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Abstract:

Introduction/purpose: A supersonic flow around a sphere with a radius of
1m at altitudes of 80 to 40 km was analysed.

Methods: The descent trajectory at the first cosmic velocity, similar to that
of the Soyuz spacecraft with a duralumin structure without thermal
protection, was taken into consideration.

Results: For the gas between the shock wave front and the surface of the
descending spacecraft, data were obtained on the increase in density,
pressure, and temperature behind the shock wave front as well as the
shift of the shock wave from the surface of the descending spacecraft.
The effective temperature of the shock-heated gas reaches its maximum
value of 7340 K at an altitude of 60 km. At altitudes of 80 and 40 km, the
effective temperature is 7000 K and 6400 K, respectively. Based on
the obtained data on the thermodynamic state of the gas behind the shock
wave every 10 km, calculations were made of energy fluxes to the surface
of the spacecraft for convective and radiative heat transfer, as well as for
the impact of electrons produced due to ionization of negative ions.
Radiative heat transfer has proven to be the most significant. The burning
mechanism of negative ions of triatomic molecules of aluminium with the
formation of AIO molecules was determined, and data on pressure rise
in the boundary layer on the spacecraft surface were obtained. At all
considered altitudes, the pressure rises instantly: to 1.06x10"° Pa at an
altitude of 80 km, 5.3x10° Pa at an altitude of 60 km, and reaches the
maximum value of 5.5x10"° Pa and an altitude of 40 km. A pressure of 10°
to 10" Pa arises during explosion of various explosives. The energy flux
reaches the spacecraft surface between explosions. Atthe moment
of explosion, shock waves develop in the atmosphere surrounding
the surface of the descending spacecraft, and compressive waves
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develop in the entire structure ofthe spacecraft. The descending
spacecraft cracks, and its entire structure breaks down into parts. The
area of interaction increases sharply, and each subsequent explosion has
a greater intensity and size. As a result, the last most intense explosion
occurs at an altitude of approx. 40 km, after which individual fragments of
the spacecratt fall to Earth.

Conclusion: The exploration of space with flight to other planets is
possible only after a thorough study of explosive processes taking place
on the surface of the spacecraft descending on other planets, and
especially on Earth.

Keywords: explosion of explosives, supersonic motion, convective heat
transfer, radiative heat transfer, electron flux effects, negative ions.

Introduction

During the exploration of space, there was a problem of retrieving
spacecraft reentering the Earth's atmosphere at the first and, especially,
the second cosmic velocity. The nature of the flow around flying objects
at different altitudes is well defined. At very high altitudes starting from
approx. 120 km and above, the flow around moving bodies corresponds
to the free-molecular regime (Gretchikhin, 1986), (Gretchikhin, 2003). At
altitudes below 120 km and up to approx. 100km, the transition flow
regime takes place. Starting from altitudes below 100 km, the continual
flow regime (i.e. the supersonic flight) takes place. In this flight regime,
strong shock waves are formed with a sharp increase in high-
temperature gas on the spacecraft surface, causing a noticeable heating
of the surface of the descending spacecraft. Previously, it was assumed
that heating of the surface occurs due to intense convective and radiative
heat transfer.

Various heat-barrier materials were used to protect descending
spacecraft from the effects of the emerging heat fluxes. For the first
cosmic velocity, pyrolytic graphite with a thickness up to 5 cm was used
in the front hemisphere.” It was assumed that the temperature of the
shock-compressed gas does not exceed 3500—4000 K. The burning
behaviour of the thermal-protective coating at such temperatures could
be studied in laboratory conditions. These studies were carried out, and a
full analysis of the results taking into account the emission of negative
ions from the surface was performed (Gretchikhin, 1986).

Y This thickness was sufficient, since the thermal-protective coating burned out
no more than 3 cm.
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In the supersonic flow regime, a mixture of air heated by the shock
wave with debris of the thermal-protective coating emerges between the
shock wave and the surface of the descending spacecraft. The chemical
reactions taking place in such a mixture were beyond our vision.

With the development of rocket technology, intensive exploration of
space began. A spacecraft re-entering the Earth's atmosphere at the first
cosmic velocity has a speed of approx. 7.5 km/s, and at the second
cosmic velocity — approx. 11.2 km/s or greater. Such flight conditions
lead to the emergence of strong shock waves. The air behind the shock
wave heats up to temperatures above 4000 K. The burning behaviour of
the thermal-protective coating under such conditions remained unclear.
The burning behaviour of the thermal-protective coating is even more
complex when a spacecraft enters dense atmospheric layers
at the second or greater cosmic velocity. In this case, the destruction of
the thermal-protective coating will be more intense. How can a
descending spacecraft be safely retrieved under such conditions? The
temperature increases significantly in the emerging shock wave. Intense
convective and radiative heat transfers occur. Without taking into account
the effects of negative ions, the performed theoretical calculation has
allowed to establish that the thickness of the burn-out of the thermal-
protective coating during the continuous movement of the burning front
can be approx. 2.cm. This result was shocking. Then the effects of
negative ions had to be taken into account.

