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1. Introduction

Analysis of modern trends in the development of rocket 
and space technology reveals a sustained interest in vari-
able-length polymer launch vehicles (LVs). The stage body 
of such launch vehicles is simultaneously the fuel used to 
generate the jet thrust necessary to overcome the Earth’s 
gravity and provide access to near-Earth space. Owing to 
these qualities, it is possible to achieve a simplification of the 
design, a reduction in the cost of launching the LV, as well as 
an increase in the environmental friendliness of the removal 
process due to the minimization of the number of design 
elements that are separated and reach the Earth’s surface.

The use of polymeric materials for LV as structural ma-
terials has a number of features. In particular, they differ 
significantly in their mechanical and physicochemical prop-
erties from classic metal alloys. This necessitates the search 
for optimal trajectories of motion to prevent the possible 

negative impact of mechanical and thermal loads on the ac-
tive atmospheric phase of the flight path.

The main parameter characterizing the magnitude of the 
operating mechanical loads on the LV body is the magnitude 
of the overload, which varies with flight time. At the same 
time, the body’s ability to withstand mechanical loads is 
characterized by the values of the Young’s modulus, as well 
as the temperature-dependent limits of strength and yield of 
the material. Thermal loads are due to aerodynamic heating 
of the outer surface of the LV housing due to the action of 
the aerodynamic resistance force of the dense layers of the 
atmosphere.

In addition, it should be noted that the variability of the 
length of LV along the active part of the trajectory is atypi-
cal for classic LVs, in the design of which the influence of the 
aerodynamic resistance of the Earth’s atmosphere is usually 
taken into account using aerodynamic force factors, which 
are functions of the angle of attack, Mach number, and flight 
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The object of this study was the motion of an ultra-
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polymer body along the active phase of the trajecto-
ry. The work considers the solution to the problem of 
designing low-cost means of delivery to orbit, name-
ly to the assessment of the possibility of removing 
the payload by a carrier rocket with a polymer body 
of variable length beyond the dense atmosphere of 
the Earth. For this purpose, ballistic projection of the 
trajectory of the launch vehicle was carried out tak-
ing into account overloading; its aerodynamic char-
acteristics and peculiarities of aerothermodynamic 
processes occurring during flight in the atmospheric 
phase of the trajectory were determined. The close-
ness (up to 10 %) of the obtained results with known 
experimental data is shown. The influence of the aero-
dynamic force on the parameters of the launch vehi-
cle motion was studied. A flight simulation was con-
ducted, the results of which showed the fundamental 
possibility of launching a CubeSat 24U class payload 
using a launch vehicle with a polymer body of vari-
able length to a suborbital trajectory with an altitude 
of about 300 km. At the same time, the effective lon-
gitudinal overload on the body of the launch vehicle 
does not exceed 4 units, and the temperature on the 
surface of the body does not exceed 300 K. A feature of 
the research is the use of a multidisciplinary approach, 
which implies taking into account the interrelation-
ship of aerodynamic, thermodynamic, and ballistic 
processes. The established motion parameters, aero-
dynamic characteristics, and the surface heating tem-
perature of the launch vehicle body are key values for 
further research on the design and analysis of a launch 
vehicle with a polymer body of variable length. These 
data could be used to calculate the mechanical and 
thermal loads acting on the structure of the launch 
vehicle during flight
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altitude. In turn, another variable parameter appears in the 
LV of variable length ‒ the length, which monotonically de-
creases during the flight. Therefore, the nature of influence 
of the aerodynamic resistance of the atmosphere on the flight 
of a variable-length LV along the active phase of the trajecto-
ry will differ from that of classic LVs.

From the above, it follows that the issue of designing poly-
mer LVs of the ultralight class of variable length is relevant.

