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Figure 3. Combined discharge (HF+PRD). NPRD ~200÷400W, Ti ~0,5÷1ms, Fi=1kHz,`NHF ~500W, FHF ~2MHz, Fi,HF ~100÷104Hz, 
Ti,HF≥10µs 

 

 
Figure 4. Scheme of power supply for PCR. CG1,2- command generator, HF- power supply of HF generator, PRD- power supply of 
PRD generator 
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III. Main Experimental Results 
 
The physical processes in heterogeneous plasma 

and its parameters are studied in this work. The 
composition and the concentrations of the final 
species in this PCR are measured. 

The experimental conditions are the followings: 
Mean voltage  200-800V, 
Mean current  2Amp 
Aluminum mass flow rate <0,3G/s 
Water mass flow rate  ~0.3G/s 
Argon mass flow rate  <1.5 G/s 
Tangential gas flow velocity <10m/s 
Axial gas flow velocity <10m/s 
The typical picture of a plasmoid in argon swirl 

flow is shown in fig.6. One can see the different 
locations of hydroxyl-hydrogen (red-violet kernel 
near vortex axis) and AlO (blue halo around this axis) 
in this plasmoid.  

The typical optical spectrum of heterogeneous 
plasma is shown in the fig.7.  One can see that there 
are the atomic optical lines (Al, Н, Ar, electrode’s 
metal atoms), the molecular bands (ОН, AlO, O), the 
continuous spectrum in this figure. Note that a 
continuous spectrum is connected with a hot dusty 
(cluster) particle radiation. The obtained spectra are 
processed. The measured rotation temperature in 
plasma is about of TR~2000-3000К, the atom 
excitation temperature T*~3000K, the black body 
temperature Tb~3500K.  

 
 

Figure 5. The typical pictures of a combined discharge in PCR. HF discharge –right,  combined discharge - left 
 
 
 

 

 
 

Figure 6. The typical heterogeneous plasma 
formation created by vetical electrical DC discharge 
in swirl flow. DC current-1Amp, DC voltage -200V, 
Vt~10m/s, Pst~1 Bar, QAL~0.05G/s, QH2O~0.3G/s 
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The value Ne is estimated by a measured plasma 
conductivity σ in our experiment. The value σ is 
estimated by voltage Vd and current Id measured 
between the electrodes. The diameter D and the 
length L of plasma formation are measured from the 
obtained high-speed frames. The typical value σ is 
about 20 Ohm-1m-1. The typical electron 
concentration in plasma is about of Ne=1014 cm-3. 

The analysis of the final species of output gas 
flow in PCR is fulfilled. It is obtained that the main 
dusty particles are the fine-dispersed Al2O3 particles 
and fine-dispersed Al particles (non-reacted powder). 
The typical average diameter of these dusty particles 
is about 1 µ and less. Note that the typical average 
diameter of initial aluminum particles is about of  
100 µ.  

Hydrogen is evacuated from this reactor by the 
chemical probe. This gas sample is analyzed by the 
chromatograph. The maximal H2 concentration 
measured in this experiment is about 20%. The 
measured hydrogen mass flow rate obtained in this 
demo- reactor is about of 0,1G/sec.  Plasma 
parameters such as electron concentration, 
conductivity, power input are measured in this work.  

It is revealed that there are positive charged 
dusty ions AlO and Al2O3 in cylindrical plasma 
formation, fig.6. 

There is considerable sedimentation of these ions in 
the cathode electrode. So, one can conclude that there 
is localization of the negative charged ions OH- near 
vortex axis in the PCR. The positive ions Al2O3

+ 

(AlO+) are concentrated in plasma halo around 
plasma kernel. In a result a double electric layer is 
created in this plasma formation. High positive 
potential about several kV is measured near external 
boundary of this plasmoid. This double electric layer 
stabilizes this plasmoid considerably. Note that this 
radial gradient electric field can change the plasma- 
chemical kinetics considerably also. This question 
will be studied in detail in future experiments. 
 It is measured that power budget of 
hydrogen generation in this PCR is about  
q=2÷4 eV/ particle. Note that this value q is 
comparable with the one q (CnHm)~ 1 eV obtained by 
plasma catalysis of hydrocarbons [8]. 
 

Aluminum electrodes and liquid water are used 
as reagents in the PCR in some experiments also. 
Erosive aluminum clusters and erosive water clusters 
are created by pulse repetitive HF electric discharge 
in this reactor. The scheme of this PCR is shown in 
the figure 8. One can see that the design of this PCR 
is very simple (Al powder injector and water steam 
injector are absent).  

 

 
 

Figure 7. The typical optical spectrum of heterogeneous H2O-Al plasma formation created in the PCR
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Figure 8. Scheme of Al-water plasma-chemical reactor:  1-
top grounded electrode (Al), 2- down conical electrode 
(Al)+liquid water , 3- ball “hot electrode, 4- Tesla’s coil, 
5- inductor, 6- down cylindrical electrode (container), 7- 
swirl generator, 8- chemical probe, 9- quartz wall 
 

Pulse repetitive HF generator is used in this 
work with the following parameters: 

 
HF frequency  FHF=450 kHz 
Pulse repetitive frequency FM=100-1000Hz 
Pulse duration  Ti=0.5 ms 
Pulse power   <10kW 
Mean power   <1 kW 
 
The stable operation of this PCR in this regime 

is shown in the fig.9. One can see combustion of the 
final products (H2+Al+….) near output nozzle of this 
PCR in open air. Maximal hydrogen mass flow about 
1G/s is obtained in this regime namely. This 
promising optimal regime obtained in this PCR will 
be studied in detail in our future experiments  

IV. Conclusion  
 
1. Stable cylindrical flame of heterogeneous plasma-

assisted reaction of Al-H2O mixture is obtained 
in swirl argon flow in the PCR. 

2. High completeness of Al oxidation in water steam 
at plasma assistance is realized in this experiment. 

3. High electron concentration Ne~1014 cm-3 is 
obtained in Al plume in H2O-Ar flow at plasma 
assistance. 

4. High temperature Tg~3000K is measured in  
Al-H2O plume in the PCR.  

5. Al-H2O chemical reaction assisted by HF plasma 
is studied in this work. Aluminium electrodes and 
liquid water is used in the PCR. Maximal 
hydrogen mass flow rate about 0.1-1G/s is 
obtained in this regime namely. 

6. Heterogeneous plasmoid with strong double 
electric layer in created in H2O-Ar swirl flow. 

 

 

 
 

Figure 9. Plasma chemical reactor with pulsed repetitive 
HF discharge and aluminum electrodes and liquid water 
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The typical value of charged plasmoid’s electric 
potential is about several kV. 

7. It is measured that power budget of hydrogen 
generation in this PCR is about  
q=2÷4 eV/ particle/ 
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Introduction 
 
This work is inspired by the experimental research 
of plasma-assisted combustion of Al particles with 
steam [1]. The resulting products of the process are 
hydrogen and various Al oxides and suboxides. This 
highly exothermic reaction is accompanied by 
condensation of aluminum oxide Al2O3 (alumina) 
with additional heating release. Therefore, if one 
can find a way to condense more aluminum 
suboxides into liquid Al2O3 then temperature of 
final mixture and released amount of hydrogen will 
increase. Detailed mechanism of Al2O3 
condensation is not known well for now, but this 
matter is of great interest for researchers not only 
for understanding of the products condensation 
mechanism but also for better investigation of initial 
combustion stage because of existence of oxide cap 
on Al particles.  

 
Model for simulations 
 
In this work the physical-chemical kinetics 
mechanism of aluminum oxidation by steam is 
analyzed with computer simulation in terms of zero-
dimensional kinetics. Thirty chemical reactions in a 
gaseous phase were considered along with two 
different models of alumina condensation.  

During the simulation we used some 
simplifications that should not influence main 
qualitative results but facilitate the calculations 
significantly. First of all we consider that 
condensation occurs on the macroparticles inputted 
from outside. This is much faster then formation of 
the nucleation centers with later condensation on 
them. Also, we assumed that the radii and 
temperatures of all particles are the same. It allows 
us to avoid time-consuming averaging over the 
particle ensemble. Also we do not consider mass 
and heat gradients and flow around Al and Al2O3 
particle and energy radiation losses from them. 
 
a. Chemical kinetics reactions 

According to experiments with plasma 
assisted combustion of Al in steam temperature in 
discharge zone is above then boiling temperature of 
Al (2791 K). In this case simulation where Al 
oxidation occurs in gaseous phase is correct. Thirty 
chemical reactions occurring in a gaseous phase are 
considered along with the condensation of alumina 
(Al2O3). In this work the following expression for 

rate constants was used: 
 

exp( )n a
i i

EW k T
RT

= ⋅ ⋅ − , (1) 

 
where ki is preexponential factor, Ea - activation 
energy, T - temperature and R - gas constant.  

Chemical kinetics mechanism for 
combustion are listed in Table 1, the rate constants 
for first 18 reactions are taken from [2], for the 
reactions from 19th to 28th are taken from [3], and 
for the two last reactions are calculated from fist 
principles simulation using GAMESS (US) package 
[4].  

Preliminary calculation [5] of gas phase 
kinetics without condensation was performed and 
after reaching the stationary state there was found 
that result temperature and mixture composition are 
far away from what expected from experiment and 
don't agree with results of thermodynamic 
equilibrium calculations (see table 2 below).  

 
b. Alumina condensation from supersaturated 
vapor of Al2O3 

At first we considered simplified model 
based on the microkinetic approach [6]. In that case 
condensation depends on the excess of saturation 
pressure over partial pressure of gaseous Al2O3. For 
more detailed description of the model one can see 
[5]. It was found that condensation of alumina 
effects on chemical composition of mixture and 
energy balance. If we take into account 
condensation then the temperature of the gaseous 
mixture increases slightly. Nevertheless the 
differences between simulation and experimental 
results are significant. In experiments there was a 
huge amount of hydrogen, the temperature was 
about 3000 K and there wasn’t gaseous alumina at 
all. But simulation shows us temperature about 
2500 K (and it continue to decrease) and a lot of 
gaseous alumina after termination of condensation 
because of the saturation pressure of Al2O3 already 
became to exceed the partial one at 2500. One can 
take into account that there is no mention of 
gaseous Al2O3 in numerous experimental papers 
about aluminum oxidation with water and there is 
lack of theoretical information about its 
thermodynamic properties. So it is naturally to 
suppose that such model is irrelevant for the system 
under consideration. 
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This results and absence of gaseous 
alumina in various combustion experiments led us 
to the assumption that formation of liquid phase of 

alumina occurs directly from sub-oxides like Al2O 
and AlO.  
 

 
 

Table 1. Chemical kinetics mechanism 

№ Reaction k, sm3s-1mole-1 K, s-1 n, (T)n  E/R E, kal

1  Al + H2O = AlO + H2 9.60E+13 2868.60 5700.48

2  AlO + H2 = Al + H2O 2.61E+13 2868.60 5700.48

3  Al + H2O = AlOH + H 1.14E+12 442.80 879.93

4  AlOH + H = Al + H2O 1.00E+11 442.80 879.93

5 Al2O3(gas) = Al2O2 + O 3.00E+15 49144.40 97659.75

6  Al2O2 + O = Al2O3(gas) 5.68E+10 1 2944.50 5851.31

7 Al2O3(gas) = AlO + AlO2 3.00E+15 63915.40 127012.68

8 AlO + AlO2 = Al2O3(gas) 2.10E+09 1 -3296.00 -6549.81

9 Al2O2 = 2 AlO 1.00E+15 59335.70 117911.90

10 2 AlO = Al2O2 5.12E+09 1 -5062.00 -10059.21

11 Al2O2 =  Al2O + O 1.00E+15 52466.00 104260.44

12 Al2O + O = Al2O2 2.83E+10 1 -7288.00 -14482.71

13 AlO2 = AlO + O 1.00E+15 44564.60 88558.77

14  AlO + O = AlO2 1.40E+11 1 1230.00 2444.26

15 AlOH = AlO + H 1.00E+15 57725.20 114711.52

16  AlO + H = AlOH 2.65E+10 1 -1930.00 -3835.30

17 AlOH = Al + OH 1.00E+15 66431.80 132013.27

18 Al + OH = AlOH 2.65E+10 1 -580.00 -1152.58

19 H+H +M = H2+M 6.40E+17 -1 0.00 0.00

20  H2+M  = H+H +M 5.88E+18 -1.1 52462.30 104253.08

21 OH+ OH = H2O + O 6.00E+18 1.3 0.00

22 H2O + O  =  OH+OH 6.30E+09 1.3 8542.70 16976.05

23 H + H2O = H2 + OH 1.00E+09 1.5 9346.70 18573.76

24  H2 + OH = H + H2O 2.20E+08 1.5 1758.80 3495.09

25  O + OH = H + O2 2.80E+15 -0.8 -50.30 -99.96

26  H + O2 = O + OH 1.90E+14 8241.20 16376.91

27  O + H2 = OH + H 1.50E+13 4472.40 8887.55

28 OH + H = O + H2 6.90E+12 3517.60 6990.17

29 Al + H = AlH 5.00E+13 1076.89 2140.00

30 AlH = Al + H 1.00E+15 14291.47 28400.00
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с. Alumina condensation from different suboxides 
with “short-lived” Al2O3 

Taking into account the thoughts from 
above we proposed the following model. Liquid 
alumina condensed from various suboxides: AlO, 
Al2O, Al2O2. Gaseous Al2O3 is considered as an 
intermediate compound between gas and liquid 
phase, so we can use our chemical mechanism 
without any changes. After formation Al2O3 can 
condense on the dust particle (if molecule 
encounters particle) or dissociate to oxides. 
Lifetime of Al2O3 molecule is determined with its 
chemical dissociation. Heating of Al- and Al2O3 -
particles and energy losses for Al-evaporation are 
also considered. Here are main equations for model 
with «short-lived» gaseous alumina. Equation (2) 
describes change of concentration of gas-phase 
alumina due to condensation. Next one (3) is heat 
balance; (4) is a change of average particle radius. 
And the last (5) is heating of aluminum and alumina 
particle.  

Index “chem” refers to the chemistry part, 

“liq” – to the condensed phase, “gas” – gas phase, n 
is a concentration of gaseous alumina, qvap – 
specific vaporization heat, W – chemical reaction 
rate, ΔH – chemical reaction heat, Nz – 
concentration of Al2O3 grains, C – heat capacity, T – 
gas mixture temperature, r – particle radius, u – 
thermal velocity of Al2O3 molecules, σ – cross-
section of alumina macroparticle,      ρ – liquid 
phase density, Tliq(r) – temperature inside of 
particles, Qheat – energy losses to the heating of 
particles in equation (5). 
 

 (2) 
 

 (3) 
 

 (4) 

 
Table 2. Comparison with thermodynamic calculations 

 
 Our simulation with short-lived Al2O3 Thermodynamical simulation 

T 3208.4 3251.0 
P 2.4 1.80 

[H] 1.24E-01 1.93E-01 
[H2] 5.76E-01 6.70E-01 
[Al] 7.82E-03 6.55E-02 

[AlO] 2.00E-03 2.59E-03 
[H2O] 3.94E-02 7.07E-03 

[AlOH] 2.94E-02 2.75E-02 
[OH] 3.24E-03 8.78E-04 

 

 
 

Figure 1. Gas temperature for different runs with “short-lived” Al2O3 model 
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 (5) 

The condensation model is as simple as 
possible — if molecules of gaseous alumina collide 
with macro-particle of alumina during their lifespan 
so they condense. Otherwise they dissociate. But 
even such a primitive approach significantly 
changes temperature and composition of mixture 
during simulation.  

 
Results and discussion 
 
On the figure below there are changes in 
concentration of main gas fractures and temperature 
of the whole gas mixture. Initial conditions for this 
calculations was: water steam pressure is 1 atm, T 
of steam is 3000 K (because of heating in discharge 
zone), stoichiometric amount of solid Al (1 mkm 
particles), Al and Al2O3 particles temperature is 300 
K, Al2O3 particles mass is 3.5 g per m3. Alumina 
particles were adding at 1 mks after beginning of 
the calculation. The initial concentrations and size 
of Al2O3 particles was varied but full initial mass of 
condensed alumina was the same in different runs. 
The main qualitative result for this model is 
increasing of temperature and concentration of 
hydrogen and decreasing of aluminum sub-oxides 
concentration. The calculations show us 
temperature in stationary state above 3400 K in 
spite of spending some energy to the heating of cold 
macroparticles (Al and condensation centers). The 
production of hydrogen increases too and that is 
also much closer to the experimental results than 
with previous condensation model.  

Another result is comparison between 
condensation on nano- and microparticles. 
Condensation is faster on smallest particles due to 
increasing of Al2O3 surface exposed to gas. Our 
calculations didn't take into account radiation losses 
from particle but some works (e.g. [7]) said that 
radiation heat losses are less for particles with 
radius 100 nm than 1 mkm. This subject requires 
further accurate consideration.  
Also the resulting concentrations and temperature 
(on the final plateau – see Figure 1) was compared 
with thermodynamic simulation result [8] with the 
same initial conditions (Table 2). There is good 
agreement between these results though our model 
is not very detailed. Presumably the differences in 
temperature and pressure are induced by 
incompleteness of model which does not consider 
alumina vaporization and radiation losses at all. 

 
Concluding remarks 
 

The kinetic scheme was created, this allow 
us to find intermediate oxides during Al2O3-
formation. It was established that using of infinite-
rate kinetics is incorrect for this system. 

It was found that model where 
condensation depends on supersaturation of gaseous 
Al2O3 is incorrect for the system under discussion. 
Based on collisional kinetics model of condensation 
was proposed. The results of simulation with this 
model are in good agreement with thermodynamic 
data. 

The results show that condensation on 
alumina nanoparticles is less time-consuming and 
more useful for heating than on microparticles. 

The further liquid phase formation 
mechanisms research is necessary for full 
understanding of this process. 

It shows that these simple assumptions can 
be useful as basis for later research. The next steps 
are including diffusion processes around the 
macroparticles in our simulation and detail 
consideration of condensation mechanism (may be 
with engaging of molecular dynamics). And taking 
into account not only initial gas heating but other 
effects of discharge too.  
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1. Introduction 
 
There is a growing interest in novel concept for 
hydrogen production and energy conversion based 
on the aluminum combustion with water [1, 2]. This 
concept creates very favorable conditions for 
developing high-performance magnetohydro-
dynamic (MHD) generators. In such generators 
working fluid is hydrogen, which is heated to a 
temperature ~ 3000-3500K.  

