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Abstract:

Introduction/purpose: At altitudes of 80 to 40 km, while the spacecraft
made of duralumin without a thermal-protective coating was descending
from the flight orbit at the first and second cosmic velocities, data were
obtained on the increase in density, pressure, and temperature behind the
shock front, as well as on the backout of the shock wave from the surface
of the descending spacecraft.

Methods: Calculations were made of the energy fluxes on the surface of
the spacecraft for every 10 km, for convective and radiative heat transfer,
as well as for the impact of electrons produced due to ionization of
negative ions.

Results: At the first cosmic velocity, the greatest energy flux is realized
under the influence of an electron flux, and at the second cosmic velocity,
radiative heat transfer occurs. In the shock-compressed gas at all the
considered altitudes, pressure increases instantly to a value of 109 + 1011
Pa, which leads to a sequential explosion with increasing power resulting
in shock waves in the surrounding atmosphere and compression waves in
the entire aircraft structure. The last most powerful explosion occurs at an
altitude of approx. 40 km.

Conclusion: The descending aircraft is destroyed into separate small parts
to the size of small dust particles.

Key words: negative ions, spacecraft, charging, convective heat
transfer, radiative heat transfer, ionization phenomenon, shock waves,
explosion.

Introduction

During flights of rockets and spacecraft in near and far space, as
well as in the Earth's atmosphere, many new discoveries were made due
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to the interaction of aircraft with the environment. Let us list some of
them:

1. When rockets fly at an altitude of 91-131 km, only negative ions
of atoms and molecules, both of the surrounding space and of various
particles adsorbed on the rocket surface, are present in the boundary
layer near the rocket surface (Johnson & Keppner, 1956).

2. At high altitudes above the Karman line, a powerful charging of
rockets and spacecraft occurs (Gretchikhin, 2018a).

3. During the reentry, the heat-protective coating burns at the first
and the second cosmic velocities (Gretchikhin, 2018c).

4. There is a loss of radio communication with descending Earth
satellites aircraft at altitudes of 80-20 km (Gretchikhin, 2016, and
Gretchikhin, 1986).

5.In the free-molecular and transient flow regimes, the
"Gretchikhin's effect" occurs (Gretchikhin, 2018a), (Gretchikhin, 2018c),
(Gretchikhin, 2016), (Gretchikhin, 1986) and (Gretchikhin, 2003).

6. When charged bodies fly in the process of interaction with a
physical vacuum, friction occurs (Gretchikhin, 2018b), which prevents
flights in deep vacuum.

7. During aircraft reentry with a second or higher cosmic velocity, a
cascade of explosions of the boundary layer occurs (the Chelyabinsk
meteor).

Some of these problems are solved and practically used, but most of
them require in depth studies or creation of new theories, identification of
new properties and making new discoveries. Let us take a closer look at
the level at which a particular problem has been solved and outline the
ways to improve them.

Negative ions on the surface of the condensed matter

The condensed matter in the form of a solid body consists of
clusters. Clusters are formed by diatomic or triatomic molecules. In a
solid, the interaction of clusters determines a different crystal structure
with its distribution of atoms within the crystal. Between the clusters, a
free space is formed, in which the initial particles of matter, which
perform translational movement between the clusters, are located. The
density of particle-particle packing in the cluster corresponds to the
crystal packing density (0.68-0.74). The packing density of free matter
particles in the intercluster volume is 0.44-0.47 (Elanskij, 1991). This is
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an experimental fact obtained using the molecular dynamics method
together with the X-ray diffraction analysis.

In the formation of cluster structures, the valence electrons of
molecules and atoms are generalized and create a cloud of free
electrons. Previously, it was believed that the electrons in such a cloud
follow the Fermi-Dirac distribution by energies. This is a rather rough
representation. Experimentally, the distribution of free electrons by
energies for a number of metals was obtained using the X-ray diffraction
analysis. For example, Figure 1 shows such a distribution for an
aluminum crystal, obtained from the K- and L-bands of characteristic X-
ray radiation. The theory of this phenomenon is developed and presented
in works (Gretchikhin, 2004) and (Gretchikhin, 2008). The calculation
results are shown in Fig. 1 for aluminum and in Fig. 2 for chromium.
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Figure 1 — Distribution of the electron density of valence electrons by energies for
aluminum:
1 — theoretical calculation;
2 — theoretical calculation taking into account the U-shaped hardware broadening with an
energy of 0.05 eV;
3 — experimental distribution from the L-band and 4 — from the K-band

Puc. 1 — PacnpedeneHue 3reKkmpoHHOU Mr0mHOCMU 8a/1€HMHbIX 3/1EKMPOHO8 10
aHepausim 0515l armoOMUHUS:
1 — meopemuyeckuli pac4yem;
2 — meopemuyeckuli pacdem ¢ yyemowm [1-06pa3Ho20 arnnapamH{ozo yWupeHus ¢
aHepeauel 0,05 aB;
3 — akcnepumeHmarnsHoe pacrnpedeneHue u3 L- nonocs! u 4 — u3 K-rnonocsl

Cnuka 1 — PacrnioOena efleKmpoHCKe 2ycmuHe 8aneHmHUX efleKmpoHa o eHepaujama
3a anyMuHUjym:
1 — meopujcku npopayyH;
2 — meopujcKu rpopayvyH Koju y3uma y ob3up npowupusarbe xaposepa l1-obnuka
eHepaujom 00 0,05 eV;
3 — ekcriepumeHmarnHa pacnodena u3 3oHe J1u 4 — u3 3oHe K
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Figure 2 — Distribution of the electron density of valence electrons by energies
for chromium:
a) — clusters of diatomic molecules;
b) — clusters of triatomic molecules (the dotted line shows the distribution
obtained using the band theory of metals)
Puc. 2 — PacrnipedernieHue 311eKmpoHHOU MI0MHOCMU 8areHMHbIX 3/1eKMPOHO8 M0
Hepausim Orisi Xpoma:
a) — krnacmepbi U3 08yXamoOMHbIX MOMEKYI1;
6) — knacmepbl U3 MpexamoMHbIX MOJIEKY/ (MyHKMUPOM roKa3aHo pacripedeneHue,
roy4yeHHoe ¢ MpUMeHeHUeM 30HHOU meopuu Memarisos).
Cnuka 2 — Pacriolerna efleKmpoHCKe 2yCmUuHe 8a/1eHMHUX efleKmpoHa o eHepaujama
3a Xpowm:
a) knacmepu 080amMOMCKUX MOsIeKyna;
6) krTacmepu mpoamoMcKUX Moriekyna (ucripekudaHa JluHuUja rnokasyje pacrnooerny
dobujeHy kopuwherwem meopuje 30Ha Mmemara)

