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Abstract: In this paper, the authors presented an analysis of the strengthening of the cumulative jet by
the appropriate formation of the detonation wave front acting under the influence of high pressure on
the liner. The analysis of the Polish ŁK cumulative charge was carried out using numerical methods
in the ABAQUS program. Simulation studies were carried out on axial and peripheral initiations of
the explosive cumulative liner. For this purpose, two types of cumulative charges were made with the
same design parameters, differing only in the explosive detonation-initiation system. The impact of
the elastomer insert on the focusing of the cumulative jet was verified. The influence of peripheral and
axial initiation on a cumulative jet’s velocity was investigated. The authors proposed a new conical
insert placed in the explosive between the pocket for the detonator and the liner, also changing the
material of the cumulative liner. The smoothed-particle hydrodynamics method was used to describe
the formation of a cumulative jet. The obtained results were verified experimentally, and they show
that modification of the ŁK charge has a positive effect on jet amplification, with an inevitable collapse
in the final stage of formation. The obtained results correlate with the literature’s data.

Keywords: shaped charge; optimization of liner; numerical analysis; SPH method

1. Introduction

The described cumulative effect was already being used for military applications during World
War II in many varieties of anti-tank weapons. Technological developments after World War II took a
rapid leap in terms of the advancement of cumulative missiles.

The literature contains many studies of theoretical–experimental approaches to the problem [1–4],
whereby many parameters related to the cumulative effect have been analyzed. This phenomenon is
very well described from the physical point of view [5,6]. It should be noted that if a cone-shaped
crater is hollowed out in a cylindrical explosive charge, its detonation will manifest a focusing of
the explosive detonation products, generating intense local forces. This concentration of forces was
used in the construction of shaped charges [6,7]. The lining of this cavity with a specific material
called a liner creates a jet which is driven by the wave emitted by the detonation of the explosive [8].
The jet formation process is caused by an increase in the pressure of detonation products acting on the
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liner [9,10]. The liner collapses under this pressure. The decomposition of the resultant pressure wave
into orthogonal components, i.e. the radial component and the axial component, causes, on the one
hand, causes the liner material to be compressed, while on the other hand driving the compressed
material along the axis of symmetry of the operation of the very high pressure. The result of the
collapse of the liner is the classic Birkhoff effect [11,12], which results from the liner material in the slug
and the jet (see Figure 1). As a consequence, this process leads to the creation of an appropriate and
effective jet.
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This effect can be strengthened by the appropriate formation of the detonation wave front [12,13].
This efficiency depends, among other things, on the type of insert material [6], its cone angle [14]

and the speed of detonation wave front propagation (the so-called detonation velocity), “i.e., it depends
on the explosive material used [15,16]”, and it usually amounts to 7–10 km/s.

Studies have also been carried out with tandem heads, investigating their efficiency for
armor [17,18]. Among others, studies [19–22] have analyzed various materials and thicknesses
of cumulative inserts. The asymmetry of constructional parameters was examined in study [20],
while the influences of the casing material, the linear angle, the spacing and many other parameters
affecting the efficiency of the cumulative charge were comprehensively included in studies [23–25].
In [26], the focus was on bore-center annular-shaped charge studies, wherein the axial velocity and
radial velocity of the head were analyzed. In study [27], inserts made of five different materials
were compared. A truncated conical liner was compared with a classical conical-shaped charge.
The truncated conical liner included a disc between the explosive material and the liner. In this way,
the penetration depth was increased by several percent. The efficiency of single and double-layer liners
was examined in [28] and compared with the penetration explosion effect of a single Cu liner.

As the computational power of computers evolved, numerical methods applied to the advancement
of science in relation to cumulative phenomenon also developed. Many mathematical–physical models
have been created and employed in specialized software [29,30], which can be adapted for research
into, and the optimization and evaluation of, the parameters of various types of charges. Johnson–Cook
(J-C) or Steinberg strength models have often been used [31–33] as they can accurately reproduce the
formation of jets in metal materials. However, in the case of modern composite materials, the commonly
used J-C strength model has limitations. Therefore, high explosive burn, the Jones–Wilkins–Lee
equation of state (JWL-EOS), elastic-plastic hydrodynamic analysis, and the Mei–Gruneisen EOS are
the basic constitutive models currently used to describe the material in numerical simulations [34–36].
The issue of cumulative jet formation is now analyzed with various numerical methods, usually using
smoothed-particle hydrodynamics (SPH) [37–39].