High electric conductivity, low molecular 
weight, and high velocity of hydrogen plasma make 
it possible to remove some principal physical 
limitations that hindered the use of MHD 
generators instead of traditional thermal power 
stations. At the same time, the development of 
aluminum-hydrogen technology encounters some 
new problems that range from ensuring the safety 
of high-pressure hydrogen discharge in emergency 
situations to providing effective hydrogen 
purification from alumina dust and reducing 
radiative losses in the MHD tract.  

The oxidation of aluminum with water 
goes with intensive thermal radiation mainly from 
melted alumina drops. In the combustion chamber, 
radiation from burning aluminum drops introduces 
additional appreciable contribution besides the 
alumina.  

In the completely reacted mixture which 
mainly consists of hydrogen and alumina drops one 
can estimate radiation losses based on temperature 
of the mixture and the drops size distribution 
function. The alumina drops size dispersion may 
exceed three orders of magnitude and the drops size 
distribution function has complex structure. 
Moreover, large and small drops distributions may 
be strongly correlated in space. The structure is 
determined by initial aluminum powder size 
distribution and alumina nanodrops which are 
growing from burning aluminum vapor.  

One can easily calculate optical properties 
of spherical alumina drops by classical Mie theory 
using refractive index and absorption coefficient of 
melted alumina. This is enough to calculate reacted 
mixture radiation losses on the walls by radiation 
transport equation or by its radiation diffusion 
approximation. Unfortunately, experimental data 
spread for absorption coefficient of melted alumina 
is too large. Thus, we have to consider the 
calculations as a crude estimation. 

The calculations show that wall radiation 
losses have very complex non-monotonic character 
[3]. Multiple scattering dominates in the flow if 
mean aluminum powder size is about one 
micrometer. In the different parts of the flow path 
with various flow velocities, drops sizes and 
concentrations, the flow optical thickness may vary 
from several hundredths to several tens of unity. 
Thus, effective emissivity of the flow may vary 
from 3% to 35% [3, 4]. Unfortunately, in the 
majority of cases wall radiation losses are 
unacceptably large. So, we have to find new ways 
to remove alumina drops from the flow.  

In the combustion chamber, the calculation 
of radiation losses is complicated by very complex 
way of aluminum drops burning [5, 6]. In this 
paper, we propose a simplified model of burning 
aluminum drops emission and estimate radiation 
losses in combustion chamber. 
 
2. Features of aluminum drops burning 
 
Aluminum powder has been added to solid rocket 
propellants for many years as an extra energy 
source because of the large amount of heat 
generated during the aluminum oxidation reaction. 
In both the propellant and explosive applications, 
one of the main oxidizers that react with the 
aluminum particles is the steam. Aluminum also 
has potential in underwater propulsion applications 
due to its high energy density and ability to react 
with water. 

Thus, research on the combustion 
mechanism of aluminum burning has been an 
ongoing effort [5, 6]. In most papers, aluminum 
burning studies in the combustion products rocket 
propellants which mainly consisting of a gas 
mixture of CO2 and H2O. In the pure H2O vapor 
burning process is faster and at least qualitatively 
the same. Usually thin alumina layer on its surface 
prevents aluminum powder ignition. Entire 
combustion process has five major stages: 

 
– Particle heating with phase transformation; 
– Melting of core and ignition due to 

melting/cracking; 
– Heterogeneous reactions/healing of cracks; 
– Melting of oxide layer to form a cap; 
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– Vaporization of Al with detached 
flame/particle burnout due to heterogeneous 
combustion. 

 
The last stage is of great interest because most of 
the heat and thermal radiation are realized on this 
stage. A drop vaporizes and the aluminum vapor 
burns around the drop (see Figure 1). Cloud of 
alumina nanodrops with high temperature about 
~4100 K condenses around the drop. Then the 
nanodrops diffuse and fall to the drop and grow as 
alumina cap on the drop. The temperature of the 
aluminum drop with alumina cap is limited by 
energy consuming process of aluminum 
vaporization. At air pressure, the temperature is 
about 2400 K [7, 8], which may be much lower 
than temperature of surrounding gas mixture. The 
temperature of alumina nanodrops and aluminum 
drop with alumina cap weakly depends on 
surrounding gas temperature and pressure.  
 

 
 

Figure 1. Conceptual schematic of the combustion an 
aluminum drop 

 

 
 
Figure 2. SEM micrograph of a 70 μm aluminum particle  

quenched 2.5 to 3 msec after ignition [4] 
 
 
This complicated way of aluminum particles 
burning is a fixed experimental fact. A series of 
tests were performed interrupting the burning 
process with a glass slide, and then taking scanning 

electron microscope (SEM) photographs of the 
residual particles [4]. Figure 2 is an example. 
 
3. Optical properties of molten aluminum and 
alumina 
 
While aluminum and its melt have well known and 
predictable optical properties [9], alumina has 
anomalous optical properties. Its absorption 
coefficient abruptly increases at melting point by 
several orders of magnitude [10, 11] and strongly 
depends on impurities, gaseous environment and 
may be thermal history of a sample. That is why 
experimental data spread for absorption coefficient 
of melted alumina is too large.  
 

 
 

Figure 3. Optical properties of melted aluminum at 2414 
K [7] 

 
 

 
 

Figure 4. Optical properties of melted alumina at 2414 K 
[7] 
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While aluminum and its melt have well known and 
predictable optical properties [9], alumina has 
anomalous optical properties. Its absorption 
coefficient abruptly increases at melting point by 
several orders of magnitude [10, 11] and strongly 
depends on impurities, gaseous environment and 
may be thermal history of a sample. That is why 
experimental data spread for absorption coefficient 
of melted alumina is too large.  
 
4. Optical properties of large (>50 mkm) drops 
 
Recently optical properties of large (>50 µm) 

burning aluminum drops was carefully calculated 
[6]. This calculation was based on ray optics 
assumptions. This means that a drop size must be 
much greater than characteristic wavelength of 
thermal radiation (1 µm). 

For large drops the calculations is in a 
good argument with infrared measurements.  

Total emissivity (directionally and 
spectrally integrated) of large drops significantly 
increase while a drop burns and percentage of 
alumina enlarges. Experimental data shows that 
radiation emission of surrounding alumina 
nanocloud very unstable and usually may be 
neglected. 
 
5. Optical properties of small (<50 mkm) drops 
 

For small drops ray optics assumptions 
fails. In this case one has to apply very complex 
electrodynamical calculations which take into 
account correlated emission of aluminum drop, 
alumina cap and surrounding alumina nanocloud. It 
must be based on detailed model of burning 
aluminum drop kinetics. Fortunately, in two 
limiting cases the calculations are simple.  

Experimental data [6] shows that for small 
drops thermal emission of surrounding alumina 
nanocloud may be neglected. This hypothesis is to 
be tested in future research, but is accepted here. At 
the beginning and at the end of a drop burning it is 
spherical particle of aluminum and alumina. In this 
case we can use simple Mie theory [11] to 
rigorously calculate absorption absQ  and scattering 

efficiencies traQ  of the drop.  
In intermediate case we simply assume  

 
 

Figure 5. Ray optics model [6] and infrared (λ = 3.4 μm) experimental data comparison with the oxide cap (left) oriented 
90◦ to the flow (from below)  

 

 
 
Figure 6. Total emissivity of burning Al/Al2O3 drops at 2413 

K (1 atm) for varying oxide-cap thickness, ignoring oxide 
nano smoke emission [7] 
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where x  is the percentage of burned alumina.  
Thus, optical properties of the flow in 

combustion camber may be calculated by usual 
expressions: absorption coefficient : 

2rNQabsπα = , transport scattering coefficient: 
2rNQtratr πβ = , and radiation diffusion 

coefficient: )(31 trD βα += , where N  is the 
drops concentration and r  is the drops radius. Real 
flows contain some mixtures of drops with different 
diameters. In this case one can simply average 
optical properties over known drops diameters 

distribution because absorption and scattering of 
different drops are independent and additive. 

Mie theory calculations show (see figures 
7,8): 
- the scattering Qtra is greater than absorption Qabs 
for alumina drops with a radii between 30 
nanometers and 30 microns; 
- the scattering is greater than absorption for 
aluminum drops from 200 nanometers; 
- the scattering may exceed absorption by several 
orders of magnitude; 
- absorption Qabs of aluminum drops is greater than 
absorption of alumina for drops with a radii less 
than 10-20 micron. 

The optical properties of the flow allow us 
to estimate effective flow emissivity and radiation 
loses in combustion chamber using radiation 
diffusion approximation [3]. 
 
 

 
 
 
 

 
 
Figure 7. Dimensionless absorption absQ  and transport scattering trQ  cross-section of aluminum and alumina drops for 

wavelength 1 micron (T~3000K). 
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Figure 8. Dimensionless absorption absQ  and transport scattering trQ  cross-section of aluminum and alumina drops for 

wavelength 1,5 micron (T~2000K). 
 
 
 
6. Flow optical properties and radiation losses in 
combustion chamber 
 

Rigorously speaking, to correctly calculate 
mixture radiation losses on the combustion chamber 
walls one may have to develop complex three 
temperature model with hot alumina nanodrops and 
relatively cold aluminum drop with alumina cap in 
middle temperature gas mixture.  

Here we assume that all burning drops 
have the same size and temperature 2400 K [6,7] 
and neglect radiation emission of gas and hot  
(~ 4000 K) alumina nanocloud. In this case we can 
use the following expression for effective flow 
emissivity [3] 
 

)2(2)()(
)2()(2

0001
01

ww
ww

eff rIrID
rID

εξεξξ
εξξεε

−+
−

= , 

 

where wε  is the boundary emissivity, Dαξ = , 

10 , II  is the modified Bessel functions, 0r  is the 
combustion chamber radius. 

As an example, we consider estimation of 
radiation losses in experimental combustion 
chamber with aluminum mass rate sgRAl /100= . 

The chamber has radius 1.00 =r  m and wall 

temperature 2000 K and wall emissivity 5.0=wε . 
Tables 1 and 2 show the flow optical properties and 
radiation heat flux to the walls at the beginning and 
at the end of aluminum drops burning. 

Table 3 shows effect of wall emissivity. It 
is easily seen that reducing of wall emissivity may 
appreciably decrease radiation losses in combustion 
chamber especially for small (<10 mkm) drops.  
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Table 1. Flow optical properties and radiative heat flux at the beginning of drops burning 
 

Drops 
diameter 

mkm 

Drops 
concentration 

1/cm3 

Absorption 
coefficient 

1/cm 

Diffusion 
coefficient 

cm 

Optical 
thickness in 
deep mode 

Flow 
emissivity 

Heat flux 
MW/m2 

0.1 1,00E+11 9,20E-01 2,79E-01 18,169 0,498 0,485 
1 1,00E+8 2,13E-01 2,84E-01 8,647 0,387 0,377 

10 1,00E+5 1,60E-02 3,93E+00 0,639 0,209 0,204 
100 1,00E+2 1,43E-03 4,09E+01 0,059 0,027 0,027 

 
 

Table 2. Flow optical properties and radiative heat flux at the end of drops burning 
 

Drops 
diameter 

mkm 

Drops 
concentration 

1/cm3 

Absorption 
coefficient 

1/cm 

Diffusion 
coefficient 

cm 

Optical 
thickness in 
deep mode 

Flow 
emissivity 

Heat flux 
MW/m2 

0.1 1,00E+11 2,70E-03 8,02E+00 0,184 0,050 0,049 
1 1,00E+8 1,07E-02 2,44E-01 2,094 0,120 0,116 

10 1,00E+5 7,34E-03 5,88E+00 0,353 0,119 0,116 
100 1,00E+2 3,89E-03 5,63E+01 0,083 0,070 0,068 

 
 

Table 3. Effect of combustion chamber wall emissivity 
 

 Drops 
diameter 

0,10 
mkm 

1,00 
mkm 

10,00 
mkm  

100,00 
mkm 

Drops composition Wall 
emissivity 

Effective flow emissivity 

Al 0,05 0,050 0,049 0,044 0,018 
(Al+Al2O3)/2 0,05 0,050 0,047 0,042 0,026 

Al2O3 0,05 0,026 0,038 0,038 0,031 
Al 0,30 0,299 0,255 0,164 0,026 

(Al+Al2O3)/2 0,30 0,297 0,226 0,138 0,046 
Al2O3 0,30 0,047 0,103 0,103 0,064 

Al 0,70 0,696 0,498 0,238 0,028 
(Al+Al2O3)/2 0,70 0,685 0,398 0,187 0,051 

Al2O3 0,70 0,051 0,128 0,128 0,073 
Al 1,00 0,992 0,632 0,265 0,028 

(Al+Al2O3)/2 1,00 0,970 0,479 0,204 0,052 
Al2O3 1,00 0,052 0,136 0,135 0,075 

 
 
7. Conclusions 
 
We analyze combustion mechanism of aluminum 
particles with water and the burning particles 
radiative properties. We proposed and motivated 
new simple model for optical properties of small 
(<20-30 mkm) burning aluminum drops. Aluminum 
thermal radiation dominates for small burning drops 
and on the contrary for large drops (>20-30 mkm) 
alumina radiation dominates. Thus, thermal 
radiation may be useful for heating small aluminum 
particles in combustion chamber before ignition. 
Aluminum drops is to be performed in future 
research though rigorous electrodynamical 
calculations of optical properties of burning 

We perform analytical estimations of 
radiation losses to the walls of combustion chamber 
of Al-H2 MHD generator. In combustion camber, 
multiple scattering of thermal radiation dominates 
in majority of cases and reduce radiation losses. 
Reducing of wall emissivity usually appreciably 
decrease radiation losses of a flow with small  
(<10 mkm) drops. 
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Research of the “activated porous fuel” spraying 
processes, its ignition and flame stabilization in the 
supersonic flow under discharges occurs to be of 
great fundamental and practical importance. The 
significant unsolved problem is to implement a 
wide-range air-breathing direct-flow jet engine. 
There is a specific task to provide combustion for 
the supersonic aero-kerosene flow in the direct-flow 
engine, with Mach number of the inlet flow being 
equal 3-6. The concept of “activated porous fuel” 
combined with flame stabilization through electric 
discharges is being developed [1, 2]. 

The experimental installation is shown in 
Fig 1. Several types of discharges, including the 
high voltage arc, both surface and volumetric 
diffusion discharges, are used to ignite and stabilize 
the flame. Fig.2a and Fig.2b illustrate the arc 
discharge stabilizing flames and combustion, the 
arc pulse voltage being equal 40 kV, average 

current 0.12 A, average power 167 W. 
The pictures of the kerosene stream 

ignition under the surface discharge are presented 
in Fig.3 and Fig.4. The discharge parameters are 
following:  the primary coil current is around 10 A, 
with its duration around 4 ms, the idle voltage in 
the second coil is 25 kV, inter-electrode breakdown 
current is  150 mA, its duration around 1 ms, inter-
electrode span is 4 mm. Voltage storage provides 
14 V with electric current of 10 A. 

The bubbling jet ignition secures the 
combustion stability. Processes of shock wave 
interaction with bubble mixture are studied both 
theoretically and experimentally to produce the 
“activated porous fuel” so that to obtain radicals 
and bubble droplets. In particular, the effect has 
been studied for the shock wave to fracture the 
bubbles owing to translational non-equilibrium, the 
bubble fragmentation to be provided by the shear 

 

 
 

Fig. 1. Experimental installation 
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stress anisotropy at shock wave front. 
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Fig.2 A.   Fig.2 B. 

 
Fig. 2A: Kerosene ignition step ~ 0,05- 0,08 s.1- arc discharge, 2-  ignition delay zone, 3- blue flame zone, 4- zone of fire 
origins [3].The ignition delay time is 3*10^4 s.  
 
Fig. 2B: Kerosene combustion. 1- arc discharge, 2- ignition delay “dark” zone, 3- blue flame zone, 4- combustion zone. The 
ignition delay time is 8,4*10^5 s. 
 

  
 

Fig.3. Non- bubbling jet ignition.   Fig.4. Bubbling jet ignition. 
 

 
 

Fig.5. Dependence of dimensionless bubble diameter d/δ on Mach number M (d- bubble diameter, δ - shock wave width) 
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12.5. ENERGETICS OF BALL LIGHTNING  
 

A.I.Nikitin  
Institute for Energy Problems of Chemical Physics, Russian Academy of Sciences 

Moscow, Russia, anikitin@chph.ras.ru 
 
 

Abstract. The main problem of ball lightning is an explanation of its extremely high energy content. This problem may be 
solved if one assumes that ball lightning is composed of positively charged system of moving charges and dielectric shell. 
 
 
1. Introduction 
 
Data on cases of ball lightning observations come 
to us from a far antiquity. At our ancestors, ancient 
Slavs, the ball lightning was called “rodia” and, 
apparently, was somehow “ideologically” 
connected with the higher pagan deity Rod [1]. The 
words “rdet” and “rdyanoy”, which have retained in 
Russian, remind us about red colour of rodia – of 
ball lightning. Mikhailo Vasilyevich Lomonosov 
mentioned ball lightning existence in his “The word 
about air phenomena, resulting from the electric 
force”. He was one of the first who has tried to find 
an explanation of this phenomenon: he considered 
that ball lightning is a result of burning of the fats 
which somehow have gathered in air (that is he was 
the author of the first hypothesis of ball lightning 
with chemical energy source) [2].  

Interest to ball lightning has cleared up 
again in the middle of 19th century in France. In 
1838 Francois Arago has published results of 30 
observations of ball lightning and has tried to 
explain existence of ball lightning by condensation 
“of a lightning matter” [3]. In 20th century 
properties of ball lightning were discussed in the 
Walther Brand's book “Der Kugelblitz” [4] (1923), 
in reviews of McNally and Rayle [5, 6] (1966), in 
books of Stanley Singer [7] (1971), Igor Pavlovich 
Stakhanov [8] (1979 - 1996), Ilia Moiseyevich 
Imianitov [9] (1980) and James Barry [10] (1980). 
Basing on the analysis of dependence of probability 
of energy density of ball lightning measurements on 
density of its energy Barry has drawn a conclusion 
that in the nature there is only one type of ball 
lightning. In 1993 there was George Egely's [11] 
review, and in 1999 – Mark Stenhoff's book [12]. In 
2006 Alexander Ivanovich Grigoriev's monography 
[13] has been published.  

