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ASSESSMENT OF THE POSSIBILITY OF USING POLYMERS
IN THE BODIES OF PROMISING LAUNCH VEHICLES BASED
ON THE HEAT RESISTANCE FACTOR

One of the possible ways to solve the problem of quick and low-cost payloads to low Earth orbits is the creation of ultralight rockets that
use new construction materials, in particular, synthetic polymers. A promising approach to creating a launch vehicle of this type is the
concept of a burnt rocket, the body of which is made of thermoplastic polymer materials. At the same time, the practical implementa-
tion of such a launch vehicle requires additional research, in particular, the possible process of premature destruction of the structure
due to aerodynamic heating. In this work, the heat resistance of polymer bodies of a new type of ultralight launch vehicles during
flight in the atmospheric part of the trajectory was evaluated. For mathematical modeling of heating processes, we used the results of
experimental studies of the thermodynamics of polyethylene and polypropylene during heating. These results allowed us to propose a
mathematical model for calculating the process of heating polymer shells. The dynamics of the temperature fields during movement
along the given trajectory of the launch vehicle in the atmospheric stage have been determined. It was established that under the given
trajectories, both considered materials satisfy the conditions of heat resistance. The influence of temperature on the reduction of the
strength characteristics of polymer bodies is shown, and the necessary thicknesses of the walls of the body shells, which should prevent
deformation of the structure during aerodynamic heating, are determined. So, for the first time, the possibility of making rocket bodies
from thermoplastic polymer materials has been theoretically substantiated.
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INTRODUCTION

The demand for ultra-light launch vehicles is one of
the trends of the modern space launch market, which
is rapidly developing [8]. This is primarily due to the
need to inject a large number of small satellite systems
into orbit [3]. The use of heavy launch vehicles does
not allow solving such tasks operationally. Therefore,
engineers and manufacturers of space equipment are
looking for new technical solutions to create cheap
and reliable means of delivering nano-, pico-, and
femto-satellites to low Earth orbits. One of the ap-
proaches to the creation of ultra-light launch vehicles
is the use of lightweight structural materials, in par-
ticular polymers.

Polymer composites are widely used in the aero-
space industry, but mainly as part of composite ma-
terials of individual structural elements or thermal
protection [13, 22]. The idea of using thermoplastics
to create the bodies of ultra-light launch vehicles was
considered in [28, 29]. The polymer shell of the roc-
ket body is, at the same time, fuel for the engine. In
practical terms, the realization of a polymer launch
vehicle became possible thanks to the creation of a
special type of rocket engine on polymer fuel [31].
The proposed approach is promising because of the
low cost, low mass, low thermophysical coefficients,
etc., and creates a number of advantages compared
to traditional structural materials. An important
characteristic of polymers is their high energy char-
acteristics, which are the basis for their use as rocket
fuel [14, 15, 21, 30]. Therefore, solid hydrocarbon
polymers are an acceptable substance for the man-
ufacture of new ultralight rockets, which is the the-
oretical basis for the creation of combustible rockets
from polymer bodies [32]. Such rockets acquire spe-
cial value in terms of the space debris problem |7,
9], since burned tanks do not increase man-made
pollution of Earth’s orbits, unlike traditional launch
vehicles. Such rockets can also be used as suborbital
rockets and for launches into critically low Earth’s
orbits [26].

At the same time, it should be noted that in the
atmospheric part of the trajectory, such LVs will be
under the influence of heat loads due to aerodynamic
heating. The choice of materials for the bodies of tra-
ditional LVs is usually based on the goal of reducing
the weight of the structure, as well as technological

4

requirements, physical and mechanical characteris-
tics, cost, etc. But the main criterion, as a rule, is the
minimum mass criterion [1]. Processes of thermal
destruction of traditional structural materials used in
aerospace engineering and their behavior under me-
chanical and thermal loads are well studied in the li-
terature, for example [2, 4, 9, 17]. It should be noted
that during the launch of launch vehicles, the bodies
of which are made of traditional structural materials,
the process of acrodynamic heating is not of critical
importance for strength. However, the use of ther-
moplastic polymers requires additional research into
possible thermal degradation of the material in the
atmospheric part of the trajectory. The purpose of
this work is to evaluate the thermal fields in the poly-
mer shell of rockets during aerodynamic heating on
the atmospheric part of the trajectory and to evaluate
their influence of temperature on the strength cha-
racteristics of bodies made of various thermoplastic
materials. So, the paper examines and compares the
effect of aerodynamic heating on the heat resistance
of fuel rocket bodies made of polyethylene and poly-
propylene.