The electron density distribution varies depending on the type of
cluster structures. This is clearly seen for chromium when clusters are
formed by diatomic or triatomic molecules (Fig. 2). As a result of this
phenomenon, a double electric layer is formed above the crystal surface.
If the atoms of a crystal have an affinity for an electron, then, on the
surface, they capture electrons from the double layer and remain in the
form of negative ions. This fact was experimentally established and
described in works (Gretchikhin, 2019) and (Shmermbekk et al, 2020).
When such a crystal is placed in a vacuum, then due to thermal
emission, free negative ions will appear on the surface of the crystal,
which was discovered when the first rockets were launched into space
(Johnson & Keppner, 1956).

Under the influence of the incoming flux of neutral atoms and
molecules of the environment, negative ions leave the surface of the
solid body, and a double electric layer is created with the laying of a
positive potential on a moving object in space. There is a spacecraft
charging phenomenon.
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Spacecraft charging in space

At high altitudes, artificial Earth satellites (AES) fly in the free-
molecular flow regime. The atoms and molecules of the environment
bombard the surface of the aircraft. At high altitudes, oxygen atoms are
present in a fairly large amount in the Earth's atmosphere. Due to
physical adhesion, oxygen atoms surround the surface of the aircraft and
create an oxygen film. Under the action of the incoming flux, the atoms of
the incoming flux are exchanged with oxygen atoms, which leave the
surface of the aircraft in the form of negative ions. As a result, the aircraft
surface is positively charged. The charging theory was developed and it
was found that the induced potential on the surface of the aircraft flying at
altitudes above 1.000 km can reach approx. 1.5 kV. This potential
disables all the electronics of the artificial Earth satellite through the
common wire. During the first flights of the AES, this phenomenon was
observed. It was necessary to put electrostatic sensors on the satellites
and compensate for the satellite potential. Now this is all in the past,
when, in the initial period of space exploration, it was not clear why
satellites fail at high altitudes.

Burning of heat-protective coating at the first and
second cosmic velocities

With the development of rocket technology, the space development
began. The aircraft return from space takes place at the first cosmic
velocity of approx. 7.5 km/s, and at the second cosmic velocity, it is
approx. 11.2 km/s. At such velocities, powerful shock waves occur. The
air is heated to high temperatures behind the shock wave. Various heat-
barrier materials were used to protect descending spacecraft from the
effects of emerging heat fluxes. For the first cosmic velocity, pyrolytic
graphite with a thickness of up to 5 cm was used in the front hemisphere.
This thickness was sufficient, since the thermal-protective coating of no
more than 3 cm in size burned out.

During the spacecraft reentering at the second cosmic velocity, the
heat-protective coating should be destroyed more intensively. The
problem appeared: how can descending spacecraft be safely retrieved
under such conditions? The temperature is very high in the emerging
shock wave. Intense convective and radiative heat transfer occurs.
Without taking into account the effects of negative ions, the theoretical
calculation has allowed to establish that the thickness of burn-out of the
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thermal-protective coating can be approx. 2 m. 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 forms such a net energy flux that an
explosion of the skin layer occurs. At this moment, heat stops coming to
the spacecraft surface. The theory of such a phenomenon was
developed and the calculations performed showed that the heat-
protective coating at the second cosmic velocity should burn less than at
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 burn-out thickness of
approx. 3 cm. The combustion of the heat-protective material at the
second cosmic velocity does not occur continuously, but in separate
explosive pulses, and they shield the heat flux to the surface of the
spacecraft.

Loss of radio communication with the descending spacecraft

The first launchings of geophysical rockets of the R-1, R-2, and R-5
type in the USSR allowed establishing that the loss of the radio
communication occurs at the most important section of the rocket
descent from flight altitudes from 80 km to 20 km. From 1959,
preparations for a human flight into space began. However, the main
obstacle to the implementation of such a flight was the lack of reliable
radio communication in a particularly dangerous area of the flight, where
powerful shock waves occur, and radio communication is lost.
Theoretical calculations of the plasma parameters under the influence of
aerodynamic heat fluxes showed that communication in the meter range
of radio waves should not be disrupted. In the event of a breakdown of
communication flight segment when entering dense layers of the
atmosphere, where powerful shock waves are formed, a person cannot
be launched into space. Burning of the heat-protective coating consisting
of pyrolytic graphite began to be studied.