2. Literature review and problem statement

The task of designing a variable-length LV is related 
to the development of a new type of promising LVs that 
use polymers as a structural material for the body. The 
state of the issue and the main problems that arise during 
the development of such LVs are highlighted in a number 
of works [1‒9], which are a priority in this direction. The 
results of those studies testify to the multidisciplinary and 
multifaceted nature of the task of creating an ultralight poly-
meric LV. Paper [1] proposed the concept of using this type 
of LV as a means of launching small satellites. The design of 
a variable-length single-stage LV with a polyethylene body is 
proposed but the attention is focused on the problem of cre-
ating a suitable propulsion system (PS), while the issue of the 
reliability of the body is not considered. Work [2] presents 
the concept of a variable-length picorocket, which makes it 
possible to launch a payload weighing 1 kg into Earth orbit. 
However, the authors theoretically justify the possibility of 
creating such a rocket without taking into account the dy-
namic and thermal loads that occur in the atmospheric phase 
of the trajectory. Paper [3] reports the results of a successful 
terrestrial experimental development of an autophagic PS, 
which opens up the possibility of creating a real LV with a 
polymer body. In this regard, the problem of studying aero-
thermodynamic processes for bodies that change elongation 
during motion is actualized. In work [4], the main issues of 
designing a variable-length LV for the launch of service vehi-
cles are considered, and the problem of aerothermodynamics 
research is formulated in a general way, but only from the 
point of view of the return of spacecraft into the atmosphere. 
It should be noted that under the return mode the loads are 
significantly different from the device start mode. Trajec-
tories of motion, modes of operation of PS, and patterns of 
changes in body length, in the case of using autophagic LVs, 
are presented in works [5, 6]. But it should be noted that un-
der the conditions of changes in the elongation of the body, 
the aerodynamic characteristics also change, which must 
be taken into account to determine the design parameters. 
An experimental study [7] testifies to sufficiently high tem-
peratures of the structure of the PS during operation, but the 
issue of the temperature on the surface of the housing is not 
studied. These issues are considered in [8] within the frame-
work of the problem of thermal conductivity for the case but 
without taking into account the interaction with the external 
high-speed gas flow. A similar problem, taking into account 
mechanical phenomena was considered in work [9], in which 
the principal possibility of using polymer materials (polyeth-
ylene, polypropylene) as structural materials for the LV body 
is substantiated. But the question of changing the boundary 
conditions on the surface of the hull during the motion of 
the LV remains open. A possible way to solve the problem of 
ensuring heat resistance of housings is the use of composite 
polymer materials [10]. But in this case, the problem of effec-

tive use of such materials as fuel in autophagic PS requires 
research. Such materials can be effectively used in structural 
elements of the main fairing (MF) [11], or in composite sand-
wich structures with cellular filler [12]. However, the issue of 
their effective disposal in PS has not yet been studied. At the 
same time, pure or metallized polymers provide high energy 
characteristics of solid-fuel rocket launchers [13], and the-
oretically make it possible to achieve high specific impulses 
but are sensitive from the point of view of thermal and heat 
resistance [14].

So, the above studies prove the prospect of using poly-
meric materials to design a new type of LV but leave out 
a number of important issues. In particular, regarding the 
determination of the loads acting on LV in the active phase 
of the trajectory on the polymer hulls, as well as the influ-
ence of the variability of hull geometry on the aerodynamic 
characteristics.

The complexity of this research is unconditional and 
requires the involvement of a large number of highly quali-
fied specialists with different profiles. The first step on this 
path is to determine the motion parameters and aerother-
modynamic processes of the active phase of LV trajectory. 
Its results are the input data for the task of researching the 
integrity of the LV structure under the conditions of me-
chanical and thermal loads. All this gives reason to assert 
that it is expedient to conduct a study on the parameters of 
LV motion and aerothermodynamic processes on the active 
phase of LV trajectory.

3. The aim and objectives of the study

The purpose of our work is to assess the possibility of 
taking the payload from the dense atmosphere of the Earth 
by using an ultra-light variable-length LV from a polymer 
body. This requires conducting ballistic projection of LV tra-
jectory, taking into account the peculiarities of aerothermo-
dynamic processes in the atmospheric area. This will provide 
an opportunity to conduct a study on the integrity of LV 
structure under the conditions of mechanical and thermal 
loads of the active phase of the trajectory.