lonization of negative ions produces an intense flux of electrons to
the surface of the thermal-protective coating, and in combination with the
radiative and convective heat flux, such a net energy flux is formed that
an explosion of the surface layer occurs. At this moment, heat stops
coming to the surface of the spacecraft. Specific evaluations showed
that the thermal-protective coating at the second cosmic velocity should
burn less when compared to the first cosmic velocity. After a circumlunar
flight followed by the descent of the spacecraft at the second cosmic
velocity, the thickness of the burned-out thermal-protective coating
turned out to be approx. 2 cm, i.e. less than at the first cosmic velocity
with a burn-out thickness of approx. 3 cm.

At the second cosmic velocity, heat-barrier materials do not
burncontinuously, but with separate explosive pulses, which was proven
demonstratively during the first studies of the effect of laser radiation
(Gretchikhin&Minko, 1967) as well as with arc and spark discharge
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cathode flares (Gretchikhin&Minko, 1967) and (Gretchikhin&Tyunina,
1967). The results of these studies are shown in Fig. 1.

a) j b)

hecm
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Figure 1 — Destruction pattern: a) electric arc discharge between carbon electrodes and
explosive processes at the cathode at a power of 1.3- 10°W/m’;
b) explosive processes during exposure of laser radiation with a power of 5 -1 o0""'W/m? on:
copper (top) and aluminium (bottom)

Puc. 1 — Cxema pa3spyweHusi: a) Oy2o80ol paspsd mex0dy y2onbHbIMU 3riekmpodamu u
83pbl8HbIe rpouecchl Ha kamode MouwjHocmbio 1.3- 10°W/m?;
6) 83pbigHbIe npouecchl npu 8030elicmeuu 51a3epHO20 U3/1y4eHUsT MOWHOCMbHO
510" W/m’:
MeOb (ceepxy) u antoMuHuUl (CHU3Y)

Cnuka 1 — Obpasay, Oecmpykyuje: a) npaxrere enekmpuyHoa fiyka usmeRy
efiekmpoda yerbeHuKa U eKCrio3usHU rnpouecu Ha kamoou rpu cHasu 1,3X 109W/m2;

6) eKcro3usHU Npouecu MoKOM u3riazar-a 51acepckoM 3padery cHaze 5 X1 0""'W/m? y
bakpy (2ope) u anymuHujymy (Gone)

Experimental results indicate that the destruction of a solid at energy
fluxes greater than 10°W/m? occurs in the form of successive
explosions. The frequency of explosions at the cathode in the arc
discharge between carbon electrodes is approx. 150 kHz with an energy
flux of 1.3-10° W/m? (Gretchikhin&Tyunina, 1967), and approx. 290kHz
when aluminium is exposed to laser radiation with an effective absorbed
energy flux of 4.2-10'® W/m? (Gretchikhin&Minko, 1967).

Thus, the gaseous products of destruction of the surface layer of the
descending spacecraft mix with the ambient environment and react with
air molecules. Depending on thetype of the chemical reaction
(endothermic or exothermic), additional cooling or heating of the heated
air behind the shock wave takes place in the frontal part of the
spacecraft. Exothermic reactions with the release of energy are
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especially dangerous. Therefore, let us have a closer look at the
dynamics of the destruction of the surface of the descending spacecraft
determining the number of atoms and molecules that mix with the heated
air behind the shock wave, and how much energy is released in various
exothermic reactions. This posed the task of finding out what energy is
absorbed by a moving object and how this affects the flight dynamics of
the descending spacecraft. It is important to determine what processes
occur in the shock-compressed gas area in the frontal part of space
objects descending at the first and especially at the second cosmic
velocity. In this work, we will consider in detail a spacecraft without
thermal-protective coating descending at the first cosmic velocity?. In
order to achieve this objective, the following tasks must be solved:

¢ Determining the heating dynamics of the shock-compressed gas
and the effective temperature of atoms and molecules in the area
between the shock wave and the spacecraft surface at altitudes of 40 to
80km, where strong shock waves are formed,

+ Developing an impact theory of convective heat transfer,

¢ Considering the structure of the exposed surface in radiative heat
transfer,

+ Developing a theory of energy transfer by electrons produced due
to the ionization of negative ions, and

+ Performing an analysis of the explosive processes taking place
when various space objects enter dense layers of the Earth's
atmosphere.

Now, let us consider these objectives one by one.

