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FORMATION OF CONVERGING CYLINDRICAL DETONATION FRONT

Purpose. To develop a laser method for initiating a converging cylindrical front of a detonation wave and a method for calculat-

ing the kinematic parameters of the cylindrical shell walls, accelerated by the pressure of the detonation products of an external 

explosive charge.

Methodology. An experimental technology for the manufacture of a photosensitive explosive composite and an experimental 

technique for igniting the surface of its layer with an extended laser beam without the use of a fi ber-optic cable are used. The results 

of simulation modeling – the Monte Carlo method – were used to study the eff ect of illumination on the process of ignition of 

explosives by laser pulsed radiation. For the selected type of photosensitive explosive composite, its explosive and optical charac-

teristics, the distance from the surface of the explosive charge to the lens scattering the laser beam, and taking into account the 

total area of the expanded beam, the regularities of the distribution of the radiation energy density over the vertical and horizontal 

sections of the laser beam were studied.

Findings. The analysis of the scientifi c and technical level of methods of shock-wave processing of materials in the region of 

ultrahigh pressures from the point of view of the fundamental value of the cumulation of energy in the waves of a converging cylin-

drical detonation and shock front is carried out. Physicomathematical modeling was carried out and the regularities of pressure 

increase in the wave front were established in the process of approaching the shell walls to the axis. The scientifi c results of model-

ing converging cylindrical shells under the infl uence of the pressure of the explosion products have been analyzed. A method for 

laser initiation of a converging cylindrical front of a detonation wave has been developed, and a method for calculating the kine-

matic parameters of the converging walls of a cylindrical shell has been proposed.

Originality. A technique has been developed for determining the energy characteristics of an expanded laser beam, calculating 

the laser radiation energy required to initiate detonation simultaneously on the entire lateral cylindrical surface of a photosensitive 

explosive composite. The idea of technical implementation of the cumulation of converging cylindrical detonation and shock 

waves was developed further. A technique has been developed for the numerical determination of the change in the internal average 

compression rate of the shell during the movement of its walls towards the axis for various ratios of its external radius to the wall 

thickness and taking into account the increase in pressure in the converging detonation front.

Practical value. For the fi rst time, a method for laser initiation of a converging cylindrical front of a detonation wave was devel-

oped and a device was tested that forms a converging cylindrical front of a detonation wave and a corresponding shock front in the 

material under study by the impact of a metal shell converging to the axis. The core of the device is a laser explosive initiation 

system that uses light-sensitive explosive composites to initiate an explosive charge.

Keywords: cylindrical shell, explosive, laser, initiation, detonation, kinematic parameters

Introduction and literature review. Research interest in 

converging detonation and shock waves arose in the 1940s. In 

1942, Guderley proposed a physical and mathematical model 

of a converging shock front in gas, which is still a time-tested 

tool for understanding the behavior of converging shock waves. 

In 1945, L. D. Landau and K. P. Stanyukovich, regardless of 

the results obtained by Guderley, found that when approach-

ing the axis of the cylindrical front of the detonation wave, the 

pressure increases asymptotically. K. P. Stanyukovich present-

ed the results of this work in the monograph [1]. In 1959, 

Ya. B. Zel’dovich considered the beginning of the convergence 

process and the mechanism of amplifi cation of the cylindrical 

front of the detonation wave [2]. Self-similar solutions to the 

problem of the shock wave converging to the axis or center 

showed [3] that at the moment of focusing, such parameters as 

the speed of the converging wave, pressure and temperature at 

the wave front increase indefi nitely, except for the density of 

the substance, which remains limited.

In recent decades, the problem of convergence of cylindri-

cal shock and detonation waves has been investigated by vari-

ous approximate analytical and numerical methods, for ex-

ample, in [3–5]. The main results of the work consisted in 

determining the value of a quantity in a cylindrical coordinate 

system. Evidence of the relevance of the eff ect of unlimited 

local growth of gas-dynamic parameters is shown, for exam-

UDC 537.523 https://doi.org/10.33271/nvngu/2021-6/049



50 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2021, № 6

ple, by theoretical studies on the laws governing the conver-

gence of cylindrical and spherical shock waves in a gas [6, 7], 

the study on the mechanisms of the onset of cumulation of 

hydrodynamic fl ows in plasma [8, 9]. In the study on some 

practical problems [8, 10, 11] in the fi eld of gas-dynamic cu-

mulative fl ows characteristic of converging cylindrical and 

spherical shock waves, wedge-shaped [12] and conical [13, 14] 

