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The method of shaped charge simulation based on the FEM techniques is presented. The earlier phases of shaped 
charge functioning include the initiation of detonation and detonation wave propagating along the explosive charge. 
After shaped charge jet and slag forming the phases of jet stretching and jet penetration follow. 
The coupled FEM based on Eulerian-Lagrangian meshing was used to describe the phases of detonation wave 
propagating as well as the jet forming and jet stretching. But the Lagrangian meshing was used to describe the jet 
penetration, as the last phase of shaped charge functioning. During penetration very intensive erosion of jet material 
appears so that the eroded Lagrangian cells must be removed from the calculation. To correctly calculate the jet 
penetration, the coefficient of erosion was introduced in the FEM solver. The results of the experimental determination of 
jet erosion during penetration through a steel obstacle were presented. The examples of FEM simulation and the relevant 
results of the experimental testing of the 64 mm shaped charge jet forming and penetrating are shown as well. 
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Introduction 
HE shaped charge effect (Munroe’s effect) as a 
physical phenomenon belongs to the fields of nonlinear 

mechanics. Regarding large civilian and military uses of the 
mentioned effect the calculation techniques for predicting 
shaped charge functioning represent a very important 
interest in the procedures of shaped charge studying and 
design. 

Actually, there are more different methods for shaped 
charge simulation, but generally they may be: empirical, 
analytical, numerical, and coupled as well [1]. Whereas the 
early work was based on trial-and-error experiments 
(empirical methods), since the 1970s, hydrocodes have 
been used with some success to predict how a shaped 
charge would behave. Defourneaux [1], Zukas [2] and 
Meyers [3] give excellent summaries of shaped charge 
applications and analytical models. The numerical 
simulation of the shaped charge effect, besides the modern 
software based on the finite elements or/and finite 
differences codes, can be successfully resolved using the 
analytical programs based on the hydrodynamic theory.  

The program codes BASC [4], HOCC [5], ANACONDA 
[6], SCAP [7] and HYDRO [8, 9] for the numerical 
simulation of the shaped charge function and jet 
penetration, make it possible to calculate more accurately 
the jet kinematics parameters and its penetrability in the 
obstacles of different mechanical properties. The mentioned 
analytical models that describe formation of the jet, its 
break-up and penetration of target, play an important role in 
the optimization of shaped charges. A number of such 
models were developed over the world during last years 
[10, 11]. The results of Russian development of such an 

analytic methodology and an example of its application for 
a shaped charge optimization were presented in [12].  

The finite element method (FEM) is also used for 
numerical simulations of the formation, fragmentation and 
copper plate penetration of a jet that develops in a shaped 
charge. Zukas [13] and Camacho [14] describe the 
computational methodology in greater details giving the 
focus on jet breakage. Some of more or less known the 
FEM numerical codes are: HELP, EPIC, HEMP, PISCES 
[15], DYNA [16, 17], AUTODYN, LS-DYNA, CATIA, 
etc.  

Besides verifying the FEM as a predictive technique, the 
main aims of the paper include: 
- Mathematical modelling of the shaped charge functioning 

with additional assumptions such as propagating of deto-
nation wave, collapsing model, jet erosion model, etc., all 
to upgrade the quality and accuracy of computing; 

- Numerical simulation of the shaped charge functioning 
based on the FEM techniques in the way to verify the 
method for predicting shaped charge mechanisms; and 

- Evaluation of the FEM techniques by comparing the 
computed and experimental results.  