Effective temperature of the air compressed
by the shock wave

When a spacecraft descends from the orbit, a shock wave begins to
form at an altitude of approx. 100 km. As the altitude decreases, the
speed increases slightly, and then drops sharply from an altitude of
40 km. The change in flight speed with altitude for a descending Soyuz
series spacecraft is given in Table 1.

2) These conditions correspond to the re-entry conditions of the long-term orbital station
MIR-1.
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Table 1 — Parameters of the air behind the shock wave at the first cosmic velocity
Tabnuua 1 — MNapamempbi 8030yxa 3a ydapHoU 80s1HOU Mpu Mepeoli KOCMUYECKOU
cKkopocmu
Tabena 1 — lNapamempu 8a3dyxa u3a ydapHoz masiaca npu rnpeoj KOCMUYKoj 6p3uHU

Parameters Altitude, km

40 50 60 70 80
First cosmic velocity, 22.35 23.82 25.34 25.80 26.42
Mach
Density, p/ p 5.940 5.947 5.954 5.955 5.957
Pressure, P/ P 584 663 750.1 777.6 815
Shock wave shift 0.112 0.112 0.1119 0.1118 0.1118
distance, m
Temperature at the 25746 27 532 29 357 28 595 28 057
wave front, K
Temperature of the 6437 6883 7339 7149 7014
shock-compressed
gas, K
Effective temperature 6434 6880 7337 7146 7012
of the compressed gas,
K
Convective heat 2.0110° |54810° |22410° |3.8510° | 557 10°
transfer, W/m?
Penetration depth, m 7.51-10% | 1.98:10° | 7.81-10° | 1.36:10° | 2.00-10™
Radiative heat transfer, | 4.86 10° | 6.3510° | 8.2110° | 7.3910° | 6.85-10°
W/m?
Electron flux heat 2.56-10" | 6.9810° | 2.8510° | 4.9010° | 7.09-10*
transfer, W/m?
Pressure in the 5.485-10"° | 1.62:10" | 5.938:-10° | 7.088-10° | 1.059:10"°
boundary layer, Pa
Energy released on the | 4.477-10° | 1.092:10° | 1.096:10° | 1.367-10° | 1.921-10°
surface, J

Flight speeds are much higher than the speed of sound. In this case,
the density, pressure and temperature of the gas in the shock wave can
be determined by the formulas (Gretchikhin et al, 2012).

y-1 2 1

P = Poo (m+mm)_1;p = Poo (1 +%M2);T=Topj'°é (1)

where ¥ is the ratio of the specific heat capacities of the gas at constant

volume and constant pressure; and M is the Mach number. Specific
calculations for a sphere with a radius of 1 m at different altitudes are
given in Table 1. At all altitudes, the temperature directly in the front
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of the shock wave is relatively high, comparable to high-power pulsed
electric discharge. The shift distance of the shock wave from the nose of
a hypersonic vehicle of a given geometry for a direct shock wave in the
first approximation can be determined as follows: (Gretchikhin et al,
2012)

-1
A=RP;°°<1—‘L’°+\/§’L'°> )
P P 3 p

High temperature behind the direct shock wave causes significant
heating of the air atmosphere. Diatomic molecules of nitrogen and
oxygen dissociate instantly and completely. Since this requires energy,
the temperature in the shock wave decreases.

The number of particles doubles. Also, the ionization of oxygen and
nitrogen atoms takes place, which leads to a decrease in the adiabatic
index. Taking into account the dissociation process, the temperature of
the air behind the shock wave (Zeldovich&Raizer, 2008) and
(Kheiz&Probstin, 1962) is:

o P
Ty =Top7§a (3)

At temperatures above 10,000 K, nitrogen and oxygen molecules
will dissociate completely, and then a = 0.5. As a result of ionization, the
air temperature will decrease due to the formation of plasma. Then
(Zeldovich&Raizer, 2008) and (Kheiz&Probstin, 1962)

~ Tp
Tesr. =5, 4)

For dry air at a temperature of 2000 K, the adiabatic index is
;/:1.088_

For higher temperatures, we can assume that y = 1.

The results of calculation according to (4) are shown in Table 1. The
temperature of the shock-compressed gas is sufficiently high, and such a
gas should be considered as plasma. Charged particles are produced in
plasma as a result of the ionization of predominantly negative ions.
Therefore, thermal energy is transferred to the surface of the descending
spacecraft due to convective and radiative heat transfer, as well as due
to the flow of electrons when passing through the electrical double layer.
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The input data on the energies of dissociation of diatomic molecules,
detachment of atoms in triatomic molecules and electron affinity for
aluminium are given in Table 2.