When the satellite descends at the active part of the flight, the air
behind the shock wave heats up to a temperature of over 1.000 K with a
maximum at the first cosmic velocity of up to 10.000 K, and at the second
one — up to 15.000 K. At such high temperatures, the heat-protective
coating in the form of pyrolytic graphite is intensively destroyed. The
phenomenon of ablation occurs. The destruction products of duralumin
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contain triatomic molecules, for which the electron affinity is approx.
1.785 eV. In case of graphite destruction, the emission occurs mainly of
nitrogen dioxide and triatomic molecules, which have an electron affinity
of 2.42 and 2.5 eV, respectively (Babichev et al, 1991), and, therefore,
mainly leave the satellite surface in the form of negative ions. As a result,
a double electric layer appears at the surface of the satellite, within which
plasma with a high concentration of charged particles corresponding to
an arc discharge is created. The calculation of the charged particles
concentration for the descending spacecraft in the form of a ball with a
radius of 1 m is shown in Fig. 3 (Gretchikhin, 2016). If radio
communication is carried out in the meter or decimeter wavelength
range, then, starting from an altitude of 80 km, it completely stops.
To ensure that radio communication is not disrupted, there are two
possibilities: either to introduce a substance with a low ionization energy
(alkali metals) into the double electric layer, which will sharply reduce the
plasma temperature and stop the ionization of negative ions, or to
impose a magnetic field on the plasma of the double layer. The first
possibility is simpler and was therefore applied, but without much
justification.
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Figure 3 — Electron concentration of the double electric layer (1) and the flight velocity (2),
depending on the altitude of the satellite's descent at the first cosmic velocity
Puc. 3 — KoHueHmpauyusi anekmpoHo8 080UiHO20 anekmpuyeckozo crosi (1) u ckopocmb
rnoniema (2) 8 3agucuMocmu om 8bICOMbI CHUXEHUST CIymHUKa rpu rnepeoli KoCMu4eckoul
ckopocmu
Cnuka 3 — KoHueHmpauuja enekmpoHa 08o0cmpykoe eflekmpuyHoe croja (1) u 6p3uHa
nema (2) y 3asucHocmu 00 HaOMOpPCKe 8UCUHe Criywmarba camenuma rnpeom
KOCMUYKOM Bp3UHOM
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When an artificial Earth satellite reenters at an altitude of 50 km, the
flight velocity reaches approx. 7.5 km/s. Radio communication with the
satellite is carried out at the frequency f of approx. 640 MHz, for which
the critical concentration of charged particles is 5.076-10"° m™.

In order for the radio signal to pass completely through the plasma,
the concentration of charged particles in the double electric layer must be
by an order lower, i.e. 5.076-10" m™. In reality, the concentration of
charged particles in the double electric layer at an altitude of 50 km is

n, ~2-10" m® at a plasma temperature of 4,000-3,000 K. The plasma
frequency is equal to f,= 4-10° Hz. Therefore, the frequency of

6.4-10°Hz from the plasma with a concentration of 7, ~2-10" m™ will

be completely reflected. For radio communication, it is necessary to clear
the plasma, which was practically implemented by introducing a liquid
crystal coolant into the combustion zone.

The introduction of a liquid crystal coolant into the front hemisphere
of the descending AES aircraft is schematically shown in Fig. 4. In case
of continuous flow in the front hemisphere of the AES 1 moving at
supersonic speed 4, a shock wave 2 occurs. The normal shock has
the form of a circle with a diameter equal to the size of the descending
spacecraft. The shock wave backout is approx. 17+25 cm. In the process
of injection of a liquid metal coolant, the shock wave is straightened.
The shock wave backout increases slightly, and the Mach cone
increases in size. The resistance to movement increases noticeably. The
temperature behind the shock wave decreases due to an increase in the
gas density and due to the course of endothermic chemical reactions.
This is the active thermal protection for supersonic aircraft. The decrease
in temperature due to an increase in the gas density can be ignored,
since usually a small portion of foreign matter is injected, which also
leads to a relatively weak shock wave backout from the streamlined
body. Consequently, the cooling of the gas behind the shock wave with
active thermal protection occurs mainly due to the course of endothermic
chemical reactions. In aviation, a sodium-potassium alloy is used as a
liquid metal coolant. The mass of potassium is 77.2 % and the mass of
sodium is 22.8 %. This alloy has a melting point of minus 12.8 ‘C and a
high heat transfer coefficient. What is the reason for this?
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Figure 4 — General scheme of injection of the coolant into the front hemisphere:
1 - AES; 2 — shock wave before the injection of the coolant; 3 — after the injection of
the coolant; 4 — speed of AES movement; 5 — speed of the injection of the coolant;
6 — hole for the injection of the coolant

Puc. 4 — Obwas cxema erpbicka meroHocumerns 8 nepedHot nosycgepy:
1 - UC3; 2 — ydapHas eornHa 00 eripbicka mernioHocumerns; 3 — nocre ernpbicka
mennoHocumernsi; 4 — ckopocmb 08uwxeHusi UC3; 5 — ckopocmb ernpbicka
mennoHocumerns; 6 — omeepcmue 01151 8rpbICKa MernioHoOCUMers

Cnuka 4 — Onwma wema ybpuszasarba pacxnadHoa cpedcmea y rnpedmy xemucgepy:
1 — eewmayku camenum, 2 — ydapHuU marnac rpe ybpuszagara pacxsadHoe cpedcmea;
3 — nocne ybpuszasara pacxnadHoe cpedcmea; 4 — 6p3uHa Kpemara 8elWmaykoa
camenuma; 5 — 6p3uHa ybpuszasara pacxnadHoz cpedcmesa; 6 — omeop 3a
ybpu3seasar-e pacxnadHoe cpedcmea

In the liquid state, at the melting point, the bonds between the
cluster formations are broken, and at the boiling point, the cluster
formations break up into individual molecules. In the solid state, sodium
and potassium form a volume-centered structure. This structure is
formed by diatomic molecules. The standard enthalpy of atomization at
25 °C is 91.7 kJ/mol for sodium and 90.3 kJ/mol for potassium.
At a temperature of 298 K and even at atemperature of 3.000 K, the
decomposition of diatomic molecules Na, and K,, which have
a dissociation energy of 0.75 and 0.5 eV, respectively, into individual
atoms is very unlikely. When a volume-centered cluster decays, it is
necessary to break 8 pairs of bonds between diatomic molecules. Taking
this into account, itappears that the bond breaking between
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the molecules in the sodium and potassium cluster is 0.119 and
0.117 eV, and on average, one molecule of potassium or sodium
accounts for approx. 0.059 eV.

For a heat-protective coating at a temperature of 3,000 K, ionization
of negative nitrogen dioxide ions and triatomic carbon molecules occurs.
The degree of their ionization decreases by an amount of

7=5.076-10"/2-10" =2.54.10°. The temperature at which the degree

of ionization decreases by 2.54:10° is determined from the Saha
equation

A _ 32 exp(— E4 J , (1)

n k,T

where, Inc¢'=15,38 EA = 2.5 eV, kg is the Boltzmann constant, and n,,

n, n, are the concentrations of electrons, ions, and molecules,
respectively.

