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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.

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

Pe swowMme

Beacnne/uean: Ilpu crmycke ¢ OpOMTBI IMOACTA KOCMHYECKHX AlIIAPATOB C NEPBOH M BTOPOH KOCMHMYECKHX CKOPOCTIX 0e3
TEMAOSAIIUTHI C AIOPAAIOMUHUCBON KOHCTPYKIHUEH Ha BbICOTax moaeTa oT 80 kM A0 40 KM IIOAYYCHBI AQHHBIE [0 YBEAUYCHHIO
IAOTHOCTH, AABACHHS H TEMITEPATYPHI 32 POHTOM YAAPHOH BOAHBI, & TAKKE OTXOAA YAAPHOH BOAHBI OT IIOBEPXHOCTH CITyCKAEMOTO
armapara.

Metoapr: Yepes kaxapie 10 KM NPOHSBEACHBI PACYETHI [TOTOKOB SHEPIMH HA IMTOBEPXHOCTH ACTATEABHOIO alllapara Npu
KOHBEKTHBHOM U Ay9HCTOM TEIAOOOMCHE, @ TAKKE IPH YAAPHOM BOSACIHCTBUH SACKTPOHAMM, KOTOPBIC IOAYYCHbI IIPH HOHUSALUH
OTpPHUILIATEABHBIX HOHOB.

Pesyaprarsr: ITpu nepBoil KOCMUIECKON CKOPOCTH HAaMOOABIIMIT IIOTOK SHCPIUH PCAANSYETCS IPH BO3ACHCTBHU IACKTPOHHOTO
IIOTOKA, a IPH BTOPOH KOCMHYECKOH CKOPOCTH — AyYHCTBIH Terma0oOMeH. B yaapHO cxaToM rase Ha BCeX paccMOTPEHHBIX
BBICOTAX [TOACTA AABACHHE IIOBBIIAETCSI MTHOBEHHO A0 3HadeHus 109 + 1011 I'Ta, uTo mpuBOAUT K OCAEAOBATEABHOMY B3PBIBY
C HAPACTAIOIIEH MOIIHOCTBIO U IIPH 3TOM BOSHHUKAIOT YAAPHBIC BOAHBI B OKPY)KAIOIIEH aTMOCpepe U BOAHBI CXKATH BO BCEi
KOHCTPYKLIMH ACTATEABHOTO anmapara. [ JocAeAHMI caMblil MOIHBIH B3PHIB BOSHUKACT Ha BBICOTE ~ 40 KM.

Brisoa: Crryckaemslii anmapar paspymaeTcst Hd OTACABHBIE MEAKHE YACTH BIIAOTh AO MEAKHX ITBIAHHOK.

Koo de BB € CJI 0B a: OTpUIJATCABHBIC HOHBI, KOCMUYECKHH aIlIIAPAT, IACKTPU3AIIN S, KOHBEKTHBHBIN TernaoobMeH,

Ay‘II/ICTbII‘;I TCHAOOGMCH, SABACHHUC MOHHM3ALINH, yAaprlc BOAHBI, BBPI)IB.

ABSTRACT:
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VBoa/umm: 3a CBEMHPCKY ACTECAMIlY OA AyPaAyMHHHjyMa 6€3 3alUTHTHE IIPEBAAKE OTIIOPHE HA TONAOTY, KOja CE CIIyIUTA M3
OpOHTaAHE Iy Tame IPBOM M APYTOM KOCMUYKOM Op3uHOM, Ha BucuHH 0A 80 A0 40 kM, Ao06ujenu cy mopauu o noschamwy rycruse,
IPUTHCKA ¥ TEMIIEPATYPE U3a YAAPHOT TaAaca, KA0 U O OAOHjalby yAAPHOT TAAACA OA MIOBPIUHHE CBEMHPCKE ACTCAHIIC HA CHAA3HO]
TPajeKTOPHjHU.

Mertoae: Mapauynate cy BpeaHOCTH dAyKCca eHEpryje Ka IOBPIIMHH ACTEAHIIE Ha cBakHX 10 KM, 32 IPEHOC TOIAOTE KOHBEKIIU]OM
U PaAMjallijoOM, KaO U 32 YTUI[Qj EAEKTPOHA HACTAAUX jOHH3AL[UjOM HETAaTUBHUX jOHA.