The problem of the formation of an effective jet is still a field that requires researchers to seek
solutions in the sphere not only of modern materials for liners or innovative high-energy materials.
Knowledge of the problem from the physical side allows the possibility of jet optimization by directing
the detonation wave front of the explosion in an appropriate way. It allows a better use of the Birkhoff

phenomenon. In this regard, computer simulation methods based on hybrid methods are helpful.
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The authors of this paper present analysis of two types of the Polish ŁK cumulative charge, differing
only in the explosive detonation-initiation system. The purpose of this analysis was to strengthen the
cumulative jet by shaping the front of the detonation wave acting on the liner. By introducing additional
inserts between the explosive and the liner into the LK charge, it was possible to influence the way the
collapsing liner spreads over a part of the slug and the jet. This task was accomplished by means of
numerical simulations. The results of simulations shown that mechanical properties as well as hybrid
combinations of the materials used in production of the cumulative liner had influence to stability of
the cumulative jet. The obtained results were compared with experimental results. The experimental
tests were limited to the execution of test batches of shaped charges with an additional aluminum
insert and without an insert in order to compare their effectiveness on the armor plate. On this basis,
conclusions pertaining to the impact of the geometry of the insert on the durability of the cumulative
jet speed were formulated.

2. Theory

Explosives exposed to a cumulative jet show a different susceptibility to initiating detonation,
depending on the configuration of the system. They are much easier to detonate in systems with an
air gap between the metal shield and the explosive being tested than when the explosive is in direct
contact with the shield. This results from the compression of the shock wave propagated in the metal
partition and the explosive before the cumulative jet. The introduction of an air gap disperses the
shock wave after it leaves the partition and makes the explosive more susceptible to being triggered
by the penetrating jet. This process is influenced by many factors related to the characteristics and
production technology of the explosive charge [40,41]. The criterion for initiating detonation in a given
explosive material is usually described as follows:

V2
·d = const (1)

where V is the critical jet speed and d is its diameter.
It is possible to derive relations connecting the penetration depth in the steel shield with the

cumulative jet velocity using the Bernoulli principle in the following way:

Vb =
dxp

dt
=

V j

1 + r
and r =

√
ρb

ρ j
(2)

where xp is the penetration depth, r is the square root of target to jet density, and ρb and ρj are the
partition and jet density.

Assuming that x0 means the virtual beginning of the jet, the time it takes the jet front to reach the
partition is determined by the relation

t0 =
Z0

V j0
(3)

and the speed of subsequent jet particles reaching the bottom of the crater stems from the correlation

V j =
xp + Z0

tp + t0
(4)

where Z0 means the distance from the beginning of the jet to the barrier, tp is the penetration time,
and V0 is the initial jet velocity.

By substituting the relation (4) to Equation (3), we obtain

dxp

dt
=

1
1 + r

·
xp + Z0

tp + t0
(5)
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From the above equation the penetration time will be as follows, assuming the initial condition
xp(0) = 0:

tp =
Z0

V j0

1 +
xp

Z0

)1+r

− 1

 (6)

and the jet velocity after penetration into a partition with thickness xp can be estimated from Equation (4).

3. Experimental Method and Results

3.1. Assumptions

For tests, a typical ŁK charge was used, which is a charge made of explosive crushing material,
pressed into a plastic casing and closed with a conical liner. The cumulative liner, with an opening
angle of 60◦, was made of zinc aluminum alloy (Zn5Al). Below the liner there is a cylindrical spacer
sleeve creating an air gap between the charge and the plane on which is placed the ŁK cumulative
charge. This distance is 60 mm. The basic data relating to the cumulative charge are shown in Figure 2.
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The ŁK charge was filled with explosive hexogen containing 10% granulated TNT, and the
so-called “ballast” was made of crystalline pentrite [42]. The explosive can be excited by a fuse or an
electric detonator. The ŁK charge was prepared correctly and modified to suit the needs of the test,
as presented in Figure 3.