Based on (1), a decrease in the degree of negative ions of triatomic
carbon molecules ionization to 2.54-10 will occur at a temperature of
1,440 K. This temperature is higher than the boiling point of sodium and
potassium. Therefore, clusters of sodium and potassium will not form.
The air density behind the shock wave front at an altitude of 50 km

-1
p=p |y 2 12 ~7.49-10°° kg/m®. 2)
y+1 y+1M

The number of particles per volume unit will be approx.
3.032:10%® 1/m®. Each particle of air reduces its kinetic energy by the
amount of k,T,—k;T, =~0.143 eV, and the number of sodium or
potassium molecules that will provide such a reduction in energy equals
to N =0.143/0.059~ 2,424 . Then the value of the coolant mass, which
will reduce the temperature to 1.440 K, will be

Am = pNMrR*A ~ 0.0463 kg, (3)
that is, only 46.3 grams of a liquid crystal coolant.

At the first cosmic velocity, the emission of negative ions from the
surface of the heat-protective coating due to the course of catalytic
reactions is not sufficiently intense. However, the energy flux that free
electrons transfer due to the ionization of negative ions to the surface of
the satellite should not be neglected when the spacecraft is moving at
either the first or the second cosmic velocity.
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Interaction of artificial Earth satellites with
the environment in the free molecular flow regime.
Gretchikhin's effect

Starting from altitudes of 100 km and above, the continuum flow
changes to the free-molecular regime. In this flight mode, in 1969, the
phenomenon of emission of negative oxygen ions with the formation of a
double electric layer was predicted, in which powerful violet-blue
luminance was formed in the front hemisphere around the AES to flight
altitudes of 500 km with a maximum at an altitude of 110-140 km, mainly
in the Earth's shadow zone. In 1971, during the emergency descent of
the Soyuz-10 spacecraft in the Earth's shadow zone, cosmonauts
visually observed this luminance.

On the basis of theoretical calculations of the thickness of the double
electric layer at different altitudes of flight, the concentration of electrons
and their energy distribution function were obtained. Based on this, the
nonequilibrium radiation of this layer in different spectral lines and
molecular bands of nitrogen and oxygen is calculated. The calculation
results for a ball with a radius of 1 m moving at a speed of 7.5 km/s are
shown in Fig. 5. The luminance of the double electric layer at altitudes
below 180 km significantly exceeds the luminance of the daytime sky and
even the polar glows. At a flight altitude of approx. 120 km, the
nonequilibrium luminance is comparable to the amount of solar radiation
in the range of 400-500 nm (approx. 9.6 W/m?av). The luminance
changes according to the cosine law depending on the angle of attack.

The maximum energy value of the nonequilibrium luminance
corresponds to the flight altitude of approx. 110 km both in the Earth's
shadow zone and in the illuminated zone. In the Earth's shadow zone,
the Meynel bands and the first negative system of nitrogen molecules at
an altitude of 120+140 km give a clearly defined maximum and have the
highest radiation energy.

In accordance with the predictions of the theory, full-scale
measurements were carried out on the long-term space station "Salyut-
4", specially developed in 1974 by the photometric equipment SFM-4M.
At a flight altitude of 350 km, luminance was detected that corresponded
in brightness to the theoretical calculation in the spectral lines of oxygen,
nitrogen, and in the molecular nitrogen band. The cosine distribution of
the luminance over the angle of attack is obtained, as predicted by the
theory. The results of these calculations are shown in Figure 5.
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Figure 5 — Calculation of the height range of the brightness of nonequilibrium luminance
in comparison with experimental data
Puc. 5 — Pac4yem ebicomHo20 xoda sipKocmu HepasHO8EeCHO20 C8EYEHUS 8 CPasHeHUU
C 3KcriepumMeHmarsibHbIMU OaHHbIMU
Cnuka 5 — U3padyyHasarbe oriceza jayuHe HepasHOMeXHe cjajHocmu y rnopehery ¢
eKkcriepuMeHmarsnHum nodayuma

Similar results in the United States were obtained on the Shuttle,
STS-41, and Spacelab-1 spacecraft (McMahon et al, 1983) and (Prince,
1985) ten years later. The results of these measurements, which
coincided with the theoretical calculation, are also shown in Figure 5. The
explanation of the observed frontal luminance by chemiluminescence
Prince (Prince, 1985) and Engebretson and Hedin (Engebretson &
Hedin, 1986) and the Papadopoulos discharge model (Papadopoulos,
1983) is not able to withstand criticism.

Another phenomenon caused by the interaction of a solid body with
particles of near-Earth space with the participation of negative ions
should be noted. Under dynamic equilibrium conditions, the flow of
ambient electrons is partially compensated by the flow of negative ions
that escape into the surrounding space. As a result of the chemical
reactions of negative ion ionization, superthermal electrons with an
energy in the range of 0.4...3.6 eV appear. Such electrons lead to the
effective excitation of the energy levels of atoms and molecules,
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the spontaneous emission of which for forbidden oxygen lines is
significantly delayed. Therefore, at some distance from the spacecraft, a
pink-red halo should appear, and the satellite trail should also have the
same color. A pink-red halo was indeed detected with a maximum at a
distance of approx. 1 m from the spacecraft (Papadopoulos, 1983).

In outer space, plasma and ion engines are used to perform various
maneuvers. When such engines are running, the spacecraft is negatively
charged to significant potentials. The movement of a charged body in a
vacuum has a noticeable friction. Let us consider this phenomenon in
more detail.

