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RESUMO

O artigo discute as questdes de protecdo térmica de veiculos espaciais sob varios tipos de efeitos
térmicos e climaticos. Durante a preparagéo para o lancamento, varios tipos de formacao de gelo sédo possiveis
na superficie da estrutura telhada, consistindo em telhas de quartzo com protegéo contra o calor. E muito
importante durante a operagdo determinar as tensfes normais e tangenciais durante a formacéo de gelo e o
efeito do gelo formado nas lacunas entre as telhas. E necessario calcular a durabilidade e os indicadores da
protecéo térmica de telhas nos estagios ativos do voo da nave espacial. Foi criado um modelo matematico que
permite, com um grau de precisdo suficiente, estudar a estrutura telhada quanto a resisténcia, cisalhamento e
rasgo das telhas quando exposto ao gelo. A resisténcia, cisalhamento e rasgo das telhas sob a influéncia do
gelo foram calculados. Estudos te6ricos e experimentais foram comparados. Os célculos realizados permitiram
mostrar que as telhas ndo entrariam em colapso sob a carga considerada. A resisténcia do substrato suporta
as forcas de cisalhamento emergentes. Foram obtidos os valores da resisténcia de aderéncia do gelo que
aparece na superficie do revestimento protetor térmico de fibra de quartzo. Foi demonstrado que a propor¢ao
de tangentes no estado estressado das telhas ndo excede 10%. O modelo matematico proposto para o estudo
das caracteristicas da protecdo térmica de telhas de uma veiculo espacial descreve adequadamente os
processos em estudo. Estudos experimentais mostraram concordancia satisfatéria com os resultados teéricos.
Os calculos realizados para determinar as tensdes de cisalhamento finais no substrato mostraram que a
resisténcia do substrato suporta as forcas de cisalhamento emergentes. A consideracdo das condicdes
climéticas pode reduzir significativamente os riscos no projeto de protecao térmica de aeronaves modernas. Os
resultados deste artigo podem ser usados em pesquisas adicionais e também podem ser levados em
consideracdo ao projetar aeronaves.

Palavras-chave: veiculo espacial, processo de formacao de gelo, telhas de quartzo com protecao térmica,
periodo de preparagéo antes do lancamento, lacunas entre as telhas.

ABSTRACT

The article discusses the thermal protection of spacecraft under various types of thermal and climatic
influences. During the pre-launch preparation, several types of icing are possible on the surface of the tiled
structure, consisting of quartz heat-shielding tiles. It is very important in the process of operation, to determine
normal and shear stresses during icing and the impact of ice formed in the tile gaps. It is necessary to calculate
the strength and performance of the tiled thermal protection in active stages of flight of spacecraft. A
mathematical model was constructed that allows, with a sufficient degree of accuracy, to research the tiled
structure for strength, shear and tearing of the tile when exposed to ice. Calculations for strength, shear, and
tearing of tiles under the influence of ice were performed. Theoretical and experimental studies were compared.
The performed calculations made it possible to show that the tile will not collapse under the considered load.
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The strength of the substrate withstands the emerging shear forces. The values of the adhesion strength of ice
appearing on the surface of quartz fiber heat-protective coating were obtained. It was demonstrated that the
proportion of tangents in the stressed state of the tile does not exceed 10%. The proposed mathematical model
for studying the characteristics of the tiled thermal protection of a spacecraft adequately describes the
processes under study. Experimental studies have shown satisfactory agreement with theoretical results. The
calculations performed to determine the ultimate shear stresses in the substrate showed that the strength of the
substrate withstands the emerging shear forces. Consideration of climatic conditions can significantly reduce
risks in the design of thermal protection of modern aircraft. The results of this study can be used in further
studies, and they can also be taken into account in the construction of aircraft.

Keywords: spacecraft, icing process, quartz heat-shielding tiles, prelaunch period, tile gaps.
AHHOTALIUA