Table 2 — Energy of dissociation and detachment of an electron in a negative
aluminium ion
Tabnuya 2 — OHepaus duccoyuayuu U ompbiea 3/1eKmpoHa 8 ompuyamerisHOM UOHe

anmnoMuHus
Tabena 2 — EHepauja ducoyujayuje u o08ajar-e efleKmpoHa y He2amugHOM jOHY
anymuHujyma
Atoms, Energy, eV
molecules dissociation Electron
detachment
Al; ~0.406 ~1.785
A l; 2.0 2.42
- - 0.44
Al (3p)
- - 0.33
Al” (1p2)
AlO _ 5.14 3.6
A lO; ~2.51 4.1

The "~" symbol means that this value is obtained by extrapolation

Convective heat transfer

In convective heat transfer, energy is transferred by the collision of
heated gas particles with the surface of the spacecraft. Each solid is
formed by an intercluster lattice structure.

The clusters themselves are formed by diatomic or triatomic
molecules.

The structure of clusters of diatomic molecules with experimental
confirmation is reported in (Gretchikhin et al, 2015a) and (Gretchikhin,
2008), of triatomic molecules — in (Gretchikhin et al, 2015b) and
(Gretchikhin, 2008).

Aluminium clusters are formed by triatomic molecules as shown in
Fig. 2.
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Figure 2 — Cluster of triatomic molecules:
a) theoretical calculation; b) experimental confirmation
Puc. 2 — Knacmep mpexamoMHbIX MOSEKYII:
a) meopemuyeckuti pacyem; 6) akcriepuMeHmasbHoe U3MepeHue
Cnuka 2 — Knacmep mpuamoMCKUX MOJIEKy/ia; a) meopujcKo udpadyHaear-e; 6)
eKkcriepumeHmariHa nomepoa

The main cluster is highlighted in the center, and the highlighted
triatomic molecules have broken bonds in diatomic molecules.
As a result, some triatomic molecules inthe center have an excess
negative charge, and others — a positive charge. InFig. 2, these
molecules are shown in different colours. The clusters are flat and
interact with each other by cohesion, and the solid resembles a layered
cake. Clusters are formed as a result of the interaction of molecules of
the first, second and third coordination layers (Gretchikhin et al, 2015b)
and (Gretchikhin, 2008). The energy from the heated gas is transferred to
the spacecraft surface by the collision of air molecules with the clusters
of the solid. The thermal random velocity of the heated air

8kpT,
vy = fn—ma (5)
where k;, is the Boltzmann constant, T, is the temperature of the shock-
compressed air and m, is the average weight of air molecules.

Only 1/6 of air molecules collide directly with the surface. Molecules
collide with clusters of the solid. In convective heat transfer, only the
surface layer of cluster formations is excited. Clusters of aluminium are
formed by triatomic molecules, producing a face-centered crystalline
structure. Since there is a hollow in the centre of a cluster, which does
not receive the impacts of external particles, only 9/10 of the total flow of
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external particles acting on the surface of the spacecraft is received. The
second coordination layer of the cluster is destroyed before the melting
temperature is reached, and the first coordination layer is destroyed after
the melting temperature is reached. Near the boiling temperature, the
number of molecules in a cluster is approx - 6 (Gretchikhin et al, 2015b).
When air molecules collide with clusters on the surface of a solid,

the energy transfer ratio is (Gretchikhin, 2008).
— 4mams (6)
(mg+ms)?

where m, is the weight of a solid cluster, and my is the average effective

mass of air molecules in the atomic form equal to approx. 29/2.
Taking into account (5) and (6), the convective energy flux to the
solid surface is
3

Je = 55PVyn (7)

T 120
where o is the density of the air behind the shock front.

The energy consumption of a single molecule of the solid:
_ 10 2
Em - ?]cnrm (8)
The radius of a triatomic aluminium molecule r, = 2.155r,, and r, is
the radius of an atom of the solid, obtained by the radiographic method,
approx. 1.43A. At each altitude, an aluminium object loses its weight to a
depth
dh = 21, (9)
where £ is the molecular bond energy, which is determined by the

boiling temperature. For aluminium, this value is 3.389-102°J. The results
of the calculation of the depth of complete dissociation of the main
clusters according to (13) are given in Table 1. It takes only % of the total
heat flux in convective heat transfer. The remaining part of the convective
energy flux is absorbed by intercluster hollows preventing the destruction
of the solid (see Fig. 2b).

As a result of destruction, the total number of triatomic aluminium
molecules is formed as negative ions

NAI = Zﬂrzdh% (10)
b
and the concentration of negative ions of triatomic aluminium molecules

in the shock-compressed gas
N
m = (11)
The temperature of the gas of triatomic aluminium molecules is

equal to the boiling temperature, i.e. T, = 2770K.