System of constitutive equations 
The partial differential equations express the 

conservation of mass, momentum and energy in the 
Lagrangian coordinates. These, together with the equations 
of state (material models) [18] and a set of initial and 
boundary conditions, define the complete solution of the 
problem. Material continuum associated with a Lagrangian 
zone stays with that zone under any deformation. Thus a 
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Lagrangian grid moves and distorts during time with the 
material automatically satisfying the conservation of mass. 
The density ρ at any time can be determined from the 
current volume V of the zone and its initial mass m 

 0 0V m
V V
ρρ = =  (1) 

where is: ρ0 – initial density and V0 – initial volume. Then, 
the partial differential equations which express the 
conservation of momentum relate the acceleration and 
stress tensor σij 
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where is: , ,x y z&& && &&  – components of the vector of acceleration. 
Here it is necessary to emphasise that the stress tensor is 
separated into a hydrostatic component p with the artificial 
viscosity q and the deviatoric component sij that is 
discussed more largely in [18]. 
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The negative sign for the hydrostatic pressure p follows 
from the usual notion that stresses are positive in tension 
and negative in compression (the opposite to that for 
pressure). In the above mentioned equations the hydrostatic 
pressure p is an argument by the pseudo-viscous force q 
which is discussed more fully in [18]. 

The strain tensor εij is determined from the relation 
between the strain rates and the velocities ( , ,x y z& & & ) 
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These strain rates are related to the rate of the change of 

the volume V
V
&

 by 
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Elastic flow region. For the elastic behaviour of a 
material determined by derivation of Eq. (5) and Hook’s 
Law relations between the deviatoric stress rates and the 
strain rates  
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where is: G – shear modulus. The deviatoric variables will 
also be adjusted for other real effects, such as rigid body 
rotations, plastic flow, damage and failure as described in 
detail in [18, 19]. 

Plastic flow region. A pragmatic approach in the choice 
of criterion for yield criteria has involved in use the Von 
Mises yield criterion (used in most hydrocodes as well) to 
describe the elastic limit and transition to the plastic flow. 
This applied criterion provide a relatively smooth and 
continuous yield surface. The state that, given the principal 
stresses σ1, σ2 and σ3, the local yield condition is 

 ( ) ( ) ( )2 2 2
1 2 2 3 3 1 2Yσ σ σ σ σ σ− + − + − =  (7) 

where is: Y – the yield strength in simple tension. 
Equations of state. The pressure p is related to the 

density ρ and specific internal energy e through the 
equation of state given in general form 

 ( , )p f eρ=  (8) 

Different forms of the state equations are described in 
[18]. This must be solved simultaneously with the equation 
expressing the conservation of energy 
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Finally, several types of equations to define the state of 
gaseous products of detonation are involved in 
mathematical modelling, e.g. Becker-Kistiakowsky-
Wilson (BKW) equation or frequently Jones-Wilkins-Lee 
(JWL) equation given in the form: 
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where is: η=ρ/ρe – ratio of density of detonation products and 
explosive charge and e – energy of detonation per volume 
unit. The values of constants A, R1, B, R2, and ω for very 
common explosives have been determined from dynamic 
experiments and are available for solver users in the 
relevant material library.  

Mathematical models used in the solver 
The phenomena associated with shaped charges include 

high explosive detonation and extreme deformations of the 
shaped charge casing and liner present a challenging task 
for the numerical analysis. 

The solver provides the analyst with a number of 
different options for shaped charge design. These options 
range from using a highly efficient jetting option to the use 
of the full Euler/Lagrange processor capabilities within the 
program. The jetting option, discussed in [18], uses a 
combined numerical and analytical approach. Two-
dimensional finite difference Euler grids represent 
components such as the explosive, liner and waveshaper, 
while Lagrange grids model the casings, fuze and other thin 
components of shaped charge. For the liner, modelled as a 
thin Euler grid, an additional analytic jetting option is 
invoked which allows the liner to behave as a shaped 
charge jet and slug. 

In order to achieve better calculating accuracy the 
mathematical model was improved. The first improvement 
relates to the erosion model during jet penetration and the 
second one to the jet analysis (liner collapsing and jet and 
slug forming). 

Erosion model 
Although the solver can calculate with both Lagrangian 

and Eulerian grids, it may sometimes be the case that 
materials have to be defined using Lagrangian grids even 
though it is clear that these materials will be subjected to 
very large distortions arising from intensive motion of the 
Lagrange grid.  

For example, this is the case of jet and projectile 
penetration through an obstacle. In the cases of jet and 
projectile penetration the target and "penetrator" materials 
in hypervelocity impact problems will be subject to gross 
distortion and again an accurate calculation of this problem 
should follow the material as it "splashes". 