Interaction of charged particles with vacuum

When charged bodies move in vacuum, their kinetic energy
decreases due to the vacuum polarization (Gretchikhin, 2018b).
Spacecraft that use plasma or ion engines are effectively charged, and
there is noticeable friction against vacuum. A charged spherical body
with the radius R when moving in vacuum creates a spherically
symmetric electric field, and this field polarizes the quantons” of the
physical vacuum. As a result, at a distance r from the charged body in

the spherical volume 47zr2dr element, each quanton is polarized to form

a dipole electric moment. The energy spent on creating such a dipole will
be

AU=-p E.. )

where P, is the induced dipole electric moment of the quanton and £,

is the electric field strength generated by a charged cosmic body. An
increase in the intensity of the external field increases the internal energy
of the quanton, and a decrease in the external field leads to dipole-dipole
radiation of the quanton energy into the surrounding space.

The mechanism of such friction has yet to be studied in detail.
It is especially important to justify the influence of negative ions on

the processes of energy release in the boundary layer during the
launching and the reentry of spacecraft.

Y Full justification of the quanton is given in work (Gretchikhin, 2016).
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Explosion of the boundary layer. Gretchikhin's theory

During the exploration of space, there was a problem of retrieving
spacecraft reentering the Earth's atmosphere at the first and the second
cosmic velocity. The formation of powerful shock waves leads to a
noticeable heating of the surface of the descending spacecraft due to
convective and radiative heat exchange with the high-temperature gas
behind the shock wave. To ensure the safety of the descending
spacecraft, a heat-protective coating was used, the destruction of which
did not allow heat energy to penetrate into the spacecraft. 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 have
been beyond our vision for a long time.

Depending on the type of the chemical reaction (endothermic or
exothermic), additional cooling or heating of the heated air behind the
shock wave takes place. Exothermic reactions with the release of energy
are especially dangerous. Therefore, let us have a closer look at
the dynamics of the destruction of the descending spacecraft surface
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. It is necessary to find out what energy is released
and how it will affect the dynamics of the descending spacecraft flight. It
is important to find out what happens when space bodies descend at the
first and, especially, at the second cosmic velocity.

When a spacecraft descends from the orbit, a shock wave begins to
form at an altitude of approx. 80 km. As the altitude decreases, the
velocity increases slightly, reaching a maximum at an altitude of 40 km.
The change in flight velocity with altitude for the descending Soyuz series
spacecraft is given in Table 1. Flight velocities are much higher than the
velocity 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).
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Table 1 — Parameters of the air behind the shock wave at the first and second cosmic

velocity

Tabnuya 1 — lNapamempsbi 8030yxa 3a yOapHoU 8onHoU npu nepsoll u 8mopol
KOCMUYECKUX CKOpOCMSIX

Tabena 1 — lNapamempu ea3dyxa u3a ydapHo2 manaca rnpu rnpeoj u dpy20j KOCMUYKOJ

6p3uHu
P ¢ Altitude, km
arameters 40 50 60 70 80

First cosmic
velocity, M 22.35 23.82 25.34 25.80 26.42
Second cosmic 33.92 35.56 37.04 38.11 39.39
velocity, M
Density, p/ p 5.940 5.947 5.954 5.955 5.957

’ © | 5974 5.976 5.978 5.979 5.981
Density, p/ p 584 663 750.1 777.6 815

’ © | 1.343 1.476 1.602 1.695 1.811
E:glf(')‘u‘;"gﬁance 0.112 0.112 0.1119 01118 0.1118
o 1 0.1115 0.1115 0.11147 0.11145 0.1114
Temperature at 25.746 27.532 29.357 28.595 28.057
the wave front, K | 58.913 61.013 62.423 62.096 62.081
Temperature of
the shock- 6.437 6.883 7.339 7.149 7.014
compressed gas, | 14.728 15.253 15.606 15.524 15.520
K
Effective
temperature of 6.434 6.880 7.337 7.146 7.012
the compressed 14.725 15.250 15.602 15.521 15.517
gas, K
Convective heat | 2.01-10’ 5.48-10° 2.24-10° 3.85-10° 5.57-10*
transfer, W/m? 7.78-107 1.82:10" 7.735-10" | 1.24-10° 2.02:10°
Penetration 7.51-107 1.98:-10° 7.81-10° 1.36:10° 2.00-10™
depth, m 0.169 4.395-102 | 1.68:107 3.00-10° 4.45-10°
Radiative heat 4.86-10° 6.35-10° 8.21-10° 7.39-10° 6.85-10°
transfer, W/m? 1.33-10° 1.533-10° | 1.68-10° 1.65-10° 1.64-10°
Electron flux heat | 2.56-10’ 6.98-10° 2.85-10° 4.90-10° 7.09-10*
transfer, W/m? 8.9-107 2.31-10" 8.86-10° 1.56-10° 2.34-10°
Pressure in the
boundary layer, 5.485:10"° 1.62:10"° | 5.938:10° | 7.088-10° | 1.059:10"
Pa
Energy released | 4 177405 | 1002:10° | 1.096-10° | 1.367-10° | 1.921-10°

on the surface, J
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y+1 y+1M? y+1 Yo,
where 7 is the ratio of the specific heat capacities of the gas at constant

volume and constant pressure; M is the Mach number. Specific
calculations for a sphere with a radius of 1 m at different altitudes are
given in Table 1. Directly in the front of the shock wave at all altitudes
of flight in the compression shock wave, the temperature is very high.

The backout distance of the shock wave from the nose of a
hypersonic vehicle of a given geometry for a direct shock wave can be
determined as follows (Gretchikhin et al, 2012):

-1
A:R'O_"O 1_'0_°°+ §'0_°° ] (6)
p p \3p

High temperatures behind the direct shock wave cause significant
heating of the air atmosphere. Diatomic molecules of nitrogen and
oxygen completely dissociate. 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, 1966) is

P
1,=1,2=" ¢

p P,

At temperatures above 10.000 K, nitrogen and oxygen molecules will
dissociate completely, and then « =0.5. As a result of ionization, the air
temperature will decrease due to the formation of plasma. Then
(Zeldovich & Raizer, 1966)

T
— (7)
-7
For dry air at a temperature of 2,000 K, the adiabatic index is
y =1.088 . For higher temperatures, we can assume y ~ 1.

