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develop in the entire structure of the spacecraft. The descending 
spacecraft cracks, and its entire structure breaks down into parts. The 
area of interaction increases sharply, and each subsequent explosion has 
a greater intensity and size. 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 Earth.  

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

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

Introduction 
During the exploration of space, there was a problem of retrieving 

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

Various heat-barrier materials were used to protect descending 
spacecraft from the effects of the emerging heat fluxes. For the first 
cosmic velocity, pyrolytic graphite with a thickness up to 5 cm was used 
in the front hemisphere.1) It was assumed that the temperature of the 
shock-compressed gas does not exceed 3500–4000 K. The burning 
behaviour of the thermal-protective coating at such temperatures could 
be studied in laboratory conditions. These studies were carried out, and a 
full analysis of the results taking into account the emission of negative 
ions from the surface was performed (Gretchikhin, 1986). 

                                                 
1) This thickness was sufficient, since the thermal-protective coating burned out 
no more than 3 cm. 
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 Table 1 – Parameters of the air behind the shock wave at the first cosmic velocity 
Таблица 1 – Параметры воздуха за ударной волной при первой космической 

скорости 
Табела 1 – Параметри ваздуха иза ударног таласа при првој космичкој брзини 

 

Parameters 
Altitude, km 

40 50 60 70 80 

First cosmic velocity,  
Mach 

22.35 23.82 25.34 25.80  26.42 

Density,  /  5.940 5.947 5.954 5.955 5.957 

Pressure, РР /  584 663 750.1 777.6 815 

Shock wave shift 
distance, m 

0.112 0.112 0.1119 0.1118 0.1118 

Temperature at the 
wave front, K 

25 746 27 532 29 357 28 595 28 057 

Temperature of the 
shock-compressed 
gas, K 

6437 6883 7339 7149 7014 

Effective temperature 
of the compressed gas, 
K 

6434 6880 7337 7146 7012 

Convective heat 
transfer, W/m2 

2.01 107 5.48 106 2.24 106 3.85 105 5.57 104 

Penetration depth, m 7.51·10-2 1.98·10-2 7.81·10-3 1.36·10-3 2.00·10-4 

Radiative heat transfer, 
W/m2 

4.86 106 6.35 106 8.21 106 7.39 106 6.85·106 

Electron flux heat 
transfer, W/m2 

2.56·107 6.98 106 2.85 106 4.90 105 7.09·104 

Pressure in the 
boundary layer, Pa 

5.485·1010 1.62·1010 5.938·109 7.088·109 1.059·1010 

Energy released on the 
surface, J 

4.477·106 1.092·106 1.096·105 1.367·105 1.921·105 

 
Flight speeds are much higher than the speed of sound. In this case, 

the density, pressure and temperature of the gas in the shock wave can 
be determined by the formulas (Gretchikhin et al, 2012). 

ߩ ൌ ஶߩ ቀ
ఊିଵ

ఊାଵ


ଶ

ఊାଵ

ଵ

ெమቁ
ିଵ
; ߩ ൌ ஶߩ ቀ1 

ଶം
ఊାଵ

ଶቁܯ ; ܶ ൌ ܶ
ఘಮ
ఘ



ಮ
       (1) 

where   is the ratio of the specific heat capacities of the gas at constant 
volume and constant pressure; and M is the Mach number. Specific 
calculations for a sphere with a radius of 1 m at different altitudes are 
given in Table 1. At all altitudes, the temperature directly in the front 
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The input data on the energies of dissociation of diatomic molecules, 
detachment of atoms in triatomic molecules and electron affinity for 
aluminium are given in Table 2. 

 
Table 2 – Energy of dissociation and detachment of an electron in a negative 

aluminium ion 
Таблица 2 – Энергия диссоциации и отрыва электрона в отрицательном ионе 

алюминия 
Табела 2 – Енергија дисоцијације и одвајање електрона у негативном јону 

алуминијума 
 

Atoms, 
molecules 

Energy, eV 

dissociation 
Electron 
detachment 


3Al  

~ 0.406 ~ 1.785 


2Al  

2.0 2.42 

Al  (3P) 
- 0.44 

Al  (1D2) 
- 0.33 

AlO - 
5.14 3.6 


2AlO  

~ 2.51 4.1 

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

Convective heat transfer  

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

The clusters themselves are formed by diatomic or triatomic 
molecules.  