The modification takes into account the criteria for initiating detonation in a given material as
well as the penetration depth of the steel shield. Hence, detonations with axially and peripherally
induced explosion wave propagation could be performed. The explosive material was modified as the
plastic explosive PMW-14.
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It should be emphasized that the primary shaped charge (see Figure 2) is a non-dismountable
structure. It was impossible to use it in this shape for tests, therefore separable metal casings were used.
Metal casings (see Figure 3) were used only because this allowed for the technological possibilities of
preparing shaped charges with additional inserts. To be sure of the comparative results, charges were
also made in metal casings with axial initiation. It was possible to practically compare their effectiveness
with the original ŁK-shaped charge. In the ballistic tests, after the visual inspection, it was assumed
that the results did not differ from the assumed ones. Therefore, the impact of the casing on the
explosion was ignored, focusing on the explosive, the liner, and additional elements introduced into
the shaped charge causing the appropriate orientation of the detonation wave front.

3.2. The Structure of Shaped Charge Tests

For the purposes of the test, six charges of each type were made. The purpose of this test was
to assess the efficiency of charges with two types of detonation initiation. The differences in the
detonations process could have influence to characteristics of the detonation wave acting on the liner
and finally on the cumulative jet effectiveness. The ARMOX 370T (see Table 1) armored plate (80 mm
class 2 and 100 mm class 1 thickness, and dimensions of 1000 × 700 mm) was loaded dynamically with
an accumulation charge (70 mm in diameter) according to prepaid charges (see Figure 3).

The cumulative charge used an insert made of the original ŁK, with the geometry shown in
Figure 4 and a 2 mm thick liner.

The charges were elaborated with a plastic explosive (PMW-14) containing 84% hexogen (RDX)
and 16% binder. This plastic explosive has the following parameters: a density of 1.43 g/cm3, and a
detonation speed of 7500 m/s.

Table 1. Mechanical properties [18,43].

Specimens Thickness
(mm)

Yield Strength
Rp02 (MPa)

Tensile Strength
Rm (MPa)

Hardness
(HBW)

Charpy-V
(J)

Elongation A5
(min %)

Elongation A50
(min %)

plate 80 800 900–1100 280–330 60 J/−40 ◦C 13 15
plate 100 - - 300–350 40 J/−40 ◦C - -
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3.3. Experimental Results

Six shooting tests were performed, three for each type of charge, as shown in Figure 5.
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Figure 5. A way of loading the armor plate with a cumulative charge.

The shooting resulted in perforations of the steel plates loaded with a cumulative jet (see Figure 7a).
Preliminary visual inspection showed that charges with axially (1A, 2A and 3A) induced explosive
wave propagation were less effective, which was indicated by the lack of plate puncture—1A and 2A
(see Figure 7b).

Visual inspection of the armored plate was limited to the evaluation of entry and exit holes from
the impact of the cumulative jet on the material of the armored plate being assessed. Such an example
is shown in Figure 6, and values are summarized in Table 2. These results indicate that the jet was
more regular with the peripheral charge. The diameter of the entrance hole was almost identical to
the exit hole (see Figure 6c,d). However, for the axial charge, the jet formation was more disturbed.
The entrance hole was significantly larger than the exit hole (see Figure 6a,b).

This was confirmed by the measured diameters of the entry and exit holes (see Table 2) for the
two types of shaped charge in 80 mm and 100 mm thick armor plates.
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Figure 6. Examples of results of the entry and the exit openings after a shot with a ŁK type shaped
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entrance; (d) hole of peripheral charge exit.

Table 2. A list of the diameters of the entrance and exit holes from a shaped charge.

Specimens
[mm]

Axial Charges Peripheral Charges

1A 2A 3A 1P 2P 3P

plate 100 front 21.2 22.7 23.0 12.9 14.1 13.2
back None None 14.8 12.0 13.4 12.9

plate 80 front 22.0 23.0 24.0 12.0 12.5 13.0
back 15.3 16.0 15.0 11.7 12.3 12.8

None—no perforation.
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4. Numerical Analysis

4.1. Assumptions for Modelling

It was necessary to make a geometric model of the charge in question in order to perform the
numerical analysis. The geometric model (see Figure 8) was made in Inventor 2018 and then exported
in step format to the ABAQUS program, where it was discredited.
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The case and the explosive were modeled with 0.5–1.0 mm tetra elements. The cumulative liner
with a 60◦ cone angle was modeled by volume using 0.2 mm tetra-type elements, and 0.5 mm hex
elements were used for discrediting the armor plate. Figure 9 displays numerical models of the ŁK
charge and armor plate components.
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approximated as a weighted sum over surrounding particles within the support area, which can be
written as per references [44,45].