The results of calculation according to (7) are shown in Table 1. The
temperature of the shock-compressed gas is high, and such a gas should
be considered as plasma. Charged particles are produced in plasma as a
result of 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

-1
pzpw(y_l—i— 2 1) : P:Pw[1+2—7/M2J; T:Top—°°Pi (5)

Loy ®
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electrons when passing through the electrical double layer. The input
data on the energies of dissociation of diatomic molecules, the
detachment of atoms in triatomic molecules, and the electron affinity for
aluminum are given in Table 2.

Table 2 — Energy of dissociation and electron separation in a negative
aluminum ion

Tabnuua 2 — Hepeus duccoyuayuu
U ompbi8a 3/1eKmpoHa 8 ompuuamesibHOM UOHE artoMUHUS

Tabena 2 — EHepauja ducoyujayuje u cenapayuje enneKmpoHa y He2amueHOM jOHY

anymuHujyma

Atoms, Energy, eV
molecules dissotiation electron

of detachment
Aly ~ 0.406 ~1.785
A[Z— 2.0 2.42
Al (3P) - 0.44
Al” (1p2) | - 0.33
AlO. 5.14 3.6
Alg ~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. What are clusters of diatomic
molecules with experimental justification is considered in (Gretchikhin et
al, 2015a) and of triatomic molecules in (Gretchikhin et al, 2015b).
Aluminum clusters are formed by triatomic molecules as shown in Fig. 6.
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Figure 6 — Cluster of triatomic molecules:
a) theoretical calculation; b) experimental confirmation
Puc. 6 — Knacmep mpexamoMHbIX MOMeKyIl:
a) meopemuyeckuli pacyem; 6) aKcriepuMeHmarnbHoe U3MepeHue
Cnuka 6 — Knacmep mpuamoMCKuUX MOfieKyrna: a) meopujcKo uspadyyHasar-e;
6) ekcriepumeHmarHa nomepda

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 in the center have an excess negative
charge, and others — a positive charge. In Fig. 6, these molecules are
shown in different colors. The clusters are flat and interact with each
other by cohesion, and the solid resembles a layer cake. The formation
of clusters occurs by combining the molecules of the first and the second
coordination layers (Gretchikhin, 2004) and (Gretchikhin, 2008). The
energy from the heated gas is transferred to the spacecraft surface by
the collision of air molecules with the solid clusters. Thermal random
velocity of the heated air

where k, is the Boltzmann constant, T, is the temperature of shock-
compressed air, and m, is the average weight of air molecules.

Only 1/6 of air molecules collide directly with the surface. The
molecules collide with the clusters of the solid. In convective heat
transfer, only the surface layer of cluster formations is excited. Clusters
of aluminum are formed by triatomic molecules, producing a face-
centered crystalline structure. Since there is a hollow in the center of a
cluster, which does not receive the impacts of external particles, only
9/10 of the total flow of external particles acting on the surface of the
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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, 2008). When air molecules collide with clusters
on the surface of a solid, the energy transfer ratio is (Gretchikhin, 2004)

4m, mg
= 9)
(ma + mS)

where 1, is the weight of a solid cluster and 7% is the average effective
mass of air molecules in the atomic form equal to approx. 29/2.

Taking into account (8) and (9), the convective energy flux to the
solid surface is

9 3
J. = , 10
c =120 PV (10)

where © is the density of the air behind the shock wave front.

Energy is transferred to the area of one molecule of a solid body
E =%Jcﬂrmz . (11)

m

The radius of a triatomic molecule 7, z2-1551”6, and 7, is the
radius of an atom of the solid, obtained by the radiographic method. At
each altitude, an aluminum object loses its weight to a depth

dh=2r, En. (12)
E

c8.

where Em is the molecular bond energy, determined by the boiling

temperature. For aluminum, this value is 3.389:10%° J. The results of
calculation of the depth of complete dissociation of the main clusters
according to (12) 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 noticeable
destruction of the solid (see Fig. 6).

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

N, =2zr2dnfa (13)

m,
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and the concentration of negative ions of triatomic aluminum molecules
in the shock-compressed gas

ny = . (14)

The temperature of gas of triatomic aluminum molecules is equal to

the boiling temperature, i.e. Zmn =2,743 K.

The total number of air molecules in the shock-compressed air
behind the shock wave

N, =2zr’dhplm,, (15)

and the molecules are at the temperature determined according to (7).
The average effective temperature will be

T3(1,,1,. Z(Tmm.NAl +TONaJ' (16)

N, +N,
At this temperature, the following aluminum combustion reactions
occurs:

Al; + 0 & Al + AIO +e+1.134 eV; Al,+0 < Al+ AIO +3.14 eV

Al+0 < Al0 +5.14 V.
(17)

The total energy released during the complete combustion of
triatomic aluminum molecule is 9.414eV, and the energy of the electron
gas corresponds to the effective temperature of the plasma determined
according to (16). The electron gas ionizes negative ions of aluminum
molecules by electron impact:

Al +e<= Al + 2e. (18)

In this case, the temperature of the electron gas is (Gretchikhin &
Kudrjashov, 1970)

T, =0.55-14-11600=11388 K. (19)

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 noticeable radiation capacity. In this
case, radiative heat transfer must be considered.
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Radiative heat transfer

For 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 « = 0.5. Then

Jy :Ko'szlil)q;.’ (20)

where o, =5.67-10°W.-m K™ is the Stefan constant.

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):

Ap = /P_a, (21)
’ T fu

where £ is the electromagnetic radiation frequency, 4 is the magnetic

permeability, and 0, is the electrical conductivity of the solid.
In formula (21), 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 appeared to be
much smaller than the thickness of the aluminum cluster. This means
that all incident radiation is completely reflected from an aluminum
surface with a close-packed structure (Fig. 6b). The absorption of the
radiant flux takes place in the defects of the crystalline structure and in
the centers of cluster formations. For an ideal surface, absorption occurs
only by the centers of cluster formations and is approximately 1/12, 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 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.
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Electron impact energy flow

Negative ions from the aluminum surface are emitted in the form of
triatomic molecules at the boiling temperature. lonization of negative ions
of aluminum molecules takes place due to the occurrence of reactions
(17) and (18). Both reactions take place in the gas-vapor phase. As a
result of the emission of negative ions from the aluminum surface, the
electric double layer is formed. The potential difference in the electric
double layer is determined by the molecular energy at the boiling
temperature. For aluminum, the potential difference of the double layer is

kaKun. V (22)

e

AU =

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

Je = n;lvekb]—; (23)

un

and the total energy transferred to the surface by electron impact will be
AE, =J,2xr?dh. (24)
The resulting energy on the metal surface of the incoming solid is
the sum of the convective and electronic heat transfer,
i.8.AE = AE, + AE, .