B ctatbe paccmaTpuBatloTCsi BOMPOCHI TEMMO3aLMTbl KOCMUYECKMX annapaToB Npu pasfnyHbIX BUAaX
TEMMOBbLIX WM KNMMaTMYeCKUX BO3OeWcTBMI. Bo Bpemsi MoAroTOBKM K 3anycky BO3MOXHbl HECKONbKO BWUAOB
o6neneHeHUst Ha NMOBEPXHOCTU YEPENUYHOM KOHCTPYKLIMM, COCTOSILLEN N3 KBApLEBbLIX TEMMNO3ALUMUTHBLIX MANTOK.
OuyeHb BakHO B npouecce 3KcrfyaTaumMu onpeaenstb HopmarbHble W KacaTernbHble HanpspkeHus Mnpu
obneneHeHun 1 Bo3gencTeme Nbaa, obpasyroLLerocs B 3a3opax nnutkn. Heobxoammo paccuntatb NPOYHOCTb U
nokasaTenu NANTOYHONM TENNO3almnTbl HA aKTMBHbIX 3Tanax nosietTa KOCMUYeckoro kopabns. bbina noctpoeHa
Matemartuyeckasi Mofenb, KoTopasi NO3BOSAET C AOCTATOYHON CTENeHb TOMHOCTU UCCreqoBaTh MIUTOYHYHO
CTPYKTYPY Ha MPOYHOCTb, COBMI U paspbiB MAMTKA NPU BO3OENCTBUMKU NbAa. Bbinu BbINOMHEHbI pacyeTbl Ha
MPOYHOCTb, CABWUI W paspbiB NAUTKU No4 BO3LEWCTBUMEM fbda. TeopeTMveckue U 3IKCnepuMeHTanbHble
nccrnenoBaHust GbinyM conocTaeneHbl. BbiNomnHeHHble pacyeTbl MO3BOMMAM MokasaTb, YTO MNMTKA He OyadeT
paspyLlaTbCs NpU paccmaTpmMBaeMon Harpyske. NpoYHOCTb NOAMOXKN BblAEPXKMBAET BO3HUKAIOLLME CABUTOBbIE
ycunus.  onyveHbl 3HayYeHUsi aare3sMoHHOW MNPOYHOCTM  NbAa, MOSBMSIOWErocs Ha  MNOBEPXHOCTU
TEPMO3aLUUTHOIO MOKPbLITUS M3 KBApPLIEBOrO BOJIOKHA. BbiNno MpoAaeMOHCTPUPOBaHO, YTO OONS KacaTenbHbIX B
HanpskeHHOM COCTOSIHMM NnuTKM He npeBblwaeT 10%. [MMpepnoxeHHas MaTemMaTudeckass MoAesnb Ans
N3Yy4YEeHUs] XapaKTepWUCTMK MIUTOYHOM TEMMOBOM 3alUMTbl KOCMMYECKOro annaparta ajekBaTHO onucbiBaeT
n3y4yaemble MpoLecchl. JKCNepUMEHTanbHble WCCNefoBaHWA rMokasanu yAOBMeTBOPUTENbHOE corfacue ¢
TeopeTnyecknMmn pesyrnbtataMu. PacyeTbl, BoINOMHEHHbIE ANS onpeAeneHns npeaenbHblX HanpshkeHWn casura
B MOAMOXKE, MOKasanu, 4YTO MPOYHOCTb MOAMOXKW BblOAEPXKMBAET BO3HUKAlOLWME COBWIOBbIE CUMbl. YuyeT
KNMMaTUYeCKUX YCIOBMI MO3BOMSIET 3HAYUTENbHO CHU3WUTb PUCKM MPU MPOEKTMPOBaHWM TEMMOBOW 3alyuThbl
COBpPEMEHHbIX camorieToB. PesynbTatbl 3ToW CcTatbM MOryT OblTb  MCMONb30BaHbl B AafbHENLIUX
nccrnenoBaHUsix, a Takke MOryT OblTb MPUHATLI BO BHUMaHWE NPW KOHCTPYMPOBaHUN CaMOSIETOB.

KniouyeBble cnoBa: KocMmu4yeckul remamesibHbIl arinapam,  rpouecc obnedeHeHus, Keapueeble
merisio3alWumeHabie rniumku, nepuoO npeacmapmoeoﬁ 1o020mosKU, MEeXMIUMOYHbIE 3a30pPkbl.