4.2. Description of Materials

The equivalent explosive charge in the form of trinitrotoluene (TNT), the so-called TNT equivalent,
was assumed in modeling [46–48]. This equivalent refers to the determination of such a TNT mass for
which the explosion effects are identical to those of the explosive being tested, namely as:

κT =
mT

m
=

E
ET

(8)
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where κT means the TNT equivalent of the explosive in question, m is the mass of the explosive in
question, mT is the mass of the reference explosive, E is the explosive energy of the charge in question,
and ET is the explosive energy of the referenced explosive.

The JWL mathematical model [34,41,44,45] was assigned, as it allows for determining the pressure
according to the following relation:

p = A∗
(
1−

ωη

R1

)
exp

−R1
η + B∗

(
1−

ωη

R2

)
exp

−R2
η +ωρκpd (9)

where η is the ratio of the density (ρ) of detonation products to the initial density (ρ0) of the original
explosive, κpd is the pre-detonation bulk modulus, and A*, B*, R1, R2 and ω are the fitting coefficients
obtained from experiments.

The air properties were described using the Mie–Gruneisen equation [49,50] in accordance with
the following relation:

P = p0 + γρaE0 (10)

where p0 is the initial air pressure, γ is the Gruneisen coefficient, ρa is the density of air, and E0 is the
initial internal energy.

The cumulative insert and armor plate are described by the J-C model together with the J-C
damage model per [51,52], as follows:

σ = (A + Bεn)·

[
1 + Cln

( .
ε
.
ε0

)]
·

[
1−

((
T − T0

Tm − T0

)m ]
(11)

ε f = (D1 + D2expD3σ
∗)·

[
1 + D4ln

( .
ε
.
ε0

)]
·

[
1−D5

(
T − T0

Tm − T0

)m ]
(12)

where ε is the plastic strain,
.
ε is the plastic strain rate,

.
ε0 is the reference strain rate, T is the current

temperature, T0 is the room temperature, Tm is the melting temperature, A, B, C, n and m are the J-C
material behavior coefficients, ε f is the plastic strain to fracture, σ∗ is the equivalent stress, and D1, D2,
D3, D4 and D5 are the input constants determined empirically.

The description of material parameters was mainly drawn from data from the literature (see Table 3).

Table 3. Material constants.

Explosive

ρ* D PCJ A* B* R1 R2 ω κpd Sources

(kg/m3) (m/s) (GPa) (GPa) (GPa) (-) (-) (-) (GPa)

TNT 1730 8193 28.00 609.00 13.00 4.50 1.40 0.25 9.00 [48,53]

Liner Material

ρ E ν A B C n m Sources

(kg/m3) (GPa) (-) (MPa) (MPa) (-) (-) (-)

Zn5Al 7010 98 0.30 180 200 0.008 0.100 1.0 [53,54]
Cooper 8960 1.28 0.36 80 500 - 0.605 1.00 [55,56]

AC-44200 2730 70 0.33 110 330 0.008 0.100 1.00 [57]
Steel S355 7820 210 0.35 807 1660 0.008 0.100 1.00 [26,53]

Armco 7870 210 0.37 233 460 0.047 0.320 0.55 [53]
Lead 11,300 115 0.42 24 40 0.010 0.500 1.00 [53]

Elastomer 1.200 0.01 0.49 10 20 - - - [53,54]

Note: ρ* is the density of high explosives; D is the velocity of detonation; PCJ is the Chapman–Jouguet pressure;
A*, B*, R1 and R2 are parameters; ω is the Gruneisen parameter; κpd is the pre-detonation bulk modulus; ρ is the
density of material insert; E is the Young’s modulus; ν is the Poisson’s ratio; A is the yield strength of the material;
B is the strain hardening constant; C is the strengthening coefficient of strain rate; n is the hardening exponent; m is
the thermal softening exponent.
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4.3. ŁK Charge Options