 
The structure of clusters of diatomic molecules with experimental 

confirmation is reported in (Gretchikhin et al, 2015a) and (Gretchikhin, 
2008), of triatomic molecules – in (Gretchikhin et al, 2015b) and 
(Gretchikhin, 2008).  

 
Aluminium clusters are formed by triatomic molecules as shown in 

Fig. 2.  
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external particles acting on the surface of the spacecraft is received. The 
second coordination layer of the cluster is destroyed before the melting 
temperature is reached, and the first coordination layer is destroyed after 
the melting temperature is reached. Near the boiling temperature, the 
number of molecules in a cluster is approx - 6 (Gretchikhin et al, 2015b). 
When air molecules collide with clusters on the surface of a solid, 
the energy transfer ratio is (Gretchikhin, 2008). 

݊ ൌ
ସೌೞ

ሺೌାೞሻమ
       (6) 

where bm  is the weight of a solid cluster, and Sm  is the average effective 

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

solid surface is  

ܬ ൌ
ଽ

ଵଶ
ݒߩ

ଷ

்
݊       (7) 

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

The energy consumption of a single molecule of the solid: 

ܧ ൌ
ଵ

ଽ
ଶݎߨܬ        (8) 

The radius of a triatomic aluminium molecule am rr 155.2 , and ar  is 

the radius of an atom of the solid, obtained by the radiographic method, 
approx. 1.43Å. At each altitude, an aluminium object loses its weight to a 
depth  

݄݀ ൌ ݎ2
ா
ாсв.

       (9) 

where .свE  is the molecular bond energy, which is determined by the 

boiling temperature. For aluminium, this value is 3.389·10-20J. The results 
of the calculation of the depth of complete dissociation of the main 
clusters according to (13) are given in Table 1. It takes only ¾ of the total 
heat flux in convective heat transfer. The remaining part of the convective 
energy flux is absorbed by intercluster hollows preventing the destruction 
of the solid (see Fig. 2b). 

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

ܰூ ൌ ଶ݄݀ݎߨ2
ఘಲ
್

      (10) 

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

݊ ൌ
ேಲ

ଶగమௗ
   (11) 

The temperature of the gas of triatomic aluminium molecules is 
equal to the boiling temperature, i.e. .кипT  = 2770K. 
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The results of the obtained radiant energy fluxes at different altitudes 
are given in Table 1. The energy flux in radiative heat transfer penetrates 
through the solid to the skin layer depth. If the solid receives external 
radiation, then the thickness of the skin layer can be determined 
according to the formula (Gretchikhin, 2016): 

Δݎ ൌ ට
ఘэ
గஜ

       (18) 

where f  is the electromagnetic radiation frequency,  is the magnetic 

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

In formula (18), the frequency of thermal radiation f  corresponds to 
the maximum of the radiation flux density distribution function per unit 
frequency interval according to the Planck formula. Therefore, the 
obtained specific values of the absorption thickness are much smaller 
than the thickness of the aluminium cluster. This means that all incident 
radiation is completely reflected from an aluminium surface with a close-
packed structure (Fig. 2b). The absorption of the radiant flux takes place 
at defects of the crystalline structure and the centres of cluster 
formations. For an ideal surface, absorption occurs only by the centres of 
cluster formations and is approximately 1/10, and as the surface transits 
to the liquid state, the ratio of the absorbed radiant flux energy increases, 
and the radiant flux contributes to the destruction of both a metal and a 
dielectric moving object.  