cavities, respectively, are often used. Estimates of thermody-

namic parameters and characteristics of shock-compressed 

matter make it possible to understand the evolution of fl ows, 

especially in the vicinity of the top of a cone (center of the 

sphere) or edge of a wedge (axis of the cylinder), the tendency 

of the development of the process of convergence of shock 

waves and arising physical eff ects [15–17]. It has been experi-

mentally established for the fi rst time [18, 19] that the entry of 

a metal striker (piston) into the cavity of the cone at a super-

sonic speed is accompanied by the emergence of two axisym-

metric gas jets in the region of the apex directed along the axis 

of the cone in opposite directions. In all experiments, the jets 

burned through the metal body of the cone and the striker, 

indicating that one jet was directed towards the moving striker 

fi lling the cavity, and the other toward the top of the cone. Per-

haps this eff ect is associated with irregular refl ection of the 

shock front from the surface of the conical notch [20, 21]. The 

second eff ect is associated with an anomalously high value of 

the manganese concentration at the interface between the 

metal and the cavity formed by the action of the jets. The esti-

mate of the jet temperature is 1.1  106 K, the jet density is 

about 12 g/cm3.

As a practical application, the phenomenon of cumulation 

of shock wave energy is used in military aff airs, in materials 

science, mechanical engineering, physics and chemistry of 

plasma, laser physics, in studies on extreme states of matter, 

and so on. Shock waves are used with a wave front profi le cor-

responding to the profi le of the detonation wave front or the 

surface to be treated, on which a layer of explosive is applied 

[22, 23]. The front of the detonation wave can be linear, fl at, in 

the form of a cone, ring [24], cylinder [25], a sphere, and their 

combinations. Depending on the method of initiation of the 

explosive charge, the last three types of complex wave profi les 

can be formed in the form of both converging and diverging 

fronts [26]. In practice, profi led waves are used mainly in me-

chanical engineering (processing of metals by explosion, syn-

thesis of superhard materials, and so on) [27], military sci-

ence, when carrying-out experimental research in the fi eld of 

physics of high energy densities [28, 29] and performing spe-

cial types of explosive works [29–31]. However, the formation 

of detonation and shock waves of a complex profi le requires 

the construction of special explosive generators [32].

As an example, Fig. 1 shows diagrams of two explosive 

generators forming a converging cylindrical front of a detona-

tion wave in an explosive charge. Fig. 1, a shows a device con-

sisting of two diff erent explosives: an initiating layer 2 with a 

detonation velocity D1 and an auxiliary explosive 3 with a det-

onation velocity D2. In practice, as a rule, the ratio D1/D2  

 1.25–2.0 is chosen. The angle α is found from the expression 

sin   D2/D1. Obviously, with an increase in the angle  in the 

device, the mass of the auxiliary explosive increases, which 

can exceed the mass of the main charge 4 with a detonation 

velocity D2. The ratio of the explosive mass to the shell mass 

along the length of the shell depends on the thickness of the 

auxiliary explosive layer. In the second type of generator 

(Fig. 1, b), an explosive charge is used, which conventionally 

consists of an initiating layer 2, an auxiliary charge 3 and a 

basic charge 4 adjacent to the outer surface of a cylindrical 

shell 4.

One of the known methods for forming a converging cylin-

drical front of a detonation wave is multipoint initiation of the 

lateral surface of a cylindrical explosive charge [33], which 

shows satisfactory results. In this work, the authors showed 

that the curvature of the detonation wave front for various ex-

plosives and for a limited thickness of the charge “depends 

only on the distance to the initiation point”. The method of 

forming a converging cylindrical wave by initiating the surface 

of the charge with an exploding wire, like the previous meth-

ods, has essential faults. One of them consists in the limited 

use of the mass of the explosive charge, since an increase in it 

requires large expenditures of energy for the evaporation of the 

wire (Japanese patent 48-32517).

The main disadvantage of devices initiating a converging 

cylindrical front of a detonation wave is the method of blast-

ing. When constructing explosive generators, an additional 

mass of explosives is used, which sometimes exceeds the mini-

mum required by several times, which leads to signifi cant de-

viations of the shock compression parameters from the speci-

fi ed values. This situation is due to objective reasons associated 

mainly with the discrepancy between the physicochemical and 

explosive characteristics of standard blasting explosives and 

means of initiation to the conditions of the experiment. Com-

pression of cylindrical shells by the pressure of explosion prod-

ucts, especially in the case of using the scheme in Fig. 1, a with 

decreasing mass of the explosive along the height of the shell 

leads to a proportional decrease in the ratio of the mass of the 

explosive to the mass of the shell exp hexp /sh hsh(mexp1 /msh), 

where exp is the density of the explosive; hexp is the thickness of 

the explosive layer; sh and hsh are the density of the material 

and the thickness of the walls of the shell, respectively. Thus, 

the calculations of the kinematic parameters of the projectile 

shells will diff er due to the increased content of explosives, 

which will lead to gross errors in thermobaric characteristics 

and ambiguous interpretation of the results of material pro-

cessing.

