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A BSTRACT: A review of the impact of various geometric, technological,
and other imperfections in the shaped charges design on the parameters and
characteristics of the cumulative jet formation process is made. A physicalmathematical model is proposed, on the basis of which numerical simulation is
performed, allowing quantifying the influence of variations in the cumulative
liner wall thickness on the deviation from the symmetry of the jet. The results
of the calculations are presented in a graphical form, allowing for their use in
further theoretical studies of the shaped charges functioning as well as in the
design of ammunitions with predefined cumulative jet parameters.
K EY WORDS : shaped charge, cumulative jet formation, cumulative liner, wall
thickness variation, cumulative jet symmetry.

1

I NTRODUCTION

The effect of the cavity in explosives, discovered by chance in mining, has been subject of research for over 150 years. Its use to penetrate the armors of battle machines
has generated interest among researchers in the early twentieth century, with major
efforts being made to form axisymmetric, high-density, non-gradient jets to ensure
high kinetic energy at impact [1] Until the middle of the century a significant development in the understanding the phenomena associated with cumulative jets has
been made, further considerable advancement has been achieved in the next decades,
as a result of the refinement of experimental methods and the use of high-speed video
recording and radiography [2]. Contemporary applications of shaped charges, in addition to ammunition, are also related to a number of civilian sectors such as oil and
gas production, mining, construction, demolition of buildings and massive structures,
etc.
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Currently, the presence of high-speed computers and powerful programs enable
modeling and simulation of the processes that take place in the formation of the
cumulative jet and its interaction with the barrier, which allow for these processes to
be described quite accurately [3]. Despite the advances in this field, designing shaped
charges with increasing efficiency remains a difficult engineering task that could be
solved through considering the influence of a number of factors.
Shaped charged efficiency has been continuously increased in the recent years, but
on the other hand, methods and materials for armor protection have also undergone
major changes in order to meet this challenge. Armor systems have advanced with the
improvement of the metallic, ceramic and lightweight composite materials used, and
the both active and passive dynamic protections development have created effective
systems against the modern ammunition [4]
The symmetry of the cumulative jet formation process is crucial for the jet penetrating ability, which is of particular importance for special purpose charges that form
a jet with predefined characteristics. Therefore, one of the tasks of this paper is to
determine the most important causes that lead to deviations from the symmetry. A
physical-mathematical model is proposed to describe the influence of the deviations
in the symmetry of the cumulative liner, namely the unequal thickness of its wall, on
the symmetry of the cumulative jet formation process. Using numerical simulation, a
quantitative assessment of this effect is made on the basis of the model, for different
meaning of wall thickness variations at different thicknesses of the cumulative liner
wall.
2

FACTORS I NFLUENCING THE S YMMETRY OF THE C UMULATIVE J ET F ORMA P ROCESS

TION

The shaped charges are explosive charges with a cavity at one end and a detonator
at the other (Fig. 1). The cavity can take the form of a cone, hemisphere, or tulip
and is usually lined with a metal insert of copper, steel, aluminum, etc. After a
detonation pulse has been applied to the detonator, a detonation wave occurs and
propagates along the charge axis. This wave, moving towards the tip of the cone
generating line, causes a dynamic deformation of the liner walls in the direction of
the charge symmetry axis, whereby the pressure in the material drastically increases.
The pressure of the detonation products reaches values far exceeding the yield point
of the material from which the cumulative liner is made, so the motion of the latter
under the action of the explosion is similar to that of a liquid, however it is caused
not by melting but by plastic deformation. Modern designs also include a screen – an
inert body that changes the direction of the detonation wave front.
The parameters and characteristics (and ultimately the penetration abilities) of the
cumulative jet are highly dependent on the symmetry of the process of its formation
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Fig. 1: Principle scheme of a shaped charge: 1 – casing, 2 – liner, 3 – explosive
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Fig. 2: Cross-sectional diagram of the casing and cumulative liner with varying wall
thickness.
Non-simultaneous reaching the charge symmetry axis by the two diametrically
positioned elements of the liner may be a result of their asymmetrical initial location,
different speeds of movement towards the axis, or the interaction of these two factors.
The possible reasons for this may be: variations in the thickness of the liner wall; mutual radial beating of the liner and the casing; variations in the explosive substance
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density; the detonation front non-simultaneous movement towards the external generating line of the liner (axial and radial beating of the screen; misalignment of the
point of initiation – the detonator), etc. All these imperfections contribute in varying
degrees to the displacement of the symmetry axis of an elementary section of the
cumulative jet with respect to the symmetry axis of the charge and therefore lead to
the appearance of a lateral pulse, thus dispersing the jet.
One of the common defects is the change in the thickness δ of the cumulative
liner, i.e. δ = δ(), and the special case is the displacement of the center of the outer
generating line ϕ against that of the liner inner generating line ri with magnitude ξi
where (I = 1, . . . , N ) is the number of layers into which the cumulative charge is
divided following the procedure described in [11, 13].
Using the hypothesis that there is no axial flow of the material at its radial flow,
according to the law of storage of volumes, the geometrical ratios for the current
thickness of the housing δ1 and the liner δ2 in the layer under consideration are as
follows:
q
δ1 (z, t) = η 2 (z, t) + 2η (z, t0 ) δ1 (z, t0 ) + δ12 (z, t0 ) − η(zt) ,
q
δ2 (z, t) = r2 (z, t) + 2r (z, t0 ) δ2 (z, t0 ) + δ22 (z, t0 ) − r (z, t) .
It is obvious that at the overall impulse contraction of the liner, the two diametrically
arranged elements (Fig. 2) will travel differently at different speeds until their mutual impact at a certain distance y from the axis of symmetry of the shaped charge.
Therefore,
y (z) = y [ε (z, o) , (z, o)] ,