To this end, it is necessary to solve the following tasks:
– to construct a mathematical model of LV motion along 

the active phase of the trajectory, taking into account aero-
thermodynamic effects;

– to investigate aerothermodynamic processes during 
the motion of LV in the atmospheric area and to determine 
the dynamic and temperature regimes of LV;

– to evaluate the power of LV to launch the CubeSat 24U 
class payload into a suborbital trajectory that goes beyond 
the dense layers of the Earth’s atmosphere.

4. The study materials and methods

The object of our study is the motion of a variable-length 
ultralight class LV made of a polymer body along the active 
phase of the trajectory.

The main hypothesis of the research assumes the pos-
sibility of reaching by a variable-length ultralight class LV 
from a polymer body a flight altitude outside the dense layers 
of the Earth’s atmosphere. At the same time, a specified level 
of mechanical (longitudinal overload of 4 units) and ther-
mal (320‒370 K) load on the LV housing will be provided.
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The following assumptions were adopted:
– LV is a solid body of variable mass and variable length, 

moving under the action of thrust forces, the Earth’s gravity, 
and the aerodynamic force;

– the LV stabilization system is ideal;
– Earth is general terrestrial ellipsoid WGS-84;
– the gravitational potential of the Earth takes into ac-

count the influence of the 2nd, 3rd, and 4th zonal harmonics;
– Earth’s atmosphere is standard (MFST 4401‒81. 

Standard atmosphere. Parameters);
– PS of LV is ideal and has perfect regulation;
– the output is for a payload with a standard size of 

CubeSat 24U;
– we do not take into account the change in the mechan-

ical characteristics of the housing in the first approximation;
– the starting point (SP) is set by the geocentric latitude, 

longitude, and altitude, which are equal to zero; launch azi-
muth is 90°.

An ultra-light class rocket of variable length made of a 
polymer body with the effect of autophagy, which is pro-
posed in [4], is considered as a launch vehicle. Its charac-
teristics:

– body material – polyethylene;
– starting mass, fuel mass, and mass of the final struc-

ture with payload and control system are 300 kg, 250 kg, and 
50 kg, respectively;

– the vacuum thrust, specific impulse, and target section 
of jet pipe of PS are 8000 N, 200 s, and 0.05 m2, respectively;

– initial length 6.1 m; final length 2.38 m; fuel length 
3.72 m; length of PS 1.45 m; length of MF 0.93 m.

– the diameter of LV is 0.3 m.
A fairly wide range of methods is used to calculate the 

aerodynamic characteristics of an aircraft moving at speeds 
ranging from subsonic to supersonic. They can be conven-
tionally divided into engineering methods, which are largely 
based on empirical relationships, and theoretical methods, 
which are based on solving the Navier-Stokes equations.

Most published results from calculating the aerodynam-
ic characteristics of LV were obtained using approximate 
engineering methods, for example, [15], or methods from 
linear potential theory, such as [16–18].

The results of calculations of high-speed rarefied flows 
in works [19, 20] were obtained using the Petrov-Galerkin 
compressible flow method, supplemented by the capture of 
YZβ shock waves, and using a unified gas kinetic scheme and 
direct simulation by the Monte Carlo method. The method 
of surface elements was used to calculate the aerodynamic 
characteristics of hypersonic vehicles in [21].

The aerodynamic characteristics of the complete layout 
of LV are obtained using methods based on Newton’s theory, 
for example, [22], which, however, is focused on high super-
sonic and hypersonic speeds. Also, an approximate calcula-
tion of the supersonic flow around LV can be performed us-
ing the numerical integration of the Euler equations [23, 24]. 
Numerical solutions to these equations make it possible to 
estimate, however, without taking into account viscosity, 
the magnitude of aerodynamic forces and moments, the dis-
tribution of loads on the load-bearing elements of the hull. 
Moreover, numerical methods, in general, do not require the 
involvement of empirical results. They make it possible to 
get information about the state of the current in the entire 
calculation area. This is too complicated for experimental 
research methods and practically impossible for semi-empir-
ical methods. As noted, viscous effects, such as, for example, 

the shedding of vortices from the rocket body, cannot be ac-
counted for using Euler’s equations alone. Therefore, in order 
to determine their impact, specific methods, which depend 
on the class of currents, can be additionally applied.