In 1988 in Japan the First International 
Symposium on Ball Lightning was held, and in 
1989 the collection of the reports presented to this 
symposium had been published [14]. The 
symposium has served as the beginning of the 
organizing of the international interaction of the 
scientists, working in the field of ball lightning 
studying. For the past 22 years 11 symposia have 
been held, last has taken place in 2010 in the city 
Zelenogradsk of the Kaliningrad area in Russia. 

Activity of the International Committee on Ball 
Lightning for 20 years is described in the book [15].  

The analysis of data, collected in the 
mentioned books, allows drawing a conclusion, that 
the typical properties of ball lightning are already 
revealed. It, as a rule, is a red sphere in diameter 
about 20 cm, existing about 10 seconds and moving 
in air in an intricate trajectory. Occurrence of this 
sphere is somehow connected with a thunder-storm. 
The sphere, as well as usual linear lightning, can 
strike a breather with a current or fuse a metal 
conductor. Along with the general properties it is 
possible to find especial, atypical features of ball 
lightning in the description of each observation. 

If to give equal “weight” both typical, and 
to rarely observable properties of ball lightning, we 
receive extremely inconsistent "portrait" of this 
phenomenon. Repeatedly attempts to “cut” from 
this list of properties insignificant ones and to 
construct model of an “average” ball lightning was 
made, which have come to an end failure [8, 16]. 
One of the reasons of this failure is that it is 
impossible to define in advance, which properties 
of ball lightning are essential and which – are not 
essential. Therefore in the solving of ball lightning 
problem, apparently, the correct decision must be 
developing of the model considering all its 
properties – both frequent and rare ones.  
  
2. Energy of ball lightning 
 
One of the most important properties of ball 
lightning is its ability to accumulate energy in itself. 
Already the fact of luminescence of ball lightning 
says that the stock of its energy should be no less 
than 1-10 kJ. However in the history of ball 
lightning observations there were some amazing 
cases when the store of its energy was measured 
enough precisely, and this energy has appeared to 
be much more than 10 kJ. In view of the 
considerable importance of these cases we give 
below the detailed description of these events. 

On November, 5th, 1936 London 
newspaper “The Daily Mail” has published the 
following letter of Mr. W. Morris from Dorstone, 
Hereford, to the editor of the newspaper:  “Sir, – 
During a thunderstorm I saw a large, red hot ball 
come down from the sky. It struck our house, cut 
the telephone wires, burnt the window frame, and 
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then buried itself in a tub of water which was 
underneath. The water boiled for some minutes 
afterwards, but when it was cool enough for me to 
search I could find nothing in it”. The Dorstone’s 
case was investigated by Prof. B.J. Goodlet [17]. 
He has found out that the ball had the size of a big 
orange, water was hot for hands within 
approximately 20 minutes, and the tub contained 
about 4 gallons (18 liters) of water. To heat up  
1 liter of water on one degree, energy 4.2 kJ is 
required, hence, energy Wht = 4.2·18·80 = 6 MJ has 
been spent for heating of 18 liters of water from 
20°C to 100°C. Apparently, from conversation with 
Mr. Morris Prof. Goodlet has learnt, that while 
boiling 1/10 part of water volume (1.8 liters) has 
been evaporated from the tub. For evaporation of  
1 kg of water energy 2.26 MJ is required, hence, in 
addition to found 6 MJ energy 2.26·1.8 = 4 MJ 
could be contained in the ball lightning. As a result 
we find that in a volume of a sphere of diameter  
10 cm (the size of an orange) energy up to 10 MJ 
could be contained. The volume of a ball of 5 cm 
radius is equal to 0.523·10-3 m3, from here energy 
density of ball lightning substance is  
ρwbl = 10·106/0.523·10-3 = 1.9·1010 J/m3. This is in 
10 times greater than the energy density of solid 
explosive trinitrotoluene. We notice also, that 
according to the message of Mr. Morris ball 
lightning energy was transferred to water not in the 
form of explosion, but slowly: water was boiling 
within several minutes. From daily experience we 
know, that if to remove a boiling teapot from fire 
boiling in it stops at once. 

The obtained result could not be explained 
by the known means of energy storage, therefore it 
has been panned by the critics. It was considered, 
that Mr. Morris, not using the thermometer, could 
be mistaken in definition of temperature of water, 
that water did not boil, but fizzed up, as soda water 
fizzes up when you open a bottle, that water has not 
boiled away, but was simply spilt, etc. [8, 12]. 
However all these “specifications” could reduce an 
estimation of ball lightning energy release only in 
2-3 times.  

The second case of ball lightning energy 
measuring we find in [9]. The following message 
has come to Prof. I.M. Imjanitov, collecting data of 
ball lightning observations in the Soviet Union, 
from Mr. S.S. Makh, living in a city Perechin in the 
Western Ukraine: “In August, 1962 about  
11-12 p.m. the ball lightning as big as a tennis ball 
fall into a trough with water for cattle. It was 
shining with the colours of the rainbow during 
approximately 10 seconds. Water from a trough had 
almost all boiled away, the cooked frogs laid at the 
bottom. The size of a trough was 0.3×2.5 m. Depth 
of water mass was 15 cm. In two other troughs also 
the cooked frogs have been found out” [9]. Water 
volume in the trough V = 0.3×2.5×0.15 = 0.112 m3, 
its mass is 112 kg. This water was heated to boiling 

(from 10°C to 100°C), this demanded an expense of 
energy Wht = 4.2 kJ/kg·К×112 kg×90 K = 42.3 MJ. 
About 100 kg of water was evaporated, for this 
energy Wev = 2.26 MJ/kg×100 kg = 226 MJ was 
expended. Thus, the ball lightning has transferred to 
water energy 42 + 226 = 268 MJ. Radius of a tennis 
ball (to which the ball lightning was compared) is  
3 cm, its volume is 1.15·10-5 m3. From here we find 
density of the energy, containing in ball lightning, 
ρwbl = 2.3·1012

 J/m3. We have received fantastic 
result: the energy density has appeared to be in 100 
times more, than in the “English” ball lightning! 
And this is only the lowest estimation for the 
“Ukrainian” ball lightning. Mr. Makh wrote that in 
other troughs water had been heated up to the 
temperature, which had led to the death of frogs. 
We will accept it equal to 40°C. If these troughs 
were filled half, they contained about 100 liters of 
water. For water heating on 30 K (from 10°C to 
40°C) energy Wht = 4.2 kJ/kg·К×100 kg×30  
K = 12.6 MJ was required. The “Ukrainian” case 
has shown that water, really, was heated up to a 
high temperature. For reliability of this result “the 
frogs laid down their lives”. Besides, this case says 
that ball lightning is capable to heat up water, not 
contacting with it directly, but transferring the 
energy through a trough wall (most likely, made of 
wood). 

The third case of ball lightning energy 
measurement using a “water calorimeter” was 
described by Hungarian researcher George Egely. 
Let him have the floor: “It happened in clear, 
bright, sunny weather in July, 1972. At noon most 
of the workers of our factory were having lunch but 
several of them stayed in the factory building. 
Suddenly they caught sight of a bright sphere of a 
football size rolling along the lightning conductor. 
It was accompanied with a hissing sound and was 
coloured transient between pink and yellow. It had 
come through the long glass window on the roof. 
Then it vanished in the water-pit at the outer corner 
of the building next to the lightning conductor with 
a tremendous crack. Afterwards the air felt rich in 
ozone. The water disappeared from the pit, leaving 
no trace behind. Though already totally dry the pit 
was still steaming after half an hour. The 
phenomenon was seen by about 30 people for 
approximately 8-10 seconds. The velocity of the 
bright sphere was about 3-5 m/s. The sound it 
emitted was similar to that of a supersonic plane, 
that is it was a hissing, whistling sound. The pit 
originally contained about 120 liter water since it 
had not been full, only on to its 2/3 part. My 
colleagues examined it thoroughly but no water was 
splashed on the walls, all the water evaporated. It is 
sure, it was steaming even a long time after the 
event. None of my colleagues felt either any heat 
radiated or perceived an impulse…One of my 
colleagues when the ball lightning fell into the 
water-pit …saw not only the steam but also that 
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some leaves of grass round the pit caught fire and 
burned down eventually” [11]. 

Let the initial temperature of water in the 
pit was 30°C. For heating of 120 liters of water to 
100°C energy Wht = 4.2 kJ/kg·К·120 kg·70  
K = 32 MJ is necessary. To evaporate 120 liters of 
water, energy Wev = 2.26 MJ/kg·120 kg = 271 MJ is 
required. All-in-all we obtain Wbl = 303 MJ. 
Diameter of ball lightning was 25 cm (the size of a 
football), its volume was 8.2·10-3 m3, whence the 
energy density of this ball lightning was  
ρW = 303·106 J/8.2·10-3 m3 = 3.7·1010 J/m3. As we 
see, the energy density of the “Hungarian” ball 
lightning is close to the energy density of the 
“English” ball lightning. It could not been 
excluded, that the witness of the “Ukrainian” ball 
lightning has underestimated its size a little, thus 
the density of its energy may be below than the one 
calculated by us (2·1012 J/m3).  

On August, 8th, 1989 in the newspaper 
“Pravda (Truth)” (Moscow) a short note “Visit of 
the fiery lady” was published. In this note it was 
told how once in Khabarovsk city (Russia) “the ball 
lightning had flown into a copper with 7000 liters 
of water. At once water had begun to boil. About 
ten minutes lightning had been bathing in water, 
and then it had gone out”. For heating of 7·103 kg of 
water from 20°C to 100°C energy  
Wht = 4.2 kJ/kg·К×7·103 kg×80 K = 2.4·109 J is 
necessary. The size of ball lightning was not 
specified in the note. It is natural, that it was less 
than the size of the copper. If the copper form was 
close to spherical, its diameter was equal 2.4 m. Let 
diameter of ball lightning was 1 m. Then its volume 
was equal to 0.52 m3, and energy density of its 
substance was ρw = 4.5·109 J/m3. We have again 
obtained the figure close to values of energy density 
in “English” and “Hungarian” ball lightning. 

The ball lightning, having lost a 
considerable part of energy, can keep its form and 
survive. In 1981 in Journal of technical physics 
(USSR) there was an article about how on August, 
12th, 1978 in the city of Khabarovsk (Russia) 
during a strong rain the big group of the spectators 
who have left a cinema, observed a ball lightning 
[18]. “Suddenly the sharp whistle reminding work 
of the jet engine and accompanied by a crash 
appeared. It became light, as in the day-time. Then 
over the cinema “Zarya” building ball lightning of 
bright orange colour with diameter about 1.5 m 
appeared. Sparks were flying out of it. Then the ball 
lightning began to descend and passed to the earth 
surface through branches of trees. For an instant it 
has flashed over a part of earth and again rose. 
Strong explosion was heard, and it became dark and 
silent. In all ball lightning existed about one minute. 
At the spare of up to 100 m wiring was put out of 
action. Despite a considerable quantity of water in 
soil and a torrential downpour, in a zone of 
diameter ~ 1.5 m and depth of 20-25 cm the soil has 

been charred and fused. The total volume of the 
zone, filled with slag, was ~ 0.4 m3. Slag consisted 
not of a solid crust, but of many pieces of the wrong 
form with the average size of 5-6 cm, mutually 
alloyed with each other. Altogether it was found 
about 1000 such pieces. Near the place where ball 
lightning flash occurred, the vegetative cover did 
not renew”. Carrying out experiments with the 
action on the ground of various kinds of energy – 
radiant heating, the high-voltage discharge, a strong 
current and high-frequency radiation, the authors of 
this article have found, that the results, closest to 
the described case, have turned out at a high-
frequency heating of the soil. Assuming that mass 
of the heated soil was equal to 440 kg, and mass of 
water, containing in it, was equal to 175 kg, 
researchers estimated energy of ball lightning flash, 
spent for slag formation, as 109 J. However the 
authors supposed that if one considers the energy of 
flash to be dissipated in all directions, and not just 
downwards, to the earth, its value should be 
estimated as 7·109 J. The volume of ball with 
diameter 1.5 m is equal to 1.8 m3, hence the energy 
density of the “Khabarovsk’s” ball lightning should 
be not less than 4·109 J/m3. In the same article the 
authors have informed, that “at the same thunder-
storm in other area of the city the ball lightning was 
observed, which energy was estimated as 8.3·109 J 
(by water heating)”. Apparently, it was the same 
ball lightning, the message about which has 
appeared in the newspaper “Pravda” in 1989, that 
is, within 11 years after the event. The energy 
estimated by us (2.4·109 J) is 3.5 times less than 
was specified by the authors of the quoted article. 
The possible reason of a discrepancy between 
results is that we did not take into account the 
energy which was spent on evaporation of water. 

The description of an other case when the 
ball lightning, having made mechanical work, 
remained unhurt, we find in a report of Egely at the 
First International Symposium on Ball Lightning in 
Japan in 1988 [14].  “A storm passed and the 
weather was already calm, cloudy at about 8 p. m. 
Suddenly, I spotted a floating, grayish spherical 
object floating above the brook. It had a diameter of 
about 2 meters. It was about 30-40 meters from us 
and moved towards our building with the speed of a 
running man. I told my husband to come and look 
at it, but in 2-3 seconds, by the time he reached the 
window, we heard a loud crash above our heads, 
and 35×15 meter roof of the building was lifted off 
and fell on the neighbour’s oat field…A girl at the 
neighbouring farm…saw a reddish ball moving 
away from the ruined house right after the loud 
crash. It floated just above the oat field and moved 
horizontally. The average weight of the roof…is 
estimated about 20 kg/m2, and it was lifted at least  
1 meter”. Mass of the roof was 20kg/m2×(35×15)m2 
= 10.5·103 kg. Having lifted it on height 1 m, ball 
lightning had made work 100 kJ. 
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Some more cases when ball lightning 
made mechanical work, digging ditches and holes 
in soil, destroying houses and moving apart their 
walls, are described. All it forces to accept, that ball 
lightning is capable to hold a considerable energy, 
and this is one of the basic properties of ball 
lightning. Certainly, not all ball lightning have large 
store of energy: many of them finish a life with a 
weak clap, not causing any consequences, or die out 
without a trace. But it does not mean at all, that ball 
lightning with different energy should have the 
different nature. On the contrary, most likely that 
the structure of every ball lightning allows it to 
have a large store of energy, however not all of 
them realize this possibility.  

Ball lightning is a source of visible 
radiation. Ball lightning of different colour – from 
red to blue were observed, up to white, and 
sometimes “black” ball lightning, not radiating 
visible light, were met [4, 7, 8-10, 12, 13]. More 
often ball lightning retains colour and intensity of 
luminescence up to destruction, but sometimes its 
colour can vary quickly enough. There are 
messages, that in the end of "life" colour of ball 
lightning becomes red. The witnesses, who saw ball 
lightning at a short distance (nearby 1 m), often 
speak about absence of sensation of heat which 
should proceed from the heated sphere [4, 7, 8, 12, 
13].  

The ball lightning can be the generator of 
electric currents – from a direct current to high 
frequency currents. These currents can cause fusion 
of conductors or appear to be a reason of decease of 
people and animals – up to a deadly outcome. At 
ball lightning occurrence electric bells start to ring, 
the electric bulbs, disconnected from a network, 
flash, ring metal subjects (wedding rings, gold 
bracelets and chains) instantly evaporate [4, 9, 11]. 
In [15] the case when the ball lightning has blown 
up near to the man, who has left water after bathing, 
is described. This blow has evaporated a gold chain, 
hanging on the man’s neck. On a breast and a neck 
of the victim there were traces of a burn in the form 
of a dashed line. The mass of the chain was nearby 
17 g, so energy, necessary for its evaporation, was 
not less than 36 kJ. 

Character of ball lightning movement is 
one more feature, allowing to distinguish it from 
other phenomena, similar to it. The direction of its 
movement is changeable: it can move both 
upwards, and downwards, and horizontal. It can 
“fade” on a place and, on the contrary, to move 
with speed of the flying plane. As a rule, it avoids 
collisions with conducting bodies. Having flown up 
to them on a short distance, it often starts to move 
lengthways their surfaces. It is able to “proceed” 
through narrow cracks and small apertures. Passing 
through an aperture, it is extended in a thin cord, 
and then again restores the form. It can cut out in 
glass a disk in diameter of 5-8 cm [19, 20]. The 

most surprising, it is that ball lightning can pass 
through glass, not having damaged it.  

The ball lightning has short enough life: it 
“is born” and “dies””. This is one of the main 
reasons because of which it remains poorly 
investigated. It seems reasonable to consider ball 
lightning as non-equilibrium open thermodynamic 
system. “Openness” means, that in the course of 
existence it exchanges with energy and entropy 
(orderliness level) with an environment. “Non-
equilibrium” means, that ball lightning is a system 
with low entropy, aspiring to transfer in the 
condition of equilibrium with higher value of 
entropy. Speaking in other words, ball lightning is a 
highly ordered system of particles and charges, 
existing until this order is supported. Extremely 
large time, during which it is supported, – tens 
seconds and even minutes – is amazing. For 
disordered systems, for example, for hot plasma, 
merge of charges with opposite sign 
(recombination) occurs all for shares of second.  

Ball lightning occurrence is connected 
with thunder-storms, but sometimes they were 
observed in fine weather. Many ball lightnings arise 
in clouds and “fall from the sky”, however 
sometimes they arise at blow of linear lightning in 
the earth or in any subject. Sometimes (as a rule, 
during a thunder-storm) ball lightning, slowly 
leaving apertures of electric and radio-sockets, were 
observed. The stream of leaving substance as 
though was collected in any cover, gradually 
inflating it. The cover took the form of a sphere 
which eventually came off the socket. 

The ball lightning form in most cases is an 
ideal sphere, but sometimes it takes the form of 
ellipsoid, pears, cylinder or thread. Ball lightning 
often gets into premises and usually moves along 
walls on some distance from them. It was informed 
on cases of occurrence of ball lightning in all-metal 
planes. They, as a rule, were moved on an axis of a 
fuselage from a nose to a tail [12]. 