Due to the nature of charge optimization work, the diameter of the base of the coupler remains
constant, and we used copper alloy as the liner material. In addition to the basic numerical models
for the experimental conditions (see Figure 2), two additional ŁK charge models (see Figure 10) with
axially and peripherally induced explosion wave propagation were developed.
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An additional insert made of elastomeric material (rubber) was used for peripheral propagation.
The material was selected so that the propagation of the detonation wave in the medium caused a
greater angle of incidence on the liner, and thus the effect of dividing the forming jet into a slug and a
jet was changed. The insert, in the shape of a truncated cone with a broader base directed towards
the cumulative core formation, was adopted for the first and second type. The dimensions of these
inserts were chosen so as to leave a 10 mm wide explosive at the perimeter and avoid expiration of the
detonation propagation. The modified parameters included the height of the insert and the size of the
rubber element (see Figure 10).

5. Results and Discussion

The numerical simulations that we conducted enabled us to analyze cumulative jet formation.
In the basic ŁK charge (see Figure 3a), the detonation wave reached the surface perpendicularly to the
object. Cumulative jet formation occurred from the detonation wave, which reached the cumulative
insert and generate a great number of small incidence angles. Such an arrangement resulted in too
short a cumulative jet. The results of this simulation are shown in Figure 11.
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of explosion detonation wave; (b) stages of the jet’s formation in the liner.

Despite its shorter jet, its velocity distribution was linear (see Figure 11b). On the other hand,
the phenomenon of liner collapse, determined by the Birkhoff effect, was slightly less favorable [58].

In a charge with an additional insert (see Figure 3b), the charge jet formation parameters improved
slightly. The results of this analysis are shown in Figure 12. The numerical simulation results relating
to the formation of jets (based on the model assumptions for charges used in the experimental tests)
indicated different tendencies in these formations. The axial charge was more stable, but its jet was
shorter (see Figure 11b). In the case of a peripheral charge, a lengthening of the jet (see Figure 12b) was
caused by a significant difference in velocity between the head and tail of the jet, and in the case of
the axial charge, these differences were smaller. They resulted from the different angles of incidence
of the detonation wave on the liner. For an axial charge, this angle was smaller than for a peripheral
charge. The reliability of the numerical results was verified by evaluating the entry and exit holes
of the cumulative jet’s passage in the armored plate. In the experiment, the entry hole average for
the axial charge was 22.7 mm, and the exit hole was 15.7 mm. In the case of the peripheral charge,
the entry hole average was 13 mm, and the exit hole was 12.5 mm. In the simulation, the entry was
21.8 mm, and the exit was 19.7 mm, but the peripheral charge had a 12.0 mm entry hole and 11.6 mm
exit hole, which is a satisfactory result.
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Figure 12. Stages of jet formation of the peripheral charge for individual time steps: (a) the process of
propagation of an explosion detonation wave onto an additional insert in order to increase the angles
of incidence on the liner; (b) stages of the jet formation in main liner.

The jet formation times were also compared (see Figure 13). As can be seen, in the first phase of
jet formation, the addition of an insert into the ŁK charge (see Figure 3b) caused a significant velocity
difference, and the liner collapsed for the peripheral charge. It can be assumed that the stagnation point
was more favorable for this type of charge. The effectiveness of such a charge is determined by the air
gap between the charge and the obstacle. In this case, the gap was 60 mm. As can be seen, axial charges,
due to the higher focusing, resulted in larger entry hole diameters in the pierced armor plate.

The jets of these charges were shorter than those of the peripheral charges, and in two cases,
no perforation was noted (see Table 2). In the peripheral charges, this jet had a lower focal length,
which made it more effective, despite the fact that in the final phase, the jet lost its axisymmetric
parameters. Ultimately, the jet velocities were 7.8 km/s for the axial charge and 7.58 km/s for the
peripheral charge.
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Figure 13. Jet velocities for two types of shaped charge.

In the following part, the explosive charge was modified in order to extend the range of incidence
angles of the detonation wave on the insert and increase jet formation. The results from the studied
numerical models are presented in the figure below (see Figure 14).