1. INTRODUCTION effects such as radiation, icing, rain, fog during
the operation of spacecraft on performance of
In the process of operation, the surface of structural elements with porous heat-shielding
the spacecraft is exposed to various physical and material is of paramount importance (Orlov et al.,
mechanical fields that adversely affect flight 2003; Shejko et al., 2016, Daus and Kharchenko,
performance. This increases the risk of 2018). Taking into account the above-mentioned
deterioration of aerodynamic characteristics, negative features in operation, the adhesive
increase in passive mass, likelihood of individual strength and stiffness of casing of modern
tiles failing or tearing off the structure under the spacecraft were studied.
action of forces when ice is formed in the tile To solve this problem, a mathematical
gaps of systems and aggregates, as well as the  odel has been developed that correctly
possibility of destruction of the thermal barrier yescripes the stress-strain state, which allows us
coating. The causes of ground icing of bodies 5 examine tiled structure for strength, shear, and
and structures in natural climatic condltlons_are tear. The development of mathematical model
fairly well understood (Bogorodsky and Gavrilov, ihat takes into account unsteady thermal
1980; Trude, 1983; Trunov, 1933; Afanas)_/ev and processes under the influence of physical and
Tushavina, 2016), and the main mechanisms of echanical fields of various physical nature was
ice formation during prelaunch preparation considered in works (Kolesnik et al., 2015;
are identified (Sandu et al., 2018). Kuznetsova et al., 2015; Lurie et al., 2015;
The study of the influence of climatic Afanasyev and Tushavina, 2016; Danilin et al.,
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2016; Prokofiev et al., 2016; Babaytsev et al.,
2017; Lomakin et al., 2017; Kakhramanov et al.,
2017; Formalev and Kolesnik, 2017a; Formalev
and Kolesnik, 2017b; Lurie et al., 2017a; Lurie et
al., 2017b; Bulychev et al., 2018; Formalev et al.,
2018a; Formalev et al., 2018b; Kuznetsova et al.,
2018; Lomakin et al., 2018; Rabinskiy and
Tushavina, 2019; Rabinskiy et al., 2019).

2. MATERIALS AND METHODS

The installation diagram of heat-shielding
tiles on the glider surface is shown in Figure 1
which schematically displays the method of tiled
thermal protection of spacecraft from various
types of thermal fields of various physical nature.
In this case, the thermal protection of the airframe
consists of quartz tile 1 with coating 2 lying on
damping substrate 3. Thermal protection
insulation tile consists of quartz ceramics with
significant porosity of up to 90%. There is a gap 4
between the tiles, which can be filled with liquid
that turns into ice. Between the quartz tile 1 and
substrate 3 is an adhesive layer 5. The entire
heat-protection structure rests on the casing 6.

The need to study the stress-strain state
and strength of heat-protection tiles during icing
is one of the most important during storage and
transportation of the product in open atmospheric
conditions, since the moisture contained in the
pores of thermal insulation during freezing forms
significant forces that can not only cause damage
but also destroy the thermal protection system,
then, during aerodynamic heating in flight, such
damage can cause an emergency or complete
destruction of the spacecraft.

Thus, the need to study the stress-strain
state and strength of heat-protective tiles during
icing is one of the most important issues during
the storage and transportation of the product in
open atmospheric conditions (Trude, 1983). The
finding of the stress-strain state and strength of
heat-shielding tiles is divided into two stages —
the determination of spacer stresses in a heat-
protection coating and also normal, and shear
stresses in the substrate-tile system. Installation
of heat-shielding tiles on the glider casing using
Figure 1. presented in the form (Figure 2).

In accordance with the design scheme, a
tile with a layer of ice in load conditions can be
represented in the form of a beam, shown in
Figure 3. Then, due to the freezing of the gap, the

beam will be extended by an amount ¢,0 and
total length 1, +5(1+¢,) will be decreased by this

amount due to compression forces N_ (Equation
p| ) E| 1 Fpll
elasticity and cross-sectional area of tiles and ice,
respectively, &, — linear relative expansion of

water during freezing. Let’s transform Equation 1
to the form of Equation 2. Using well-known
2 BRly 7 1+ ¢. We'll get
plel5 °
Equation 3. Then the expression for spacer

stresses will be expressed like Equation 4.

1). In the equation E F are modules of

inequality in Equation

3. RESULTS AND DISCUSSION:

3.1. Determination of normal and
stresses in the substrate-tile system

tangential

A scheme of the shear stresses arising in
the damping substrate made of felt material and
located between the heat-shielding tiles and the
structure of the spacecraft is shown in Figure 4.
To determine the stress-strain state in the
substrate-tile system, a beam element has to be
cut at a distance X from the axis of symmetry y .

Equilibrium Equation 5 for a tile with respect to
the longitudinal axis X will have the look of
Equations 5, 6. In these expressions o(x).7(x) are

normal and tangential stresses in section, ¢ is

stress at the origin. Then the longitudinal
movement in the tile will have a look of Equation
7 and the angular displacement will be Equation
8. As a result, the tangential stress in felt
substrate will take the form of Equation 9.