PROBLEM STATEMENT

In work [5], theoretical calculations of the trajecto-
ries of a rocket with a polyethylene body and ther-
mal loads during passage through the lower layers of
the atmosphere were performed. Based on the data
of this work, the methodology for calculating the
aerodynamic heat load [6] and the parameters of the
standard atmosphere [18], the initial data for calcu-
lating the heat loads on the body were selected. Fig-
ure 1 shows the change in flight parameters: altitude,
Mach number, heat flow due to aerodynamic heat-
ing, as well as heat flow due to solar radiation [16] in
the atmospheric part of the flight of a polymer rocket
with a diameter of 0.3 m and an initial g-load of 1.2.
As can be seen from Fig. 1, the maximum heat
loads correspond to the altitude range of 20...60 km.
Under the influence of intense heat flows, thermo-
plastic materials, including polyethylene and poly-
propylene, can heat up, which leads to a decrease in
mechanical characteristics and possible deformation
of the body shell. When polymer shells are heated, a
number of homogeneous and heterogeneous chem-
ical reactions and phase transformations can begin,
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which are accompanied by heat absorption and mass
loss. Therefore, in mathematical modeling, addition-
al terms in the energy equation describing processes
of volumetric heat absorption should be taken into
account. The processes of thermal depolymerization
of thermoplastic polymers are well studied in a wide
range of temperatures from room temperature [23,
25]. According to [25], the rate of polymer decom-
position is determined by the kinetic equation

dp E
—2F — Bexp| —— 1
4 —esp( e o )

where pisthe density, T — time, B — pre-exponen-
tial multiplier, E — activation energy, R — gas con-
stant, T — temperature.

The corresponding heat flows can be described by
the formula

g,(r) =25 exp( £ J , @)

A RT
where AQ is the heat of phase transformation of the
material (thermal destruction), A is the coefficient
of thermal conductivity.

Therefore, in order to assess the effect of tempera-
ture on the strength characteristics of polymer shells,
it is necessary to study the thermodynamic processes
that take place during the heating of polyethylene and
polypropylene, determine the heat of phase transfor-
mations AQ, calculate the temperature fields, and
determine the decrease in the mechanical character-
istics of materials due to thermal effects.

EXPERIMENTAL DETERMINATION
OF THE THERMODYNAMICS OF POLYMER
SHELLS DURING HEATING

To determine AQ, experimental studies were car-
ried out on the basis of the center for collective use of
scientific equipment “Innovative technologies in the
rocket and space industry” at Oles Honchar Dnipro
National University (Dnipro, Ukraine). The heat
value of the phase transformation was determined
by the method of differential thermal analysis (DTA)
[20], which is based on measuring the temperature
difference between the substance under investigation
and an inert standard using a differential thermocou-
ple. This makes it possible to detect thermal effects
in the substance under investigation. A high-preci-
sion analyzer STA 6000 was used to conduct the ex-
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Figure 1. Flight parameters of a polymer rocket accepted for
calculation

Figure 2. General view of STA-6000 analyzer

Figure 3. An experimental sample of polyethylene in a crucible
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Figure 4. Example of a thermogram for heating a sample of high-density polyethylene: / — curve of thermogravimetric analysis,
2 — thermodifferential analysis, 3 — differential calorimetry
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Figure 5. Example of a thermogram for heating a grey polypropylene sample: / — curve of thermogravimetric analysis, 2 — ther-
modifferential analysis, 3 — differential calorimetry
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periments, which allows simultaneous thermogravi-
metric, differential thermal analysis, and differential
scanning calorimetry. The general view of the analy-
zer is presented in Figure 2. The objects of the study
were samples of high-density polyethylene and grey
polypropylene, which were placed in the crucible of
the analyzer shown in Figure 3.

The research was carried out under the follow-
ing conditions: at the beginning of the experiment
the temperature of the furnace was kept constant at
30 °C for 3..5 minutes, then the temperature
changed in the range from 30 to 600 °C at a rate of
10 °C/min. The system was filled with argon, which
excludes the possibility of accidental oxidation of the
studied materials.