Usually “not radiating heat” ball lightning, 
having got under clothes, leaves deep burns on a 
skin. Sometimes after visiting a premise by ball 
lightning there is in it a smell, characterized by 
witnesses as a smell of ozone or burning sulphur [4, 
7, 8-10, 11-14]. The magnetic field of ball lightning 
is insignificant: on distance more than 50 cm it does 
not render action on steel subjects. However the 
case, when at school during examination in physics 
ball lightning, having flown up to a table with two 
horse shoe shaped magnets, has lifted them in air 
and has taken off with them on street through an 
open window leaf, is described [9]. 
 
3. Model of ball lightning 
 
So, having in hands a “bouquet” of ball lightning 
properties, we will make attempt to “design” 
mentally an object which could have the specified 
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properties. Key and most mysterious property of 
ball lightning is its ability to accumulate in the 
limited volume the energy, which density can reach 
to 109 J/m3. In advance we will agree, that we will 
search for the system, capable to keep the specified 
energy inside it, instead of to receive it from any 
external source.  

If to assume, that ball lightning is a sphere 
of heated gas, which expansion is restrained by the 
force of atmospheric pressure Pa = 105 Pa, the 
limiting density of gas energy in such sphere will 
make ρw = 3Pa/2 = 1.5·105 J/m3. It is in 105 times 
less than energy density which can contain 
substance of the real ball lightning. If to ionize 
completely air in sphere, the density of the reserved 
energy will make nearby ρwi =4·107 J/m3, it is in 
103 times less than limiting energy density of  ball 
lightning. 

If one fill a sphere with a mix of 
chemically active gases at atmospheric pressure, the 
energy density will not exceed ρwcg = 4·106 J/m3, 
that is in 104 times less than energy density of  ball 
lightning. Basically, the necessary value of energy 
density of ball lightning can be reached if to 
assume, that the sphere is filled by radioactive gas 
with a half-life period comparable to time of a life 
of ball lightning. But if energy of ball lightning had 
the radioactive nature, the majority of its witnesses 
would perish from radiation sickness. However 
cases of radiation injury of people at meeting with 
ball lightning occur extremely seldom (that, of 
course, does not remove a question of research of 
their reasons), and the overwhelming majority of 
observers does not have problems with health. 

Let's try to find an alternative way of 
formation and holding in small area of space of 
energy with density, characteristic for ball 
lightning. Kinetic energy of particles can be very 
capacious tank of energy. However, the strong 
container is necessary for holding of such particles 
in the restricted area of space. The nature and 
techniques show us examples of the systems having 
an appreciable stock of energy and at the same time 
occupying the limited volume of space – the 
planets, rotating round a star, electrons, rotating 
round an atomic nucleus, rotational accumulators of 
kinetic energy 

In the middle of 20th century the design of 
“the hydromagnetic capacitor”, in which energy 
was stored in a disk of the plasma, rotating in an 
external magnetic field, has been proposed [21]. In 
this capacitor under the influence of orthogonal 
electric and magnetic fields there was a rotation 
electrons on a circle of small radius, and positive 
ions rotated on a circle of large radius. Energy in 
such capacitor was reserved, basically, in kinetic 
energy of ions and surpassed energy of usual solid-
state capacitors of the comparable sizes in 104 
times. The lack of such capacitors, which have not 
allowed them to sustain a competition with 

traditional, had appeared their “inertia” – 
impossibility to “remove” quickly the stored energy 
from them.  

The configuration of “the hydromagnetic 
capacitor” has served the author of the present 
article as an occasion to consider as an element of 
ball lightning a system of the moving separated 
charges, which has been named by “the dynamic 
electric capacitor” [22]. New in this approach were 
attempt to refuse an external magnetic field and the 
assumption, that the reason, supporting circular 
movement of electrons, was the magnetic field, 
created by movement of positive ions (among 
which the lightest from them  –  protons was 
chosen).  

In this capacitor electrons move in orbit of 
radius r in the radial electric field E, existing in 
space between separated charges of different sign, 
and in perpendicular to E magnetic field H, which 
is generated by movement of protons in circular 
orbit of radius R. Electrons make so-called drift 
movement: originally rested electron starts to move 
in direction of field E (in direction, opposite to 
direction of vector E), but in process of increasing 
of speed its trajectory is more and more bent by 
magnetic field H, it comes back to an orbit and 
stops the movement in direction of vector E. After 
that the cycle repeats. As a result the electron’s 
trajectory reminds the rosette: it moves in orbit of 
radius r, making oscillations in radial direction.   In 
a similar way electrons move in the magnetron – 
the generator of electromagnetic waves of a usual 
microwave stove. Calculations show, that for 
electrons were moving in a circle, instead of 
shorting an interval between proton’s and electron’s 
orbits, the magnetic field should be strong enough: 
condition H ≥ (ε0 / μ 0) 1/2E should be satisfied [23]. 
(Here ε0 is an electric constant, ε0 = 8.854·10-12 F/m, 
μ0  is a magnetic constant, μ0 = 1.2566·10-6 V·s/A).  

In the case, when  protons’ orbits lay in the 
plane of electrons’ orbit, one can visually present a 
magnetic field lines in the place of electrons 
location in the form of ears’ sheaf, which has been 
tied up in one place (in the electron’s orbit plane). 
In such magnetic field electrons can easily leave an 
orbit plane in direction, perpendicular to it. That it 
did not occur, the direction of magnetic force lines 
should be opposite to considered: they should be 
inclined towards to axis of electron ring (the sheaf 
should be tied up in two places – above and below 
the orbit plane). Such configuration (“barrel-
shaped” magnetic field) is used in cyclic 
accelerators of charged particles (in betatrons and 
cyclotrons) for holding of charges in an orbit plane. 
“Barrel-shaped” magnetic field may be created by 
protons if they will rotate round the electron ring in 
orbits, not laying in one plane.  

As the first approach we will accept, that 
protons are kept in orbit by electric field E, which 
creates force, compensating the centrifugal force, 
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acting on protons. We will pay attention that the 
considered system of charges is unstable. In “the 
hydromagnetic capacitor” [21] expansion of system 
was restrained by pressure of magnetic field, which, 
in turn, aspired to stretch the coil with a current. We 
have no this support in our system.  

As the first step it is natural to assume, that 
the considered system is electrically neutral. 
However the estimation of the strength of magnetic 
field, generated by movement of protons, shows, 
that in the case of equality of total charges of 
protons and electrons the intensity of this field 
appears to be considerably below demanded 
(defined by condition H ≥ (ε0 / μ 0) 1/2E). The 
magnetic field can be made stronger if the number 
of protons is increased, that is if the system has a 
superfluous positive electric charge. It, of course, 
will make heavier satisfaction of the requirement of 
stability supporting of the system because to the 
problem of compensation of centrifugal forces the 
problem of overcoming of Coulomb repulsion of 
the charges with the same sign will be added. 

Thus, given to itself, this system will 
extend beyond all bounds. However expansion can 
be stopped, if proton orbits “will rest” against a 
wall of any strong container. Besides, such 
container is necessary for separating of area, where 
charges move (and they should move in vacuum), 
from atmospheric air. Let us discuss, what there can 
be this strong container, capable to sustain pressure 
of the considered system of moving charges. Let it 
represents something like a soap bubble – a 
spherical shell of water with internal radius R and 
thickness of a wall a.  

If one will place inside the water shell a 
positive electric charge Q, then in electric field  
E = Q/4πε 0R of this charge water molecules will 
aspire to be oriented so that negatively charged part 
of molecule has been turned to the cavity centre, 
and positive – to outside. Differently, there will be 
a water shell polarization: molecules will be built in 
chains of length a, therefore the internal surface of 
sphere, which is on distance R from the centre, will 
appear charged negatively, and the external surface, 
removed from the centre on distance R + a, will be 
positively charged.  

The distance between water molecules in 
an ice crystal is about 3·10-10 m, so on the area 1 m2 
1019 molecules can be placed. If to accept a charge 
of the end of water molecule equal to electron’s 
charge e = 1.6·10-19 C, the charge of surface unit σ 
will be equal to 1.6 C/m2. The chain of the 
polarized molecules of length a, on which ends 
charges +e and – e are located, represents an 
electric dipole with the moment d = e·a. The value 
of the dipole moment of the whole spherical shell 
with internal radius R and thickness a  is equal to  
D = 4πR2σa.  

In non-uniform electric field E the force, 
directed towards increase of intensity of a field, acts 

on electric dipole D. This force is proportional to 
product of gradient of electric field grad E and the 
moment of dipole D [24]. For radial-symmetric 
electric field, created by charge Q, placed inside a 
water shell with internal radius R and wall thickness 
a, the force, pulling together the shell in direction to 
the centre of sphere, is equal to 
 
Fsh = σa grad E·4πR2 = – 4 σaQ/ε0 (2R+a).  (1) 
 
Here at definition of gradient E for radius size value 
R + a/2 is accepted. The forces, stretching a shell, 
are the centrifugal force of protons Fcf and also the 
force of Coulomb and magnetic repulsion of 
charges Fem. If the total mass of protons is Mp, their 
speed is vp and radius of their orbit is R, then  
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Here Wk is a total kinetic energy of protons. The 
electromagnetic force, stretching sphere of radius R, 
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Having added to these forces a force of atmospheric 
pressure Fa = – 4πR2·Pa, we receive a condition of 
equality of forces at which the shell is in balance 
[15, 22, 25-27]:   
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In Fig. 1 the dependencies of shell 

thickness a on the power core charge Q, 
constructed by formula (4), for inner radius R=3 cm 
and kinetic energy of protons Wk from 1 J to 107 J 
are shown. One can see that at values of energy  
Wk > 16.96 J curves of dependence a (Q) have a 
minimum. With growth of energy Wk values of the 
minimum charge of ball lightning and thickness of 
its shell increase.  

So, for ball lightning with internal radius 
of the shell R = 3 cm and with shell wall thickness 
about 1 cm at charge Q = 10-2 C the total kinetic 
energy of protons Wk is equal to 107 J. Having 
divided Wk on volume of a ball of radius R+a=4cm, 
we find energy density of ball lightning  
ρw = 3.8·1010 J/m3. This figure is close to values of 
energy density for “English” ball lightning  
(1.9·1010 J/m3), the “Hungarian” ball lightning 
(3.7·1010 J/m3) and the “Khabarovsk” ball lightning 
(4·109 J/m3). The analysis of the equation (4) has 
shown that the considered system is steady in 
relation to changes of radius R [25].  
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Fig. 1. The dependence of shell thickness a for the ball 
lightning with inner shell’s radius R = 3 cm on the 
charge Q of power core for values of kinetic energy of 
protons Wk equal 1 J (curve 1); 10 J (curve 2); 16,9 J 
(curve 3); 16,9646 J (curve 4); 17 J (curve 5); 102 J 
(curve 6); 103 J (curve 7); 104 J (curve 8); 105 J (curve 
9); 106 J (curve 10) and 107 J (curve 11). 
 
As we see, the “designed” system, consisting of 
charges and a shell, is capable to keep in itself the 
energy which is equal to energy of real ball 
lightning. Besides in it along with kinetic energy of 
protons energy of the electric field, created by 
charge Q, and approximately equal to it energy of 
magnetic field contains. The electric capacity of a 
sphere of radius R is equal to C = 4πε0R, and the 
potential of the sphere, possessing charge Q, is  
U = Q/C. Energy of electric field of the charged 
sphere is We = CU2/2 = Q2/8πε0R. At Q = 10-2 C 
and R = 4·10-2 m We = 1.12·107 J. From here we 
find the total energy of ball lightning  
Wt = Wk + 2We = 107 J + 2.24·107 J = 3.24·107 J. 
Density of this energy is ρwt = 1.2·1011 J/m3.  

The same energy can be stored if to collect 
a considerable quantity of small ball lightning (for 
instance, of the size 1 mm) in the common cover. 
This cover will be compressed due to presence of 
non-compensated charge of ball lightnings inside it 
and will be stretched because of repulsing of 
charges of these lightnings. If the cover is enough 
transparent, it will be possible to see these small 
balls through its wall [13, 28].          

Finishing the description of the 
electrodynamic model of ball lightning, we will pay 
attention to its some details. To remain inside a 
shell, the element of the power core at impact with 
it should be reflected into the sphere. As this 
element bears on itself a positive charge, the 
reflection process will proceed effectively if the 
shell will be also charged positively. The shell gets 
a charge due to constant inevitable losses of charge 
by the core. This charge, having passed through a 

shell wall, then flows down to atmosphere. Rate of 
charge flowing off from an external surface of shell 
depends on air conductivity λa. The characteristic 
time τl of charge flowing off, comparable with 
average lifetime of ball lightning, is defined by the 
formula τl = ε0 / λ a. At λa = 3.5·10-14 (Ohm·m)-1  
τl = 300 s [26].  

Time of ball lightning existence 
substantially depends on ability of its shell to 
constrain expansion of the power core. According 
to the considered model, at collision of the core’s 
element with shell the mechanical impulse of the 
proton is directed on a tangent to a shell surface, 
and only small part of the impulse, caused by rather 
slow increase of radius of protons’ orbit, is 
transferred to it. At chaotic movement of protons at 
the same value of their total energy the much larger 
impulse would be transferred to the shell, and it 
could collapse. Therefore it is not excluded, 
that destruction of ball lightning is caused by 
disturbance of the ordered movement of charges in 
its power core.  

The new element in the considered model 
is presence of large non-compensated charge in ball 
lightning. The value of this charge can be so much, 
that the electric field intensity near to its surface 
may exceed the value of intensity for air breakdown 
Ebra = 3·107 V/m. In nature and technique such 
over-breakdown intensities of electric field are 
sometimes observed near to pointed conductors, but 
this not always leads to development of spark or arc 
discharge. Instead of them corona discharge arises, 
possessing a “mechanism” of self-restriction of 
current. Apparently, such corona discharge is 
formed in immediate proximity from the surface of 
ball lightning [29, 30]. Halo of radius 1-2 m round 
ball lightning, which sometimes is observed in 
darkness, apparently, arises because of air 
luminescence in corona discharge [8, 31].  
 
4. An explanation of ball lightning properties of 
on the basis of model    
 
So, we could find a satisfactory explanation of how 
the substance of ball lightning reserves inside it a 
considerable quantity of energy. Now we will 
discuss how it is possible to explain other properties 
of ball lightning using the described model.  

It is follows from the model, that ball 
lightning is an object heavier than air. For example, 
the mass of ball lightning with diameter 20 cm and 
with thickness of the shell wall of 1 cm (defined, 
basically, by mass of the shell) is equal to 1.3 kg. 
Therefore there is a lawful question: how this heavy 
ball lightning can rise upwards to clouds? The 
typical storm cloud in the bottom part bears 
negative charge Qcl of value nearby 50 C, and in the 
top part of the cloud the positive charge of the same 
value is located. If the distance of the cloud bottom 
edge from the earth is H = 1 km, the intensity of 
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electric field near to earth surface under cloud (at 
account of contribution of a so-called "mirror" 
charge) is Ecl = Qcl/2πε0H2 = 9·105 V/m, and this 
field vector is directed from below upwards. As we 
have shown above, ball lightning possesses a 
positive electric charge. At radius 10 cm and 
thickness of shell wall 1 cm its maximum value is 
equal to Qm = 4·10-2 C. In the field Ecl a force  
Fcl = Qm·Ecl = 3.6·104 N acts on this charge. This 
force is capable to lift a cargo of weight 3.6·103 kg, 
that is not only a ball lightning itself, but also a 
subject which has “casually clung” to it. And such 
cases were. We will recollect, for example, a case 
when ball lightning has lifted in air two magnets 
[9]. There is also an event description when ball 
lightning has transferred on distance about 100 m 
an iron cage of weight 100 kg [32].  

Away from a storm cloud the vector of its 
electric field is directed from top to down. 
Therefore the ball lightning, which has been thrown 
out sideways from a cloud, will fall on the earth. 
However in this case we can face with paradoxical 
behaviour of ball lightning: some of them, having 
come nearer to an earth surface, do not fall on it, 
but hang over it at some height. It seems strange for 
ball lightning, possessing a charge. After all at 
approach to the earth, which is a conductor, the 
positive charge of ball lightning will collect under 
itself in the earth negative charges, which will force 
it to fall to the earth. Experiments on measurement 
of attraction of the flat capacitor plates, between 
which corona discharge was lighted, have allowed 
find an explanation of such behaviour of ball 
lightning [30]. As it was already spoken, near to 
surface of ball lightning corona discharge arises. 
The positive charges, drifting to the earth from a 
zone of the discharge, weaken electric field near 
ball lightning, reducing thereby the force of its 
attraction to the earth.  

Presence of an electric charge allows 
explain easily and other “strangenesses” of ball 
lightning movement. The near-ground space even at 
fine weather “is penetrated” by force lines of 
electric fields, and ball lightning simply chooses to 
itself a way along any force line. Considerable 
enough charge, which ball lightning can possess, 
explains display of electric properties by it: fusion 
of conductors and blows by electric current of 
people and animals. The ball lightning of radius  
0.1 m has capacity C = 10-11 F, at the value of its 
charge Q = 10-2 C its potential relative to earth is  
U=109 V, and energy of electric field is We =5·106J. 
If ball lightning is discharged through a conductor 
with resistance Rc = 104 Ohm, the characteristic 
time of discharge will be τdh = Rc·C = 10-7 s, and a 
maximum of discharge current Im = Q/τ dh = 105 A. 
Spreading about the ground, this current can create 
a potential difference between feet of live beings 
standing on the earth, which is dangerous to life. 
Because distance between feet and, hence, the 

induced potential difference for animals, standing 
on four feet, more than for people, currents, flowing 
in the ground, represent for them the greater danger. 

Elements of ball lightning core (dynamic 
electric capacitors) represent small magnetic 
dipoles. It is possible to expect, that because of 
disordering of orientation of separate magnets ball 
lightning as a whole will not have an appreciable 
magnetic field. However in the presence of an 
external magnetic field there can be a 
magnetization of ball lightning, and it can draw to 
it, for example, a magnet or an iron cage.  

