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RESUMO

A protegdo térmica do sistema espacial reutilizdvel, a partir do momento da preparacdo de pré-
lancamento e até o final do programa de pouso de voo, é afetada por cerca de vinte fatores externos. Estes
incluem: aquecimento aerodindmico intenso com diferentes composi¢gdes quimicas da atmosfera, temperaturas
altas e baixas, quedas bruscas na pressdo atmosférica, cargas mecénicas causadas pela dinamica de gases
de fluxos supersonicos, inerciais e de choque. A protecdo térmica confidvel é a chave para o funcionamento
bem-sucedido do sistema espacial reutilizavel, portanto, estudos experimentais e teéricos de prote¢ao térmica
sob efeitos de alta temperatura séo de particular relevancia. Aqui, se propde a metodologia para testes de alta
temperatura de banco de materiais de protecao térmica reutilizaveis. Os testes foram realizados em um suporte
de gas dinamico supersonico sob a influéncia de fluxos de energia de alta intensidade. Como resultado do
experimento, um campo de temperatura na superficie e na profundidade do material de protecdo térmica foi
obtido em diferentes pontos no tempo. Foi construido um modelo matematico, que descreve adequadamente a
distribuicdo do campo de temperatura em materiais de protecao térmica sob a agao de fluxos de energia de
alta intensidade sobre eles. Os resultados teéricos obtidos sdo comparados com dados experimentais.

Palavras-chave: material de protecdo térmica, equacdo de conducdo de calor ndo-estacionaria, campo de
temperatura, suporte de gas dindmico supersénico.

ABSTRACT

For the thermal protection of a reusable space system, from the moment of prelaunch preparation to the
completion of the flight program-landing, there are about twenty external factors. These include intensive
aerodynamic heating with the different chemical composition of the atmosphere, high and low temperatures,
sudden changes in atmospheric pressure, mechanical stresses caused by gas dynamics of supersonic flows,
momentum, and shock. Reliable operation of thermal protection is the key to the successful operation of the
reusable space system, therefore, experimental and theoretical studies of thermal protection under high-
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temperature influences are of particular relevance. Here is offered the technique of bench high-temperature
tests of heat-protective materials of repeated use. The tests were carried out on a supersonic gas dynamic
bench under the influence of high-intensity energy flows As a result of the experiment, a temperature field was
obtained at the surface and in the depth of the heat-shielding material at different points of time. A mathematical
model adequately describing the distribution of the temperature field in heat-shielding materials is developed
under the action of high-intensity energy fluxes on them. The obtained theoretical results are compared with the
experimental data.

Keywords: heat-shielding material, nonstationary heat equation, temperature field, supersonic gas dynamic
stand.

AHHOTALIUA

Ha TennoByko 3aliuMTy MHOropa3oBOW KOCMWUYECKOW CUCTEMbI, HaYMHAs C MOMEHTa NpeacTapTOBOW
NOArOTOBKM M OO MOMEHTa 3aBepLUEeHUs NEeTHOW MporpamMMbl-nocaiky, OENCTBYET OKOMO ABaauaTu BHELLHMX
¢bakTopoB. K HUM OTHOCATCSA: WMHTEHCUBHLIN a3pOAMHaAMMUYECKUIA HarpeB Mpu pasHOM XMMWYECKOM COCTaBe
aTmocdepbl, BbICOKME M HU3KME TemnepaTypbl, pe3kue nepenagbl aTMOCHEPHOrO AaBMEHWS, MeXaHnyeckme
Harpysku, Bbi3BaHHbIE ra304MHaMUKON CBEPX3BYKOBbIX TEYEHWIA, MHEPLUOHHbIE U yaapHble. HagexHas pabota
TENMOBOW 3alUMTbl SABMSIETCA 3a5ioroM YCrewHow paboTbl MHOropa3oBOM KOCMWYECKOM CUCTEMBI, MO3TOMY
0Cco0yl0 aKTyanbHOCTb MPEeACTaBnAOT SKCNEpPMMEHTarnbHble M TeopeTUyYecKkne WccrnenoBaHns Tenno3awuThbl
Mpu BbICOKOTEMMNEPaTYPHbIX BO3OENCTBMAX. 30eChb NpeanoxeHa MeToauka CTEHAOBbBIX BbICOKOTEMNEPATYPHbIX
UCNbITaHMI TEennos3allMTHbIX MaTepuanoB MHOropasoBOro MCMNOMb30oBaHusA. McnbiTaHua npoBOAUNUCHL Ha
CBEpPX3BYKOBOM ra30[MHaMMWYeCcKoM CTeHAe nNpu BO3OEWCTBMU BbICOKOMHTEHCUBHBIX MOTOKax aHeprun B
pe3ynbTarte 3KCMepuMMeHTa MNONyyeHO Mone TemnepaTyp Ha MOBEPXHOCTM M B rNyOMHE TennosallMTHOro
MaTepuana B pa3nmyHble MOMeHTbl BpeMeHu. [ocTpoeHa maTemaTnyeckas Moaenb afekBaTHO onucbiBatoLlas
pacnpefeneHve nonsg Temnepatyp B TENNO3aLMUTHBIX MaTtepuanax npyv 4eNCTBUN Ha HUX BbICOKOMHTEHCUBHbIX
NoTOKOB aHeprun. MNpoBeneHO CpaBHEHWE NOMYYEHHbIX TEOPETUYECKUX Pe3ynbTaTOB C AKCMEPUMEHTamNbHbIMU
OaHHbBIMW.