The most attractive way to excite the detonation of a cylin-

drical charge can be the initiation of the lateral surface of the 

Fig. 1. Examples of explosive generators forming a compressing cylindrical front of a detonation wave:
a – a structure of two explosive charges, explosive 1 (D1  D2), forming a front of a given confi guration; b – design of elements, the arrangement of 
which forms a given profi le of the front: 1 – detonator; 2 – layer of explosives with detonation velocity D1; 3 – explosive charge with detonation 
velocity D2; 4 – metal pipe-striker; 5 – lens made of inert material

a b
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charge by laser pulsed radiation by analogy with the method for 

processing solid materials with plane detonation waves [26, 27].

A number of signifi cant disadvantages, the main one of 

which is that the mass of the used explosive charge is several 

times higher than the calculated mass of the charge required to 

complete the task, characterizes each of the methods for exciting 

a converging cylindrical detonation front. In general, an increase 

in the mass of the exploded charge limits the use of generators of 

profi led detonation (and shock waves) [32, 34]. For example, 

with increasing the height H of a cylindrical explosive charge by 

n times, the mass of the charge m will increase by n3 times.

An analysis of the existing methods for the formation of 

shock waves of a given profi le and the results of experimental 

studies [35, 36], found that the main reason for the above dis-

advantages is the means of detonation, which excite the point 

initiation of explosive charges, and directly the explosive char-

acteristics of standard explosives. For explosive generators, in-

cluding multipoint initiation, the disadvantage is the impossi-

bility of precision initiation of detonation simultaneously on 

the entire lateral surface of the cylindrical explosive charge. 

The use of generators of a converging cylindrical detonation 

wave (Fig. 1) leads, in particular, to the compression of the 

shell by the action of a pressure pulse of diff erent magnitude 

along the formed cylindrical explosive charge (Fig. 1, a). An 

ideal method for the formation of a converging cylindrical front 

of a detonation wave can be the excitation of detonation simul-

taneously on the entire lateral surface of the explosive charge.

The purpose of the work is to develop a laser method for 

initiating a converging cylindrical front of a detonation wave 

and a method for calculating the kinematic parameters of the 

walls of a cylindrical shell accelerated by the pressure of deto-

nation products of an external explosive charge.

Materials and research methods. The scheme of detonation 

initiation simultaneously for the entire lateral surface of the ex-

plosive 2 layer is shown in Fig. 2. Taking into account the faults 

of the known designs of generators of cylindrical detonation 

waves (Fig. 1) and methods for initiation of explosive charges, 

the energy of laser monopulse radiation is used [11, 22].

A thin layer (several millimeters) of a photosensitive explo-

sive composite (PSEC), a substance of high sensitivity to the 

action of laser pulsed radiation, is applied to the surface of the 

explosive charge 1 [37, 38]. Radiation, acting on a cylindrical 

explosive charge from four sides at an angle of 90°, simultane-

ously excites detonation of the entire surface of the initiating 

layer of the PSEC. As a result of the explosion of the PSEC 

layer in the explosive charge 1, a cylindrical converging deto-

nation front is formed. The layer of the charge of the PSEC is 

blasted with a monopulse radiation of a laser on the neodymi-

um glass (the radiation wavelength is 1.06 μm; the exposure 

time at half-height of the laser monopulse is 11 ns; the delay 

time of the explosion from the beginning of the action of ra-

diation to the fl ash of the PSEC is not more than 10 s). The 

laser beam illumination of the entire lateral surface is carried 

out using mirrors 4, 5, 7 and 8, scattering lenses 9–12 and di-

viding plates 1, 2 and 6 with a certain radiation transmittance. 

The beam is expanded by scattering lenses, so that the diame-

ter of the expanded beam exceeds by (5–10) % the length of 

the diagonal in the section of the explosive charge 1 along the 

axis (Fig. 2, b). The distance of the scattering lenses from the 

explosive charge is selected depending on the mass of the ex-

plosive charge and the features of the explosive characteristics 

of the PSEC, the minimum distance is 20–25 m or more.