The pressure that arises in the boundary layer is

_AE
27r®dl

(25)

The values of pressure arising in the boundary layer at different
altitudes are given in Table 1. Such pressures occur during 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. 7 and Fig. 8
(Gretchikhin, 2008).
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Figure 7 — Fracture pattern in a glass plate exposed to an explosion pressure
of 2.8:10° Pa
Puc. 7 — MsobpaxeHue pa3pyweHUs1 CMeKssHHOU nnacmuHbl nod 0asneHueM 83pbiea
2.8:10° Pa
Cnuka 7 — HayuH fioma cmaksieHe nroye U3fioxeHe npumucky ekcrsioauje o0

2,8%X10° Pa

Figure 8 — Meteor flight path, Chelyabinsk, 2013:
1 — the 1st explosion — cracking;
2 — the 2nd explosion — breaking up into separate parts;
3 — the 3rd explosion — the most powerful explosion: the component parts are scattered
over long distances from each other

Puc. 8 — BxoxxdeHue memeopa nod YenssbuHckom, 2013:
1 — nepsbili 83pbi8 — pacmpecKkusaHue;

2 — emopoli 83pbie — pazderieHUe Ha omoesbHble Yacmu;

3 — mpemud 83pbig — Hauboree MOWHbIL: cocmasHble Yacmu pa3bpacbieaem Ha

bonbwue paccmosiHusi dpye om Opyaa

Cnuka 8 — lNymar-a nema memeopa, YerbabuHck, 2013:

1 — npea ekcnnosuja — nyyaH-e;
2 — Opyaa ekcnno3uja — pacriadarbe Ha 0erose;
3 — mpeha, HajcHaxHUja eKcro3uja — pacejagame hpacMeHama Ha 8elUKUM
ylGarbeHocmuma
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A sublimation spot appears in the explosion center. 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 formation of
cylindrical and spherical cracks inside the solid. This stops the flow
of energy to the surface. As a result, a sequence of explosions occurs,
causing breakdown of solid monolith into separate small parts. The
effective interaction surface between the solid and the shock-
compressed air increases. Therefore, there are successive explosions
with increasing intensity. The fire cloud of explosion also grows in size.
Finally, small fragments of the spacecraft fall to the 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. The sequence of explosions
occurred when a meteor fell near Chelyabinsk. There were three
consecutive explosions, and the last explosion was the most powerful
one.

Thus, in the exploration of outer space, humanity is at the initial
stage. Only the first cosmic velocity has been overcome. The exploration
of the Moon and the nearest planets of the solar system involves
overcoming the second cosmic velocity. The "Apollo-11" returned from
the Moon by mere chance. It is necessary to carefully study the entire
dynamics of the flight and the nature of the interaction with the Earth's
atmosphere. Until the entire dynamics of the flight with the second
cosmic velocity is fully explained, it is still necessary to use only
automatic machines.

Conclusions

Let us briefly formulate the obtained phenomena and the results in
the exploration of the outer space:

1. For the descent trajectory of the spacecraft with the structure
made of duralumin without a thermal-protective coating at the first and
second cosmic velocities 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 backout 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 7,340 K for the first cosmic velocity and 15,602 K
for the second cosmic velocity at an altitude of approx. 60 km. At an
altitude of 80 km, it is 7.000 K and 15.500 K, respectively, and at
an altitude of 40 km — 6.400 K and 14.700 K.
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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 ionization of negative ions. In this case, at the
first cosmic velocity, the greatest energy flux is realized under the
influence of an electron flux, and at the second cosmic velocity, radiative
heat transfer appeared to be the most significant.

4. The increase in pressure in the boundary layer at the spacecraft
surface at the first and second cosmic velocities was calculated taking
into account the burning of negative ions of triatomic molecules of
aluminum 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 explosions 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 is greater in 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
spacecraft and a new explosion occurs. As a result, the last most intense
explosion occurs at an altitude of approx. 40 km, after which individual
fragments of the spacecraft fall to the Earth. All this was clearly visible
during the descent of the long-term orbital station "MIR-1" and when a
meteor entered near Chelyabinsk.

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 more than 15.000 K. At such temperatures, the
power of the explosions increases by an order of magnitude. This results
in falling of small debris and even individual dust particles to the Earth,
which was observed when the Chelyabinsk meteor entered the Earth's
atmosphere.

To summarize for meteors entering the Earth's atmosphere:

a) At an altitude of about 80 km, an explosion occurs due to the
formation of shock waves and combustion of negative ions, which leads
to the cracking of the entire monolith of the initial meteor.
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b) After the second explosion, the monolith breaks up along cracks
(into separate unconnected parts) and the area from which negative ions
emit dramatically increases. The concentration of negative ions in the
boundary layer sharply increases so that the power of the next explosion
increases as well.

c) After the third very powerful explosion, individual pieces of the
disintegrated meteor scatter in all directions (All three explosions with
increasing power were withessed when the Chelyabinsk meteor entered
the Earth's atmosphere).

d) The individual parts of the meteor still perform supersonic motion,
but at different speeds and with a chaotic distribution in space. Around
each of them there are explosions, but with less power and not
connected to each other in time. A hissing effect occurs, which was
witnessed when the Tunguska meteor entered the Earth's atmosphere.

Meteors flying around the Sun in great numbers are very dangerous
for the Earth. They are charged and therefore broke in the physical
vacuum (Gretchikhin, 2018b), and may eventually fall to the Earth. For
the planet, it could have disastrous consequences that might be more
terrible than the consequences of an atomic bomb explosion.