Equation 9 will be differentiated twice with
respect to the variable X, the differential equation
is obtained for distribution of tangential stresses
along the substrate Equations 10, 11. G,,v are

the shear modulus of the felt and Poisson's ratio
respectively. The solution of the Equation 10 will
have the form of Equation 12. Constants of

integration C, ,C, and unknown voltage o, at

the origin are taken from boundary conditions
(Equations 13-15).

By substituting Equations 6-9 into
Equations 13-15, taking into account Equation
12, a system of equations is gotten for

determining the constants ¢ ,c,and 0o,

(Equations 16-18). Using the solution of
Equations 16-18, the expressions for the
constants are gotten (Equations 19-21). Then,
using Equations 19-21, the analytical expressions
are determined for normal and tangential
stresses for quartz tile and damping substrate
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(Equations 22, 23). Using Equation 11 finally
Equations 24, 25 are gotten. The fraction of shear
stresses in the stress state of the tile can be
written in the form of relations (Equation 26).
Longitudinal  displacements  u(x)of  heat-

protective tiles will be determined via known
relations (Equation 27). Figures 6-7 show the
relationship between the ratio of shear stresses
to normal and the distribution of displacements
depending on the length of the heat-shielding tile.
The following values of the parameters included
in Equations 26-27 are accepted.

3.2. Experimental research of tiled thermal

protection of spacecraft

The schematic diagram of the installation
for studying the adhesion strength of ice is
presented in Figure 8. Cooling and temperature
control of model 7 was done in a climatic
chamber 6 by nitrogen vapor at atmospheric
pressure. The dimensions of the climate chamber
were 560 x 240 x 230 mM. Nitrogen was directed
to the thermostat from Dewar 1 vessel. The
temperature at thermostat was controlled using
the thermostat 5 before they entered climate
chamber 6. Sample 7 was installed in grips 8,
mounted on power frame. Loading of the sample
is performed using the movement of beam 10
moving along the power columns 9. Dimensions
of test samples are 195 x 10 X 3 MMm.

During the experiment, the gas
temperature in the thermostat was measured with
a thermometer with measuring scale from -50 ° C
to 0 ° C and a division value of 0.1 degrees. The
temperature in chamber was controlled by
thermostat 5. The sample was cooled by the gas
temperature in the thermostat of 279 K.
Thermostating was done for at least 30 min
(Figures 9-11).

4. CONCLUSIONS:

Hereby:

e The performed calculations on the strength
of tile under the conditions of ice formation in
inter-tile gaps made it possible to show that the
tile will not collapse under the considered load.

¢ The calculations performed to establish the
ultimate shear stresses in the substrate showed
that the strength of the substrate withstands the
emerging shear forces.

e The calculations of stresses arising due to
freezing of moisture in the heat-insulating layer of
damping substrate made it possible to confirm

the tensile strength of the substrate.

eBased on the results of experimental
research on a test bench, the values of the
adhesion strength of ice appearing on the surface
of quartz fiber heat-protective coating were
obtained.

eIt was demonstrated that the proportion of
tangents in the stressed state of the tile does not
exceed 10%.

e The suggested mathematical model for the
study of performance of tiled thermal protection of
spacecraft adequately describes the processes
under study.

e The performed calculations
demonstrated the ability to predict
performance of promising aerospace products.

have
the

¢ The experimental studies have demonstrated
a satisfactory agreement with theoretical results.

e The calculations performed to determine the
ultimate shear stresses in the substrate showed
that the strength of substrate withstands the
arising shear forces

e Consideration of climatic conditions allows to
significantly reduce risks in the design of thermal
protection of modern aircraft
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Figure 1. Location of heat-shielding tiles on the airframe
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Figure 2. Layout of heat-protective tiles on the airframe
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Figure 3. Design scheme for determining spacer stresses
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4

Figure 4. Stress state in substrate-tile system
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Figure 5. Beam element for the equilibrium equation
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Figure 6. Tile shear ratio in stresses state
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Figure 7. The longitudinal movement of the tile
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Figure 8. Schematic diagram of installation for studying adhesion strength of ice: 1 — dewar vessel
with nitrogen; 2 — gear; 3 — pressure gauge; 4 — hose for supplying nitrogen to chamber; 5 —
thermostat; 6 — climate chamber; 7 — test sample; 8 — captures; 9 — power columns; 10— load

traverse; 11 — direction of movement of traverse; 12 — data transmission cable, 13 — information
output and processing monitor
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Figure 9. Picture of the test sample
Figure 10. Picture of the sample in installation
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Figure 11. Picture of the sample during testing
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