacity of the polymer material from which 
LV UB is made; Tsn is the temperature of the surface of the 
illuminated part of LV UB casing; Tsh is the temperature of the 
surface of the non-illuminated part of the casing of LV UB;  
εk is the degree of blackness of the material of LV UB; Asn 
is the area of the entire surface of LV UB casing; αn is the 
absorption coefficient (absorbability) of the polymer material 
from which the upper LV body is made; Asolsn, Aablsn, Aplansn, 
Aablsh, Aplansh – calculated surface areas of LV UB casing re-
ceiving solar radiation, albedo radiation, and planetary radi-
ation on illuminated and non-illuminated parts, respectively; 
Es, Ea, Ep are the values of the radiation fluxes of the Sun’s 
radiation, the Earth’s albedo, and planetary radiation.

Taking into account the non-oriented movement of LV UB 
during deorbiting, it is suggested to assume that, on average, 
half of the surface of the casing is on the illuminated part, 
and the other half of the surface is on the unilluminated part. 
Taking this into account, it is advisable to take the average 
value of the temperature of the illuminated and non-illumi-
nated parts to estimate the temperature of the surface of LV 
UB casing from thermal radiation:

T T T
k

sn sh=
+
2

,	 (9)

where Tk is the average value of the temperature of the surface 
of LV UB casing from thermal radiation.

The next thermal factor is aerodynamic heating when 
moving in dense layers of the atmosphere (altitude below 
100–150 km). For general evaluations, methodologies for 
determining aerodynamic heating according to [27] are used 
as follows:

dQ
dt

C V Sair
H A r M=

1
2

3ρ ,	 (10)

where Qair is the amount of heat released during the aerody-
namic heating of the LV casing; CH is a dimensionless thermal 
conductivity coefficient.

When adapting (10), the following equation was used to 
estimate the rate of mass removal during combustion:

m Q S
HM
air x

air

n
= ,	 (11)

where Sxair is the surface area of LV UB casing, which is 
heated due to aerodynamic friction; Hn is the heat of phase 
transformation.
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Considering that we assume that melting occurs uniform-
ly in the direction opposite to the movement of the heated 
surface of the casing with gradual burning of material layers, 
the following ratio holds:

dm S dm x
air= ρ ξ. ,	 (12)

where ξ is the wall thickness of LV UB casing; ρm is the den-
sity of the material from which the casing of LV UB is made.

Taking into account (11), equation (12) could be reduced 
to the type of differentiation of the parameter ξ by time,  
as follows:

d
dt

Q
H
air

m n

ξ
ρ

= .	 (13)

In turn, for estimation calculations when determining 
Qair, it is advisable to use the reduced analytical expression for 
aerodynamic heating:

Q V
Vair

A r

k
=

⋅ 
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⋅
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4 6 107
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1
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1

3
. ,

ξ
ρ
ρ

	 (14)

where ρ0 is the density of the atmosphere at sea level; V1k is the 
value of the first cosmic velocity.

Thus, a generalized mathematical model has been built 
for estimating the possibility of disposal of LV UB in the dense 
layers of the Earth’s atmosphere by burning. The model in-
cludes a ballistics module based on differential equations (1), 
models of heat flows in the extra-atmospheric part of the 
trajectory (8), and aerodynamic heating in the dense layers of 
the atmosphere (10) to (14).

5. 2. Results of determining the degree of combus-
tion of the upper body of a launch vehicle by burning in 
dense layers of the atmosphere

In order to carry out evaluations, it is suggested to con-
sider the possibility of disposal of LV UB whose casing is 
made of polyolefins. The weight and size characteristics of 
these hypothetical bodies are proposed to be taken from the 
characteristics of the kick stage and the second stage of the 
Electron rocket by the New Zealand aerospace company 
Rocket Lab [28].