The alignment of the device elements and the laser beam 

path is carried out using a laser diode (the color of the beam is 

red or green), whose beam is passed directly through a neo-

dymium laser. The energy of monopulse radiation required to 

initiate detonation of the surface of the PSEC layer can be es-

timated using the expression E  3.14  D2  E0, where D is the 

diameter of the expanded laser beam (cm); E0 is the critical 

initiation energy density (mJ/cm2) for the selected PSEC 

brand, taking into account the diameter of the unexpanded la-

ser beam and the concentration of the PSEC binder [38].

The explosive charge is made of a TNT/hexogen 50/50 al-

loy, a layer of a photosensitive explosive composite is made of 

BC2 [37]. The steel pipe is installed in the axial hole of the 

explosive charge (Fig. 2, b).

Fig. 2, a shows a diagram of the laser beam path, in accor-

dance with which radiation completely covers the side surface 

of the cylindrical explosive charge. Therefore, the outgoing la-

ser beam with the radiation energy E falls on the dividing plate 1 

with a certain transmittance 1. Part of the radiation with energy 

E(1/4) is refl ected from plate 1. A beam with energy E(1/4), 

refl ected from mirrors 3 and 4, passes through lens 12, expands 

and illuminates part of the lateral surface of the cylindrical ex-

plosive charge. The second beam with energy E12(3/4), passing 

through plate 1, hits plate 2. In this case, part of the radiation 

with energy E(1/2), refl ected from mirror 5, goes to plate 6, and 

the second ray with E9(1/4), passing through lens 9, expands, 

illuminating the side surface of the explosive charge. On plate 6, 

the beam with the energy E(1/2) is divided into two more: one 

passes through the plate with the energy E11(1/4), then it is re-

fl ected sequentially from the mirrors 7, 8 and, passing through 

the lens 11, expands and illuminates the lateral surface of the 

charge. The rest of the surface of the charge is illuminated by a 

beam with an energy of E10(1/4), expanded by a lens 10. Thus, 

the condition of a uniform distribution of the energy density on 

the lateral surface of the cylinder is satisfi ed: Е9  Е10  Е11  Е12. 
The refl ection and transmission coeffi  cients of plates 1, 2, and 4 

are calculated so that the illumination of the lateral surface of 

the cylindrical charge is relatively uniform [25]. Explosive 

charge 1 is made of TNT/hexogen 50/50; an initiating layer of a 

photosensitive explosive composite ВС2 [38] with a thickness 

of 3–4 mm was applied to the lateral surface of the explosive 

charge of explosive 1.

Basic device parameters. When the cylindrical front of 

the detonation wave converges to the axis of the explosive 

charge, the pressure increases according to a power law as 

r 0.47 [2] (the adiabatic exponent n was taken equal to 3). Ac-

cording to Ya. Zel’dovich, as the radius decreases, the pres-

sure increase at the wave front increases due to the transition 

a b

Fig. 2. Diagram of the formation of a converging cylindrical detonation wave:
a – layout of the device elements; b – elements of the explosive charge
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of detonation from the normal to the overcompressed mode. 

However, the onset of such a transition in a cylindrical ex-

plosive charge depends on its radius: the larger the radius is, 

the larger the layer of the explosive charge is within which 

the detonation wave can be characterized as normal with pa-

rameters corresponding to the Jouguet point. The increase in 

pressure is especially strong in the front of the detonation 

wave closer to the axis of the charge [2]. The choice of explo-

sive, metal for the shell (striker), wall thickness, shell and 

external radius of the explosive charge 1 is made on the basis 

of the specifi ed fi nal shock-wave parameters, starting with 

preliminary calculations of the elements of the optical net-

work and the features of the distribution of the energy den-

sity of laser radiation on the lateral surface of the explosive 

charge. It was found that the energy density distribution in 

the laser beam is in satisfactory agreement with the Gaussian 

distribution [39, 40].

Fig. 3 shows the energy density distribution over the verti-

cal and horizontal sections of the laser beam. The presented 

information was obtained using an analyzer Silicon Camera 

Model LBA 1000A. The unevenness of the intensity of energy 

distribution does not exceed 30 %.

We assume that when the laser beam expands, the Gauss-

ian distribution is retained over the area of the expanded beam. 

The dispersion 2 depends on the distance between the lens 

and the surface at which the energy level is determined. Using 

the diagram in Fig. 4, it is easy fi nd the diameter of the ex-

panded laser beam

2rp  d  R /F,

where d is a diaphragm diameter (m); F is lens focal length 

(m); R is a distance from the focus of the lens to the lateral 

surface of the cylinder (m).

A laser beam expanded to a diameter of 2rp should illumi-

nate the lateral surface of the cylinder, visible from the side of 

the lens that scattered this beam. For reliable initiation of the 

layer of the photosensitive composite, the diameter must be 

greater than the diagonal of the axial section of the cylindrical 

charge with height H and diameter 2r

2rр  (1.05  1.0)  [H 2  (2r)2]1/2.