(1)

where (z, o) is a function that takes into account all other physical-mechanical and
geometrical parameters and characteristics that initially form certain shaped charge
σ (ε, ε̇) = f (ε) + K1 ε̇K2 ,

(2)

where K1 and K2 are physical constants of the material determined by the processing
of experimental data using the least squares method.
Thus, the following determining equations for real materials are used for calculating the parameters of the dynamic deformation of the cumulative lining and the
expansion of the casing of the cumulative unit:
1. For aluminum:
σ (ε, ε̇) = f (ε) + 2.0ε̇0.4 MPa,
f (ε) = 15200εH (0.005 − ε) + [76 + 82 (ε − 0.005)] H(ε − 0.005) MPa.
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2. For copper M1:
σ (ε, ε̇) = f (ε) + 0.0086ε̇1.05 MPa,
f (ε) = 18333εH (0.02 − ε) + [275 + 341 (ε − 0.02)] H(ε − 0.02) MPa.
3. For copper M2:
σ (ε, ε̇) = f (ε) + 0.00958ε̇0.97 MPa,
f (ε) = 14250εH (0.02 − ε) + [285 + 500 (ε − 0.02)] H(ε − 0.02) MPa.
4. For steel C3:
∂σ
σ (ε, ε̇) = f (ε) + [σs (ε̇) − 231] +
(ε)[f (ε) − 231] MPa,
∂ε
√
˙ = 14.6 ε̇ + 0.1 + 220 MPa,
σs (ε)
p
∂σ
(εp ) = −0.0474[ ε˙p + 0.1 + 0.96] MPa
∂ε
√


f (ε) = 2.07.105 εH (0.001 − ε) + 230 + 631.6 ε − 0.001 H(ε − 0.001) MPa.
3

N UMERICAL S IMULATION OF THE E FFECT OF E CCENTRICITY ON THE C U F ORMATION

MULATIVE J ET

Using the developed physical and mathematical model of the process of cumulative
jet formation (formula 1) and its numerical realization by the method of [11, 13],
calculations of the influence of eccentricity on the ordinate of the point of impact
between the liner walls at different thicknesses of the cumulative liner δ for a shaped

Fig.
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are presented.
presented.
Fig. 3.
3: Diagram
Diagram of
of specific
specific layers
layers for
for which
which calculations
calculations results
Table 1. Parameters of the shaped charge under consideration
Parameter
Value
Outer diameter of the casing
74 mm
Inner diameter of the casing
70 mm
Liner thickness
δ = 1,15 and 2 mm
Semi-cone angle
27о
Screen diameter
50 mm
Distance between the screen and the liner
5 mm
Casing material
low carbon steel
Liner Material
copper М1
Explosive substance А-IX-1
ρ = 1.65 g/cm3
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Table 1: Parameters of the shaped charge under consideration
Parameter
Outer diameter of the casing
Inner diameter of the casing
Liner thickness
Semi-cone angle
Screen diameter
Distance between the screen and the liner
Casing material
Liner Material
Explosive substance -IX-1
Detonation velocity

Value
74 mm
70 mm
δ = 1.15 and 2 mm
27◦
50 mm
5 mm
low carbon steel
copper 1
ρ = 1.65 g/cm3
7100 m/s

charge with principle construction shown in Fig. 3 and parameters according to Table 1 are performed.
The task is solved for the maximum number of layers N = 1000. The results for
layers No. 18, No. 537 and No. 894 are presented in Fig. 4 and correspond to the
characteristic areas of the liner, that are top, middle and base.
The results of the numerical simulation can be summarized as follows:
1. The magnitude of variations in the thickness of the cumulative liner wall influences almost proportionally the displacement of the ordinate of the point of
impact between the walls relative to the shaped charge axis of symmetry.
2. The relationship between the variations in the cumulative liner wall thickness
and the displacement of the ordinate of the point of impact between the walls
for one and the same layer lessen substantially with the increase of the wall
thickness.
3. The greatest displacement of the ordinate of the point of collision of the liner
walls from the charge axis of symmetry is obtained for the elements of the liner
base at thin walls or large eccentricities.
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C ONCLUSION

A physical-mathematical model describing the influence of the deviations in the geometry of the cumulative liner, namely the unequal wall thickness, on the symmetry of the cumulative jet formation process is proposed. The numerical simulation
showed that the displacement of the ordinate of the point of collision of the liner
walls relative to the axis of charge symmetry increases almost proportionally to the
magnitude of variations in thickness and decreases with the increase in thickness of
the cumulative liner wall, i.e. the displacement is greatest at thin walls and high
eccentricities. This influence is mostly displayed at the base of cumulative liner.
The results obtained could be used in theoretical studies on the cumulative jet
functioning, and they could contribute to the optimization of the cumulative charges
in the process of their design and manufacturing in order the predefined cumulative
jet parameters to be achieved.
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