Pesyaratu: Ilpu npsoj xocmuukoj 6psunu Hajeehn ¢ayke eHepruje Hacraje moa yrumajeM (AyKca CACKTPOHA, a IIPU APYIOj
KOCMMYKO]j OP3HHM AOAA3H AO IIPEHOCA TOMAOTC PaAHjallMjoM. Y racy KOMIIPECOBAHOM YCACA YA2pa, HAa CBHM pPasMaTPaHHUM
BHCHHAMA AOAA3H AO TPEHYTHOT ITIOpacTa IpUTHCKa A0 BpeaHocTu 109 + 1011 Pa, o mpoyspokyje AaHuaHE €KCIIAO3H]E CBE Behe
jauMHe, K20 M YAApHE TaAace y OKOAHO] aTMocdepu npaheHe KOMIPECUBHUM TaAacHMa y LICAOKYIIHOj CTPYKTYpH AeTeaune. Ao
IOCACAHSE, HAjCHAKHU]E CKCIIAOSHjE AOAA3H Ha BUCHHH OA OKO 40 KM.

Saxmydak: CBEMHPCKA ACTEAMIIA CE IIPU CACTARY PACIIaAd HA ACAOBE BEAHYMHE YECTHIIA IIpaxa.

KEYWORDS: Heratusuu jOHI/I, CBEMHPCKA ACTCAUILIA, Hanajax—be, MPEHOC TOMAOTE KOHBeKLu/IjOM, IIPEHOC TOMAOTE paAI/IjaLlI/IjOM,
jOHM3aIIHja, YAAPHH TAAACH, EKCIIAO3HjA.

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 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 an experimental fact obtained using the molecular dynamics method together with the X-ray diffraction
analysis.
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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 ¢V;
3 — experimental distribution from the L-band and 4 - from the K-band
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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)

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 atomsare 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 c¢m 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 thermal-protective coating can be approx. 2 m. This
result was shocking. Then the effects of negative ions had to be taken into account.

Tonization 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.c. 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.

L.0SS 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
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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 acrodynamic 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 coatingin the form of pyrolytic graphite
isintensively destroyed. The phenomenon of ablation occurs. The destruction products of duralumin contain
triatomic molecules, for which the electron affinity is approx. 1.785 V. 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 ¢V, 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.

H,km 5 4 6 \ 8 v. km/sec
1 !
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1 |
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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

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 fof approx. 640 MHz, for which

the critical concentration of charged particles is 5.076-105 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.c. 5.076.10* m?. In reality, the concentration of
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3

charged particles in the double electric layer at an altitude of 50 km is ». ~2.10” m™ at a plasma temperature

of 4,000-3,000 K. The plasma frequency is equal to s, =410 +z, Therefore, the frequency of 6.4-10° Hz from
the plasma with a concentration of », ~2-107 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 aliquid 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

%Canda high heat transfer coefficient. What is the reason for this?

3

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

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 k] /mol for sodium and 90.3 kJ/mol for potassium. At a temperature
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of 298 K and even at a temperature of 3.000 K, the decomposition of diatomic molecules N, 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, it appears that the bond breaking between 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

#=507610"/2-10" =254-10°. The temperature at which the degree of ionization decreases by 2.54-10 is determined
rom the Saha equation
from the Saha equat

nn rredi2 EA
——=cT" “expl ———
n k,T

a

(1)

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), adecrease in the degree of negative ions of triatomic carbon molecules ionization to 2.54-107
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 S0 km

-1
p=p. 3"1+ 211&;"- =7.49.107 kg/m®.
y+1 y+

(2)

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 ,7, ~,7,~0.143 ev, and the number of sodium or potassium molecules that will
provide such a reduction in energy equals to v =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, 5

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 . moving at a speed of 7.5 kmz/
s are shown in Fig. 5. The luminance of the double electric layer at altitudes below 180 k72 significantly
exceeds the luminance of the daytime sky and even the polar glows. At a flight altitude of approx. 120 £,
the nonequilibrium luminance is comparable to the amount of solar radiation in the range of 400-500 7

(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 k2 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 350 472, 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
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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 ¢/ appear. Such electrons lead to the effective excitation of the energy levels of atoms and
molecules, 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 472 element, each quanton is
polarized to form a dipole electric moment. The energy spent on creating such a dipole will be

&U:_p?E?s (4)

where p, is the induced dipole electric moment of the quanton and E, 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 spacecratt.