From experience with a laser system for initiating surfaces, 

it is suffi  cient to expand the laser beam to a diameter that is 

10 % larger than the diagonal of the explosive charge.

In practice, the following device dimensions have been ad-

opted. Charge radius r  0.12 m, height H  0.4 m; the initial 

diameter of the laser beam was 0.5 cm, the diaphragm diameter 

was 0.35 cm. After expansion on the lateral surface of the charge, 

the beam diameter was 0.512 m. The distance between the scat-

tering lens and the surface of the explosive charge was 25 m, each 

(of four) laser beam was expanded by 0.204 m2 (total area 

0.816 m2).

As an example, demonstrating the effi  ciency of the pro-

posed method for the formation of converging cylindrical 

shock waves in Fig. 5 shows the initial placement of the con-

tainer with the test material inside the explosive charge and the 

container after blasting.

For ВС2, the critical energy density is E  5 mJ/cm2 [41]. 

We denote the total energy in the pulse as W. Then W/4  
 Е(, rp)/Es, where Е(, rp) is the radiation energy density on 

the lateral surface of the cylindrical explosive charge; Еs is the 

distribution function of the energy density on the lateral sur-

face of the charge;  is a sector on the lateral surface of the 

charge, which is illuminated by two adjacent beams, denoted 

as θmin and θmax. Using the method for calculating the en-

ergy parameters [39], the physicochemical and explosive char-

acteristics of the selected photosensitive explosive composite 

[42], the regularities of illumination in the volume of the 

PSEK [40], the minimum value of the distribution function of 

the laser energy density was determined at θmin Es  1.831  

 104 cm2. Then W  4  5  103/1.831  104  109 J. The en-

ergy of this magnitude is quite real for pulsed radiation ( 
 2  108 s). The detonation delay time of this photosensitive 

composite ВС2 from the beginning of radiation generation 

does not exceed 5 s.

Kinematic parameters of the shell. In the general case, the 

mathematical problem of throwing a plate of fi nite dimensions 

by detonation products of an explosive charge is three-dimen-

sional and unsteady. However, in practice, calculations are 

used according to simplifi ed models, which, as shown by spe-

a b

Fig. 3. Distribution of the energy density of laser radiation:
a – in the vertical and horizontal sections of the beam; b – in the 
irradiation spot

Fig. 4. Illustration of the expansion of the laser beam by the lens:
1 – the laser beam is not limited by the diaphragm; 2 – dia-
phragm; 3 – a laser beam limited by a diaphragm; 4 – diff using 
lens; 5 – extended beam; 6 – surface illuminated by an expanded 
laser beam

Fig. 5. A device for processing materials by a cylindrical shock wave front:
a – a diagram of the device; b – appearance of the container after treatment with a shock wave: 1 – photosensitive explosive composite ВС2; 2 – 
explosive charge; 3 – metal shell (striker); 4 – container with the test material; 5 – centering rings; 6 – the core of the container

a b
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cial experiments, give quite acceptable results. In many prob-

lems of throwing plates or cylindrical shells, the initial period 

of motion of the shell accelerated by the detonation products 

formed during the explosion of the explosive charge is consid-

ered. This means that the front of the detonation wave falls 

normally to the surface of the shell; the inertial motion of the 

shell after the expansion of the detonation products is not con-

sidered and is not taken into account. This formulation corre-

sponds to the modes of explosion welding, in which the move-

ment of the shell wall does not exceed 1.0–1.5 of its thickness, 

while the expansion of detonation products does not end until 

the moment of impact. The advantage of the viscous incom-

pressible fl uid model for the shell material is that it was the fi rst 

to explain [43] the reason for the shell stopping when the inner 

surface reaches a certain radius not equal to zero, the dynamic 

loss of stability of the shell due to the action of viscous forces, 

the rapid transition of the entire kinetic energy of the shell into 

warmth, and so on.

In real conditions, to obtain shock compression pres-

sures in the range of 50–100 GPa, the shell acceleration is 

carried out in a gap equal to 2.5–5.0 shell wall thickness 

  R0–r0 (Fig. 2, b), the ratio of the shell radius to the wall 

thickness was chosen within 5–10 units. Taking into account 

the results obtained in [2], the calculated values of the pres-

sure of the detonation products on the shell walls are in-

creased by 10 %. The model of an incompressible fl uid, 

which is the basis for calculations for a compressible shell, 

can satisfy the set practical problems. It is believed that, due 

to the large values of the applied loads, the shell behaves like 

an ideal incompressible fl uid. This position is confi rmed ex-

perimentally [44].