The current state of the planet Mars is proof of this. It is believed that
long time ago the explosion of Phaeton led to the formation of the
asteroid belt. Consequently, the fall of asteroids on the planet Mars led to
Phaeton’s destruction. That is why today the surface of Mars is
reminiscent of impact craters of the Moon and the deserts and polar ice
caps of the Earth.
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OTPUUATEJIbHbIX MOHOB B OCBOEHNN KOCMOCA
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PYBPWKA TPHTW: 55.00.00 MALLMHOCTPOEHWE:
55.49.03 AspoanHamuka pakeT U KOCMUYECKUX annapaToB
BWO CTATbW: opuruHanbHas Hay4Has ctaTes

Pe3some:

BedeHnue/uens: lNpu criycke ¢ opbumsl nosiema KOCMUYECKUX aririapamos
C nepsol U 8mMopol KOCMUYECKUX ckopocmsix 6e3 mernno3awumel
¢ JropasmoMuHUe8oli KOHcmpykuyuel Ha ebicomax rosiema om 80 km Ao
40 kM rony4eHbl OaHHble 0 y8enuYeHUro romH{ocmu, OasrieHusi u
memrepamypbl 3a PoHMom ydapHOU 807Hbl, a makxe omxoda
ydapHoU 80/1HbI OM MOBEPXHOCMU CITyCKaeMOe0 arnapama.

Memoodbi: Yepes kaxdbie 10 Km npouseedeHbl pacyemb! 10MOKO8
SHEpauu  Ha  roeepxHocmu  JlemamesibHo20  anrnapama  npu
KOHBEKMUBHOM U Jly4UCMOM mersioobmeHe, a makxe rfpu ydapHOM
80o30elicmeuu  afIeKMpoHaMU, KOmopble ofyYeHbl Mpu UOHU3auuu
ompuyamesibHbIX UOHOS8.

Pesynbmamsi: [pu rnepeoli KocMu4YecKol cKopocmu HaubosIbwuL rnomok
SHepauu pearnusyemcs fpu 8030elicmauu 371IeEKMPOHHO20 ToMoKa, a rpu
8mMopol KOCMUYECKOU CKopocmu — Jlyducmbit mernsioobmeH. B ydapHo
CXXamoMm 2a3e Ha 8Cex PacCMOMPEHHbLIX 8bicomax roriema OaesieHue
rnosbiwaemcsi MeHogeHHo 0o 3HayeHusi 10° + 10" IMa, ymo npusodum k
rocrnedosamesibHOMy 83pbl8y C Hapacmaroweli MOUHOCMbIO U rpu
3mMoM 803HUKatom ydapHble B80/IHbI 8 OKpyXaroulel ammocgepe u
80/IHbI CXamusi 80 8celli KOHCMPYKUUU JflemamesibHo20 arnapama.
lNocrnedHuli cambili MOWHBIL 83pbl8 803HUKaem Ha ebicome ~ 40 Km.

Bbigod: Criyckaembil annapam paspywaemcsi Ha omaoeribHble Mesikue
Yacmu 8raome 00 MESIKUX MbLTUHOK.

Knroyesbie cnosa: ompuuyamersibHble UOHHbI, Kocmudeckul annapam,
3riekKmpu3sayus, KOHBEKMUBHbIU mernnoobmeH, ﬂy'—lucmbl[]
mennoobmeH, sierieHue UoHuU3auuU, ydaprle 80JIHbI, 83PbI8.
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OBNACT: mawwmHCcTBO
BPCTA YJTAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: 3a ceemupcky nemenuyy 00 OypanymMuHujyma 6e3
3awmumHe ripessiake OmMMOpHe Ha morjaomy, Koja ce crywma u3
opbumarnHe nymarbe npeoM U OpyeOM KOCMUYKOM Op3UHOM, Ha
sucuHuU 00 80 0o 40 kM, dobujeHu cy nodayu o rnogehary 2ycmuHe,
fpumucka u memrepamype u3a yOapHoe masnaca, kao u o o0bujary
yO0apHoz majsiaca 00 Mo8pWUHE C8EMUPCKe slemenuue Ha CuiasHoj
mpajekmopuju.

Memode: N3zpadyHame cy epedHOCMU ¢briykca eHepauje Ka rnospuiuHu
nemenuuye Ha ceakux 10 KM, 3a MPEHOC Morsiome KOH8EKUUjOM U
padujayujom, Kao U 3a ymuuyaj efleKmpoHa Hacmarux joHu3auujom
Hea2amugHUX joHa.

Pesynmamu: [lpu npeoj kocMmuykoj 6p3uHu Hajeehu ¢briykc eHepauje
Hacmaje rnod ymuuajem cbriykca erfieKmpoHa, a rnpu 0py2aoj KOCMUYKOj
6psuHu Oona3u 0o npeHoca monnome padujayujom. Y eacy
KomripecosaHoMm ycried ydapa, Ha C8UM pasmampaHuM eucuHama
dosiasu 00 mpeHymHoa riopacma rnpumucka 0o epedHocmu 109 + 1011
Pa, wmo npoy3pokyje rnaH4yaHe ekcrinoduje cee eehe jaduHe, Kao U
yOapHe marnace y OKO/IHOj ammocgbepu rpaheHe KOMMpecusHUM
manacuma y UEeNIoKyrnHoj cmpykmypu nemenuuye. [o nocnedmse,
HajcHaxHuje ekcrinosuje donasu Ha 8UcuHU 00 oko 40 Km.

Sakrpyyak: Ceemupcka nemesiuya ce rpu cremary pacrnada Ha
dernose genudUHE Yecmuya npaxa.

KrbyyHe peyu: HezamugHU JjOHU, cg8emupcKka femenuya, Harnajame,
MpeHoC morsome KOHBEKUUjoM, MpeHoc moraome padujayujom,
JoHu3sauuja, ydapHu masacu, ekcriosuja.
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