When an eroded cell is removed from the calculation 
process in this way, the mass within the cell can either be 
discarded or distributed to the corner nodes of the cell. If the 
mass is retained, conservation of inertia and spatial 
continuity of inertia are maintained. However the 
compressive strength and internal energy of the material 
within the cell are lost whether or not the mass is retained. 
This discard procedure is known as erosion. However it is 
important to note that, in general, this is not true modelling of 
a physical phenomenon, but a numerical palliative introduced 
to overcome the problems associated with the mesh 
distortions caused by gross motions of a Lagrangian grid. 

Because of the losses of internal energy, strength and 
(possibly) mass, care must be taken in using this option and 
erosion strain limits chosen wisely so that cells are not 
discarded (eroded) until they are severely deformed and 
their compressive strength and/or mass are not likely to 
affect the overall results.  

Fig.1 illustrates clearly the effect of the values of the 
limiting erosion strains on the final crater dimensions in a 
hypervelocity impact problem [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Comparison of the experimental crater dimensions and the 
AUTODYN results for different erosion strains 

In this problem maximum erosion strains of 300% or 
higher are appropriate but it should be noted that these were 
geometric strains and different values might be more 
appropriate if effective plastic strains were being tested. 

In the case of the shaped charge functioning, the jet 
erosion strain was determined on the basis of the theoretical 
and experimental method given in [20]. As the rate of jet 
erosion we can express principally as a ratio of the jet 
velocity vjet and the velocity of jet penetration ux (vjet/vjet-
ux), so that using the relevant curves represented in [20] we 
can get the appropriate functional dependence given in Fig. 
2. The jet erosion example, used in this paper, is based on 
testing a 64 mm shaped charge model [9, 20]. 

 
Figure 2. Comparison of theoretical and experimental jet erosion strains in 
a steel obstacle 

According to the diagrams of theoretical and 
experimental jet erosion strains (Fig.2), erosion of the jet 
during penetration through a steel obstacle takes the values 
between 172 and 207%. Similar values of the jet erosion 
rate appear in the cases of penetration through other types 
of material, for example concrete, ceramics, glass, etc. 

 Jetting analysis 
A two-dimensional Eulerian grid is used to model the 

liner. By definition, this avoids any mesh distortion. To 
accurately perform such an analysis using Euler requires a 
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large, finely zoned mesh. In the jetting option the liner is 
modelled like an explosive part with full Euler detail. In 
this way, the full hydrodynamic equations of motion are 
used to compute the collapse velocity and the collapse 
angle for each liner mass point.  

These values are used in conjunction with an analytic jet 
formation algorithm to obtain the jet and slug masses and 
associated velocities. An optional jetting analysis has been 
included in the solver which uses post calculation values to 
provide an improved estimate of the collapse angle β and 
the relevant jetting parameters depending on this angle.  

The following diagram (Fig.3) shows the vector triangle 
formed by the collapse velocity v0, the velocity vC of the 
stagnation point C and the velocity vr of the jet (relative to 
the stagnation point C). 

    

Figure 3. Liner collapsing: a) vector triangle formed by the collapse 
velocity with the stagnation point; b) velocities triangle in the coordinate 
system relative to the point C 

The velocities vC and vr expressed depending on vjet and 
vslug are 

 2
jet slug

C
v v
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From the triangle (Fig.3a) the following relationship is 
obtained 

 ( ) 0

0

costan sinC

v
v v
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α
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The optional jetting analysis uses the fact that once a 
calculation is complete, the locus of the stagnation point is 
defined by the values of (rjet, xjet) obtained for each jetted 
point and thus vC can be obtained by differentiating this 
curve. The differentiation is performed by constructing 
(fitting) a quadratic polynomial function through points 
noted by j-1, j and j+1 and taking the derivative at the point 
j. With vC known, the above equation can be used to obtain 
new estimates for the collapse angle β. 