Special interest represents the mechanism 
of ball lightning radiation in ranges of visible light 
and radio-waves. According to the electrodynamic 
model, in the centre of the dynamic electric 
capacitor electrons are located. These electrons 
move in a ring orbit under the influence of mutually 
orthogonal electric E and magnetic Hp fields. Speed 
of this movement is near to velocity of light. 
Usually frequency of radiation fe, generated by a 
charge, moving in the closed orbit, is equal to 
number of turns of charge for 1 second. For 
mentioned above an example of ball lightning with 
internal radius of the shell R = 3 cm and thickness 
of its wall a = 1 cm, which is capable at charge  
Q = 10-2 C possess an energy Wk = 107 J, at radius 
of an electron orbit r = 2·10-2 m frequency  
fe = 2.39·109 s-1. This corresponds to wavelength 
12.56 cm. However, the resulted definition of 
frequency of electron’s radiation is true only when 
electron’s speed is much less than velocity of light. 
Otherwise a synchrotron radiation is generated. One 
of its reasons is the Doppler effect: period of the 
wave, radiated by electron, moving towards to the 
observer, decreases. As a result the characteristic 
frequency of radiation shifts from a radio range to a 
visible range. More strict analysis shows, that 
spectrum of synchrotron radiation consists of a set 
of harmonics of orbital movement frequency fe, and 
the maximum of radiated energy falls on harmonic, 
which value is proportional to a cube of the relation 
of electron’s energy to mec2 (me is mass of electron, 
me = 9.109·10-31 kg, and c is velocity of light) [33]. 
The power of synchrotron radiation is inversely 
proportional to product of squares of radius of an 
electron’s orbit r and parameter α = 1 – ve/c. (Here 
ve is an electron’s speed) [33].  

Calculations show, that at the assumption, that 
there is some mechanism of protons’ kinetic energy 
transfer to electrons (something like “dynamo”), 
full energy of ball lightning can “be highlighted” by 
electrons during 10-3 - 10-2 s. It contradicts results 
of observations of ball lightning, according to 
which its luminescence can last in 103 - 104 times 
longer. However usually used formulae for power 
of synchrotron radiation are valid only for the 
description of radiation of single electron or a clot 
of electrons. In the case if electrons would be 
placed in an orbit absolutely in regular intervals 
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they would not radiate any light [34]. For example, 
the coil of a wire with a direct current, circulating 
on it, does not radiate electromagnetic energy. The 
reason of radiation power reducing is interference, 
when for a wave, radiated by one electron, always 
there is a wave with the opposite phase, radiated by 
another electron. Radiation can fall outside the 
limits of the system only at disruption of uniformity 
of electrons’ distribution in an orbit. It means, on 
the one hand, the maintenance of a constancy of 
radiation intensity of ball lightning during its life 
and, on the other hand, the possibility of the sharp 
increase of radiation intensity, for example, at the 
moment of ball lightning destruction.  

If the nature of ball lightning radiation is, 
really, a synchrotron radiation, in some cases it can 
proceed from it in the form of a narrow beam and to 
be partially polarized. It is possible to expect, that 
at reduction of electrons’ speed at the end of a life 
colour of ball lightning will become red. Probably 
also the existence of ball lightning, which spectrum 
of radiation completely lays in infra-red area, is 
possible. Such ball lightning will look as black.  

Search of the mechanism of ball lightning 
interaction with window panes still remains a 
difficult problem. It concerns as the considered 
model, so as all models, in which ball lightning is 
regarded as a material object (not a field). As to 
cases of cutting in windows of round apertures by 
ball lightning, that, according to modeling 
experiments, it occurs thanks to local heating and 
the subsequent fast cooling of glass [20]. Thus it is 
revealed, that glass heating can occur not on the 
side, where ball lightning is located, but on the 
opposite side [19].  

It is more difficult to understand, how ball 
lightning can pass through glass, not having caused 
its destruction. At the decision of this problem two 
approaches are possible. The first is to consider, 
that ball lightning perishes on one side of glass, 
generating thus an impulse of high-frequency 
electromagnetic radiation. Under the influence of 
energy of this impulse on the glass opposite side the 

new ball lightning is formed. However, we yet do 
not know details of processes of formation and 
destruction of ball lightning. Besides, witnesses do 
not speak about any explosions and claps at ball 
lightning pass through glasses. On the contrary, it is 
said, that ball lightning passes through glass, as 
though not noticing it [13]. The second approach is 
the account of features of ball lightning and the 
specificity of glasses structure. On the one hand, 
glass, as a rule, represents the overcooled mix of 
two not mixing up phases, between which grains 
there can be cavities of the size to 100 nanometers. 
It is known, that some gases, for example, helium, 
are capable to pass through glass through these 
cavities. On the other hand, the analysis of the 
considered model of ball lightning leads to result, 
that existence of ball lightning with the minimum 
size of elements of its power core about  
10-20 nanometers is possible [15, 28]. Such 
elements (possessing non-compensated charge) 
under the influence of electric field can quite 
“filter” through glass and be gathered again in a 
new cover on its opposite side [28].  
 
5. Ball lightning formation in the nature 
 
It was repeatedly informed on cases of origin of 
ball lightning in storm clouds. There are even 
photos of ball lightnings, which are taking off from 
the channel of a linear lightning [10, 12]. Therefore 
there are bases to consider, that as the generator of 
ball lightning the discharge of linear lightning or, 
generally speaking, a short impulse of strong 
current, most likely, serves. Energy of discharge of 
ordinary linear lightning makes about 5·109 J. This 
is quite enough for generating of ball lightning with 
extremely high stock of energy. The most probable 
places of formation of ball lightning, apparently, 
are areas near to bends of the channel of the linear 
lightning. In pictures of lightning discharges with 
scanning in time (when the film moves, and the 
objective is motionless) it is possible to notice, that 
sometimes these areas are shone longer, than other 

 
 
Fig. 2. A photo of linear lightning discharge consisting on three consecutive impulses [35]. The picture is obtained using 
camera with moving film. The sequence of impulses is from left to right. A delay between the first and second impulse is 
23 ms, between the second and the third – 240 ms. The typical duration of luminescence of the lightning channel is no 
more than 0.1 ms. It is possible to see that some parts of the channel continue to be shone from 70 to 270 ms. 
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parts of lightning channel (see Fig. 2) [35].  
Let's discuss, what processes can occur inside 

a loop of the channel of lightning [26, 36]. Let the 
form of this loop is close to a ring of radius  
Rch = 0.1 m. Usually a current impulse of lightning 
discharge has a short front and a slowly falling 
down back part. For convenience of calculations we 
will accept, that the current linearly increases from 
zero to Imax = 4·105 A during Δt1 = 10 μs, and then it 
linearly decreases to zero in time Δt2 = 50 μs. This 
current generates in the area inside a ring the 
magnetic field impulse, which maximum intensity 
in the centre of the ring loop is  
Hmax = Imax/2Rch = 2·106 А/m.  

The channel of the lightning discharge is a 
powerful source of ultra-violet radiation, therefore 
air near to the channel will be almost completely 
ionized. Besides, the lightning discharge generates 
radio-frequency radiation (recollect a crash in a 
radio receiver at lightning stroke). In a powerful 
field of this radio emission plasma from the central 
area of the loop (where intensity of radiation is 
maximum) will be pushed out to periphery (in area 
of minimum of radio-frequency field). As a result 
air density in the centre will decrease and there can 
appear a vacuum cavity.  

In time Δt1 of magnetic field intensity 
increasing inside the coil an eddy electric field Eup, 
which vector direction will be opposite to direction 
of current, passing throw the ring channel of 
lightning, will arise. The intensity of this field on 
distance Rch from the centre of the ring during time 
Δt1 will be equal to 
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At parameters chosen by us Eup = 1.26·104 

V/m. Here we see already familiar to us 
configuration of the mutually perpendicularly 
oriented vectors of electric and magnetic field. 
Under action of electric field Eup plasma charges 
will aspire to move lengthways its vector direction: 
positive charges – along the field vector, and 
negative – against the vector. However the 
magnetic field will bend their trajectories and will 
force them to move in a circle arch. Because of 
distinction of masses the radius rh of this circle for 
protons will be in 2·103 times more than radius of a 
circle for electron. Protons, as well as electrons, 
moving in a circle, will be displaced towards the 
loop centre. Far from the centre of a vacuum cavity 
charges will move, making collisions with gas 
molecules. At each collision the charge will 
“forget” about direction of its speed. After collision 
the stopped charge will speed up again, will change 
the trajectory – and so until the next collision. 
Between impacts the charge will have time to pass 
small distance, inversely proportional to circle 
radius rh. Thus, at each “jump” electrons will move 

ahead more and more to the centre, and protons will 
“be practically trampled down” on a place. 
Separation of charges in space becomes result of it. 
Electrons will gather in the cavity centre, and 
protons remain on its periphery. 

During the period Δt2 of magnetic field 
intensity reduction the vector of eddy electric field 
Edn will replace a direction with the opposite, and 
the intensity of this field will be in 5 times less, 
than intensity Eup. Moving under action of field  
Edn = 2.5·103 V/m, protons will increase their 
energy. If the average speed of proton is  
vp = 5·107 km/s, in time Δt2 = 5·10-5 s it will pass 
way L=vp Δt2=2.5·103 m and can get in the field Edn 
energy wp= e· Edn·L = 10-12 J = 6.3 МeV.  

In same time the considerable part of 
electrons, moving along force lines of magnetic 
field, will leave our system, therefore it will get a 
superfluous positive charge. As we see, during the 
considered processes the configuration of the 
dynamic electric capacitor, which is a base element 
of our model of ball lightning, can be formed. 
Process of ball lightning formation should come to 
the end with formation of shell from the drops of 
water, which are on periphery of vacuum cavity. 

At attempt of ball lightning creation in 
laboratory it is desirable to reproduce sequence of 
processes, which lead to its formation in the nature. 
It is necessary somehow (by means of gas 
whirlwind or non-uniform high-frequency 
electromagnetic field) to make vacuum cavity in 
air, to make gas ionization (by an impulse of ultra-
violet radiation), to act on ionized gas with impulse 
of magnetic field and somehow remove from 
system some part of electrons. Work in this 
direction is already conducted [26], but whether it 
will be possible to overcome inevitable difficulties 
on a way of its realization, it is impossible to 
foresee in advance.  
 
6. Conclusion 
 
Let us once again briefly consider the basic 
concepts of the article. The main sense of it is that 
within the frames of traditional physics it was 
possible to find a way to solve the most difficult 
problem of ball lightning – its ability to concentrate 
and store energy with extremely large density. For 
this purpose it was necessary to refuse concepts, 
which within almost two centuries were considered 
firm, but it has appeared, that they only constrained 
the development of ball lightning theory. The first, 
what it was necessary to refuse, it – from electrical 
neutrality of ball lightning. The hypothesis of 
presence inside it of non-compensated charge has 
made trivial an explanation of its stability, features 
of movement and display of electric effects. The 
second is a refusal of the requirement of equality of 
average density of ball lightning to air density. 
Refusal of it has allowed to “design” the rather 
power-intensive systems, which levitation is 
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provided not with Archimed force, but electrostatic 
forces. The third is a refusal of homogeneous 
system (for example, plasmoid, kept by own fields) 
and its replacement by heterogeneous system – 
“symbiosis” of plasma core and dielectric shell. The 
fourth is refusal of idea of chaotic plasma and 
replacement it with an ordered system of moving 
charges. More widely – that ball lightning 
represents the open thermodynamic non-
equilibrium system, capable to self-organizing. The 
fifth (that directly follows from the fourth) is a 
conclusion about essential non-equilibrium 
character of electromagnetic radiation of ball 
lightning both at optical, and at microwave ranges.  

Certainly, this change of paradigm will cause 
occurrence of new difficulties both theoretical and 
experimental character, but, in my opinion, they are 
quite surmountable. One thing can only ruin 
development of works: more and more amplifying 
scornful indifference of “true”” scientists to this 
problem, which, in particular, is shown in refusal of 
some physical journals in Russia to accept in press 
articles, in which there are words “ball lightning”.  
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Abstract. The results of investigation of laser spark gas-dynamic processes influence on MWD structure at different MW-LS 
interaction stage and different air pressure are presented. The MW discharge formation dynamics was studied by Schlieren 
method. It was shown experimentally that maximum delay time of MWD initiation by laser spark depends upon E/p 
parameter. Numeric modeling of processes in decaying laser spark domain was carried out to quantify the regimes of laser 
plasma interaction with MW field. 
 
 

A promising method for the distant 
initiation of MW discharge employs laser 
radiation. Such a phenomenon is of 
considerable interest, and can be used in 
numerous practical applications [1-3]. This 
work reports the results of an experimental 
investigation of threshold characteristics 
and gasdynamic processes in laser spark 
(LS), which influence on MW discharge 
formation. We also present data on 
ultimate delays in MW discharge 
origination in decaying LS domain, as well 
as the results of numeric modeling of LS 
plasma components relaxation and regimes 
of its interaction with MW field. 

The layout of experimental 

installation is presented at Fig.1. 
Experiments were performed using a 
magnetron in the centimeter wavelength 
range (λMW = 2.3 cm) with output power 
about 600kW. Linearly polarized MW 
radiation was emitted via a horn into a 
vacuum chamber and focused by a metal 
mirror to a region with dimensions on the 
order of wavelength. An electric field 
amplitude in a focus attained 5 kV/cm. The 
duration of MW pulses τMW did not exceed 
4μs. The beam of second harmonic 
radiation (λ = 532 nm)of a Nd:YAG laser 
(LF117, SOLAR TII, Minsk) with a pulse 
duration of τlas = 10 ns was oriented along 
the electric field vector in the MW and 
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introduced into the chamber with the aid of 
a mirror via a quartz window. Laser spark 
was created in air in pressure range P from 
150Torr to 750Torr by focusing of light 
beam by a lens with a focal distance of f = 
45 mm into a region of the main lobe of 
the MW directivity pattern. The energy of 
laser pulse varied from 200mJ to 550mJ. 
The time Tdel of the MW pulse delay with 
respect to the laser pulse varied within 
broad (from zero to several tens of 
milliseconds) limits. Repetition rate of 
synchronized MW and laser pulses was 1 
Hz. 

The dynamics of gasdynamic 
disturbances produced by the triggering LS 
and MW discharge was registered by 
means of impulse Schlieren system. Time 
resolution of the system attained 0.5μs and 
was determined by the exposure time of a 
high speed camera (Sensicam PCO AG, 
Germany). The necessary delay and 
exposure times and operating modes 
during experiment were settled with the aid 
of PC, at which the control program of 
РСО.Sensicam was displayed. The 
intensity and duration of MW radiation, 
light pulses of LS and MWD and 
launching impulses of camera, laser and 
light-emitting diode via appropriate facility 
were displayed on 4-beam oscilloscope 
Tektronix TDS 3014B. 

By use of the mentioned means the 
threshold characteristics of MW discharge 
initiated by laser sparks of different 
intensity – 250mJ, 375mJ and 525mJ – 
were measured under different delays of 
MW pulse relative laser one. After 
switching on of the laser with fixed output 
energy gradual rise of the level of MW 
energy was implemented until the 
appearance of luminosity from the 
interaction domain. The breakdown fields 
were registered both at the stage of LS 
luminescence and later stages of its decay. 
Besides, the ultimate delays of MW 
discharge initiation under different values 
of E/P parameter were measured. 

The results obtained in air of 
atmospheric pressure are presented in 

Fig.2. In whole, the tendency of MW 
breakdown threshold decrease and increase 
of initiation ability time of LS with 
increase of spark intensity. However, there 
is a time interval about 10mcs where 
breakdown thresholds are minimal and 
practically coincide under all applied laser 
pulse energies. Most considerably the rise 
of laser pulse energy affects on MW 
discharge initiation under delays from 
several tens of microseconds till 
millisecond and more.  
 

 
 

FFiigg..22..  IInnfflluueennccee  ooff  llaasseerr  ppuullssee  eenneerrggyy  oonn  MMWW  bbrreeaakkddoowwnn  
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With ambient air pressure decrease 
the initiation ability of LS rises up to time 
intervals of tens and even hundreds of 
milliseconds. This parameter is governed 
mostly by E/P value. Under the fixed E/P 
value the ultimate delay varies 
insufficiently in rather broad range of air 
pressure (Fig.3). 

Integral photo with small exposure 
time (1mcs) of MW discharge developing 
in gasdynamic disturbance produced by 
laser spark were obtained under different 
time delays. These photo show luminosity 
and localization of separate elements of 
MW discharge at time moments inside 
MW pulse (Fig.4). It can be also seen that 
in some cases MW discharge illuminates 
gasdynamic structure boundaries of 
decaying laser spark. 
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More detailed investigation of 
MWD formation was carried out by means 
of Schlieren system. For this, afterspark 
gasgynamic phases with initiated of MW 
discharge were registered in wide range of 
air pressure and delays. Such experimental 
data gives opportunity to resolve the 
spatial domains of MW channels 
origination at different moments of MW 
wave interaction with remnant gasdynamic 

medium disturbances. 
Since several microseconds after 

LS formation gasdynamic disturbances in 
the form of divergent shock wave appear 
(Fig.5-6). By tenth microsecond the 
ellipsoidal domain of heated rarefied gas 
(density “hole”) slightly elongated in the 
direction of laser beam propagation and 
formed in the area of laser energy 
absorption is well seen against the 

 
 

Fig.3. Maximum delay of MWD initiation by laser spark 

 
 

Fig.4. MWD + LS iinntteeggrraall  pphhoottoo  aatt  44  ddiiffffeerreenntt  ddeellaayyss 
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background of LS afterglow. In what 
follows in this zone a vortex flow is 
gradually developed, the last is observed 
till time moment of order millisecond and 
more under the atmospheric pressure. As 
experiments showed, the difference in the 
nature of gasdynamic disturbances leads to 
different mechanisms of MW discharge 
initiation at small (≤30mcs) and large 
(≥100mcs) delays. 