The following objects were adopted to model the process 
of the termination of the existence of LV UBs:

1. The kick stage of the ultra-light class LV. The mass 
is 40 kg, the surface area is 0.85 m2, the average value of 
the coefficient of aerodynamic drag on the trajectory at an 
altitude above 170 km is 2.12, at an altitude below 170 km 
it is 0.5.

2. The second stage of LV of the ultra-light class. Weight – 
250 kg; the midsection area is 2.83 m2, the average value of the 
drag coefficient on the trajectory at an altitude above 170 km 
is 2.12, at an altitude below 170 km – 0.5.

The process of deorbiting from low Earth orbits of two 
types is considered: close to circular with eccentricity less 
than 0.005, and small elliptical.

The initial parameters of an orbit that is close to circular:
– the semi-major axis of the orbit: 6853227 m;
– orbital eccentricity: 0.0008;
– inclination of the orbit: 97.4 degrees;
– right ascension of the ascending node of the orbit: 

353.731 degrees;

– perigee argument of the orbit: 357.035 degrees;
– orbit latitude argument: 0.0 degrees.
The following results were obtained as a result of simulat-

ing the trajectory of the motion of LV UB made of polyolefins 
for the given initial conditions using model (1) to (14).

Our results demonstrate that the time of deorbiting the 
LV UB made of polymer materials in the form of a kick mo
dule was approximately 260.5 days, at an initial orbit height 
of 485 km (Fig. 1). The temperature of LV UB varied: for the 
illuminated part of the casing – in the range of 280–333 K, 
for the non-illuminated side of the casing – in the range of 
228–240 K (Fig. 2). This temperature is maintained until en-
tering the dense layers of the atmosphere. After entering the 
dense layers of the atmosphere (Fig. 3), the temperature due 
to aerodynamic heating increases by orders of magnitude and 
the melting process occurs (Fig. 4). The results of simulating 
the deorbiting of a 40-kg LV UB showed that upon entering 
the dense layers of the atmosphere, the melting process of the 
LV UB casing begins (Fig. 3, 4). At a height of 1 km above the 
Earth’s surface, the mass of LV UB was 9 kg, which is 23 % of 
the initial mass. Given this, we can say that the kick module 
made of polymeric materials is recycled by more than 75 %. 
Estimates of the possible place of fall of the kick module have 
been carried out. Thus, unburnt debris weighing about 10 kg 
ceased to exist in the Pacific Ocean (Fig. 5). Such debris does 
not pose a danger to residents, animals, and an environmental 
threat to this region.

Regarding the second stage, the results of deorbiting and 
disposal are shown in Fig. 6, 7.
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 Fig. 5. Geodetic coordinates of the point of termination 
of the upper stage of launch vehicle after deorbiting from 

a near-circular orbit
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movement section in the dense layers of the atmosphere

From our results of simulating the motion of the second 
stage, it could be seen that the deorbiting time is significant-
ly longer (almost 483 days) than that of the kick module, 
which is explained by the lower value of the ballistic coeffi-
cient. Also, the mass of the second stage at a height of 1 km 
above the Earth’s surface was approximately 142 kg, which 
is 57 % of the initial mass of 250 kg. Given this, it could be 
concluded that the second stage of LV UB could be disposed 
of by 43 % when burned in the dense layers of the atmo-
sphere when removed from near-circular orbits. Modeling of 
deorbiting showed that the second stage debris also ceased 
to exist in the Pacific Ocean at a considerable distance from 
the coastline.

Thus, taking into account the simulation results of deor-
biting from near-circular orbits of UB and the second stage, 
which are made of polypropylene for the ultralight class LV,  
it could be concluded that: 

1) it is possible to dispose of 75 % of the kick module 
weighing 40 kg;

2) it is possible to dispose of 43 % of the second stage, 
weighing 250 kg;

3) with the correct selection of the deorbiting trajectory 
and accurate prediction of the place of drop on uninhabited 
regions of the Earth, the debris of LV UB will not pose a threat 
to humanity and the ecology of the region.