Figure 4 and Figure 5 show examples of thermo-
grams obtained as a result of experiments. Figures 4,
5 present curves of thermogravimetric analysis (1),
thermodifferential analysis (2), and the curve of dif-
ferential calorimetry (3), which respectively show
changes in the mass of the high-density polyethylene
sample, the heat flow, and the temperature difference
between the sample and the reference body during
heating. The resulting curves were processed using
specialized software. Unlike materials that subli-
mate, depolymerization of polymers occurs not only
on the surface but in some layer of finite thickness
near the surface.

From the analysis of the curves, it was established
that the temperature at which structural changes be-
gin (melting point) in materials is 136 °C (409 K) for
polyethylene and 164 °C (437 K) for polypropylene.
From the analysis of the thermogravimetric curve,

Table 1. Parameters for calculation

Material PO?Z?:Y_ P%%;O_
Density 1, kg/m3 930 920
Thermal conductivly I, W/(m-K) 0.335 0.12
Thermal capacity c, J/(kg'K) 1.94-103 2.5-103
Ratio E/R, K 24103 27.5-103
B,s! 4-101 7-1014
Melting point, K 409 437
Full gasification point, K 823 773
Heat of thermal destruction,
AQ,J/kg 4200-103 | 2400-10°
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it can be seen that active mass loss of polyethylene
begins at a temperature of 251 °C (524 K), for poly-
propylene at 230 °C. With a temperature of 550 °C
(823 K), complete gasification of polyethylene oc-
curs. The corresponding value for polypropylene is
500 °C (773 K). Using DTA curves, the heat effect
of thermal destruction was determined, as the area
of the figures described by the peaks of the heat flow
curves. So, on the basis of experimental results and
literary data [24], the initial data for the calculation
were determined (Table 1).

MATHEMATICAL MODELING

The mathematical model of heat transfer in the
cylindrical shells of the LV body during movement
on the atmospheric part of the trajectory in a one-
dimensional formulation has the form

or 1d dar
N [ Wit ,
P ot rdr( rdrj 4.(r)
>0, R <r<R,, 3)
1| =T, (4)
oT oT
— =0, A— =—q(1), (5)
or rei, or -k,

here T is the initial temperature of the shell, R , R,
are the inner and outer radii of the shell.

The source term in (3) is determined by expression
(2), and the right-hand sides of the second equality
(5) are determined according to the heat flow func-
tion presented in Figure 1. The necessary initial data
for the calculation are given in Table 1.

Task (3)—(5) was solved numerically. Figure 6, a
shows the results of calculating the temperature fields
in the polyethylene cylindrical wall during the LV
movement along the trajectory described by the data
in Figure 1. A similar calculation for a polypropylene
wall is shown in Figure 6, b.

As can be seen from Figure 6, the outer surface of
polypropylene walls heats up during flight in the at-
mosphere a little more than polyethylene walls. This
is due to the lower thermal conductivity of polypro-
pylene than polyethylene. The temperature of the
outer surface of the wall at the moment after 200 s
(altitude of 125.3 km) is 375 K for polyethylene and
419 K for polypropylene. Therefore, for both materi-

7



A. Yu. Dreus, M. M. Dron, L. G. Dubovik, V. V. Strembovskyi

T,K

3
370 /

360
350
340
330
320

310
300

420

400

380

360

340

320

300
0.145

R m

0.146  0.147 0.148 0.149

b

Figure 6. Temperature distribution in the polyethylene shell
(@) and in the polypropylene shell (b) at different moments of
time: 7 — 60s,2—100s, 3—200s

als, the surface temperature remains lower than the
temperature at the beginning of thermal destruction
and mass loss.

It should be noted that the LV may be subjected to
various loads during flight, leading to a loss of stability.
The internal pressure was considered only herein. Tor-
sion, bending, and other types of loads are not consi-
dered and should be the subject of further research.

The strength characteristics of solid hydrocarbon
polymers are about an order of magnitude lower
than the strength of structural aluminum alloys and
depend on density, molecular weight, temperature,
condition, etc. In particular, the yield strength of
aluminum alloy AmG-6, which is used in aviation
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Figure 7. Dependence of yield strength (a) and of Young’s
modulus (b) on temperature for: / — polyethylene, 2 — poly-
propylene

and rocket technology, reaches 130 MPa [19]. The
problem arises of choosing the wall thickness of the
polymer walls of the LV bodies, which ensure the
proper strength of the structure during movement in
the atmospheric stage.