Up to ~20-30mcs MW discharge is 
forming under the condition of residual 
plasma luminescence of the LS plasma 
core (so far holding high conductivity [3, 
4]), presence of diverging shock wave and 
rarefied domain (see Fig.5). Under the 
pressure close to atmospheric one MW 
channel is forming inside density “hole” in 
the vicinity of LS core pole. Then the 
channel is developing in the MW radiation 
polarization plane in accordance with 
stimulated MW discharge electrodynamics 
[5]. Frequently MW channel (or one of 
MW channels) later develops along the 
front of shock wave. While MW channel 
intersecting shock wave front its break and 
displacement is registered. Under the 
reduced pressure MW channels initiation 
takes place exactly at the boundary of 
density “hole” near its poles (Fig.6) with 
subsequent development as in the case of 
high pressure discharge. In the range of 
large delays, after 100-300mcs, the 
character of gasdynamic disturbances 
changes – the toroidal type disturbance 
begins to form and at later stage 
(t≥400mcs) residual vortical footprint is 
well seen in air. Namely in these domains 
under the MW field imposing one can 
observe the appearance of diffusive 
volumetric luminescence with further 
development of MW channels oriented 
along the electric field vector of MW wave 
(Fig.6). Besides, part of MW channels 
trace also the geometry of disturbed 
vortical zone, i.e. their development follow 
along density boundaries (Fig.6). Such 
scenario is observed for a sufficiently long 
time so far gasdynamic disturbance exists 
in the focal volume of MW radiation. In 

this range of delays, probably, the reduced 
density of air cooling down in a vortex 
contributes the main input in threshold 
reduction [1]. 

Numeric modeling of processes in 
decaying laser spark domain was carried 
out to quantify the regimes of laser plasma 
interaction with MW field via the 
knowledge of electron 
concentration/conductivity evolution 
during the entire decay phase. 
Experimental information on this subject is 
limited and covers mainly the range from 
nanoseconds to microseconds. As it was 
described above, under the atmospheric air 
pressure laser spark domain demonstrates 
its initiating properties for time delays up 
to hundreds of microseconds. Thus, two 
more time decades are to be investigated 
by numeric calculation. 

The idea of such investigation was, 
starting from the plasma condition, which 
is experimentally detected as local thermal 
equilibrium and taking as a guiding 
parameter experimentally measured gas 
temperature time dependence, calculate 
evolution of electron concentration/ 
conductivity in decaying domain.  

Kinetic calculation of laser spark decay 
was performed in the following 
assumptions: 
• During the decaying phase the spark 

medium temperature dynamics was 
taken according to measurements [6, 7].  

• Electron temperature was supposed to 
be equal to gas temperature all over the 
decay phase. 

• At start calculation time the medium 
composition was assumed to be in the 
local thermodynamic equilibrium under 
the temperature 16000 K and the 
pressure 1 atm (for 100Torr –
 ≈14000 K). This moment corresponds 
to time interval after laser spark 
origination of about 2-3 microseconds.  

• Conditions in spark medium were 
supposed as isobaric ones and equal to 
ambient air pressure. 

The choice of start time is explained by the 
fact that according to the mentioned above 
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experimental results in about one 
microsecond after breakdown laser spark 
plasma is still close to thermal equilibrium. 

Fig.7 presents the result of 
decaying stage parameters calculation for 
ambient air pressure 750Torr and 100Torr. 
The recombining character of decaying 
plasma results in deviation of charged 

particles concentration from their 
thermodynamic values to over-equilibrium 
ones. The difference becomes more and 
more significant while gas temperature 
goes down. At low gas temperatures (about 
3000K and less) the dissociative 
recombination e + NO+ → e + N + O 
leads to rapid de-ionization of plasma 

 
 

Fig.6. MWD + LS SScchhlliieerreenn  pphhoottoo 

 

 
 

Fig.7. Dynamics of charged particles during decay of laser spark 
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domain. At the same time the incident 
electric field is able to penetrate inside this 
domain.  

For estimation of the moment of 
MW field penetration in plasma we 
assumed the shape of the decaying spark 
domain to be a sphere, thus depolarization 
factor n(d) to be equal to 1/3. At this, the 
polarization parameter 4πσn(d) /ω is also 
diminishing in time, starting from the 
values much greater unity, what implies 
that decaying spark domain resembles 
metallic sphere, then coming to the unity at 
time moment about 80μs for atmospheric 
pressure conditions. From this moment 
plasma becomes more and more 
transparent for an incident MW field. At 
time moment 80μs gas temperature in the 
decaying domain falls down to the value 
3000K and electron concentration – to 
about 2⋅1013cm-3. Dynamics of electron 
concentration and electron conductivity σ 
of ionized volume is shown in Fig.8. 

The behavior of the reduced electric 
field E/N inside decaying plasma domain 

is presented at Fig.8. The reduced field is 
normalized on the reduced electric field 
outside the plasma domain. Thus, the curve 
gives opportunity to estimate the 
possibility of MW breakdown onset inside 
the plasma region. If the breakdown field 
in the ambient undisturbed gas medium 
exceeds the imposed electric field E0 
greater than the value of curve maximum 
(in our approximate model this maximum 
is about 10), no breakdown can be 
obtained. Thus, for electric field strength 
less than ∼3kV/cm the breakdown can not 
be realized. Nevertheless, the calculated 
value is sensitive to the behavior of 
electron concentration and gas density and 
demands more detailed knowledge of their 
evolution. In opposite case (for E0 > 
3kV/cm) there appears time interval when 
breakdown is possible. As for electric field 
intensification on a sphere poles, the 
process takes place from the very 
beginning (spark origination) up to about 
80μs, the intensification value being about 
3.  

 
 
Fig.8. Dynamics of electron concentration, electro-conductivity of plasma and relation of internal/external reduced fields 

(p=750Torr) 
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Three regimes of MW beam 
interaction with decaying laser plasma can 
be distinguished for atmospheric air 
pressure. The first is MW discharge 
initiation on highly conductive laser 
plasma and is limited by the first 80μs. The 
second regime is initiation of MW 
discharge via breakdown in rarefied and 
moderate-conductive spark domain when 
electric field begins to penetrate in it. And 
the last is spark plasma heating (or energy 
deposition) in sub-breakdown undisturbed 
field. This regime ranges in time up to 
several hundreds of microseconds. 
Qualitatively, these regimes are inherent to 
LS-MW interaction under all investigated 
pressures. 

Thus, the performed experiments 
let us reveal factors affecting on MW 
discharge initiation by laser spark at all 
stages of its decay. The value of ultimate 
time of LS initiation ability depends upon 
E/P parameter and strongly increases with 
its growth. Another important parameter 
which affects in the same manner is laser 
pulse energy. Thereby, both under 
atmospheric and reduced air pressure the 
significant decrease of MW discharge 
breakdown thresholds, as well the 
magnitude of time interval of LS initiation 
ability is due to gasgynamic disturbances 
created by laser spark. 
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Abstract. The objection of the work presented in current paper is to investigate dynamical impact of constricted electrical 
discharges in external magnetic field on gas flows. In this paper results of experimental study of electrical discharge 
interaction with swirling flow in external magnetic field are presented. Pressure drop value versus magnetic field induction 
magnitude and polarity is given for two cases: electrical discharge rotates co-current and counter-current with swirling flow. 
Tangential velocity rise rate caused by electrical discharge rotation is evaluated. Measured velocities are of the same order 
that calculated from balance equation for considered experimental conditions. It is shown that the main contribution into flow 
tangential velocity can be expected only near central electrode that is explained by electrical discharge spiral evolution in 
external magnetic field. 

 
 

1. Introduction 
 

Study of electrical discharges interaction 
with gas flows of different configurations in 
external electric and magnetic fields is an important 
part of plasma aerodynamics. Obtained results can 
be used for improvement of characteristics of high 
speed combustion chambers of air-breathing jet 
engines and power generating systems, for 
improvement of aircraft aerodynamical 
characteristics, for environmental conditions 
improvement. 

Electrical discharges characteristics in co-
current and counter-current axial gas flows in 
external magnetic field, interaction between 

electrical discharges and gas medium in external 
magnetic field, mechanisms of influence of that 
interaction on flow structure and mixing have been 
studied and are described in [1 – 8]. 

The main purpose of current work is to 
study dynamical impact of constricted electrical 
discharges in external magnetic field on gas flows 
experimentally. Motivation for investigations is to 
use the impact for vortex structures modification in 
tasks of flight control and for mixing intensification 
in tasks of plasma assisted mixing in practical 
applications. Study of the dynamical impact of 
constricted electrical discharges in external 
magnetic field on gas flows is also of fundamental 
interest. 

 

 
 

Fig.1. Experimental setup scheme. 
1-central wire electrode, 2-annular electrode,3-breaker, 4-power source, 5-magnetic coil, 6-magnatic field switching 

on/off system, 7-accumulators, 8-rheostat, 9-swirler, 10-compressor, 11-quartz tube of aerodynamical duct, 12-pressure 
differential sensor, 13-flowmeters, 14-current and voltage measurement scheme, 15-high speed digital photo camera, 16-
computer, 17-current shunt, 18-mirror, 19-oscillograph, 20-puls generator. 
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In this paper results of investigation of 
electrical discharge interaction with swirling flow 
in external magnetic field are presented. The main 
focus is made on following: 

1. Discharge and swirling flow parameters 
under considered experimental conditions. 

2. Dynamical mechanism of electrical 
discharge influence on swirling flow structure and 
its gas-dynamic characteristics in magnetic field. 

3. Swirling flow control by discharge in 
magnetic field of different induction value and 
polarity. 

4. Evaluation of tangential velocity rise 
rate that is caused by the discharge moving in 
magnetic field. 

 
2. Experimental Investigation 
 

2.1. Experimental Setup 
Experimental setup scheme is presented in 

Fig. 1. 
The base element of the experimental 

setup is test section that is an aerodynamical duct 
with coaxial system of electrodes and magnetic 
coil. 

The aerodynamical duct of 80cm in length 
is used for swirling flow organization and consists 
of following elements: swirler 9 with axial inlet and 
four tangential gas inlets and quartz tube 11 of 
34mm diameter. Gas comes into the test section 
through compressor 10. The aerodynamical duct 
length ensures stabilized velocity profiles in the test 
section. 

The electrical discharge is initiated 
between annular aluminum electrode 2 of 34mm 
diameter and 50mm width that is built in quartz 
tube and central wire tungsten electrode 1 of 1mm 
diameter that is mounted along aerodynamical duct 
axis. 

Magnetic field in the system is created by 
magnetic coil 5 that is made of copper wire of 
2.2mm in diameter and is situated coaxially with 
the aerodynamical duct. The magnetic coil is 
powered by accumulator battery 7. Electric current 
of magnetic coil circuit is regulated with rheostat 8. 

The direct current electrical discharge is 
organized by stabilized power source 4 with open 
circuit voltage U=7kV and by ballast resistance that 
keeps up short circuit current up to I=2.8А. 

It is possible to change polarity of 
magnetic field and polarity of the electrodes in 
experiments, but the annular electrode is always 
grounded. 

Synchronization scheme gives required 
time sequence and time intervals between switching 
on/off of flow, the electrical discharge, magnetic 
field and triggering of recording equipment. Flow 
rates of longitudinal and tangential components of 
swirling flow are set up by flowmeters 13. The 
electrical discharge is initiated in gap between the 

electrodes by breaker. When magnetic field is 
switched on, signal from pulse generator 20 triggers 
video camera 15 and oscillograph 19 that record 
processes before and after magnetic field switching 
on. 

Electrical discharge and swirling flow 
parameters are measured by electric current and 
voltage probes and pressure differential probes 
correspondingly. 

Discharge visualization is performed with 
high speed digital photo camera Citius Imaging 
C10 of following specification: maximum matrix 
resolution – 652×496, pixel size – 10mkm, 
maximum registration rate – 10000 frames per 
second, time of exposure – from 6mks, 
synchronization accuracy – 1mks. 

Discharge circuit current Iarc, discharge 
voltage Uarc, current of magnetic coil electrical 
circuit, signal of magnetic field switching on are 
registered with four-channel digital recording 
ocsillographs Tektronix TDS 2014. 

 
2.2. Task Setting 
The initial air swirling flow, that is created 

as a result of combination of direct flow and 
tangentially injected flows, comes into the test 
section. The electrical discharge is initiated 
between the central wire and annular electrodes. In 
external magnetic field under electromotive body 
force it moves and impacts the swirling flow. 

Experiments were carried out for different 
polarities of magnetic field at the same direction of 
initial swirling flow rotation so the discharge 
moved co-current or counter-current the swirling 
flow. 

Typical parameters of the experiments are 
following: flow rate ~10-2kg/s, discharge current Iarc 
~1.3 – 1.8A, discharge voltage Uarc ~0.8 – 2.2kV, 
magnetic field induction B – 0.09, 0.27T, gas – air, 
P ~105Pa. 

 
2.3. Results Discussion 
Tangential velocity rise rate, that is caused 

by the discharge moving in magnetic field, are of 
the main interest in the study. It can be defined 
from the comparison of pressure drop values 
obtained for the same induction magnitudes but for 
opposite polarities of magnetic field for the same 
other experimental conditions. Differences between 
pressure drops with co-current discharge rotation 
and pressure drops with counter-current discharge 
rotation reflects a double input of the rotating 
discharge into tangential velocity of the swirling 
flow: 
 

( ) BB PPP −+ Δ−Δ=ΔΔ  
 

where ΔP+B is measured at co-current discharge 
rotation with the swirling flow, ΔP-B – at counter-
current discharge rotation with the swirling flow. 
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In Fig.2 and Fig.3 pressure drop measured 
for four magnetic field induction values (-0.09T, 
+0.09T, -0.27T, +0.27T) is shown. Fig.3 represents 
pressure drop, normalized by pressure drop in 
initial swirling flow, versus magnetic field 
induction magnitude and polarity. 

Pressure drop measurements were taken at 
a distance of 5.5×10-2m downstream from the 
central electrode within radius of 2mm in the 
experiments. 

For B=-0.09, +0.09T and B=-0.27, +0.27T 
Δ(ΔP) ~10 and 17Pa correspondingly. Obtained 
values mean that the moving discharge “adds” 3, 
5m/s to the swirling flow tangential velocity for 
two cases. 

Input into the tangential velocity can be 
estimated with balance equation: 

 
Ir(r)Bl=G(r)w(r)+ρw2(r)S(r)/2 
 

where Ir is radial component of discharge current, B 
is magnetic field induction, l is discharge element 
length, G is gas flow rate, w is tangential velocity 
of the discharge, ρ – air density, S – inner surface 
area of the aerodynamical duct at the distance of 
5.5×10-2m downstream from the central electrode, 
Cf ~1. 

Estimated “added” velocity varies from 4.2 
to 1.1m/s for B=-0.09, +0.09T and from 10 to 
2.6m/s for B=-0.27, +0.27T at the distance of 
5.5×10-2m and in the range of 1mm from the central 
electrode. 

Measured velocities are of the same order 
that calculated from the balance equation for 
considered experimental conditions. 

Fig.4 shows distribution of the estimated 
added tangential velocity. It is seen that main 
contribution from the rotating discharge into the 
flow tangential velocity can be expected only near 
the central electrode that is explained by electrical 
discharge spiral evolution in external magnetic 
field. 

 

 
 

Fig.4. Estimation of added tangential velocity 
distribution. 

 
 

3. Conclusions 
 

The constricted electrical discharge in 
external magnetic field has the dynamical impact 

 
 

Fig.2. Pressure drop versus magnetic field induction 
magnitude and polarity. X-axis: 1mV=0.006T, Y-axis: 

1mV=0.357Pa. 
 

 

 
 
 

 
 

Fig.3 Pressure drop, normalized by pressure drop in 
initial swirling flow, versus magnetic field induction 
magnitude and polarity. X-axis: 1mV=0.006T, Y-axis: 
1mV=0.357Pa. 
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on gas flow swirling. Measured in the experiments 
the added tangential velocities are 3 and 5m/s for 
B=-0.09, +0.09T and B=-0.27, +0.27T 
correspondingly at a distance of 5.5×10-2m 
downstream from the central electrode within 
radius of 2mm. They are of the same order that 
calculated from the balance equation for considered 
experimental conditions. But the main contribution 
from the rotating discharge into the flow tangential 
velocity can be expected only near the central 
electrode that is explained by electrical discharge 
spiral evolution in external magnetic field. 

The work is carried out through support of 
Russian Federation President Grant MK-
3155.2011.8. 
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Introduction 
 
The converging shock waves (CSW) being a 
powerful tool for generation of high pressures and 
temperatures are of great interest in the high energy 
density physics and some applications. The CSW 
stability needed to provide efficient matter 
compression was studied by many authors both 
theoretically and experimentally. It was found the 
CSW in ideal or weakly non-ideal gas are unstable 
with respect to small symmetry violation. The 
influence of thermodynamic properties of shock 
compressed matter on the CSW stability remains 
unclear. It is reasonable to expect that this influence 
becomes increasingly sufficient as the CSW 
approaches to the centre of convergence. Some 
factors of the medium imperfection may be 
considered using van der Waals (vdW) equation of 
state (see, for instance, [1-3]), but post-shock 
densities interesting for research go beyond the 
feasibility of this approximation. More accurate 
results can be obtained on the basis of Carnahan-
Starling (CS) equation of state [4] being valid at 
much higher compression degree. As well known, 
thermodynamic non-ideality of the hard-sphere 
system is characterized by the compressibility 
factor Z=pV/RT, which depends on the packing 
fraction η=NπD3/(6V), where D is a diameter, N is 
a number of spheres in the volume V. In the case of 
the CS approximation  
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(remind that in the case of the vdW approximation 
Z(η)=1/(1-4η)). 

In our study hydrodynamic simulations of 
the CSW behavior have been performed on the 
basis of compressible Euler equations on moving 
grid with the equation of state accounting for hard-
sphere repulsion in Carnahan-Starling 
approximation. Internal degrees of freedom were 
assumed to be frozen, cV=const. Taking into 
account that CS fails to reproduce actual hard-
sphere physics at 5.0>η , such values of packing 
fraction were not used in calculations. The research 
is aimed to estimate influence of finite matter 

compressibility on the CSW stability on the basis of 
simple tractable model. 
 