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
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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
Parameters 1

40 50 60 70 80

First cosmic
velocity, M 22 35 2382 2534 2580 26 42
Second cosmic 33.92 35.56 37.04 38.11 39.39
velocity, M

. 5.940 5047 5054 5.955 5957
Density, P/ .. | 5074 5.076 5.078 5.979 5.081

. 584 663 750.1 777.6 815
Density, p/ P, | {243 1.476 1.602 1,605 1.811
Shock wave
backout distance. | 0112 0.112 0.1119 0.1118 0.1118
m 0.1115 0.1115 0.11147 0.11145 0.1114
Temperature at 25.746 27 532 29 357 28505 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° 557-10°
transfer, W/m’ 7.7810° 1.82-10° 7.73510° | 1.24-10° 2.02-10°
Penetration 7.51-10% 1.08-10" 7.81-10" 1.36-10° | 2.00-10*
depth, m 0.169 4.305-10° | 1.68-10° | 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° 153310 | 168-10° 1.65-10° 1.64-10°
Electron flux heat | 2.56-10" 6.98-10° 2.8510° 4.90-10° 7.09-10°
transfer, W/m” 89-10’ 2.31-10° 8.86-10° 1.56-10° 2.34-10°
Pressure in the
boundary layer, 5.48510™ 1.62-10™ | 5.938-10° | 7.088-10° | 1.059-10"
Pa
Ener released 8 5 5
o mi?suﬁam' | | 447710° 1.092-10° | 1.006-10° | 1.367-10° | 1.021-10

-1
pzpw(y_l+ 2 12] : P:Px(l+2—yM2) r=1,22 "
y+1 yv+1M y+1 P ()

where Y 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.
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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
p.(. p.. [8p
A=REZ1 224 =22
2 p \3p

(6)
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

At temperatures above 10.000 K, nitrogen and oxygen molecules will dissociate completely, and then
a=05. As a result of ionization, the air temperature will decrease due to the formation of plasma. Then

(Zeldovich & Raizer, 1966)
TB
3_ .
V (7)

For dry air at a temperature of 2,000 K, the adiabatic index is Y = 1.088. For higher temperatures, we can
assumeyY = 1.

qu’;qb. ~

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 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 afhinity for aluminum are given

in Table 2.

618



LEONID I. GRETCHIKHIN. POSITIVE AND NEGATIVE ROLE OF NEGATIVE I0NS IN COSMIC EXPLORATION

TABLE 2
Energy of dissociation and electron separation in a negative aluminum ion
Atoms, Energy, eV
molecules dissotiation electron
of detachment
Al ~0.406 ~1.785
AL 2.0 2.42
Al (3P) - 0.44
Al - (1D2) - 0.33
AlO. 5.14 3.6
Al ~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

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

(8)

where ky, is the Boltzmann constant, T, is the temperature of shockcompressed 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 facecentered 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 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)

dm_ mg

pr— 2 )
(m, +mg)
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)

where my, is the weight of a solid cluster and mS 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

J,. =—pv.n,
120 »
where p is the density of the air behind the shock wave front.
Energy is transferred to the area of one molecule of a solid body
10 3
Em - J{.ﬂ' rﬂ;
K )

The radius of a triatomic molecule 7, <2155, 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

E
dh=2r, =
cd. (12)

where E, is the molecular bond energy, determined by the boiling temperature. For aluminum, this value

is 3.389-10 . 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

_ 2
N, =2zr’dh P4
m, (13)

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

B N,
2aridh (14)

The temperature of gas of triatomic aluminum molecules is equal to the boiling temperature, i.e. Ty =
2,743 K.

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

EI-I!
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N, =2xr*dhp/m,,

(15)
and the molecules are at the temperature determined according to (7).
The average effective temperature will be
}rr Tmm .ﬁ"r Al + T'I:I h’ i
. N g T N u
' (16)
At this temperature, the following aluminum combustion reactions occurs:
Al + O < AL + AIO +e+1.134el; AL +0 < Al+ AI0+3.14 el
Al+0 < A0 +5.14 €V 17)

The total energy released during the complete combustion of triatomic aluminum molecule is 9.414¢V,
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.

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

I, =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.

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

4
J, =Ko T4, (20)
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where o,=s6710°w.n°x+ 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):

Py

Ar = —
T fu 1)

where fis the electromagnetic radiation frequency, 4 is the magnetic permeability, and #, is the electrical
conductivity of the solid.

In formula (21), the frequency of thermal radiation fcorresponds 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.

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

kh T- i"’-

¢ (22)

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

J,=n,v kT

Kum ? (23)
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and the total energy transferred to the surface by electron impact will be

AE, =J 27r*dh.

(24)

The resulting energy on the metal surface of the incoming solid is the sum of the convective and electronic
heat transfer, i.e. AE = Az, + AE,.

The pressure that arises in the boundary layer is

p=_2L
2rridl

(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).

FIGURE 7
Fracture pattern in a glass plate exposed to an explosion pressure of 2.8.10° Pa
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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

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
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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.

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 takinginto 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 1 0’

to 10" Paand 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) Atan 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.

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 witnessed 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.
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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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