Kun.
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The total number of air molecules in the shock-compressed air
behind the shock wave
N, = 2nr?dhp/m, (12)
and the molecules are at the temperature determined according to (4).
The average effective temperature will be

_ TboilingNAl+T0Na)
Ters. = ( Na1+Ng (13)

At this temperature, the following aluminium combustion reactions
occur:
Al; + 0 © Al, + AlO + e + 1.1343B; Al, + 0
< Al + AlO + 3.143B;
Al+ 0  AlO +5.14 3B (14)
The total energy released during the complete combustion of
triatomic aluminium molecules is 9.414eV, and the energy of the electron
gas corresponds to the effective temperature of the plasma determined
according to (13). The electron gas produced ionizes negative ions of
aluminium molecules by electron impact:
Al; + e & Al; + 2e. (15)
In this case, the temperature of the electron gas is (Gretchikhin,
1986)
T, = 0.55-IA - 11600K (16)

where IA is the ionization energy of plasma particles in eV.

The electron gas produced from the ionization of negative ions is
nonequilibrium. Consequently, the plasma of the shock-compressed gas
at such temperatures of the electron gas and a sufficiently high
temperature of the atomic gas has a very high radiation capacity, which
is dangerous to eyesight. In this case, radiative heat transfer must be
considered.

Radiative heat transfer

With a sufficiently dense plasma, the radiation of individual atoms
and molecules from the inner layers is intensely absorbed inside the
plasma, and thermal radiation can be considered as black body radiation,
taking into account the emissivity factor. For evaluations, let us assume
that the emissivity factor k = 0.5. Then

Ju = KasTy, (17)

where o =5.67-10° Bm-M K™ is the Stefan constant.
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The results of the obtained radiant energy fluxes at different altitudes
are given in Table 1. The energy flux in radiative heat transfer penetrates
through the solid to the skin layer depth. If the solid receives external
radiation, then the thickness of the skin layer can be determined
according to the formula (Gretchikhin, 2016):

= [P
ar = [ (18)
where f is the electromagnetic radiation frequency, tis the magnetic

permeability, and p, is the electrical conductivity of the solid.

In formula (18), the frequency of thermal radiation f corresponds to

the maximum of the radiation flux density distribution function per unit
frequency interval according to the Planck formula. Therefore, the
obtained specific values of the absorption thickness are much smaller
than the thickness of the aluminium cluster. This means that all incident
radiation is completely reflected from an aluminium surface with a close-
packed structure (Fig. 2b). The absorption of the radiant flux takes place
at defects of the crystalline structure and the centres of cluster
formations. For an ideal surface, absorption occurs only by the centres of
cluster formations and is approximately 1/10, and as the surface transits
to the liquid state, the ratio of the absorbed radiant flux energy increases,
and the radiant flux contributes to the destruction of both a metal and a
dielectric moving object.

With the emission of molecules with an electron affinity from the
spacecraft surface, an electric double layer is formed. At some distance,
negative ions are ionized, and the produced electrons, passing through
the potential difference of the double electric layer, bombard the surface
and additionally increase the energy flux to the spacecraft surface.

Electron impact energy flow

Negative ions from the aluminium surface are emitted in the form of
triatomic molecules at the boiling temperature. The ionization of negative
ions of aluminium molecules takes place due to the occurrence of
reactions (14) and (15). Both reactions take place in the gas-vapour
phase. As a result of the emission of negative ions from the aluminium
surface, an electric double layer is formed. The potential difference in the
electric double layer is determined by the molecular energy at the boiling
temperature. For aluminium, the potential difference of the double layer

AU = KpTboiling g (19)

e
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The flux of the energy carried by electrons to the aluminium surface
will be

Je = n;lvekaboiling (20)
and the total energy transferred to the surface by electron impact will be
AE, = ] 2nr?dh. (21)

The total energy to the metal surface of a solid entering dense
atmospheric layers is the sum of convective, radiative and electronic heat

transfer. The pressure that arises in the boundary layer is
p=-—25_ (22)

2mr? Al

Figure 3 — Fracture pattern in a glass plate exposed to an explosion pressure
of 2.8:10° Pa
Puc. 3 — N3obpaxeHue pa3pyweHusi cmekssiHHOU nnacmuHbl 100 0asneHueM 83pbiea
2.8:10° Pa
Cnuka 3 — HayuH noma cmakneHe nioye U3noxeHe Npumucky ekcriiosuje o0