Thus, when making similar casings of LV UBs from 
polyolefins and launching them into near-circular orbits,  
it is necessary to take into account and accurately predict the 
trajectories, taking into account the possible place of drop. 
Although these bodies could be disposed of up to 75 %, falling 
debris into densely populated regions could also pose a mo
derate threat level hazard. Given this, a second approach is 
proposed, which involves forming the ellipticity of the orbit 
of LV bodies to increase the steepness and speed of entry into 
the atmosphere. For example, for estimations of the degree of 
disposal of LV UBs, it is suggested to consider a low-elliptic 
orbit with the following initial parameters:

– the semi-major axis of the orbit: 6853227 m;
– orbital eccentricity: 0.055;
– orbital inclination: 50.4 degrees;
– longitude of the ascending node of the orbit: 125.731 de-

grees;
– perigee argument of the orbit: 60.035 degrees;
– orbit latitude argument: 0.0 degrees.
In turn, during the formation of small elliptical orbits for 

deorbiting the kick module and the second stage, the disposal 
results are significantly improved (Fig. 8).
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Thus, in low-elliptical orbits, the 40-kg LV UB complete-
ly burned up at an altitude of about 60–70 km. Given this,  
it could be asserted that during the formation of the neces-
sary ellipticity of the orbit and the increase in the steepness 
and speed of the kick module’s entry into the atmosphere, its 
polyolefin casing is completely disposed of.

In turn, for the maximum disposal of the second stage,  
it is necessary to increase the initial value of the eccentricity 
of this small elliptical orbit to 0.0558. The disposal dynamics 
of the second stage made of polyolefins are shown in Fig. 9.
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Our results of simulating the disposal have shown that 
when forming a small elliptical orbit with an eccentricity in 
the range from 0.05 to 0.06, the speed at perigee increases. In 
turn, the perigee of the orbit first enters the dense layers of the 
atmosphere during deorbiting. Given this, with an increase in 
the speed of movement in the dense layers of the atmosphere, 
according to model (10) to (14), the heat flow of aerodynamic 
heating on the body of the LV body increases. The obtained 
effect accelerates the dynamics of the burning of LV body in 
the dense layers of the atmosphere, which is confirmed by the 
results of modeling (Fig. 8, 9). The second stage had a mass 
of 10 kg at an altitude of 500 m, which is 4 % of the initial 
mass of 250 kg (Fig. 9). According to the simulation results, 
the unburnt debris of the second stage when deorbiting from 
the low-elliptical orbit ceased to exist in the Atlantic Ocean 
outside the territorial waters of Brazil.

Our estimates of the dynamics of combustion of casings 
of the upper bodies of launch vehicle made of polymeric ma-
terials in the dense layers of the atmosphere when deorbiting 
from orbits of various dislocations make it possible to compile 

methodological recommendations for the disposal of such 
space objects.

5. 3. Compiling methodological recommendations 
for the disposal of bodies of launch vehicles made of 
polyolefins, taking into account environmental safety

The results of investigating the peculiarities of disposal of 
casings of LV UBs made of polymeric materials showed that 
the dynamics of burning the LV casing in the dense layers of 
the atmosphere are influenced by the following factors:

1) the shape of the orbit at the initial phase of deorbiting;
2) mass-dimensional characteristics;
3) thermal properties of the polymeric material.
Taking into account these factors, methodical principles 

were compiled for the disposal of LV UBs made from polyme
ric materials, taking into account environmental safety. The 
recycling algorithm takes the following form:

1) analysis of the structural characteristics of LV UBs (mass 
and dimensional characteristics, casing material, casing mate-
rial properties);

2) analysis of the orbit of LV UB deorbiting before the start 
of deorbiting (type of orbit, location, initial prediction of the 
possible place of drop);