From the point of view of the strength of thermo-
plastic materials, an important role is played by the
yield strength, which is defined as the conditional
stress o at which the material begins to deform with-
out a noticeable increase in load. Below, the depen-
dencies are presented of yield strength (Figure 7, a)
and Young’s modulus (elasticity) (Figure 7, b) on
temperature for high-density polyethylene and poly-
propylene according to the data in works [11, 12].
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As can be seen from the data in Figure 7, the
strength characteristics (yield strength, Young’s
modulus) of polypropylene are higher than those of
polyethylene. Based on the data presented, it can be
stated that the yield strength of polyethylene decreas-
es by 4.7 times when the temperature rises to 375 K.
For polypropylene, this decrease is more than 8.5
times when the temperature rises to 410 K. This cre-
ates conditions for deformation of the structure and
premature destruction. The thickness of cylindrical
shells required for strength requirements, assuming
that the main force factor is internal pressure, can be
determined by the following formula [27]

Ty, ©)
c

here & is the shell thickness, P — internal pressure,
f=1.5 — safety factor.

Table 2 shows the results of calculating the re-
quired wall thicknesses of the shells under the condi-
tion of heating at an internal pressure of 1 MPa an
external radius of 0.3 m and a temperature of 405 K.
For elements that work for strength with mainly ten-
sile forces, the specific strength index (the ratio of
the yield strength to its density) is used. For plastic
materials, instead of the specific strength index, the
specific fluidity index (the ratio of the yield strength
to its density) is used. In the case when the bearing
capacity of the structure is determined by stability,
an additional indicator is introduced — specific stiff-
ness. For comparison, the data for aluminum alloy
AmG-6, which is used as a structural material for
rocket fuel tanks [19]. Taking into account the rela-
tively significant thickness of the walls of LV body and
the work, mainly on strength, we will limit ourselves
to the indicator of maximum strength in the form of
specific fluidity for polymers. As a specific strength,
we mean the ratio of the corresponding strength to
the density of the material. To compare the strength

§=

Table 2. The wall thickness of cylindrical shells

Specific Required wall
Material strength o, thickness
kN-m/kg 5, m
High-density polyethylene 2.72 7.2-1073
Polypropylene gray 6.67 1.8-1072
Aluminum alloy AmG6 85.7 1.9-1073

of different materials, the following strength parame-
ters are used: yield strength for polymers and tensile
strength for AmG-6

G=0c/p.

As can be seen from the data in Table 2, polypro-
pylene shells require a greater thickness, although the
strength characteristics of polypropylene are higher
than those of polyethylene. This is due to higher sur-
face heating temperatures, which leads to a greater
drop in strength characteristics. The use of polymer
materials requires an increase in the thickness of the
body shells compared to AmG-6 alloy in terms of
strength. At the same time, the specific strength of
polymer shells decreases by an order of magnitude,
which should lead to an increase in body weight.
Given that in burnt rockets, the rocket body is a fuel
charge, increasing the thickness of the shells will
ensure the necessary fuel supply. For burnt rockets,
the mass of the structure is not passive, as it is also
the mass of fuel consumed during engine operation.
Therefore, the mass of the structure at the end of
the active flight part is not included in Tsiolkovsky’s
formula for ideal speed. Thus, the presented results
allow us to state that the temperature and strength
characteristics of thermoplastic polymers ensure the
heat resistance of the bodies of new ultra-light launch
vehicles during aerodynamic heating.

CONCLUSIONS

The work investigates the processes of aerodynamic
heating of the surface of launch vehicle bodies made
of thermoplastic materials: polyethylene and polypro-
pylene. As a result of the performed experimental and
theoretical studies, it was established that thermoplas-
tic materials meet the conditions of heat resistance
during movement in the atmospheric part of the flight
path. Temperatures arising as a result of aerodynamic
heating in the atmospheric part of the trajectory do
not exceed the critically permissible ones. The de-
crease in the strength characteristics of such materi-
als, when heated, requires an increase in the thickness
of the body walls of the launch vehicle in comparison
with traditional aluminum alloys. It was determined
that thicknesses of 7.2:1073 — 1.8:1072 m allow us to
ensure adequate strength while reducing the specific
strength of materials. Among the considered materi-
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JIHimpoBChKUIT HallioHaJIbHUI YHiBepcuTeT iMmeHi Onecst [oHuapa
ITpocnexr larapina 72, JIninpo, Ykpaina, 49010