It should be noted that since the methods listed above 
are characterized by rather strict restrictions on their ap-
plication, this complicates their practical use in the study 
of aerodynamics of LV. The solution to this problem can be 
the use of methods of computational hydrodynamics, which 
are based on solving the difference analogs of the nonlinear 
equations of gas dynamics ‒ the Navier-Stokes equations, 
in full or simplified form. Such a model of fluid and gas 
mechanics makes it possible to more accurately describe 
the physical processes that occur when flowing around the 
aerodynamic surfaces of LV, such as the formation of a shock 
wave, turbulence, flow separation, eddy currents, thermal 
loads, etc. [25]. 

To achieve the goal, the problem was considered in the 
form of two successive iterations. The first consists of mod-
eling the flight of LV without taking into account the influ-
ence of the Earth’s atmosphere. According to its results, the 
following dependences on time are determined:

– atmospheric velocity;
– flight altitude;
– atmospheric pressure;
– atmospheric temperature;
– atmospheric density;
– speed of sound;
– angles of attack;
– the length of LV, etc.
With the use of these data, the aerothermodynamic pro-

cesses during the motion of LV in the atmospheric area are 
studied and the dynamic and temperature regimes of LV are 
determined, in particular:

– aerodynamic force factors are determined;
– the temperature on the surface is determined on the 

stage of LV.
The second iteration is the simulation of LV flight taking 

into account the influence of the Earth’s atmosphere. Ac-
cording to its results, the energy capabilities of LV to launch 
the payload into near-Earth orbits are determined.

5. Results of assessing the possibility of using a polymer 
launch vehicle of the ultralight class

5. 1. Construction of a mathematical model of the 
launch vehicle motion taking into account aerothermo-
dynamic effects

5. 1. 1. Mathematical model of the motion of the launch 
vehicle along the active phase of the trajectory

To assess the possibility of launching the payload into 
Earth orbit and determining the surface temperature of LV 
body, a mathematical motion model was built.

Three coordinate systems are considered:
1. The initial starting geocentric coordinate sys-

tem (ISCS) O0X0Y0Z0. The center of this right orthogonal 
inertial coordinate system is located at the center of the 
Earth. The O0Y0 axis is parallel to the normal to the Earth’s 
surface in SP and is directed from the center of the Earth. 
The O0X0 axis lies in a plane parallel to the plane of the local 
horizon in SP, and forms an angle with the north direction 
in the SP equal to the launch azimuth of LV. The O0Z0 axis 
complements the coordinate system to the right.
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2. The coordinate system (COCS) O1X1Y1Z1 is related to 
the center of mass (CM) of LV. This is a non-inertial right or-
thogonal coordinate system with the center in the CM of LV. 
The O1X1 axis is parallel to the longitudinal axis of LV and is 
directed in the direction of its nose. The O1Y1 axis lies in the 
plane of normal stabilization and is directed in the direction 
of stabilizer III. The O1Z1 axis complements the coordinate 
system to the right.

3. WGS-84 coordinate system. The center of this non-in-
ertial right orthogonal coordinate system OWXWYWZW co-
incides with the center of the Earth. The OWXW axis lies in 
the plane of the equator and is directed in the direction of 
the WGS-84 zero meridian. The OWZW axis coincides with 
the angular velocity vector of the Earth’s daily rotation. The 
OWYW axis complements the coordinate system to the right.

Taking into account the introduced assumptions, the math-
ematical model of motion is represented in the following form:
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0ZV  are the projections of the vector of absolute 
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0
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0
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1Zω  ‒ projections of the angular velocity vec-
tor of LV around CM on the COCS axis; m ‒ current mass 
of LV; ENm  ‒ mass flow rate of PS; l ‒ current length of LV; 

ENl  ‒ the rate of change in the length of LV.
Projections of the apparent acceleration vector onto the 

axis of ISCS are defined as:
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where 
0 1X XM ←  is the transition matrix from COCS to ISCS; 

P ‒ thrust force of LV PS; 
1
,XS  

1
,YS  

1ZS  ‒ longitudinal, nor-
mal, and cross-section components of the aerodynamic force.