3) simulation of the process of deorbiting the LV UBs 
using a generalized mathematical model, which includes for-
mulas and expressions (1) to (14), and determining the degree 
of disposal of the LV UB casing. The simulation includes the 
simulation of movement in the atmospheric and extra-atmo-
spheric section of the trajectory, determination of the average 
temperature of the casing before entering the dense layers of 
the atmosphere, modeling of casing burning process when 
entering the dense layers of the atmosphere;

4) conducting assessments of the point of termination of 
the existence of the wreckage of LV UBs in the case of incom-
plete combustion of the casing;

5) correction of deorbiting orbit with a high probability of 
debris hitting densely populated regions of the Earth.

Thus, the methodological recommendations compiled 
allow us to evaluate the degree of disposal of casings of LV 
UBs made of polymeric materials. Also, this procedure makes 
it possible to assess the man-made threat by determining the 
possible place of drop of LV UB fragments that did not burn 
up in the atmosphere.

6. Discussion of results based on the construction 
of a generalized mathematical model for evaluating 

the disposal of the launch vehicle casing made of 
polyolefins no more

The synergistic application of the movement forecasting 
model (1) to (7) and the generalized models for estimating 
thermal factors (8) to (14) makes it possible to perform gene
ral assessments of the possibility of disposal of the polymeric 
casings of LV UBs in a dense atmosphere. This allows us to 
choose the initial parameters for the orbit of deorbiting such 
space objects in the case of using active means for cleaning 
the near-Earth space [16], taking into account the minimiza-
tion of the environmental threat [29]. However, in contrast 
to [29], in which the degree of environmental impact from 
autophagy rocket fuel combustion is considered in the active 
area. In addition, the model built makes it possible to estimate 
the likely place of fall of unburnt fragments of LV. In turn, 
the choice of deorbiting trajectory taking into account the 
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rational place of fall makes it possible to reduce the degree 
of environmental pollution of the inhabited regions of the 
Earth. Also, the application of models of melting (11) to (13) 
of materials due to aerodynamic heating (10), (14) made it 
possible to determine the degree of combustion of the casing 
of LV UB made of polyolefins in a dense atmosphere. Similar 
simplified mathematical models for estimating the heat flows 
of space vehicles subject to return from orbit to Earth are 
given in works [30, 31]. Thus, in work [30], with the use of 
general evaluation models of heat flows, evaluations of the 
combustion of the components of the construction of the arti-
ficial satellite of the Earth were carried out. Depending on the 
material of the structure, it was determined that the degree 
of disposal of this or that component during deorbiting of 
a satellite from near-circular orbits varies from 30 % to 100 %. 
The estimates obtained in this paper for the degree of disposal 
of the polyolefin casings of LVs when removed from near-cir-
cular orbits are also in this range. In turn, work [31] also 
proposed the use of simplified models for general estimates 
of heat flows during movement in dense layers of the atmo-
sphere. The given interpolation formulas [31] are close to our 
generalized model (14). Given this, it could be concluded that 
the constructed generalized mathematical model for estimat-
ing the degree of disposal of LV UBs made from polyolefins is 
not abstract and has a sufficient number of analogous models. 
In addition, the proposed model makes it possible to reduce 
the calculation time for obtaining generalized estimates of 
aerodynamic heating and the degree of combustion of LV UB 
stages. Analogous models require more computing resources 
and are also difficult to integrate.

When conducting research, the mathematical model built 
has certain limitations regarding practical application. They 
are related to the fact that our model could be used only at 
the initial stages of designing such LV UBs to determine the 
degree of disposal of their casings in the process of ceasing  
existence. Such stages include the stages of conceptual scien-
tific research, conceptual design, etc.