Numerical simulation 
A possibility of computing code in the tasks of 

numerical simulation of shaped charge functioning, 
specially for liner collapsing and jet and slug forming with 
further jet evolution (jetting) as well as the jet penetration 
in the steel obstacle will be illustrated. 

Mathematical model 
For numerical studying a sample of an experimental 64 

mm shaped charge model is treated. The axial cross-section 
of the shaped charge is illustrated in Fig.4. 

The main geometrical and physical parameters of the 
shaped charge are as follows: Explosive charge (octol, 
density 1.72 g/cm3), Detonator (pentryte, density 1.61 

g/cm3), Metallic liner (copper, density 8.93 g/cm3), Angle 
of the metallic liner cone (inner 50º, outer 51º), Metallic 
liner apex radius 8.5 mm, Thickness of the metallic liner 
(progressive, min. thickness 1.0 mm), Metallic body 
(duralumin, density 2.75 g/cm3),  Thickness of the metallic 
body (1.5 mm), Waveshaper (teflon, density 2.15 g/cm3), 
Stand-off (3 calibres). 

 

Figure 4. Axial cross-section of 64 mm shaped charge 3D model 
1.- Casing; 2.- Explosive charge; 3.- Waveshaper; 4.- Fuze; 5.- Detnator 

The Fig.5 illustrates the initial coupled Lagrange-Euler 
meshing of the shaped charge given in the pre-processing 
procedure. 

 
Figure 5. Coupled Lagrange-Euler meshing of the 64 mm shaped charge 
model (axial half-section) 

The Euler mesh was generated by the use of changeable 
cells of dimensions: from 1×1 mm on the peripheral zone 
till 0.25×0.25 mm near to the symmetry axis of the shaped 
charge. 

Detonation wave propagation 
The numerical analysis of the interaction of a detonation 

wave and the waveshaper as well as the solving of its 
optimization is carried out successfully using a computer 
software based on the method of finite differences and/or 
finite elements.  

To model the process of detonating high explosive in the 
FEM it is usual to use the burn on time option [18].  

In its ideal form this assumes that, on initiation, a 
detonation wave travels away from the initiation point with 
constant detonation velocity, being refracted around any 
inert obstacles in the explosive without moving the 
obstacle, maintaining a constant detonation velocity in the 
refracted zone and detonating each particle of explosive on 
arrival at that particle.  

Thus for a system such as that illustrated in Fig.6, where 
an inert obstacle lies within a slab of explosive which is 
initiated at one end, the detonation wave travels radially 
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away from the initiation point until it meets the obstacle, 
then travels around the obstacle and travels on, being 
refracted within the "shadow zone" of the explosive which 
lies behind the obstacle i.e. below the tangent OX. 

 

Figure 6. Transit of a detonation wave around an inert obstacle 

For each cell in the initial computing mesh in the high 
explosive, the values for the arrival time of the detonation 
wave at the cell and the transit time across the cell (based 
on the cell area and diagonals to avoid directional 
variations) are calculated from the input detonation 
velocity.  

The true arrival time at a given cell is that along the 
shortest path from the initiation point (or plane, or circle) to 
the nearest corner of the cell, taking full account of inert 
obstacles which may be in the path of the detonation wave, 
and the wave is assumed to travel with constant velocity 
equal to the predefined value of the detonation velocity D.  

However, in the above figure, while it is a simple matter 
to determine the arrival time at a point such as A, being 
OA/D, to determine the arrival time at a point such as B it 
is necessary to determine the distance OX, together with the 
distance YB, the distance from B along its tangent to the 
obstacle and also the arc length XY along the obstacle 
values of YB and XY vary for all points in the "shadow 
zone". Thus the determination of the arrival times of all 
points in the "shadow zone" would require very extensive 
and time-consuming calculations. 