Let’s determine the thrust force of LV PS:

0 ,SC AP P S p= − 	 (8)

where P0 ‒ vacuum thrust of PS; SSC ‒ target section of jet 
pipe of PS; pA is the pressure of the Earth`s atmosphere.

Pressure pA , speed of sound cA, and density ρA of the 
Earth’s atmosphere according to MFST 4401‒81 are func-
tions of flight altitude h. It, in turn, depends on the vector of 
the current position of LV CM. To determine the flight alti-
tude according to [26] the projection of the current position 
vector on the axis of the WGS-84 coordinate system:
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where 
0WX XM ←  is the transition matrix from ISCS to the 

WGS-84 coordinate system; 
0gϕ  ‒ geodetic latitude of SP;  

0gλ  ‒ geodetic longitude of SP; A0 ‒ launch azimuth; ωE ‒ angu-
lar velocity of the Earth’s daily rotation; t is the time from the 
moment of launch.

The components of the aerodynamic force vector are 
found from the ratios:

1
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where q is the high-speed pressure; SM ‒ midsection area; 
,XCα  ,YCα  ZCβ  ‒ aerodynamic force factors; αS, α, β ‒ spatial an-

gle of attack, angle of attack, and angle of slip, respectively.
To determine the high-speed pressure, aerodynamic 

force factors , and angles of attack, projections of the vec-
tor of the atmospheric velocity onto the axis of ISCS were 
found:
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The high-speed pressure is calculated from the expres-
sions:
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The angles of attack and slip are determined from the 
equations:
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The aerodynamic force factors are functions of the Mach 
number, the length of LV, and its shape. The Mach number is 
determined by the ratio:
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Projections of the acceleration vector of the Earth’s grav-
ity in the CM of LV on the axis of ISCS, taking into account 
the accepted assumptions, are determined by the equations:
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where μ ‒ gravitational constant; aE ‒ semimajor axis of the 
general terrestrial ellipsoid; C2,0, C3,0 and C4,0 ‒ coefficients 
of the Earth’s gravitational potential.

The rate of change in LV length:

,EN
EN

B B

m
l

S
=
ρ


 	 (28)

where ρB ‒ fuel density; SB ‒ cross-sectional area of the fuel.

5. 1. 2. Mathematical model of aerothermodynamic 
processes during the motion of LV in dense layers of the 
atmosphere

To simulate the external air flow during subsonic, tran-
sonic, and supersonic flow around an ultralight class LV, we 
use the Reynolds-averaged Navier-Stokes equations, which 
can be written in vector form:
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		   (30)

where t is time; xi – Cartesian coordinates; ui – Cartesian 
components of the velocity vector; i, j=1, 2, 3 – indices;  
e – total energy; τij – components of the shear stress ten-
sor; qij ‒ the components of the heat flow vector [27‒31].

To close the system of equations (29), (30), you can use 
the SST (Shear Stress Transport) turbulence model, which 
is a combination of the standard k−ε model and the Wilcox 
k−ω model. It should be noted that the k−ε model has proved 
effective in the calculation of free and jet shear flows. In 
turn, the k−ω model describes the near-wall boundary layers 
well [32‒36].

The spatial model of the calculation area is chosen in 
the form of a combined paraboloid, which makes it possi-
ble to reduce the number of nodes during the subsequent 
construction of the calculation grid. In the middle of the 
paraboloid, there is a geometric model of LV, which con-
sists of a cone-shaped or oval-shaped MF and a cylindrical 
stage. The relative size of the calculation area is chosen so 
that the distance from the streamlined body to the outer 
boundary is ∼20−25 lengths of the streamlined body. Using 
an unstructured calculation grid, the calculation area of the 
mathematical modeling of the flow around LV consisted 
of 1302016 control volumes (Fig. 1). Polyhedral cells were 
used in the construction of the grid because compared to 
tetrahedral or hybrid grids, this makes it possible to sig-
nificantly reduce the total number of cells. Accordingly, the 
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use of polyhedral cells makes it possible to obtain a higher 
accuracy of the solution. Increasing the number of cell con-
nections improves the convergence of the calculation process 
compared to a triangular mesh, while reducing the calcula-
tion time (compared to a triangular mesh with equivalent 
accuracy).