KniouyeBble cnoBa: menio3awumHbili Mamepuars, HecmayuoHapHoe ypasHeHue mensonpoeooHocmu, rose
memriepamyp, ceepx38yKo8ol 2a300uHamMu4ecKuli cmeHo.

INTRODUCTION characterized by its determining parameters of
external influences (Formalev et al., 2017;

For the thermal protection of a reusable Formalev et al., 2015). These include intensive
space system, from the moment of pre|aunch aerodynamic heating with the different chemical
preparation to the completion of the flight composition of the atmosphere, high and low
program-landing, there are about twenty external temperatures, sudden changes in atmospheric
factors (Afanasyev et al., 2004; Afanasyev and Pressure, mechanical stresses caused by gas
Chudetsky, 2012). These are intensive dynamics of supersonic flows, inertia, and shock.
aerodynamic heating with the different chemical The influence of external high-intensity

composition of the atmosphere,_ high and onv energy flows and high temperatures during
temperatures, sharp changes in atmospheric qneration causes, so-called "aging” of thermal
pressure, mechanical loads caused by gas protection materials. With the realization of this

dynamics of supersonic flows, cosmic radiation, rpgrmful” process, microcracks appear on the
solar radiation, etc (Manannikov et al., 2017). The g ;rface of heat-shielding materials, local

issues of heat protection and heat transfer under  chemical reactions take place in the volume of
the action of high-intensity energy fluxes on the materials with the disruption of intermolecular
aircraft were considered in detail in these works honds  chemical reactions with the external
1959; Fenster, 1965; Avduevsky and Kalashnik, = strength and other properties of the materials that
1967; Pasichny et al., 2001; Gofin, 2003; Konkov  comnose the thermal protection.

et al., 1969; Georgiev, 1964; Frolov et al., 1981;

Kudryavtsev et al., 1961; Frolov et al., 1984). At the stage of preparation of space
systems for launch, the thermal protection

Each stage of operation of a spacecraft is  ¢oating is under the direct influence of all climatic
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factors, however, the most dangerous from the
point of view of aging and destruction are high-
intensity energy flows and high temperatures.
Therefore, here, first of all, the effect of high-
intensity heat energy fluxes on the surface of
heat-shielding materials is considered.

MATERIALS AND METHODS

Tests of heat-shielding materials were
carried out on a supersonic gas-dynamic test
bench as shown in Figure 1. A similar installation
with tests of heat-shielding material was used in
the work (Afanasyev and Tushavina, 2016).

The algorithm for high-temperature tests is
compiled as a single technological chain of
testing when several simultaneous or consecutive
experiments are reproduced on the stand. Such a
technological chain includes a heat resistance
test that realizes the heating element of the
thermal protection structure to a certain
temperature and maintains it with a subsequent
performance check at the selected temperature.
The heating temperature is defined as the sum of
the annual maximum temperature and possible
solar overheating in the specified operating
conditions (Afanasyev et al., 1994, Lituga et al.,
1986; Frolov et al., 1978). The holding time of the
product at the test temperature is calculated after
the temperature has reached the stationary
value. It is determined by the duration of the
continuous finding of the product during operation
under such conditions, taking into account the
level of its thermal inertia. The test procedure for
the elements of the thermal protection design for
heat resistance includes heating up to the set
temperature.

As follows from the tests carried out, the
value of the activation energy necessary for
determining the time of the experiment is
determined from the change in the parameters
characterizing the operability of the element
under test, or the properties of the materials
involved.

If it is necessary to reproduce the
accumulation of damage caused by random
temperature changes and cause a decrease in
mechanical strength, the calculation of the
number of cycles with the selected temperature
amplitude is based on comparison of the
accumulated damage values with respect to the
actual test conditions (taking into account the
plastic, viscoelastic and other material

properties). An approximate estimate of the
number of cycles can be based on a comparison

of the accumulated cycles.

When carrying out the above types of
temperature tests, the following schemes are
involved in this stand:

1) the test sample 11, which is a large-scale
model measuring 250 x 250 mm (thermal
protection design element), is mounted on the
working table of the rotary rod 12.

2) heating of the materials under study to
the specified temperatures is achieved by using
an infrared heater Figure 2 positions 6. The
general view of the infrared heater installed in the
vacuum chamber is shown in Figure 3:

The infrared heater has a power of 73 kW
with three rows of emitters. Quartz lamps of KG-
220-1000 type are used as emitters. The area of
the beam reflector is 480 x 320mm.

The maximum surface temperature
obtained on heat-shielding materials when
irradiated with an infrared heater was 1700K. The
highest rate of change in temperature during
heating was 70 deg/sec. Changes in the density
of radiant heat flow on the surface of the model
were carried out by regulating electric power,
consumed by the lamps. The uneven distribution
of the heat flux density over the surface of the
model did not exceed 3%.