Fig.7 illustrates the regions of influence of two initiation 
points O1 and O2. In each region of influence the detonation 
wave radiates away freely from the initiation point so that 
the arrival time from that point is simply calculated. Then 
for the points X1, X2, X3 and X4 as typical points within the 
explosive, if T(X) is the "burn time" (i.e. the arrival time of 
the detonation wave) at the point "X", then: 
- T(X1) = O1X1 / D; 
- T (X2) = O1O2 / D + O2X2 / D; and 
- T (X3) = min [O1X3; O1O2 + O2X3] / D = O1X3 / D (even 

though X3 is within the region of influence of O2 ). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Regions of influence of the initiation points 

Figures 8 - 11 illustrate the initial meshing and the most 
important details of interaction of the detonation wave and 
the waveshaper given by the numerical simulation. The 
results consider the experimental model of the initiation and 
detonation device of the 64 mm shaped charge.  

 

Figure 8. – Initial meshing of 2D modeled parts to describe detonation 
wave propagating 

 

Figure 9. – Detonation wave passing around the frontal side of the 
waveshaper 

 

Figure 10. – Detonation wave transferring trough the contact surface 

 

Figure 11. – Detonation wave passing around the end side of the 
waveshaper 
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Coupled Eulerian and Lagrangian meshing is used. So, 
the Eulerian meshing is used to make the model of the 
ambient air and for modeling the explosive and the 
waveshaper as well and the Lagrangian meshing is used for 
modeling the casing and the fuze. 

Modeling energy release in high explosives 
Fractions of the chemical energy Q are fed in as energy 

inputs to the cell at appropriate times so that by the time the 
detonation has swept across the cell, all the chemical 
energy has been input and the explosive within that cell has 
completely detonated [18]. The explosive is then assumed 
to be detonation products and its (p,v) state to lie on the CJ 
adiabate.  

However since the shock has not been infinitely thin 
(since finite burn times and shock capturing techniques are 
used in the solver) it is not to be expected that the pressure 
will reach the theoretical CJ value during this detonation 
process. The path followed by a typical cell in the (p,v) 
plane will be similar to that shown in Fig.12. The permitted 
total energy error involved in the explosive system is up to 
5% of the released high explosive chemical energy Q.  

v 

Products of 
Detonation 
Adiabate 

Explosive 
Adiabate 

CJ - point 

D 

A 

B 

p0 

p 

Path 
followed by 
burning cell 

v0  

Figure 12. Path followed in the (p,v) plane by the burning cell 

If the initiation time for a detonation point is not 
specified, it will be automatically determined from the 
initiation and transit times from other points, whose 
initiation times have been specified or determined in the 
same fashion. Clearly, at least one detonation point must 
have its initiation time specified. 

This is a recommended method for modeling detonation 
around objects if the best accuracy is required. 

Particles velocities 
One of interesting details relative to the shaped charge 

functioning considers a field of particle velocities, 
especially in the zone of gaseous products of detonation, 
then metallic liner collapsing and casing rejecting.  

Of course, the particle velocities of jet elements are of 
primordial interest.  

Based on the calculated picture of particle velocities, the 
determination of active mass is possible. The active mass 
represents a part of the whole explosive charge the 
detonation products of which are oriented to the metallic 
liner.  

This mass is determined by the line of collision (contour 
surface in the space) two decompression waves propagating 
from the free surfaces of the explosive charge (Fig.13, line 
a and zone A). 

 

Figure 13. Particles velocities and active mass of the shaped charge (given 
by FEM) 

 Jetting 
Jet and slug formation as well as the further jet evolution 

(jetting) given by computing are illustrated in Fig.14. The 
shown frames are related to the sequences of 19 μs, 24 μs 
and 27 μs (from the left to the right, respectively) from the 
shaped charge initiation. 

 

Figure 14. Shaped charge jet forming and stretching (numerical 
simulation) 

Jet penetration 
The jet penetration through the obstacle is described by 

the hydrodynamic theory of the shaped charge. According 
to this theory, the mechanical characteristics of the jet 
material and the obstacle material concerning the 
mechanical resistance are neglected in the first phases of 
the penetrating process.  

 
Figure 15. Jet penetration through the steel obstacle (numerical 
simulation) 

Fig.15 shows the penetration of the 64 mm shaped 
charge model copper jet through a steel obstacle. The jet 
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moves with vjet ≈ 8000 m/s tip velocity. The pictures given 
by the numerical simulation nicely clarify the process of the 
jet penetrating phenomenon. 