The calculation mesh was thickened to the streamlined 
surface in such a way that the minimum step of the near-wall 
mesh satisfied the condition y+<0.4, where y+ is the dimen-
sionless thickness of the viscous sublayer:

1 ,
u y

y+ τ∆=
ν

where W

A

uτ

τ
=

ρ
 is the friction velocity; 

2

2
f A

W

C uρ
τ = – wall  

shear stress; 
0.2

0.058
RefC =  – skin friction coefficient; ∆y1 – ab-

solute distance from the wall; v – kinematic viscosity; Re is 
the Reynolds number.

As a test, the problem of flowing around the aerodynamic 
shape of the pointed nose parts of LV was considered. To veri-
fy the results, known experimental data published in the work 
“Aerodynamics of bodies of the simplest shapes” were chosen.

5. 2. Investigating aerothermodynamic processes 
during the motion of a launch vehicle

To take into account the influence of the atmosphere 
on the dynamics of the flight of LV with a polymer body, a 
numerical study of aerodynamic and thermophysical pro-
cesses in the atmospheric phase was carried out. Fig. 2 
shows the calculated and experimental [37] dependences 
of the longitudinal aerodynamic force factor of MF CX0 on 
the Mach number of the oncoming flow at zero angle of 
attack. The first are indicated by a solid line, the second by 
circular markers. The research was conducted in the range 
from subsonic (M∞=0.2) to supersonic speeds (M∞=4). 
Conical (Fig. 2, a) and ogive (Fig. 2, b) shapes of MF with 
lengths of 2.57d, 1.54d, and 0.865d were considered, where 
d is the diameter of the cylindrical part. The length of LV 
stage is taken as 7d.

The structure of the flow around LV for different flight 
speeds is shown in Fig. 3. Calculations were performed for 
subsonic (Mach number for the oncoming flow M∞=0.6), 
transonic (M∞=1.0), and supersonic flow regimes (M∞=1.2). 
The results are shown as local Mach number fields.

The data in Fig. 3 demonstrate the pattern in the forma-
tion of local supersonic zones and the formation of shock-waves 
with increasing oncoming flow velocity. Figures 4–6 show the 
results of calculating LV longitudinal aerodynamic force fac-

tor and temperature for the conditions corresponding to 83 s 

of flight at an altitude of 13.3 km, where the maximum heat  

flow 
3

.
2

A rV ρ
 
 

 is observed. Air temperature ‒ 216.7°K, pres-

sure ‒ 15795 Pa, relative flight speed ‒ 749.17 m/s (M∞=2.54), 
LV length – 12.3d.

Fig. 1. Design grid for simulation

Fig. 2. Influence of the Mach number, shape, and length 
of the main fairing of a launch vehicle on the longitudinal 

aerodynamic force factor: a – conical shape; b ‒ ogive form

a

b

Fig. 3. Patterns of the launch vehicle flow structure depending 
on the Mach number for the ogive main fairing (length 1.54d ): 

а ‒ M∞=0.6; b ‒ M∞=0.9; c ‒ M∞=1.0; d ‒ M∞=1.2

a

b

c

d
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The obtained data were used to assess the possibility of 
launching the payload into a suborbital trajectory, taking 
into account the influence of the atmosphere.

5. 3. Assessing the energy capacity of a launch vehicle 
for launching the payload of the CubeSat 24U class into a 
suborbital trajectory

As a result of our computer simulation using the motion 
model (1) to (28), the dependences of the trajectory parame-
ters of LV on the flight time were established.

The simulation was carried out for two calculation cases:
– without taking into account the influence of the 

aerodynamic force to determine the dependence of the 
aerodynamic force factors on the parameters of the Earth’s 
atmosphere and LV according to the flight time;

– taking into account the aerodynamic force.
As a result of the computer simulation using the motion 

model (1) to (28), the dependences of the trajectory parame-
ters of LV on the flight time were derived (Fig. 7).