2,8%X10° Pa

The values of pressure arising in the boundary layer at different
altitudes are given in Table 1. The obtained pressure values are typical
for the explosion of explosives (Gretchikhin, 2008). The explosion in the
boundary layer has such high intensity that the entire structure
of the spacecraft breaks down into small parts. This process is shown in
Fig. 3 (Gretchikhin, 2008). A sublimation spot appears in the centre of the
explosion. An explosion on the surface of a solid causes not only
sublimation, but also cracking of the entire array in the form of radial
cracks, as well as a formation of cylindrical and spherical cracks inside
the solid. Each explosion on the spacecraft surface causes an intensive
sublimation of the flow of solid molecules, and, accordingly, blocks the
flow of energy to the surface. As aresult, a sequence of explosions
occurs, causing breakdown of the solid monolith into separate small
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parts. Atthe same time, the effective interaction surface between the
solid and the shock-compressed air increases. The magnitude of the
explosion energy is increasing in succession. The explosion fire cloud
also expands. Finally, small fragments of the spacecraft fall onto Earth.
This was experimentally confirmed when the long-term orbital station
MIR-1, with the main structure made of duralumin without a thermal-
protective coating, entered dense atmospheric layers.

Conclusion

From these studies, the following wasconcluded:

1. For the descent trajectory of the Soyuz series spacecraft with the
structure made of duralumin without a thermal-protective coating at
altitudes of 80 to 40 km, data were obtained on the increase in density,
pressure and temperature behind the shock front, as well as the shift of
the shock wave from the surface of the descending spacecraft.

2. The effective temperature of the shock-compressed gas reaches
its maximum value of 7340 K at an altitude of 60 km. At altitudes of 80
and 40 km, it reaches 7000 K and 6400 K, respectively.

3. Calculations were made of the energy fluxes to the surface of the
spacecraft for every 10 km in the altitude range of 40 to 80 km, for
convective and radiative heat transfer, as well as for the impact of
electrons produced due to the ionization of negative ions. Radiative heat
transfer has proven to be the most significant.

4. The increase in pressure in the boundary layer at the spacecraft
surface was calculated taking into account the burning of negative ions of
triatomic molecules of aluminium with the formation of AIO molecules. At
all considered altitudes, the pressure rises instantly to a value of 10° to
10" Pa and more, which is typical for explosion of various explosives.
Each subsequent explosion produces shock waves in the surrounding
atmosphere and compressive waves in the entire structure of the
spacecraft. The descending spacecraft cracks, and its entire structure
breaks down into parts. The area of interaction increases sharply, and
each subsequent explosion has a greater intensity and size. After each
explosion, the energy flux to the surface stops due to shielding for all
types of heat transfer. After the dispersion of the explosion products, an
intense flux of energy reappears on the surface of the descending
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spacecraft and a new explosion occurs. As a result, the last most intense
explosion occurs at an altitude of approx. 40km, after which individual
fragments of the spacecraft fall onto Earth. Allof this was clearly
observed during the reentry of the long-term orbital station MIR-1.

5. The situation is slightly better for spacecraft with thermal
protection, but is still very dangerous. Descents must not be carried out
at low g-forces. Even at the first cosmic velocity, the descent phase at an
altitude of 80 to 40 km should be passed as quickly as possible.

6. When descending spacecraft and meteors enter the atmosphere
at the second or greater cosmic velocity, the temperature of the shock-
compressed gas reaches up to 15,000 K. At such temperature, the
intensity of explosion increases by one order of magnitude or more. This
results in falling of small debris and even individual dust particles onto
Earth, which was observed when the Chelyabinsk meteor entered the
Earth's atmosphere. We must not hurry into manned space exploration. It
is necessary to carefully analyze the situation, think and think again!
The Tunguska and Chelyabinsk meteor events were a serious warning!
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B3PbIB MOrPAHNYHOTO CNOA MNMPU BXOXOEHNW 3
JIETATENBHbLIX AMMAPATOB B MNMNOTHBLIE CNION 3EMHOU
ATMOCO®EPbI

JleoHud W. TpeunxvH

Benopycckas rocyaapcTBeHHas akagemusi CBA3sm,
MwuHck, Pecnybnuka Benapycb

PYBPWKA T'PHTW: 55.00.00 MALULMHOCTPOEHWE:
55.49.03 AspoanHamuka pakeT U KOCMUYECKUX annapaTos
B[O CTATbW: opuruHanbHasa Hay4yHasi ctaTbs

Peswome:

Bederue/uernb: [NposedeH aHanu3 €e8epx38ykogo20 obmekaHus wapa
paduycom 1 m Ha ebicomax roriema 80 + 40 Km.

MemoOdbi: Tpaekmopusi criycka ripu nepeol KOoCMUYeCKoU cKopocmu
ucriofnib3oganack ma, Komopasi coomeemcmsyem annapamy «Co3»
6e3 merno3awumsi ¢ ropantoMuHUe8ol KoHcmpykyued.