Numerical method and problem formulation 
 
Accurate simulation of CSW behavior requires the 
layer concluded between the shock and the limiting 
characteristic that comes to the reflection point in 
R-t plane to be resolved on the computational grid. 
For this purpose method of integration of the Euler 
equations on contracting grid has been applied. 
Conservation of mass, momentum and energy for 
moving volume G can be written in the following 
form 
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the fluxes of the conservative variables in the 
direction of the outward unit normal n of the 
surface element σd  is velocity of the element. 
Semi discrete approximation can be written as 
follows 
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where the index i denotes the values of grid 
functions, referred to the cell i, and summation is 
carried out over the cell faces, n j  is a normal, 
absolute value of which is equal to the area of the 
face j of the considered cell, the grid velocity vector 
(vg)j is evaluated at the face centers. The modified 
fluxes at the cell faces of a smooth structured grid 
were approximated on the basis of the Harten-Yee 
numerical flux and Glaister's method of 
linearization [5]. The calculations were carried out 
on rectangular grids. Grid motion was defined as 
follows 
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where c(t) controls the grid velocity vg = -x c(t). 
The front of the symmetrical convergent shock 
wave is steady on the moving grid if 
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00 , pV  are the specific volume and pressure in pre-

shock state, 11, pV  are the front parameters, R is the 
current radius. Since in the case under consideration 
the shape of the shock wave and post-shock front 
parameters are perturbed, the averaging over N 
control points is used. The points are located on the 
shock front in such a way that angle between the 
points is θ/N, where θ is the angular period of the 
perturbation. 
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Here, kσ  are the weights. The parameters 

kkk pV x,, 11 are evaluated at the control points at 
time level n. Two-dimensional problem formulation 
is considered. The CSW is generated by the break 
up of the discontinuity: 
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Here, 00 , pρ  characterize pre-shock state, 

01 pp >  is a driving pressure, Ω  is a perturbed 
circle in (x, y) plane with the center of symmetry at 
x = 0. We used particular forms of perturbations 
one of which is a small shift of the half-circles on 
distance rδ  as shown in the left panel of Figure 1 
by solid line, and another can be expressed in polar 
coordinates (r, φ) in the form 

))sgn(cos()( 0 ϕδϕ nrrr += . For given types 
of a perturbation the problem solution depends on 
four dimensionless parameters: deviation of the 
shape from cylinder 0/ rrδ , dimensionless driving 
pressure 01 / pp , and dimensionless pre-shock 

density is 0η  provided that 6m/(π D3) is the unit, 
where m is a mass of the sphere.  In all calculations 
the ratio 01 / pp   is 160. Influence of 0η  and 
rotational symmetry of a perturbation was 
considered on the problem solution. Calculations 
were performed on rectangular grid with resolution 
400 cells per initial radius. Validation included tests 
on invariance of the solution with respect to 
orientation of the initial data on the rectangular 
grid, tests on conservation of solution symmetry in 
the case of cylindrical shock wave, and comparison 
with Guderley's solution in the case of ideal gas. 
Figure 1 demonstrates independence of the solution 
on orientation of the cutting plane. The solutions 
correspond to rotation of the initial data to the angle 

4/π  before projection on rectangular grid. The 
lines of constant pressure are shown at grid 
contraction 10-2. The computed front pressure 
histories for unperturbed cylindrical shocks are 
shown in Figure 3 by dot-dash line. All the 
solutions indicate nearly linear dependence in the 
log-log plot at 1

0 10/ −<rr . Linear fit in the range 
1

0
3 10/10 −− << rr  gives the Guderley's exponent 

value within error 2% for the ideal gas. 
 

 
 
Figure 1. Invariance of the solution under rotation of the initial data to the angle 4/π  on the rectangular grid. Cylindrical 
form of the discontinuity is perturbed by small shift (10 grid intervals) of half-cylinders. Lines of constant pressure (the same 
in the both pictures) are presented at the moment when the size of the shock is 10-2 (unit in the middle and right panels is 10-2 
r0). 
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Results 
 

Consider the influence of the packing 
fraction on stability of the shape of the cylindrical 
converging shock wave in the case of the 
perturbations with angular period 2/π . It is well 
known that in the case of ideal gas the perturbations 
with angular period 2/π  increase in time. The 
instability leads to formation of the shock front 
shape which is close to polygonal one. In particular, 
the initial phase of the instability development of 
this mode was observed in the experiment [6]. Let 
us consider front pressure behavior during 
implosion. The amplitude of front pressure 
fluctuations can be estimated from difference of the 
front pressures at two front points such, that the 
angle between these points is equal a half of the 
perturbation period. If the polygonal shape of the 
shock is formed, the front pressure is piecewise 
constant function of the distance from the focus. 
Discontinuity indicates existence of triple points on 
the shock wave front. Results obtained with the use 
of vdW and CS equations of state are presented in 
Figure 2, where the front pressures are shown 
against radius for the cases 03.00 =η  and 1.00 =η  
( 025.0/ 0 =rrδ ). It follows from the figure that the 
discrepancy between these models increases with 

0η . This discrepancy is manifested not only in 
change of the exponent in power law dependence of 
the average front pressure on the radius, but also in 
the different development of the instability. The 
shock wave surface is smooth in the case of vdW 
equation of state with 1.00 =η . 

Calculations of the development of the 
shock wave perturbations with the period π  
revealed that the cylindrical converging shock 
waves are unstable everywhere in the region of 
applicability of CS equation of state. Front pressure 
history at a pair of front points is shown in Figure 4 
for each calculation. Represented data correspond 
to the following three values of the pre-shock 
packing fraction ( 3/1;10/1;00 =η ). The post-shock 
packing fraction approaches the strong shock limit. 
The values 0.217 and 0.444 were detected for 

10/10 =η  and 3/10 =η , when the front pressure 
growth was completed. The front pressure histories 

for the unperturbed cylindrical shock waves are 
shown by the dash-dot line. One can conclude from 
the figure that the front pressure follows the 
solution for the symmetric case in average until 
some critical value of pressure and radius is 
reached. 
If the pre-shock packing fraction corresponds to the 
upper part of the domain of applicability of the CS 
equation of state, the shape of a cylindrical 
converging shock wave become stable against 
perturbations with the period 2/π . Moreover, the 
stability is observed even in the case of strong 
initial asymmetry. 

Figure 3 (left panel) shows the result for 
strong initial perturbation, when the initial 
discontinuity is square in shape. In this case the 
shock wave has polygonal shape at the moment of 
the discontinuity break up. It follows from the 
figure that the triple points disappear from the 
shock surface, and the growth rate of the average 
front pressure is higher than the growth rate of the 
front pressure perturbations. Polygonal shaped due 
to strong initial perturbation shock wave becomes 
cylindrical near the focus. 
This critical point depends on the packing fraction 
in the pre-shock state and coincides in time with 
formation of the quadruple points on the shock 
wave surface. Quadruple points are the stationary 
points on the shock wave surface where four shocks 
meet each other; two of them represent segments of 
the converging shock wave while the other two 
correspond to the outgoing shocks.  In the particular 
case of symmetry this kind of shock interaction can 
be considered as a pair of regular shock reflections. 
Condition when this configuration is formed from 
two triple points depends on criterion of transition 
from regular to Mach reflection. This type of shock 
interaction provides a mechanism of decreasing of 
the shock surface area without increasing of the 
average front pressure. Detailed pictures of the 
front shape shown at different scale are shown in 
Figure 4, where the phenomenon is illustrated. The 
upper sequence of the pictures corresponds to the 
ideal gas; the lower one represents the case 

10/10 =η . The last panel in each sequence shows 
the shock front with the quadruple points formed. 
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Figure 2. Comparison of the front pressure history for van der Waals (VdW) and Carnahan-Starling (CS) equations of state 
 
 
 

 
 
 
Figure 3. Left: case of stability of the cylindrical shape of CSW under strong initial perturbations of symmetry 
with the smallest angular period 2/π  ( 3/10 =η ); Right: Influence of the pre-shock packing fraction on the 
instability of CSW to small initial perturbations with period π . 
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Figure 4. The shape of the perturbed converging shock wave at different scales is shown. Upper: ideal gas; Lower: hard 
sphere fluid 10/10 =η . The last figure in each sequence corresponds to appearance of quadruple points on the front; the 
front pressure does not grow after this moment. 
 
 
 
 
Conclusion 
 
Numerical study of the cylindrical CSW stability 
has shown that at the description of thermodynamic 
non-ideality in the framework of the CS 
approximation the increasing of the packing 
fraction has the stabilizing effect on CSW. 
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P4. HYPERSONIC MHD FLOW OVER ROTATION BODY AT FINITE 
MAGNETIC REYNOLDS NUMBERS  

 
Е.V. Gubanov, A.P. Likhachev, S.A. Medin  

Joint Institute for High Temperatures, Russian Academy of Sciences 
 
 
 

A number of two-dimensional problems of stationary hypersonic MHD flow over rotation body with magnetic dipole are 
solved numerically. The flight altitude and velocity are selected in the interval of re-entry parameters where the magnetic 
Reynolds number Rem calculated for the shock layer width in front of the body is of the order of unity. The main feature of 
the solutions obtained is taking into account the induced magnetic field.  

 
 

Problem formulation and numerical technique 
 
Stationary hypersonic MHD flow over rotation 
body with magnetic dipole are considered in three 
two-dimensional formulations. First two problems 
are concerned with the transverse flow past the 
cylinder of revolution at normal (problem 1) and 
parallel (problem 2) orientation of the dipole 
magnetic moment and incoming flow velocity 
vectors. The third problem relates to the case of the 
flow over the sphere with parallel orientation of 
these vectors. Every of the problems has been 
solved in two variants: in variant A pressure and 
density of the incoming flow correspond to the 
parameters of atmosphere at an altitude of 65 km, 
the velocity is 7 km/s; in variant B these values are 
80 km and 11 km/s respectively. The flow over 
cylinder has been simulated in cylindrical frame of 
reference (axis z coincides with the cylinder axis), 
the flow over sphere has been modelled in spherical 
coordinates.  

The body diameter in all solutions is equal 
to 4 m. The dipole magnetic field is generated by 
electrical current flowing in two infinite parallel 
wires (cylinder, problems 1 and 2) or ring coil 
(sphere, problem 3) disposed symmetrically inside 

a body. The distance between wires as well as the 
coil diameter are equal to 2 m. The electric current 
has been assigned to be equal to 2·107 A. The Biot-
Savart law has been used to calculate the dipole 
magnetic field. The geometry of calculation region 
and the dipole magnetic field distributions are 
shown in Fig. 1. 

The medium flowing over the body is 
described in the approximation of the perfect non-
radiative gas. The values of the specific heat ratio γ 
and gas constant  R were chosen to provide a 
minimum error in definition of the air plasma 
parameters behind the bow shock. In version A γ 
=1.13, R=458 J/(kg·К), the incoming flow 
parameters are the following: longitudinal and 
transverse components of velocity u1=7⋅103 m/s, 
v1=0, pressure p1=10 Pa, density  
ρ1=1.765⋅10-4 kg/m3 (for convenience of 
performance the velocity components are given in 
Cartesian coordinates). In version B  
γ =1.118, R=657 J/(kg·К), u1=11⋅103 m/s, v1=0, 
p1=1 Pa, ρ1=1.765⋅10-5 kg/m3.  

The low-frequency approach is used to 
describe the electrodynamic phenomena. The Hall 
effect and the external (Earth) magnetic field are 
neglected. The total magnetic field B is determined 

 

 
 

a) b) 
Figure 1. The geometry of calculation region and the dipole magnetic field distribution: a – problem 1, b - problem 2 and 3 
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as superposition of the dipole magnetic field Bd and 
the induced magnetic field Bi, i.e. B=Bd+Bi. The 
electrical conductivity of the shock-compressed 
plasma was described by the approximate 
expression    

 

)/(1 1
2

1
1

−− += σσσ  ,  
 
where  
 

2/14/316
1 )/1160014exp(1009.8 −⋅−⋅= pTTσ

2/34
2 1007.7 T−⋅=σ  . 

 
The numerical solution of the problem was 

obtained using the stabilization method with 
splitting of the system of equations into 
electrodynamic and gasdynamic subsystems. The 
solution of the gasdynamic subsystem was based on 
the Harten’s method of second order 
approximation. To solve the magnetic induction 
equation we used a specially designed and tested 
numerical scheme with a non-uniform 
approximation pattern of the convective term which 
depended on the local properties of the solution. 
The problems have been solved on multiprocessor 
computer systems using MPI parallel programming 
technology.  
 

Initial and boundary conditions 
 

The stationary gasdynamic solution in the 
absence of the MHD interaction with the incoming 
flow parameters mentioned above has been used as 
initial gasdynamic conditions. The boundary 
conditions were the following (see Fig. 1): AB  – 
“supersonic” conditions, BC  - “soft” conditions, 
AC – symmetry conditions. The “no-flow” 
condition has been assigned on the external body 
boundary. The solutions used as initial gasdynamic 
conditions are shown in Fig. 2.  

The zero induced magnetic field Bi=0 has 
been assigned as initial electrodynamic conditions. 
The “soft” boundary conditions have been used on 
boundaries AB and BC, the symmetry conditions 
have been assigned on boundary AC. The body 
electric conductivity has been set to zero, so that the 
numerical cells inside body have been excluded 
from calculations. The zero electric field has been 
assigned on the body external boundary.   

 

 

 
 
Figure 2. The initial gasdynamic conditions: a – problems 1 and 2, variant A; b – problems 1 and 2, variant B; 
c – problem 3,variant A; d – problem 3, variant B 
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Results of calculations 
 
 

Problem 1, variant A 
 
Dimensionless parameters: Mach number M1 = 27.7, magnetic Reynolds number Rem = 0.5, magnetic pressure 
number RH =15 
 
 

       
a) b) 

 
c) d) 

 
Figure 3. The MHD flow over body (problem 1, variant A): a – pressure distribution in combination with gasdynamic 
streamlines; b – z-component of electric current density; c – magnetic field vector lines; d – distribution of r-component of 
velocity vector along symmetry axis  
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Problem 2, variant A 
 

Dimensionless parameters: Mach number M1 = 27.7, magnetic Reynolds number Rem = 0.5, magnetic pressure 
number RH =15 
 
 

 
 

a) b) 

 
c)  d) 

Figure 5. The MHD flow over body (problem 2, variant A): a – pressure distribution in combination with gasdynamic 
streamlines; b – z-component of electric current density; c – magnetic field vector lines; d – distribution of r-component of 
velocity vector along symmetry axis  
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Problem 2, variant B 

 
Dimensionless parameters: Mach number M1 = 43.6, magnetic Reynolds number Rem = 3.2, magnetic pressure 
number RH =70 

 
a)  b) 

 
c)  d) 

 
Figure 6. The MHD flow over body (problem 2, variant B): a – pressure distribution in combination with gasdynamic 
streamlines; b – z-component of electric current density; c – magnetic field vector lines; d – distribution of r-component of 
velocity vector along symmetry axis 
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Problem 3, variant A 

 
Dimensionless parameters: Mach number M1 = 27.7, magnetic Reynolds number Rem = 0.25, magnetic pressure 
number RH =15 
 
 

 
a) b) 

 
c) d) 

Figure 7. The MHD flow over body (problem 3, variant A): a – pressure distribution in combination with gasdynamic 
streamlines; b – z-component of electric current density; c – magnetic field vector lines; d – distribution of r-component of 
velocity vector along symmetry axis  
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Problem 3, variant B 

 
Dimensionless parameters: Mach number M1 = 43.6, magnetic Reynolds number Rem = 1.5, magnetic pressure 
number RH =70 
 
 

 
a) b) c) 

 
Figure 8. The MHD flow over body (problem 3, variant B): a – pressure distribution in combination with gasdynamic 
streamlines; b – z-component of electric current density; c – magnetic field vector lines 
 
 
 
 
 
 

Features of solution obtained 
 
The solutions obtained have a number of 

common features: due to the MHD interaction the 
bow shock turns off from the body; the flow is 
pushed out from the body surface (in variant A of 
the problem 2 pushing out tends to be global); 
effects of finite magnetic Reynolds number are 
observed – magnetic lines of force are drifted and 
stretched downstream with sufficient changing of 
magnetic field structure; two oppositely directed 
current vortices are generated in plasma flow over 
the body etc. The differences between solutions are 

caused by the orientation of the dipole magnetic 
moment vector relatively the velocity vector, values 
of the incoming flow parameters and the body 
shape.   

The summary drag force and its 
gasdynamic and electrodynamic components (for 
running meter in the case of cylinder) have been 
calculated from data obtained and tabulated (see 
below).   
It is seen from table that MHD interaction leads to 
growth of the drag force from 6 till 25 (problem 3, 
variant B) times.    
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P 5. OBSERVATION OF THE STRUCTURE OF CHARGED 
MACROSCOPIC PARTICLES ON THE METAL SURFACE (ANALOG 

DUSTY PLASMA) 
 

D.S. Baranov* and O.D Baranova 
* Joint Institute for High Temperatures of Russian Academy of Sciences, Moscow, Russia 

baranovd@rambler.ru 
 
 

Abstract. Experimentally observed spontaneous emission of macroscopic particles (~ 1 micron) from specially prepared 
samples, which contained about 20 mg of bismuth salts (nitrate or sulfate). 
Preferential direction of emission was in the horizontal plane. On the polished gold surface located at 3 mm from the sample 
form a structure of deposited particles, the observed field rounded-free particles (the so-called void). The results are 
compared with those of standard experiments on dusty plasmas.  
 
 
The experiment revealed that the sample prepared 
from bismuth salts capable of emitting jets of 
macroscopic particles. For sample preparation we 

used a saturated solution of bismuth nitrate (or 
sulfate), which is exposed to an electric field ~ 106 
V / cm. After 15 minutes of exposure solution was 

 
 

 
 
Fig. 1. Тhe silicon detector of alpha particles 
 
 
 
 

 
 

Fig. 2. Cumulative emissions of the jet macro-particles on the surface of the detector number 1. He was missing the first two 
weeks after the experiment was found after 19 months. 
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dried on the substrate for 15 minutes and placed in 
a detection system to measure alpha and beta 
activity/1/. The sample covered the top surface of 
the silicon detector of alpha particles with a 
diameter of 22 mm. Gold surface separated from 
the sample at a distance of 3 mm. With space 
limited to the ends of brass washer with a diameter 
of 22 mm (Fig. 1).  

We emphasize that lies under the gold 
surface of the sample with salt is not exposed to any 
special field and radiation.  

From a sample simulated jets of 
macroscopic particles. The jets of macroscopic 
particles can appear from a particle that had 

previously settled on the detector. This can occur 
with considerable delay in time (Fig. 2). 

The typical particle size of ~ 1 micron, but 
there were other dimensions from 10 nm to 100 
microns.  