Experimental results 
In the order to estimate the quality of the results given by 

numerical simulation there are presented some relevant 
results of the experimental testing of the 64 mm calibre 
shaped charge model. The method of impulse radiography 
and the radiograph equipment SCANDIFLASH 600 kV - 
type were used to make the radiographs illustrated in 
Figures 16 and 17. 

      
Figure 16. Radiographs of jet formation and stretching 

Fig.16 illustrates the jetting (liner collapsing and jet 
formation with stretching) of the 64 mm calibre shaped 
charge model at the moment of 18.6 μs and 23.6 μs after 
charge activation. The measured jet tip velocity in the final 
stage of forming is about 8000 m/s. 

Fig.17 shows the penetration of the copper penetrator 
moving with a velocity vjet = 1250 m/s through a duralumin 
obstacle. The radiographs are given by the use of the 
techniques of Kino-radiography.  

The radiographs in Fig.17 are used to qualitatively 
compare numerical and experimental results only.  

 

Figure 17. Jet penetration through a duralumin target (radiographs) 

 
Figure 18. Comparing of testing and computing results at the moment the 
18.6 μs (left) and 23.6 μs (right) the after explosive charge activation (left 
half-sketches are given by the numerical simulation and right half-
radiographs are given by the X-ray technique) 

Finally, to the confirm advantages of the presented 
predicting FEM techniques, the comparative sequences of 
the liner collapsing and the further jetting given by the 
computing and the experiment are illustrated in Fig.18.  

Conclusion 
Summarising the results of the study given in the paper, 

we can draw the main conclusions as follows: 
- Mathematical modelling of the shaped charge functioning 

with involved additional assumptions relative to the 
propagating of detonation wave, collapsing model, jet 
erosion model and modeling energy release in high ex-
plosives was carried out successfully. The main contribu-
tion in this part represents the rate of jet erosion deter-
mined experimentally by an original procedure; 

- Numerical simulation of the shaped charge functioning 
based on the coupled Eulerian and Lagrangian FEM 
techniques was verified. The presented method is a pow-
erful tool for predicting shaped charge mechanisms; and 

- Evaluation of the FEM techniques by comparing the 
computed and experimental results showed very high and 
multilevel benefit of the used predictive techniques. The 
comparative analysis of the computed and the experimen-
tal results does not show considerable discrepancies. The 
overlapping between the results of numerical modelling 
and the experimental data on the parameters such as the 
jet and slug velocity and their geometry is very good. So, 
the numerical simulation by the given FEM technique 
represents the best way to predicts the parameters of 
shaped charge functioning.  
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Primena metoda konačnih elemenata u simulaciji kumulativnog 
punjenja 

Prikazan je postupak simulacije kumulativnog punjenja baziran na metodama konačnih elemenata. Početne faze 
funkcije kumulativnog punjenja podrazumevaju iniciranje detonacije i širenje detonacionog talasa kroz eksplozivno 
punjenje. Nakon formiranja primarnog u sekundarnog kumulativnog mlaza proces se nastavlja fazama izduženja i 
prodiranja mlaza. 
Kuplovana metoda konačnih elemenata, zasnovana na kombinovanju Ojler-Laganžove mreže konačnih elemenata, 
korišćena je za opisivanje faza širenja detonacionog talasa kao i formiranja i izduženja mlaza. Lagranžova mreža je 
korišćena za opisivanje prodiranja mlaza, kao zadnje faze funkcije kumulativnog punjenja. Tokom prodiranja javlja 
se veoma intenzivna erozija materijala mlaza, tako da se erodirani Lagranžovi elementi moraju isključiti iz 
predračuna. Za korektan proračun prodiranja mlaza, u solver je uveden koeficijent erozije. Prikazani su rezultati 
eksperimentalnog određivanja erozije mlaza tokom prodiranja kroz prepreku. Takođe, prokazani su i primeri 
simulacije dobijeni metodom konačnih elemenata i relevantni rezultati eksperimentalnog ispitivanja formiranja i 
prodiranja mlaza modela kumulativnog punjenja 64 mm. 