Fig. 4. Dependence of the longitudinal aerodynamic force 
factor of a launch vehicle on the Mach number of the 

oncoming flow for the considered calculation case

Fig. 5. Temperature distribution of the flow around the 
streamlined shape of a launch vehicle

Fig. 6. Wall temperature distribution along the streamlined 
shape of a launch vehicle

Fig. 7. Dependence of launch vehicle parameters on flight time: a – mass; b – length; c – altitude; d – atmospheric velocity; 
e – longitudinal overload; f – high-speed pressure; g – Mach number; h – angle of spatial attack

a b c

d e f

g h
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The data in Fig. 7 make it possible to assess the influence 
of the atmosphere on the design parameters, which, in turn, 
is the basis for developing a rational flight program for LV.

6. Discussion of results of investigating the possibility of 
using a polymer launch vehicle of ultralight class

As can be seen from the data in Fig. 2, the shape and 
length of MF exert a significant effect on the aerodynam-
ic resistance of LV, which increases at transonic speeds, 
where wave resistance plays a significant role. Especial-
ly sharp changes occur for configurations of cylindrical 
bodies with conical nasal parts with a large angle at the 
top (Fig. 2, a). Wave resistance occurs at high subsonic 
velocities (M∞>0.9) on the long-length ogive MF, and 
its increase occurs less intensively (Fig. 2, b). Further 
transition from subsonic to supersonic speeds in certain 
cases is accompanied by a sharp change in aerodynamic 
characteristics at small angles of attack. If you compare the 
resistance of the ogive and conical MF, the resistance of the 
first for the same length is smaller. This difference is most 
observed for short-length MF.

From the data in Fig. 2, it turns out that the obtained 
calculated values correlate well with the experimental 
data [37]. For the most part, their deviation does not ex-
ceed 10 %, except in the region of Mach numbers 1.2–1.3. 
This can be explained by errors in the measurement process.

Fig. 3 illustrates the dependence of the structure of the 
flow around LV and the features of the flow in the subsonic, 
transonic, and supersonic regimes at zero angle of attack. 
At low subsonic speeds (Fig. 3, a) and Reynolds numbers 
corresponding to the range of calculated parameters, the 
frontal drag almost does not depend on the number M∞ (it 
will depend only on the angle of attack). When the speed 
of the oncoming flow increases to reach the local speed of 
sound, the frontal resistance begins to increase due to the oc-
currence of the so-called wave resistance. This is due to the 
occurrence of compression jumps that close the formed local 
supersonic zones (Fig. 3, b). The dependence of the longitu-
dinal aerodynamic force factor on the Mach number for spe-
cific flight conditions (Fig. 4), where maximum heat loads 
are expected, show that a sharp increase in aerodynamic 
resistance is observed in the transonic region. Therefore, the 
transition from subsonic to supersonic modes, which takes 
place in the atmospheric phase, must be taken into account 
when calculating the trajectory.

The temperature calculation data (Fig. 5, 6) show that 
the main temperature loads at supersonic velocities take 
place on LV MF. The temperature behind the sealing jumps 
on the surface of the hull of LV stage does not exceed 300 K, 
in contrast to [38], in which aerodynamic heating leads to an 
increase in the temperature of the aircraft hull (which moves 
with M=3.5 at an altitude of 15 km) to values of ~450 K. 
The obtained temperature distribution on the streamlined 
surface allows us to conclude about the acceptability of using 
polymers as a structural material of ultra-light class LVs. In 
addition, taking into account the fact that the strength char-
acteristics of polymer materials, in particular polyethylene, 
are quite sensitive to temperature. This becomes possible 
owing to the selection of flight parameters of LV in the dense 
layers of the atmosphere, in particular, the setting of an over-
load limit at 4 units.

In order to obtain data for further design, aerodynamic 
calculations of the variable-length ultralight class LV were 
carried out. The change in length relative to the diameter 
of the cylindrical stage was from 20d at the start to 8d at 
the end of the active phase (Fig. 7, b). The shape of MF 
was accepted as ogive with a length of 2.57d. During the 
flight along the active phase, the atmospheric velocity of 
LV ranged from 0 m/s to 2300 m/s (Fig. 7, d), which cor-
responded to M∞=8 (Fig. 7, g) at an altitude of 90 km. The 
angle of attack varied in the range of up to 1.62° (Fig. 7, h).