However, there remain a number of problematic aspects 
when applying this model for high-precision calculations of 
the melting process, which is associated with a number of 
assumptions accepted in our work. Thus, when performing 
high-precision calculations, a necessary condition is the pres-
ence of accurate values for the aerodynamic characteristics 
of LV UBs, which makes it possible to use accurate values of 
the aerodynamic drag coefficients. Also, taking into account 
the nonlinearity of heat flows in the material of LV UB cas-
ing, complex mathematical models with partial differential 
equations are necessary [32]. The disadvantage of using such 
models with partial differential equations is the complexity 
of their integration with ballistics equations (1). However, for 
the adequate application of the models given in [32], it is nec-
essary to enter into the general complex mathematical model 
the model of angular non-oriented movement of LV stage 
for the accurate determination of the inhomogeneity of the 
heating of the casing along the entire trajectory of movement. 
However, it is impossible to precisely model the non-oriented 
angular motion of LV UB, taking into account the stochas-
tic nature of disturbances of the space environment (for 
example: solar activity, deviation of the model gravitational 
potential from the real one) and information about its initial 
angular position.

This research might be advanced through the following:
– simulation of LV UB as a body of variable mass;
– consideration of aerothermodynamic processes;

– taking into account the influence of overload and tem-
perature on the integrity of the structure;

– taking into account the impact of ablation process on 
the shape and aerodynamic characteristics;

– taking into account the probabilistic process of ablation 
and changes in strength characteristics.

7. Conclusions

1. A generalized mathematical model has been built for 
analyzing the disposal rate of upper bodies of launch vehicles 
made of polyolefins. Disposal is proposed by burning these 
casings in the dense layers of the atmosphere during deorbit-
ing of the upper bodies of launch vehicles from near-Earth 
orbits. The mathematical model includes three submodules: 
a ballistics submodule, a submodule for determining heat 
flows in the extra-atmospheric part of the trajectory, and 
a  submodule for aerothermodynamic processes in the dense 
layers of the atmosphere and estimates of the degree of melting. 
The use of a synergistic approach allowed us to combine all 
three submodules into a single mathematical model, in which 
all differential equations are integrated over time. That has 
made it possible to perform quick calculations of deorbiting 
time of the upper bodies of launch vehicles made of poly-
meric materials with the determination of the degree of their 
disposal in the dense layers of the atmosphere and the place 
of possible drop of debris that did not melt.

2. Estimated calculations of deorbiting time and the de-
gree of disposal of the upper and second stages of the Electron 
ultra-light class launch vehicle when their bodies are made of 
polymer materials showed the following:

– when the stages of an ultralight class launch vehicle are 
deorbited from near-circular low Earth orbits, their casings 
melt in the dense layers of the atmosphere by 40–75 %;

– the degree of melting of casings of bodies of the launch 
vehicles during deorbiting depends on the structural features, 
mass-dimensional characteristics, and the material from 
which the casing is made;

– the formation of elliptical orbits makes it possible to 
increase the degree of melting the bodies of launch vehicles 
made of polyolefins in the dense layers of the atmosphere by 
20–60 % due to the increase in their speed of entry into the 
dense layers of the atmosphere;

– the formation of low ellipticity of orbits with an ec-
centricity in the range from 0.05 to 0.08 gives a gain in re-
ducing the time of deorbiting the bodies of launch vehicles  
by 3 times.

3. Methodical recommendations for the disposal of cas-
ings of the upper bodies of launch vehicles in the dense layers 
of the atmosphere have been compiled. We have shown the 
necessity of carrying out assessments of the place of drop of 
fragments of the casing of the upper bodies of launch vehicles 
during their incomplete combustion in the atmosphere in 
order to determine potential risks of an environmental and 
man-made nature. Thus, our methodological recommenda-
tions allow for a comprehensive analysis of the disposal of 
upper bodies launch vehicles made of polyolefin, taking into 
account the features of deorbiting trajectory, the degree of 
combustion in the atmosphere, and the determination of the 
place of possible debris drop. Such evaluations could make 
it possible to optimally choose the deorbiting trajectories for 
space objects whose casings are made of polyolefins when 
active deorbiting means are used.
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