Ključne reči: kumulativno punjenje, kumulativni mlaz, formiranje mlaza, simulacija procesa, numerička simulacija i 
metoda konačnih elemenata. 

Primenenie metoda  kone~nwh &lementov v modelirovanii 
kumul}tivnogo zar}da 

V nasto}|ej rabote pokazan sposob modelirovani}  kumul}tivnogo zar}da, obosnovan na metodah kone~nwh 
&lementov. Na~alxnwe fazw funkcii kumul}tivnogo zar}da podrazumevayt iniciruy|ie detonacii i 
ras{irenie detonacionnoj volnw ~erez vzrwv~atwj zar}d. Posle formirovani} pervw~noj i vtori~noj 
kumul}tivnoj strui process prodol`aets} ~erez fazw udlineni} i proniknoveni} strui. 
Scepnoj metod kone~nwh &lementov, obosnovan na kombinirovanii seti Ojler-Lagran`a kone~nwh 
&lementov, ispolxzovan dl} opiswvani} fazw ras{ireni} detonacionnoj volnw, a v tom ~isle i dl} 
formirovani} i prodlineni} strui. Setx Lagran`a polxzovana dl} opiswvani}  proniknoveni} strui v 
roli poslednej fazw funkcii kumul}tivnogo zar}da. V te~enii proniknoveni} strui }vl}ets} o~enx 
intensivna} &rozi} materiala strui, iza-za ~ego &rodirovannwe &lementw Lagran`a nu`no vwkly~itx iz 
ras~ëta. Radi korrektnogo  ras~ëta proniknoveni} strui v solver (re{ay|ee ustrojstvo) vvedën 
ko&fficient &rozii. Zdesx pokazanw rezulxtatw &ksperimentalxnogo opredeleni} &rozii strui v te~enii 
proniknoveni} ~erez prep}tstvie. A tak`e pokazanw i primerw modelirovani}, polu~enw metodom 
kone~nwh &lementov i su|estvennwe rezulxtatw &ksperimentalxnogo issledovani} formirovani} i 
proniknoveni} strui modeli kumul}tivnogo zar}da 64 mm. 

Kly~evwe slova: kumul}tivnwj zar}d, kumul}tivna} stru}, formirovanie strui,  modelirovanie processa, 
cifrovoe modelirovanie, metod  kone~nwh &lementov. 
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Application de la méthode des éléments finis dans la simulation de la 
charge creuse 

Le procédé de la simulation de la charge creuse basé sur la méthode des éléments finis a été présenté dans le cadre de 
cet article. Les phases initiales de la fonction de charge creuse comprennent l’initiation de la détonation et la 
propagation de l’onde de détonation à travers la charge explosive. Après la formation du jet primaire en jet 
secondaire  cumulatif, le procédé continue par les phrases d’allongement et de pénétration  du jet. La méthode des 
éléments finis couplée, basée sur la combinaison des réseaux des éléments finis d’Euler-Lagrange est utilisée pour la 
description de la phase de propagation de l’onde de détonation ainsi que pour la formation et l’allongement du jet. Le 
réseau de Lagrange est employée pour la description de la pénétration du jet. C’est la dernière phase de la fonction 
pour la charge creuse. Pendant la pénétration une érosion très intense du matériel se produit de sorte que les éléments 
érodés de Lagrange sont à exclure du calcul. Pour le calcul correct de la pénétration du jet on a introduit le coefficient 
d’érosion dans le solver. On a présenté les résultats de la détermination expérimentale de l’érosion du jet lors de la 
pénétration à travers l’obstacle. Les exemples de la simulation obtenus par la méthode des éléments finis  ainsi que les 
résultats significatifs des essais expérimentaux pour la formation et la pénétration du jet chez le modèle de la charge 
creuse de 64mm sont présentés aussi. 

Mots clés: charge creuse, jet de la charge creuse, formation du jet, simulation du procédé, simulation numérique, 
méthode des éléments finis. 
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