Error limits of the hydrodynamic approximation in the 

model of an incompressible fl uid exist due to the lack of con-

sideration of the plasticity of the shell material. The estima-

tion of the error of the hydrodynamic approximation for col-

lapsing shells by the method of a computational experiment 

shows the following features. First, at pressures of detonation 

products on the outer surface of the shell in the range of 

6–10 GPa and during acceleration of the shell in a gap equal 

to 2.5 of its wall thickness, the obtained dependences have 

error limits in the speed of movement of the shells, reaching 

3–5 %. With an increase in pressure on the shell surface to 

10–15 GPa, the percentage of error decreases to 3 %, and al-

ready at pressures of 20 GPa or more, it decreases to almost 

zero. In real conditions, a pressure of 6 to 20 GPa acts on the 

outer surface of the cylindrical shell. Therefore, in the calcu-

lations, it is possible to accept the hydrodynamic model with 

suffi  cient accuracy [31, 45]. When specifying the shell speed, 

a recalculation should be made taking into account the re-

duced error limit.

The one-dimensional motion of a cylindrical shell made of 

an ideal incompressible liquid collapsing under the action of 

gaseous products of instantaneous detonation is described by a 

diff erential equation of the form

 

2
2

2
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,1 ln
2ln

H H
H

st

du u R R PuRdt r rR
r

                
 (1)

where uH is speed of movement of the outer surface of the 

shell; R is the outer radius of the shell or striker; r is the inner 

radius of striker; st is shell material density; Р is pressure of 

detonation products on the outer surface of the striker. The 

pressure inside the shell can be neglected. In this case, the val-

ues of the parameters that determine the motion of the shell on 

its outer surface give the boundary conditions for integrating 

the system of diff erential equations describing the expansion of 

the detonation products.

A hyperbolic system of partial diff erential equations de-

scribing the one-dimensional motion of a gas with cylindrical 

symmetry
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can be represented using the well-known transformations in 

the form of a characteristic system of diff erential equations 

with derivatives taken along the characteristic directions. For 

the case of adiabatic gas fl ow (k is the adiabatic index), this 

system has the form:

- along the P-characteristic dr/dt  u  c

 ;
1

r ucdP d u ñ dt
k r

 
     

 (3)

- along the N-characteristic dr/dt  u  c

.
1

r ucdP d u c dt
k r

 
     

The numerical solution method is based on the approxi-

mation of system (3) on the characteristic mesh. If the initial 

conditions are given on a spatially similar line, then it is pos-

sible to calculate the fi eld of values of u, c in the region of gas 

motion, i. e. obtain a numerical solution to the Cauchy prob-

lem.

For the convenience of writing the calculation scheme, 

equations (1, 3) should be converted to dimensionless param-

eters according to the transition formulas

 0

0 0 0 0

; ; ; ; ,
R r c u tR r c u c
R R c c R

       (4)

where R0 is the value of the outer radius of the striker at the 

initial moment of time; c0 is speed of sound in resting detona-

tion products; t is time.

When substituting the values of dimensionless coordinates 

into system (3), the system will not change its form; the sign 

“” is further omitted.

Using the formulas for the adiabatic fl ow
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the last term in equation (1) can be represented as
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where the parameter q  exp /st denotes the ratio of the densi-

ties of the explosive and the material of the striker. In the ap-

proximation of instantaneous detonation, the initial density of 

detonation products 0 is assumed to be exp. After that, equa-

tion (1) in dimensionless variables takes the form

2
1

2 2 1
2 2

02
0

ln 1 ln .
2

k
k

H H
H

cdu uR R R qR u c
cdt r r kr




                           
 (6)

The diagram of the process under consideration is shown 

in Fig. 6 (solid lines – graphs of displacement of interfaces; 

dashed lines – P- and N-characteristics). Curves R() and 

r () are graphs of movement of the outer and inner surfaces 

of the striker, respectively. The convergence of the striker 

walls begins at the moment 0  0 (R  1). The boundary of 

the rarefaction wave M() moves to the right along the rest-

ing gas. Thus, a region of moving gas is enclosed between R 

and M.

Approximation of equations (3, 4) consists in replacing 

diff erentials by fi nite diff erences. Let the fl ow parameters (, u, 

c) at points Ai, I 1, 2, 3, … have already been calculated on the 
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time layer n (in what follows, the designations of the points 

are identifi ed with their spatial coordinates). It is required to 

calculate the parameters on the layer n  1  n  . The dis-

tribution of parameters between points Ai is assumed to be li-

near. The increment of the parameter values during the transi-

tion to a new layer occurs along the characteristics and is de-

termined by their values on the previous layer in accordance 

with the equations of system (3).