OLTHKA MOXIHMBOCTI 3BACTOCYBAHHA ITOJIIMEPIB B KOPITYCAX
MEPCIEKTUBHUX PAKET-HOCIIB 3A ®PAKTOPOM TEIIOCTIMKOCTI

OfHUM i3 MOXJIMBUX LIJISIXiB BUPIilLIEHHSI MTPOOJEeMHU OMEepaTUBHOTIO i IEIEBOrO BUBEACHHS KOPUCHUX BaHTAXiB HAa HU3bKIi
HaBKOJIO3eMHi OpOiTU € CTBOPEHHS HAJUIETKUX PAKET-HOCIIB, 1110 BAKOPUCTOBYIOTh HOBI KOHCTPYKIIii{HI MaTepianu, 30Kpema
CUHTETUYHI noJiiMmepu. [1epcrneKTMBHUM ITiIXOA0M 10 CTBOPEHHS TaKOi paKeTU-HOCIsI € KOHLIETLIisl CTIaIMMOl pakeTu, Kop-
Myc sIKOi 3p00JIEHO 3 TEPMOIIACTUYHUX MOTiIMEpHUX MaTepiaiB. BogHouac ii mpakTuyHa peaizailist motpedye MpoBeaeHHS
JIOAATKOBUX JIOC/IIXEHb, OB’ I3aHUX 3 MOXKJIMBUM ITPOLIECOM TEepeAYacHOro pyMHYBaHHSI KOHCTPYKIIil BHACTIIOK aepoau-
HaMiYHOTo HarpiBaHHs. Y poOOTi OLliIHEHO TETUIOCTIMKiCTh HOBOTO TUITY MOJiMEPHUX KOPITYCiB HAa/UIETKUX PaKeT-HOCIIB i/
yac IMoJibOTy Ha atMocepHiit aiisiHLi TpaekTopii. IIpeacraBieHo pe3yabTaTu eKCIepUMEHTATbHUX JTOCTiIXKEHb TEPMOIM -
HaMiKy MpU HarpiBaHHI MOJieTWIEHY i NOJIMPOINIEHY, IKi OyJI0 PO3IISHYTO A MAaTEMAaTUYHOTO MOJEJIIOBAaHHS MPOLIECiB
HarpiBy. 3alpOMIOHOBAHO MaTeMaTUYHYy MOJENb IS pPO3paxyHKYy IMpoliecy HarpiBaHHs TMOJiMEpHUX 00010HOK. BuzHaueHo
IMHAMIKy TeMIepaTypHMX MOJIiB il Yac pyxy pakeTU-HOCIs 1Mo 3aJaHiil TpaeKTopii Ha aTMochepHiii aisHLI. BcTaHoBeHO,
1110 Ha 3aJlaHUX TPAEKTOPIIX OOMIBA PO3IJISTHYTUX MaTepialiB 3aJ0BOJIbHSIOTh YMOBY TeriocTiiikocTi. [Toka3aHo BIUIMB TeM-
rnepaTypu Ha 3MEHILEHHS MillHICHUX XapaKTePUCTUK MOJiIMEPHUX KOPMYCiB. SIK MTOKa3HUK MIillHOCTI /I TEPMOTUIACTUYHUX
MOJIiIMEPHUX MaTepiasliB PO3MIIAETHCI MUTOMA MIlIHICTh Y BUIJISIAL BiIHOIIEHHS MeXi MJIMHHOCTI 0 IIUIBHOCTI MaTtepiaiy.
BusnaueHo HeoOXiHI TOBIIMHU CTIHOK O0OJIOHOK KOPITYCiB, 110 MalOTh 3aro0irtu aedopMallii KOHCTPYKIIil Py aepoau-
HaMiuHOMY HarpiBaHHi. [TojsiMepHU# KOpITyC CraJiMol paKeTH He € TOHKOCTIHHOI0 000710HKO10. [TpoTe Maca KOHCTPyKIIil
HE € TACUBHOIO, OCKIJIbKY 1€ TAKOX Maca MajuBa, 1110 CIOXUBAETbCS ABUTYHOM. OTXe, Bepliie TEOPETUYHO OO PYHTOBAHO
MOXJIMBICTh BUKOHAHHSI KOPITYCiB CITaTMMUX PaKeT 3 TEPMOIIACTUYHUX MOJTiIMEPHUX MaTepialib.

Karouosi caosa: nannerki PH, monimepHi koprycu, arMocgepHa AiIsiHKA MOJIbOTY, TTOJTIETUIEH, TTPOTIiJIEH, TeTUIOCTIMKICTh.
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