Pesynbmamsi:  Ana 2asa Mex0y ¢poHmom  ydapHolU  80sIHbI
U [108EPXHOCMbLIO  CrlyCKaeMoeo  arrnapama  r1osiyd4eHbl  OaHHble
10 ygenu4YeHU0 niomHocmu, 0asfieHuss U memrepamypbl 3a ¢hpOHMOM
ydapHoli 801HbI, a makxe omxola ydapHoU 80fiHbI om fogepxHocmu
criyckaemoe0 anrnapama. OJghekmusHass memrepamypa yO0apHo
Hagpemozo ea3a docmuaaem €80e20 MaKkcuMarisHo20 sHadeHus1 7340 K
Ha ebicome 60 kM. Ha ebicomax roniema 80 u 40 km aghgbekmusHasi
mewmrnepamypa cocmaesisiem coomeemcmeeHHo 7000 K u 6400 K. Ha
OCHOBaHUU MOJTy4YeHHbIX OaHHbIX O MEPMOOUHaMUYECKOM COCMOSIHUU
2asa 3a yOapHol 8os1HoU yepe3 KaxObix 10 kKM npou3eedeHbi pacyemsl
[IOMOKO8 3HEepauu Ha roBepxXHOCMb JlemameribHO20 anrnapama npu
KOHBEKMUBHOM U JTy4UCMOM mMerjioobMeHe, a makxe rnpu ydapHoM
gosdelicmeuu  371eKMPOHaMU, KOmMOPbIe MOfyyeHbl Mpu  UOHU3auuu
ompuyamernbHbIX UOHo8. Jlyqucmbili mernioobmeH okasarscs Hauboree
CYWEeCmBeHHbIM. YCMaHOBIEH MeXaHU3M 20PEHUST ompuuamersibHbIX
UOHO8 MmpexamoMHbIX MOJIEKYs1 atoMUHUSI ¢ 0bpa3osaHuemM MOeKys
AlO u nonydeHb! daHHbIE 10 ysernu4eHuto 0asrneHusl 8 nogpaHuYHoM crioe
y rosepxHocmu siemamesibHo20 arnapama. Ha ecex paccMOmpeHHbIX
ebicomax rosiema OaefieHuUe nosbiaemcsi MeHOBEHHO 00 3Ha4YeHUs Ha
gbicome 80 km 1.06-10™ lMa, Ha ebicome 60 kv 5.3-1 0° IMa u Ha ebicome
40 kM docmuzaem MaKcuMasbHo20 3HaqeHusi 5.5-10' Ma. Jaenenus 10°
+ 10" a eosHukatom npu nodpbiee pasHbIX 83pbleYambIX 8eLecms.
lMomok aHepeuu Ha MOBEPXHOCMb CrycKaemoz20 arnapama rnocmynaem
mex0Oy e3pbigamMu. B mMomeHm e3pbisa y o8epxHOCmuU CriycKkaemoz0
arnnapama e03HUKatom yOapHble 80JIHbI 8 OKpyxarouwel ammocgepe u
80/IHbI CXamusi 80 6cell KOHCMPYKUUu JlemamesibHo20 arnapama.
Crniyckaembili  annapam pacmpeckugsaemcsi, U 8CS KOHCMPYyKUusi
annapama pacriadaemcsi Ha omodesibHble Yacmu. Pe3ko eo3pacmaem
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nowadb e3aumodelicmeusi, U Kax0Oblli nocriedoeamersibHbIl  83pbI8
gospacmaem 1o ceoell MOWHOCMU U COOMBENCMBEHHO 8 pa3mepax.
lNocrnedHuli cambili MOWHBIL 83pbi8 rpoucxodum Ha ebicome ~ 40 Km,
rnocre kKomopo2o Ha 3emmo nadarom omodersibHblie  06/10MKU
JlemameribHo20 annapama.

Bbigod: OceoeHue KocMu4ecko20 rnpocmpaHcmea ¢ rnosiemom Ha opyaue
raHemb! 803MOXHO MOJIbKO MPU mMuamesisHOM U3YHYeHUU 83PbI6HbLIX
fpoyeccos y MoBepxHOCMU Crlyckaemoz20 arnapama Ha Opyaux
rjiaHemax, a 0cobeHHO npu criyckax Ha riiaHemy 3emrisi.

Knoyesble crosa: 83pble 83pbigYambiX BEWECs, C8epx38yKo8oe
08UXEHUE, KOHBEKMUBHbIU MerioobmeH, ry4ucmbil  merniobMeH,
ahheKkmbl nomoka aneKkmpoHo8, ompuuamesibHble UOHHI.