The calculation begins with the determination of the coor-

dinate of the boundary point B1, calculated on the assumption 

that the speed of the striker during the period of time () re-

mains constant

 B1  A1  u(A1). (7)

The corresponding value of the inner radius r is found by 

the formula

 2 2
00 ,r R R   (8)

where 2 2
00 0 0R R r   is the parameter characterizing the 

mass of the striker (cross-sectional area); R0 and r0 are the 

outer and inner initial radii, respectively. Speed uH  u(B) is 

found using the equations (4, 5)
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The speed of sound at point B1 is calculated by the formula

 1 1 1

1
( ) [ ( ) ( )],

2

kc B u B N B
   (10)

which requires a preliminary calculation of N(B1). To fi nd the 

increment N along the N-characteristic coming to B1 from 

some point a1 on the n-layer, it is necessary to determine the 

coordinate a1. The latter can be done using linear interpola-

tion between the points Ai, which leads to the following alge-

braic expression
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After that, the value N(B1) is found

 1 1
1 1

( ) ( )
( ) ( ) .

u a c c
N B N a

a
    (12)

The fl ow parameters at the remaining points Bi  1, I  1, 2, 

3, … on the n  1-layer are calculated in the following order. 

First, the coordinate values and the values of the function P 

are determined

Bi  1  A1  [u(Ai)  c(Ai)];

 1

( ) ( )
( ) ( ) .i i

i i
i

u A c A
P B P A

A     (13)

As well as for point B1, the points for each Bi+1 are found 

and the values of N in them are determined
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The values of the mass velocity and the speed of sound at 

points Bi  1 can be calculated if the parameters of the quantities 

P and N are known

 1 1 1

1
( ) ( ) ( ) ;

2
i i iu B P B N B       (15)

1 1 1

1
( ) ( ) ( ) ,

4
i i i

kc B P B N B  
    

where u and c are mass velocity and speed of sound in detona-

tion products. Each time for point B1 the value of the velocity 

of the inner surface of the striker is calculated

 uB  uHR /r. (16)

When passing from n to n  1, the number of calculated 

points increases by one and the entire calculation process is 

repeated until the moment when r reaches the specifi ed value 

r00  0, i. e. until the process of convergence of the striker is 

completed in the considered range of variation of the radius.

The values r00, R00, k, q are set as initial parameters for the 

program operation. The values of the fl ow parameters at 

points B1 for each moment of time are printed. In this case, it 

is necessary to set parameters of the fl ow at some initial mo-

ment of time as the initial ones. Usually three points are given 

on n, they can be taken from the analytical solution for the 

plane case. The step size A after a series of tests and in ac-

cordance with the data by S. A. Kinelovsky, et al. (1970) was 

chosen equal to 0.1. As r00 tends to zero, the curves of the in-

ternal velocity uB increase indefi nitely, and the velocity of the 

outer surface uH, on the contrary, begins to decrease from a 

certain moment in time, i. e. the kinetic energy of the collaps-

ing striker is increasingly concentrated around its inner sur-

face, which is consistent with the data of [43]. The maximum 

heat release is observed at r/r0  0.4, where r and r0 are the 

current and initial internal radii of the shell, respectively. At 

the moment the striker stops, all of its kinetic energy is con-

verted into heat.

To characterize the dynamics of the striker as a whole, the 

average velocity uc was calculated from the condition of con-

servation of the impulse of the striker

 
2
00

2 ( )
.H

c
Ru R r

u
R


  (17)

The graphs of the velocities uc after the initial section of 

acceleration almost do not increase, stabilizing at a certain 

saturation value characteristic of a given striker.

Fig. 7 shows the results of calculating the velocity of the 

walls of a cylindrical shell (striker) according to the above 

method. The ratios of the densities of the explosive and the 

material of the striker exp /st  q and the thickness of the walls 

of the impactor R0  1  r0, where r0 is the initial value of the 

inner radius of the shell.

The value of the outer initial radius is taken as the unit of 

length measurement. In fact, in the program, the thickness of 

the striker wall was specifi ed by the value of the parameter 

R00, which is the value of the outer radius of the shell for the 

case of its complete compression. The graphs of the speed of 

movement of the inner wall of the striker in cases 1–9 and the 

corresponding average speeds uc were printed. The adiabatic 

Fig. 6. Diagram of the compression process of a cylindrical 
shell, 0  1 – 0 is the initial thickness of the shell wall
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index of the detonation products was taken equal to three 

(k  3).