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

Electron impact energy flow 
Negative ions from the aluminium surface are emitted in the form of 

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

 

Δܷ ൌ
್்್


⋅  (19)      ܤ
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parts. At the same time, the effective interaction surface between the 
solid and the shock-compressed air increases. The magnitude of the 
explosion energy is increasing in succession. The explosion fire cloud 
also expands. Finally, small fragments of the spacecraft fall onto Earth. 
This was experimentally confirmed when the long-term orbital station 
MIR-1, with the main structure made of duralumin without a thermal-
protective coating, entered dense atmospheric layers. 

Conclusion 
From these studies, the following wasconcluded: 
 
1. For the descent trajectory of the Soyuz series spacecraft with the 

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

 
2. The effective temperature of the shock-compressed gas reaches 

its maximum value of 7340 K at an altitude of 60 km. At altitudes of 80 
and 40 km, it reaches 7000 K and 6400 K, respectively. 

 
3. Calculations were made of the energy fluxes to the surface of the 

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

 
4. The increase in pressure in the boundary layer at the spacecraft 

surface was calculated taking into account the burning of negative ions of 
triatomic molecules of aluminium with the formation of AlO molecules. At 
all considered altitudes, the pressure rises instantly to a value of 109 to 
1010 Pa and more, which is typical for explosion of various explosives. 
Each subsequent explosion produces shock waves in the surrounding 
atmosphere and compressive waves in the entire structure of the 
spacecraft. The descending spacecraft cracks, and its entire structure 
breaks down into parts. The area of interaction increases sharply, and 
each subsequent explosion has a greater intensity and size. After each 
explosion, the energy flux to the surface stops due to shielding for all 
types of heat transfer. After the dispersion of the explosion products, an 
intense flux of energy reappears on the surface of the descending 
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площадь взаимодействия, и каждый последовательный взрыв 
возрастает по своей мощности и соответственно в размерах. 
Последний самый мощный взрыв происходит на высоте ~ 40 км, 
после которого на Землю падают отдельные обломки 
летательного аппарата.  

Вывод: Освоение космического пространства с полетом на другие 
планеты возможно только при тщательном изучении взрывных 
процессов у поверхности спускаемого аппарата на других 
планетах, а особенно при спусках на планету Земля. 

Ключевые слова:  взрыв взрывчатых веществ, сверхзвуковое 
движение, конвективный теплообмен, лучистый теплобмен, 
эффекты потока электронов, отрицательные ионы. 

ЕКСПЛОЗИЈА ГРАНИЧНОГ СЛОЈА ПО УЛАСКУ СВЕМИРСКЕ 
ЛЕТЕЛИЦЕ У ГУСТЕ СЛОЈЕВЕ ЗЕМЉИНЕ АТМОСФЕРЕ 

Леонид И. Гречихин 

Белоруска државна академија за комуникације, 
Минск, Република Белорусија 
 
ОБЛАСТ: машинство 
ВРСТА ЧЛАНКА: оригинални научни рад 

Сажетак: 

Увод/циљ: Анализиран је суперсонични ток око сфере 
полупречника 1м на висинама од 80 до 40 км. 

Методе: Разматрана је силазна трајекторија при првој 
космичкој брзини, слична трајекторији свемирске летелице 
Сојуз с алуминијумском структуром без топлотне заштите. 

Резултати: За гас између фронта ударног таласа и површине 
свемирске летелице при спуштању добијени су подаци о повећању 
густине, притиска и температуре иза фронта ударног таласа, 
као и о померању ударног таласа од површине свемирске 
летелице у фази спуштања. Ефективна температура гаса 
загрејаног услед удара достиже максималну вредност од 7340 К на 
висини од 60 км. На висинама од 80 и 40 км ефективна 
температура је 7000 К, односно 6400 К. На основу података о 
термодинамичком стању гаса иза ударног таласа на сваких 10 км, 
израчунати су флуксеви енергије ка површини свемирске летелице 
за пренос топлоте конвекцијом и радијацијом, као и за утицај 
електрона насталих услед јонизације негативних јона. Показало се 
да је пренос топлоте радијацијом најзначајнији. Утврђен је 
механизам сагоревања негативних јона триатомских молекула 
алуминијума са формирањем AlO молекула и добијени су подаци о 
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