EKCIMNNO3NJA TPAHNYHOTI CJTOJA IO YIJTACKY CBEMUPCKE
NETENWMUE Y I'YCTE CNOJEBE 3EMIBUHE ATMOC®EPE

JleoHud W. TpeunxuH

Benopycka ap>xaBHa akagemMuja 3a KOMyHuKauuje,
MwuHck, Peny6nuka Benopycuja

OBJIACT: mawmnHCTBO
BPCTA YJTAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: AHanusupaH je CyrnepCoHUYHU MOK OKO cgbepe
nonynpe4yHuka 1m Ha sucuHama 0d 80 do 40 Kkm.

Memode: PasuvampaHa je cunasHa mpajekmopuja rnpu npeoj
KoCMu4Koj 6p3uHuU, Ccru4YHa mpajekmopuju ceeMupcke remenuue
Cojys ¢ anyMuHujyMckom cmpykmypom 6e3 mornnomHe 3awimume.

Pesynmamu: 3a eac usmeRy ¢ppoHma ydapHoe marnaca u rnospuiuHe
ceemMupcKe fiemenuue rnpu criywmansy 0obujeHu cy nodayu o nosehamy
aycmuHe, npumucka U memrepamype u3a ¢hpoHma ydapHoe maraca,
Kao U O rnomepary ydapHoe manaca 00 [108pUWUHE CB8EMUPCKE
nemenuue y asu cnywmara. EgekmusHa memnepamypa eaca
3aepejaHoe ycried ydapa docmuxke makcumarHy spedHocm 00 7340 K Ha
sucuHuU 00 60 km. Ha eucuHama 00 80 u 40 km eghekmueHa
mewmnepamypa je 7000 K, odHocHo 6400 K. Ha ocHosy rodamaka o
mepMoOUHaMUYKOM cmarby 2aca u3a ydapHoe marsnaca Ha ceakux 10 kw,
uspadyHamu cy ¢brlyKcesu eHepeuje Ka rnospuiuHU CeeMupcKe fiemenuye
3a fpeHoc moryiome KOHB8EeKUujoM U padujayujoM, Kao u 3a ymuuaj
erfleKmpoHa Hacmarux ycned joHu3ayuje HeezamueHux joHa. Noka3aro ce
Oa je npeHoc moriome padujayujoM Haj3HavajHuju. YmepheH je
MexaHu3aM caz2opesara He2amueHUX joHa mpuamoMCKUX MOJeKya
anymuHujyma ca gopmuparsem AlO mornekyna u dobujeHu cy nodayu o
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fopacmy npumucka y epaHUYHOM Criojy Ha MOBPWUHU C8EMUPCKE
nemenuye. Ha pasmampaHum eucuHamMa npumucak mpeHymHo pacme
Ha 1,06x10" Pa npu eucuHu 00 80 km, Ha 5,3%10° Pa npu sucuHu 0d 60
KM U docmuke MakcumarHy epedHocm 0d 5,5%10"°Pa npu eucuHu 0d 40
km. Mpumucak 0d 10° do 10 cmeapa ce mokom eKcriosuja pasnudumux
murosa ekcrinosusa. @riykc eHepauje cmuxe 00 NospuilHe C8eMUPCKe
nemernuue usmehy ekcriiosuja. Y mpeHymky ekcriiosuje cmeapajy ce
yOapHU manacu y ammocehepu OKO ospuiUHe C8eMUPCKe Jsiemenuue
Koja ce cnywma, a yHymap HEeHe UESIOKYIHE CMPpyKmype Hacmajy
KomrpecusHU manacu. Ceemupcka femesiuya fyuya npu crywmary, a
UesioKyrnHa cmpykmypa ce pacriada. Ybp3aHo ce rnogehaga obracm
UHMepaKuuje U ceaka HapeOHa eKcriyio3uja je CHaxHuja u eeha.
lNocnedwa HajuHMeH3UeHUja eKcriyio3uja Hacmaje Ha 6UCUHU 00
omnpunuke 40 km, npaheHa nadom ghpacmeHama ceeMupcKe iemenuue
Ha 3emsby.

3akrbyyak: Vicmpaxueare ceemupa MymeMm Jjiemoea Ha Opyee
nnaHeme Mmoayhe je camo riocrie  UCUprHo2 — fpoyYasara
eKCro3usHUX rnpoueca Koju ce dewaesajy Ha noepuwUHU C8EeMUPCKe
femesnuye npu crnywmary Ha Opyay nnaHemy, a Hapo4Yyumo npu
criyumarby Ha 3emMrby.

KrbyyHe pedyu: ekcrniosuja €eKCrisiosusa, CyrnepCoOHUYHO Kpemarse,
fpeHoc morome KOHBEKUUjoM, MfpeHoc monfaome padujayujom,
egekmu ¢hriykca efieKmpoHa, He2amugHU jOHU.
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