Conclusions. The laser method of detonation excitation of 

the initiating layer of a photosensitive explosive composite 

makes it possible in the future to standardize physical experi-

ments on the eff ect of shock waves of a given profi le on a sub-

stance. The disadvantage of the devices is the need to adjust 

the laser path and align the beam with the surface of the explo-

sive charge before each explosion. Creation of explosive com-

posites that are photosensitive to laser pulsed radiation and 

new means of blasting stimulates the further development of 

the physics of megabar pressures. It allows studying changes in 

the properties of materials of various classes under the action 

of extreme values of density, pressure and temperature, cumu-

lation of magnetic fi eld energy, study on mechanisms of redis-

tribution of the self-energy of plasma fl ows, and so on. The 

method of laser initiation of converging detonation and shock 

waves can be used in materials science, mechanical engineer-

ing, power engineering and military aff airs.

The developed method of excitation of the converging 

detonation front, the recipe composition of the photosensitive 

explosive composite and the technology of its synthesis, as 

well as the method for calculating the elements of the device, 

the energy and physical parameters of the optical module con-

tain elements of “know-how”. The device is intended for solv-

ing various scientifi c and practical problems in the fi eld of 

physics and chemistry of megabar pressures. To ensure high 

effi  ciency of a device that forms converging detonation (and 

shock) waves by laser initiation, an initial high accuracy of 

symmetry of the device elements is required.
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Формування збіжного циліндричного фронту 
детонаційної хвилі
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град, Дніпропетровська обл., Україна

Мета. Розробка лазерного способу ініціювання ци-

ліндричного фронту детонаційної хвилі, що сходиться, і 

методики обчислення кінематичних параметрів стінок 

циліндричної оболонки, розігнаної тиском продуктів де-

тонації зовнішнього заряду вибухової речовини.

Методика. Використана дослідна технологія виготов-

лення світлочутливого вибухового композиту та експе-

риментальна методика запалювання поверхні його шару 

розширеним лазерним променем без застосування опто-

волоконного кабелю. Використані результати імітацій-

ного моделювання – метод Монте Карло – в досліджен-

нях впливу освітленості на процес запалювання вибухо-

вих речовин лазерним імпульсним випромінюванням. 

Для обраного типу світлочутливого вибухового компози-

ту, його вибухових і оптичних характеристик, відстані від 

поверхні заряду вибухової речовини до лінзи, що розсіює 

лазерний промінь, і з урахуванням загальної площі роз-

ширеного променю, вивчалися закономірності розподілу 

щільності енергії випромінювання у вертикальному й го-

ризонтальному перерізі лазерного променю.

Результати. Проведено аналіз науково-технічного рів-

ня методів ударно-хвильової обробки матеріалів в області 

надвисокого тиску з точки зору фундаментального значен-

ня кумуляції енергії у хвилях збіжного циліндричного дето-

наційного та ударного фронту Проведено фізико-матема-

тичне моделювання та встановлені закономірності збіль-

шення тиску у фронті хвилі у процесі зближення стінок 

оболонки до осі. Проаналізовані наукові результати моде-

лювання циліндричних оболонок, що сходяться під дією 

тиску продуктів вибуху. Розроблено спосіб лазерної ініціа-

ції циліндричного фронту детонаційної хвилі, що сходить-

ся, запропонована методика обчислення кінематичних 

параметрів стінок циліндричної оболонки, що сходяться.

Наукова новизна. Розроблена методика визначення 

енергетичних характеристик розширеного лазерного 

променю, розрахунку енергії лазерного випромінювання, 

що необхідна для ініціювання детонації одночасно всієї 

бічної циліндричної поверхні світлочутливого вибухової 

композиту. Отримала розвиток ідея технічної реалізації 

кумуляції циліндричних детонаційних і ударних хвиль, 

що сходяться. Розроблена методика чисельного визна-

чення зміни внутрішньої середньої швидкості стиснення 

оболонки під час руху її стінок до осі для різних співвідно-

шень її зовнішнього радіуса до товщини стінки та з ураху-

ванням збільшення тиску у фронті детонації.

Практична значимість. Уперше розроблено спосіб ла-

зерного ініціювання збіжного циліндричного фронту де-

тонаційної хвилі та апробовано пристрій, що формує 

збіжний циліндричний фронт детонаційної хвилі та від-

повідний фронт ударної хвилі у дослідному матеріалі уда-

ром циліндричної металевої оболонки, що збігається до 

осі. Основою пристрою є лазерна система ініціювання 

вибухових речовин, що використовує світлочутливі ви-

бухові композити, призначені для ініціювання зарядів 

вибухових речовин.
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