The density of the bombing of cumulative 
jets surface and a side strongly divergent, then the 
angle of emission of cumulative jets from the 
sample, usually no more than 0.1 radians to the 
horizontal plane (Fig. 3). 

In some cases the particles bounced off the 
gold surface (top) and back again to it (Fig. 4). 

Scattered over the surface of the particles 
within a maximum relative to each other (Fig. 5). 

 

 
 
Fig.3. Internal skirting and a fragment of a gold surface (dark area) of the detector number 2.   Snapshot obtained by a 
scanner. 

 
 

 

 
 
 

 
 
 
Fig. 4.Charged particle spins and jumps on the golden ceiling  
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Based on this we can conclude that the 
particles are charged. Separate measurements 
showed that the charge is negative.  

On bulk photos with higher resolution 
shows that the balls are hidden in wells at depths 
greater than its radius. There are also blank wells. 
The appearance of holes is obviously connected 
with the rotation of balls. (Fig. 6). 

Observed alignment of the particles in 
sequential structure (Fig. 7), which can be 
attributed to the existence of macroscopic particles 
of a significant magnetic moment. Some particles 
are attracted to permanent magnet 

It turned out that there are areas on the 
gold surface where the scattered particles do not 
penetrate. These areas are usually surrounded by an 

 
Fig. 5. Charged particles are distributed along the golden ceiling 
 
 

 
Fig. 6. Balls and pits on the gold surface 
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observable macroscopic particles or the formation 
of a crater (Fig. 5 b) But there is a region free of 
observable objects (the so-called void (Fig. 8, 9)).  

Painting aligned macroscopic charged 
particles and free them from areas like the picture 
formed by dust particles in plasma (Fig. 10). 

Terms and conditions of this experiment 
are radically different from experiments with dusty 
plasmas/2/. But we can assume that the particle 
charge and void can be explained everywhere 
within a unified theoretical approach /3-6/. 

 

 
 
Fig. 7. Sequential structure.  
 

 
 
Fig. 8. Void on the edge of a gold surface  
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Fig. 9. Voids on the golden ceiling.  A- camera. B-electron microscope 
 
. 

 
 
Fig. 10. Voids.  A- on the golden ceiling (camera). B- dusty plasmas /2/.  
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P7. ON THE THREE INTERPRETATIONS FOR THE THEORETICAL 
EXISTENCE OF THE SHOCK WAVE DISCONTINUITY IN THE 

EULERIAN SUBSTANCE 
overview 

 
©Valentine A. Belokogne, Moscow, Russia, 2010 

(Oceanology Institute (RAS), RANS, Academia Cosmonautica) 
 
 
The finite, and smooth initially, Poisson 

(1808) compression wave in homothermic gas tends 
to overturn like Tsunami. Scientific apostles of C 
XIX resolved this paradoxical "difficulty" 
phenomenological – by setting the plausible 
discontinuity: 

Stokes (1848): isothermic shock (analogue 
of the sound)  

ΔQ < T·ΔS  < 0 
 

Riemann (1860): isentropic shock (the 
same analogue)  

ΔQ  <  = 0 

 
The prominent folio by Courant–Friedrichs (§51) 
contains bluff: the Riemann idea on «reversible and 
adiabatic» shock.  

 
Clausius (1865): Entropy formalism of 

thermodynamics: 
 

  ΔQ  ≤   

 
Rankine (1870), Hugoniot (1887):  

adiabatic  shock  (not   only analogue)  
 

ΔQ  = 0 <   

 
Dirac (1928), Author (1958): 
 

(ΔS)δ(t) dt  ≡  dS  ≥  (1/T) dQ 
 

Now let mention some general: the arbitrary 
permanent (steady state) 1D nonlinear wave front 
implies that 
 
ΔE≡ΔQ+ΔW = ΔQ-(1/2)(pin+pfin)ΔV, where p=pxx 
at the almost arbitrary EOS.   
 

The ((tutorial interesting): for the EOS   
E = (f/2)PV) ≡ PV/(γ -1), where f = number of 
freedom degree for molecules in the equipartition 
case, the Rankine- Hugoniot adiabat implies triple 
equality between compression, shock Mach 
Number, and molecular degrees of freedom:  

 
 ρ+/ρ- ≡  V- / V+ = (f+1)/(1+f/M2) = f   at M = f. 

Meanwhile, the non-phenomenological 
derivation of the shock discontinuity is possible in 
Eulerian hydrodynamics where any dissipation 
"mechanisms" are ignored – if imply the 
permissibleness of the wave overturning and triple 
(or more) valueness. These are averaging on 
velocity and density, i.e. the area of such 
multivalueness must be a region of transformation 
deterministic reversible Eulerian description to the 
realistic irreversible one. This approach is 
understandable in view of the macroscopic 
measurability, associated with the fundamental 
principles of the statistical thermodynamics. 

The "entanglement" problematics is 
interesting here enough. 

Thus, the theoretical “existence” of the 
shock wave discontinuity implies the threefold 
interpretation: phenomenological (traditional, 
semiempiric), “pure mathematical”, and statistics-
thermodynamic. The “pure mathematical” one 
corresponds to the formalization nuances of the 
shock wave presentation by the Heaviside Function, 
and by Dirac Function. Then  

 
dS/dt ≡ (ΔS)shock δ(t-tshock), 

 
besides the inevitable problem of “shock front point 
structure”, i.e. S(t = tshock) = ? (Author: Sov. Phys. 
“Doklady” 1972, in rus., and our figures here). 
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P8. THE GENERAL  AND PECULIAR IN THE MICROFUSION 
FLYING MACHINE (MFFM) FEASIBILITY 

overview 
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The laser driven microfusion planned by LLNL for 
year 2012 still doesn’t imply immediate airspace 
application instead of high heat (≈1011 J/g) and 
plasma blow-off (≈ 103-4 km/sec) potentials.  The 
recent microfusion efforts promises 
microexplosions up to 100 MJ based on the 
reaction. 
 
5·107 0K + D + T = 4He + n + 339 J/ng + ≈5·108 0K 

 
This gives ≈ 60-70 % energy in neutrons, and is 
dangerous from the Tritium (T) and neutrons (n). 

The advanced fusion, by Helium-3 instead 
of T, has the “ecologic” main channel:   

 
4·108 0K + D + 3He = 

 4He + p + 352 J/ng + ≈5·109 0K 
 

This plasma is more useful  for MHD airspace 
design.  

Then Helium-3 requires the comparatively 
big and sophisticated MFFM as soon as the 
minimum energy Y (J) of the microexplosion of 
fusion fuels implies the low entropy 
supercompression to    maxρ (g/cc): 

 
Y ≈ 1014/ρ2(DT) … ≈ 1016/ρ2(D 3He). 

   Y ≈ 108-10J 
means  ρmax(DT) ≈ 1000-100 at 0K ≈ 5·108 
 
and  ρmax(D 3He) ≈ 10000-1000 g/cc at 0K ≈ 5·109 

(the key problem of relation G≅Y/Ed, where Ed 
=fusion driver energy pulse, is ignored still). 

 
As soon as the mass M of the total system depends 
on the typical dimension L  by M ~ La  and the ICF 
reactor size r ~ L, then Y(at repetition rate ν) ~ r1/b  
with Y~ 1/ρс  
 

   M ~ 1/ρabc 
 
For instance: a = 3, b = 2/5, c = 2 then M ~ 1/ρ2.4. 

Meanwhile, the mechanical power Pm of 
MFFM with velocity U at K = Lift/Drag, is 

 
 Pm = UM/(L/D) ≡ MU/K   
or Ptot = Pm /η = MU/Kη. 

 
As soon as (important!) Kη = const ≈ 3-5 for jet 
airplane and Ptot ≡ Yν  then U ~ ρmax

0.4 ν. 
The hypothetic application of the MFFM 

consists in effective “refueling” futuristic flying 
machines by the electricity.     

Therefore the advance  in fusion fuel 
supercompresion is necessary imperative for the 
ICF MFFM advent, probably since 2017-2025. 
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P9. THE REALITY FOR THE LABORATORY (2017-2022) 
IMITATION OF THE STELLAR NUCLEOSYNTHESIS BY 

SUPERCOMPRESSION OF IRON, AND NICKEL 
overview 

 
©Valentine A. Belokogne 

 Oceanology Institute (RAS), Academia Cosmonautica, Moscow, 2010 
 
 
 
The  stellar-like  synthesis  of  elements  

requires  conditions  [1976]  T ≥ 100 KeV, ρ ≈ 100 
kg/cm3 during  the photodesintegratic [1983] 
scenario 56Fe → 134He + 4n together with 54Fe → 
134He + 2n and 56Ni → 144He → SPECTRUM OF 
NUCLEYS in the initial expansion (rarefaction) 
flow. 

The Laboratory realization of these 
scenario is foresee in 2017-2022 by the beam 
drivers Ed ≈ 30 ÷ 100 MJ for big targets designed 
before for ignition “advanced” fuels DDT, DD, 
DT3He etc. 

Proposed by the author [papers since 1973] 
supercompression by the simultaneous collision of 
N=20 identical layers, where substance compressed 
during multireverberation of shocks. 

The surprising, and interesting here, 
generalized Riemannian invariants with the 
shock velocity D instead a sound velocity. It occurs 
valid for such compression by shock reverberation. 
This fact means the following:  

 
RIEMANN (1859): u ± 2a/(γ-1) → u ± 2D/(γ-1)
                                            [V.A.B. (1973)]    

 
Therefore, supercompression amounts to 
 

ρmax /ρininitial ≅ (Nf)/f!     
 
at  1≤ f ≤ 6                         
 
for f ≡ 2/( γ-1) = 2E/pV. 
 

Such 20 plates simultaneous collision with 
the approach each pair at 1000 km/sec promises 

imitate the conditions for supernova processes [see 
M. Basko, cit. by author in 1985], and other 
interesting phenomena (gravitation waves, short 
wave lasing, and the variety of new things). 

The multiimpact compression (see 
figures): The right side demonstrates piston 
(pusher) induced compression by shocks generated 
in the subsequent instantaneous accelerations to 
new constant velocity, and by correspond 
reflections against the opposite hard wall. This 
mode implies very high intensity (power) of the 
piston (pusher)  energetics. 

The  left side (and below) demonstrates the 
same compression attained by the simultaneous 
mutual collisions of identical layers with the 
reverberation of the impact-generated shocks.  

This mode of super compression does not 
required superhigh power generator. 

Both schemes corresponds to the perfect 
gas of cp/cv = 3, or f = 1.         
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1) shocks 
2) particle (of the compressed substance) trajectory 
3) rarefaction front 
4) void (vacuum) 
5) pusher (piston let magnetic also) 
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P10. THE NON-PARADOXICAL “FORBIDDEN” ARISING OF THE 
SUBSHOCK ISOTHERMAL IN THE ONE-DIMENSIONAL (сp/сv ≡ 3) 

PLASMAS BY A THERMODYNAMIC INPUT OF THE “PHOTON 
STEAM”   

overview 
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The isothermal irreversible compression 

shock was invented by Stokes (1848) as a trick to 
obtain so called “generalized solution” in the world 
of Leonard Euler formalism. And later (1910) 
Baron Rayleigh introduced in a theory of subshock 
for the integrally adiabatic shock structure governed 
by the pure heatconducted flow (Pr = 0). Around 
1955, independently the author, and Belenky 
considered flow with  LTE (Plank) radiation, where 
the pressure is determined as (Pr = 0 again) follows: 

 
P = Pmatter + Pradiation = nmkT + 0.902nphotonskT = 
(γ – 1)Em/V + 18.3kT4. 

 Δ(S≅kn~T3) photons=0 
 
If Pm << Pr, then Pflow → P(T) only, i.e. 

isotherms are parallel to V-axis on (PV) diagram. 
This means the monotonous continual evolution of 
temperature along the “Rayleigh line” 

 
∆P/∆V = (dP/dV)RL ~  -M2

shock. 
 

Therefore, isothermal subshock must be 
liquidated by the strong radiation pressure. 

Nevertheless, as this author established in 
papers of 1958, 1972, in the flow with  
γ ≡ (cp/cv)m = 3 (f≡(2/(γ-1)=1), where the 
radiationless shock structure contains no any 
subshock isothermal, even an arbitrary small 
admixture of Plank radiation initiates the formation 
of the subshock isothermal. So the radiation, 
instead of flattened, steepened the shock structure 
initially. Then, becoming strong enough, it 
liquidates the shock isothermal. 

As far as application of the Second Law of 
Thermodynamics, for the shock isothermal 
(isophotonic here) we have:  

 
TΔS – ΔQ ≡ (TΔS –ΔQ)matter + 

+ (TΔS –ΔQ = 0)photons  =  
= (f/2)NmkT(X - 1/X - 2lnX) > 0,  

where X = Xm ≡ (ρ+/ρ-)m > 1. 
 

This result is interesting enough both for 
terrestrial, and stellar and other astrophysical 
problems.   

This result is interesting enough both for 
terrestrial, and stellar and other astrophysical 
problems.   

Meanwhile, the some engineering 
approximation looks like (cf. Brode 1968):  
 

E(J/g) ≈ 10T°K+10-21T4 °K/ρ(g/cm3). 
 

 
 

Fig. The lower curve corresponds to the 
“PARADOXICAL” anew appearance of the isothermal 
shock initiated by the heat radiation in the two 
component substance (matter γm = 3 and photons γp/h = 
4/3). 
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We consider 3D asymmetrical magnetized objects 
which are submerged in hypersonic plasma flows or 
these objects themselves are sources of the plasma 
flows. Plasma is hot and rarefied (collisionless), 
thermal pressure is much stronger in comparison 
with magnetic pressure (high plasma beta 
parameter), plasma particles are weakly magnetized 
and are characterized by shape of the velocity 
distribution function (VDF). These conditions are 
realized for the aerospace applications, for the 
Space physics - 3D magnetosphere-like magnetic 
structures formation and for physics of high energy 
density plasmas (HEDP) near magnetized inertial 
targets. The effect of electromagnetic (e.m.) 
interaction provides formation near the objects of 
the elongated 3D large-scale structures of electric 
currents and e.m. fields. The topology of these 
structures depends on shape of the VDF what 
means that effect can be considered only in kinetic 
approach via Maxwell and Vlasov equations and 
not via traditional MHD approach. With reshaping 
of the VDF we can get transition from the resistive 
state, when flow of plasma particles behaves as 
conductor, to the diamagnetic state, when flow of 
particles behaves as dielectric. These states of the 
flow are characterized by kinetic dimensionless 
parameter G which we call a “quality” of a flow. 
The parameter G can be considered as the e.m. 
analog of the Mach number M which was invented 
in the past for description of the pressure-wave 
topological structures formed by the longitudinal 
fields and for description of acoustic properties of 
the flows. The effect is described by a parameter G 
required of the kinetic reconsideration of the 
dimensionless parameters provided by the MHD 
theory.  The parameter G is varied in wide range 
and can be negative, it is a governing e.m. 
parameter of interaction of the objects and flows. 
When G<<1 we get resistive (conductive) state of a 
flow and structures near the objects are elongated 
by the flow. When |G|>>1 we get diamagnetic state 
of a flow and we get compact quasi-symmetrical 
envelope-like structures  near the objects. When 

G~1 diamagnetic and resistive currents are of the 
same order and are in the same direction, plasma 
flow has mixed diamagnetic and resistive 
properties. When G~-1 diamagnetic and resistive 
currents are of the same order but have the opposite 
directions; plasma behaves a quasi-current-free 
(QCF) media in relation to e.m. fields and a quasi-
neutral (QN) media in relation to pressure 
(electrostatic) fields. The negative G is related with 
possibility of the e.m. instabilities in plasma. The 
parameter G is a ratio of the “energy” to the 
“momentum” anisotropy parameters of the VDF. 
These anisotropy parameters are characterized by 
shape of the VDF. There are two spatial dispersion 
scales for plasma flow which are related with two 
anisotropy parameters. Requirement of weak 
magnetization for these scales realization for e.m. 
structures description provides dimensionless 
nonlinear parameters based on plasma beta and the 
VDF anisotropy parameters. 
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At present time, systems with a dense plasma are of 
high interest and relevant for plasma and 
aerodynamic research and possible for micromotors 
[1, 2]. The aim of this work is finding new types of 
thrusters with a minimum overall weight and 
dimensions characteristics and energy consumption, 
which create the smallest possible unit thrust vector 
for the efficient solution of the spacecraft control. 

A mathematical and numerical model [3] 
to study the structure of plasma jets ejected from 
the channel of a capillary discharge with an 
evaporating wall was constructed. A computer 
program for the complex radiation gasdynamic 
calculations taking into account radiative transfer 
was developed [4]. It is proposed to create the new 
type of engine for small spacecrafts. The numerical 
calculation was performed for the parameters of the 
experiment [5], which was proposed to use laser 
pulses for initiation a capillary discharge at low 
voltages and at low pressures when the ignition of 
discharge is hindered. Combined scheme (laser 
pulse plus the capillary discharge) can reduce the 
weight and size characteristics of pulsed plasma 
engines which operate in the pulsed and repetitively 
pulsed regimes. 

Specific calculations are performed for a 
capillary discharge (1 - 4) system. Variable 
parameters: step between single discharges, and 
power characteristics of the system – the energy of 
capacitor bank, power and discharge time. 
Environment is the air in the pressure range 10-3 to 
1 atm. We demonstrate efficient properties of the 
capillary discharge system using high-current 
discharge channel in a magnetic field (high field 
pulsed solenoid magnets). 

The paper presents the spatial distribution 
of basic thermodynamic parameters (density, 
temperature, radiation density and Mach number) in 
system of interacting plasma jets in a magnetic 
field. In the microengine based on the capillary 

discharge system depending on the pressure of the 
surrounding gas under the combined action of 
focused laser radiation and discharge the following 
characteristics of engine: thrust, specific impulse, 
size and mass of the system, the combustion 
temperature, etc, were obtained. The influence of 
various factors on the final construction of the 
system was analyzed. These studies were 
performed with the following values of electrical 
and thermal parameters of capillary discharge 
(capillary length ~ 30 mm, the jet length 2-3 mm, 
temperature 10 - 70 kK (1 - 6 eV), the density in the 
jet  ~ 1020 m-3). 

Funding for this research was provided by 
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