As can be seen from our results, the influence of the aero-
dynamic leads to a decrease in the flight altitude (Fig. 7, c) 
and the maximum relative speed (Fig. 7, e), which should 
have been observed. Qualitatively, the loss can be de-
scribed as a shortfall based on the apparent velocity of LV 
of 278 m/s. At the same time, the maximum flight altitude 
taking into account the effect of aerodynamic resistance is 
300 km compared to 372 km without its influence. In addi-
tion, there is a decrease in the maximum value of the longi-
tudinal overload (Fig. 7, e), the Mach number (Fig. 7, g) and 
the angle of spatial attack (Fig. 7, h).

The data in Fig. 7, a–c are qualitatively similar to the data 
reported in [39] for the phase of work of the second stage, but 
taking into account the specificity of the considered LV, in par-
ticular its mass, aerodynamic characteristics, thrust force, etc.

From the data in Fig. 7, it turns out that LV under certain 
conditions can launch a payload of the CubeSat 24U class on 
a suborbital trajectory with a altitude of about 300 km. At 
the same time, the current longitudinal overload is 4 units, 
and the temperature on the surface of LV stage housing does 
not exceed 300 K. This indicates that there will be no signif-
icant ablation effect on the surface of LV housing, and heat-
ing of the stage housing to temperatures above 320–370 K.

Our results are correct within the framework of the ac-
cepted assumptions and the given traction equipment and 
geometry of LV. It should be noted that the results for thermal 
loads are obtained for the case of motion along a trajectory 
with an angle of attack close to zero. Changing one of these 
parameters will lead to the need for additional research.

Among the shortcomings of the current research is the 
issue of ensuring the integrity of LV structure under the ac-
tion of overloads and heating. The main problem of polymer 
materials, such as polyethylene, is a significant change in 
the strength properties of the material when temperatures 
above 320–370 K are reached. Accordingly, this can lead to 
a loss of structural integrity. But solving this problem is not 
possible without defining the change ranges:

– parameters of LV motion;
– heating temperature of the surface of LV body under 

the influence of the force of aerodynamic resistance of the 
Earth’s atmosphere.

On the other hand, one of the most important issues is to 
design an autophagic PS, the fuel for which is the polymer 
body of LV.

The obtained parameters of the motion of LV, and the 
temperature of heating on the surface of its body can be used 
for other parts of the task on determining the area of design 
parameters. Areas of further research are:

– design of autophagic PSs;
– analysis of heat and mass transfer processes in the 

housing on the active phase of the trajectory;
– analysis of the integrity of the hull structure under the 

combined influence of mechanical and thermal loads;
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– analysis of the influence of heated polymer ablation on 
the geometry of LV and its energy capabilities;

– search for the optimal combination of polymer materi-
als for the body;

– search for optimal launch trajectories;
‒ etc.
The results of our study are the basis for further devel-

opment and determination of flight programs for ultra-light 
polymeric LVs, in particular, those using autophagic PSs.

7. Conclusions 

1. A mathematical model of aerothermodynamic pro-
cesses during the motion of a polymeric LV in the active 
phase of the flight was constructed. It comprehensively 
takes into account the influence of atmospheric dynamics, 
changes in geometry and flight mode on the aerodynamics 
and thermal state of LV and allows determining rational 
flight programs.

2. The influence of the aerodynamic force on the pa-
rameters of the motion of a variable-length ultralight-class 
LV made of a polymer body along the active phase of the 
trajectory was investigated. Qualitatively, the losses can 
be described by a shortfall in the apparent velocity of LV 
of 278 m/s and a decrease in the maximum flight altitude 
by 72 km.

3. The principal possibility of launching a CubeSat 
24U class payload on a suborbital trajectory with a al-
titude of about 300 km has been shown. In this case, 
the longitudinal overload does not exceed 4 units while 

the temperature on the surface of the body does not ex-
ceed 300 K.
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