Some differences can be seen among the stages of cumulative jet formation shown for individual
types of charges. The basic ŁK charge was assessed as being the most stable in the range of axial
formation of the cumulative jet. Type I and II charges showed, in the final phase, a tendency towards
jet deviation. It is evident from our analysis that the jet of the basic ŁK charge was more effective.
Nevertheless, based on a detailed analysis of individual time steps of jet formation in the simulation
for type I and II charges, it was concluded that the division of the forming jet into a slug and a jet is
more advantageous for modified charges. The type II charge is slightly more favorable because the
insert (which separates the inner part passing into the jet from the outer one passing into the slug)
causes the jet to be amplified, and thus its depth of focus is the most advantageous.
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Figure 14. Time steps of the three types of ŁK charges analyzed: (a–c) time step for t = 2.5 × 10−5; (d–f) 
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(d–f) time step for t = 4.5 × 10−5; (g–i) time step for t = 6.5 × 10−5; (j–l) time step for t = 8.0 × 10−5.

In the simulation for the basic ŁK charge, the jet velocity was 5166 m/s for the type I charge
5224 m/s, and for the type II charge it was 5280 m/s. Due to the limitations of the X-ray registration of
the cumulative jet formation, the estimation of the relationship between jet velocity and penetration
depth of the armor plate was based on numerical analysis. Example results were obtained from
dependencies (4) and (6), as shown in Figure 15.
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The estimates of jet velocity for the basic ŁK charge (see Figure 10) after piercing an 80 mm
thick partition are at the level of 2352.2 m/s, and with a 100 mm partition, this value was 2077.5 m/s.
With charge modifications, the speed of the jet increased slightly. As shown, the use of an additional
insert makes sense despite the slight increase in jet velocity. For identify the phenomena of the jet
collapsing region two configurations in the numerical simulations (see Figure 16) were elaborated.
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Figure 16. Qualitative comparison of the effect of the collapsing liner material on the formation of
the slug and the jet. (a) the jet from detonation of an axial charge; (b) the jet from detonation of an
peripheral charge.

There is clearly a smaller percentage of collapsing liner in the jet formation for the axial load
(see Figure 16a) than for the peripheral load (see Figure 16b).

Nevertheless, attention should be paid to further modifications that should be made when
selecting an appropriate liner material.

In the last step of this analysis, the influence of the insert material on the velocity of cumulative
jet formation and its stability was investigated. Figure 17 displays exemplary results from
numerical simulations.

As indicated in the diagram (see Figure 17a), for all types of cumulative insert materials tested,
the best results were obtained with the material made of AC-44200 alloy. The jet showed a perfectly
axial symmetrical geometry. Materials such as copper and Armco alloy showed the same speeds in
the initial phase, while in the next part of the jet formation, the copper alloy gave way to Armco.
The differences were approximately 300 m/s. Lead-based inserts showed the lowest jet speeds.
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6. Conclusions

This article presents the results of modeling the cumulative jet for the ŁK charge. The SPH method
enabled us to obtain accurate results from modeling cumulative core formation with a relatively fast
calculation time. The results from the numerical simulation (see Figure 13) of the jet velocity showed
a correlation with the results described in the literature. As indicated, the jet front reaches speeds
between 7 and 10 km/s (see Figure 1). In the case of numerical simulation, a speed is included in
this range. It has been shown that the modification of the ŁK charge had a positive effect on jet
amplification, with an inevitable collapse in the final stage of formation (see Figure 14). This is also due
to the increased initiation of the cumulative jet’s velocity, which indicated better parameters for the
peripheral charge. The above was also confirmed in the experiment. Numerical tests and theoretical
analysis (see Section 2) show that the jet still retains its ability to penetrate after penetrating the shield.
It follows that this ŁK charge can effectively pierce shields of this type with a thickness of more than
three calibers. It has been observed that peripherally initiated charges have a positive effect on the jet
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growth in the procession of the collapsing liner. Moreover, it was confirmed with the literature data
that the material for the liner is of significant importance in achieving the velocity of the cumulative
jet (see Figure 17). Summarizing the presented results of modeling the efficiency of the jet, based on
numerical methods applied to the ŁK-shaped charge, confirms the correct direction of the research.
The results presented, which are mostly based on simulation studies, will be validated in multi-variant
ballistic tests, as well as in the material examination of the liner in further work.
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