RESULTS AND DISCUSSION:

To calculate the heat flux and the
temperatures of the inner layers of the heat-
shielding material, we will use the nonstationary
heat Equation 1 (Polezhaev and Frolov, 2005;
Podstrigach and Kolyano, 1976).

Here p,c,A,T — density, heat capacity
and thermal conductivity of the material and
temperature field; cg,Gg — heat capacity and
rate of release of gaseous decomposition
products of the binder; T — heating time; V_ —
linear velocity of mass carryover and its quasi-

stationary value; % - convective heat flow to a
surface with temperature Tw ; q,4 — the the rmal

C . .
effect of injection, 9is the velocity of propagation
of the thermal wave.
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In the general case, Equation 1 takes into
account the heat transfer with a velocity equal to

the rate of destruction of the surface Vwa—,
X

heat  absorption by filtering  gaseous

- . dT
decomposition products of the binder Gg 8_ as
X

well as the volume flow of heat due to the thermal
effect of physical and chemical conversions AQ"

(we further assume that this item is zero). (Index
2 means that the thermophysical properties, in
this case, correspond to the cumulative system: a
porous medium plus gaseous products of physic-
chemical transformations). The external load is
shown in Figure 4.

The initial and boundary conditions have
the form Equations 2 — 4. The boundary
conditions (Equation 3) include two tasks: 1 the
boundary value task (Equation 5) and 2 the
boundary value task (Equation 6)

Equation 6 of heat balance, which includes
heat fluxes from the blowing effect (g,,), surface
. 4
es T, ), the thermal effect of surface
GG,DQ,,

radiation (

transformations ( , heat removal for the

heating of internal layers of the material ((],. ) and

the heat flow supplied from the outside (q0 ). We
represent equation 1 in the form Equation 7. In
this Equation 8. To solve Equation 5, we use the

integral Laplace transform with respect to time t
as Equation 9. Applying transformation Equation
7 to Equation 5, we obtain an ordinary differential

equation in transformationsT (S) (Equation 10).
The solution of this equation is (Equation 11). To
solve the problem, we use the first boundary-
value task. Substituting the transformations of the
boundary conditions in (Equation 11), we obtain
Equation 12. Then the transformations of the
temperature field can be represented in the form
(Equation 13). We find the original expression
(Equation 11) using the properties of the Laplace
transform and tables (Equation 14) (Ditkin and
Prudnikov, 1965; Medvedsky and Rabinsky,
2007). Where " the operation of convolution by
time is designated £ In this expression
Equations 15, 16. Here Equation 17. Where

H (7)— the function of Heaviside, J, (7)—
Bessel function of the first kind. Using the

procedure of convolution by time L'in the relation
(Equation 16) we finally obtain (Equation 18).
Figure 5 shows the nonstationary distribution of
the temperature field as a function of time Lin the
different sections “*heat-shielding element. The
dashed line indicates the distribution of the
temperature field obtained as a result of the
experiment at the equipment (Figure 1-3) on the
surface of the heat-shielding sample. The
parameters are shown in Figure 5 are
dimensionless and are determined in a standard
way by reducing Equation 1 to the dimensionless
form.

CONCLUSIONS:

On the basis of the obtained results, it was
concluded that the proposed methods and
experimental means for carrying out high-
temperature tests of heat-shielding materials for
multifactorial screening tests of elements of heat-
shielding structures of the plate type can be used
to correctly evaluate their performance in
conditions of ground testing.

The obtained results of mathematical
modeling of the unsteady behavior of the heat-
protective material under high-intensity influences
adequately describe the conducted experimental
studies. On the basis of the performed studies, it
is possible to draw a conclusion that the
calculation of the finite speed of distribution of a
thermal wave allows to describe with a sufficient
degree of accuracy the distribution of the
temperature field in a heat-shielding material.
These results are consistent with experimental
studies.
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Figure 1. Supersonic gas dynamic bench for reproduction of multifactorial influence on materials of
thermal protection of space vehicle: 1 — vacuum shutter; 2 — vacuum shutter control system; 3 — the
control system of the inflow; 4 — the inflow; 5 — the vacuum chamber; 6 — electric arc gas heater; 7 —

infrared heater control system,; 8 — control system of electric arc gas heater; 9 — infrared heater; 10 —

vacuum input of the electric vibrator; 11 — power supply and power supply system; 12 — test sample

Figure 2. General view of the test sample

Figure 3. General view of the infrared heater installed in the vacuum chamber of the gas dynamic
bench

PERIODICO TCHE QUIMICA « WWW.PERIODICO.TCHEQUIMICA.COM « VOL 15. SPECIAL ISSUE 1

* ISSN 1806-0374 (impresso) * ISSN 1806-9827 (CD-ROM) « ISSN 2179-0302 (meio eletronico)
© 2018. Porto Alegre, RS. Brasil

328



Figure 4. The calculated scheme of heat-shielding material by the action of high-temperature fields

T (1, %)
2,0&
N x=0

1,44

Figure 5. Distribution of the temperature field in the heat-shielding element
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