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Possibility of the FEM Application for a Stress Condition Analysis of
an Artillery Projectile Body

Danilo Purdevac, MSc (Eng)l)

This article is dealing with a theoretical analysis of the stress distribution that appears in the body of an artillery
projectile during its movement through the barrel. It considers a possibility of application of three-dimensional and
axisymmetrical finite elements. Particular attention is paid to mesh quality and its influence on calculation quality.
The calculation is based on the 105 mm HE projectile M1. The I-DEAS software package is used for this analysis.
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Abbreviations
Distortion — finite element distortion
F.. — axial component of the driving band force
Linax —FE largest diagonal; longest side of the
triangle
Lo — FE smallest diagonal
p —propellant gas pressure
Du —pressure of the fuse
R —radius of the inscribed circle of the triangle
Ry —upper yield strength
Stretch — finite element stretch
14 — finite element volume
Vi — finite element volume translated to the local
coordinate system
(x) — global coordinates
En) —local coordinates
Oeq —von Mises stress
0} —angular acceleration
Introduction

NGINEERING of artillery projectiles is accompanied
by dealing with numerous issues that need to provide:
— safety during exploitation, primarily during projectile
travel through the barrel,
— appropriate effects on target,
— achieving a maximum possible range,
— low production cost,
— maximum productivity,
— application of existing production equipment and
technological processes, and
— maximum possible unification.

Fulfilling all of these requests is often contradictory, so it
is necessary to find some kind of compromise. However,
the first one is the most important, and has to be met, even
if it means neglecting some of the others.

During its movement through the barrel, the projectile is

under influence of forces and momentum, as a result of the
propellant gas pressure. The parts of the projectile,
primarily the body and the driving band, have to be
designed so that stresses that appear during the firing
process do not produce neither an unacceptable level of
deformation nor an explosion in the barrel or on the
trajectory. In order to perform the safety analysis, it is
necessary to determine the state of stress in the projectile
body. The analytical calculation methods developed earlier
[1, 2, 3], are unable to satisfy calculation accuracy. This
article, based on a research made in the Military
Technological Institute in Belgrade [4], considers the
application of the FEM in order to simulate the stress state
in the body of an artillery projectile. As an example, the
105 mm HE projectile M1 is used.

Load and boundary conditions

Fig.1 shows the model used for calculations.

On the outer surface of the projectile, behind the driving
band a static pressure of p = 300 MPa is applied. This
pressure simulates the pressure of the propellant gases. On
the frontal surface of the projectile a static pressure of p, =
178,8 MPa is applied simulating the existence of the fuse.
In the direction of the axis of symmetry a value of angular
acceleration of d’w/df* = 461097 s? is applied. An axial
force component of F,,=71280 N is applied on the
cylindrical surface of the driving band.

The kinematic degree of freedom in the axial direction is
assigned to the central point on the bottom of the shell.
Movement restraint in the radial direction is assigned to the
cylindrical surface of the fuse opening. The presence of the
fuse and the movement restraint of the shell as a rigid body
(except in the axial direction) is thus simulated. The outer
cylindrical surface of the driving band is restrained from
movement in the tangent direction, which simulates the
transition of the torque on the driving band. This model
assumes an ideal position of the shell inside the barrel, i.e.
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the interraction between the barrel and the shell body is
neglected. It can be noticed that the influence of the barrel
upon the driving band is also neglected — the cylindrical
surface of the driving band is free to move in the radial
direction. At first, this assumption may seem illogical,
although there is a physical explanation. During the process
of cutting in and transformation of the driving band, it
assumes the shape of the inner wall of the barrel. This
process is characterized by pressing out and flowing of the
driving band material. There is a groove behind the driving
band the purpose of which is to channel material in excess.
During the further motion of the shell inside the barrel, the
increase of the driving band diameter due to the shell body
deformation is followed by the removal of layers of the
driving band material by abrasion. As a result of the
previous analysis, it is acceptable to say that the contact
surface between the inner wall of the barrel and the driving
band is not subjected to pressure during the shell movement
through the barrel [5].
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Figure 1. Load and boundary conditions

Mesh quality indicators

In addition to the correct assignment of loads and
boundary conditions, the creation of an appropriate mesh of
finite elements is also of utmost importance for
computation. It is well known that a result of computation
considerably depends on the mesh density, i.e. on the size
of the used elements. In principle, the result will converge
to the exact solution with the increase in number of mesh
elements [6].

Distortion and stretch of finite elements are very
important mesh quality indicators, and they are very
significant in regard of computation results. The definition
and the meaning of these concepts are taken from their
formulation in the I-DEAS software [7].

For a 3D finite element in the shape of a hexahedron the
stretch is defined as:

Stretch = (Luin / Linax ) - V2, (1)

where:
L,;, — FE smallest diagonal,
L. — FE largest diagonal.

The stretch is defined in a similar way for a 2D element
in the shape of a quadrangle (Fig. 2):

Stretch = (Lyin /Lunax ) -3 - )

For a 2D triangular element, this parameter is calculated
according to the expression:

Stretch = (R/ Ly ) V12, 3)
where:
R — radius of the inscribed circle of the triangle,
L. — longest side of the triangle

For the definition of the distortion concept of the
transformation, the Jacobian is used for translating elements
from the global coordinate system to the local one:
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Figure 2. Stretch and distortion of a quadrilateral finite element

Distortion =[ (detJ) . /V |- Wi, 4)
where:
(detJ) — determinant of the Jacobian,
Vv — finite element volume
Vi — finite element volume translated to the local

coordinate system.

In the case of a 2D finite element, the finite element
surfaces figure instead of its volumes (Fig.2).

In an ideal case, the stretch and the distortion of all
elements would be equal to one. In practice, this is very
hard to achieve, i.e. there is no exact criterion which defines
acceptable boundaries of the stretch and the distortion of
finite elements.

Computation using three-dimensional finite
elements

A model of finite elements based on curved tetrahedral
elements with ten nods (Model a) is shown in Fig.3. The
nominal size of the element (element edge length) is Smm.
It was shown that this size of elements is optimal from the
aspect of calculation time.

The stress condition based on this model is shown in
Fig4. The maximum value of von Mises stresses

o, =653 N/mm? is obtained. In the following part of this

article it can be seen that by accepting this value, a
significant error would be introduced.

The elements in which stress significantly differs from
the surrounding elements can be noticed by a more detailed
analysis (Fig.5). The finite elements distortion field is
shown in Fig.6. The elements the distortion of which is less
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than 0.65 are represented in green. It can be noticed that the

highest stress values occur in these elements.

Figure 3. Model a of finite elements - curved tetrahedral elements -

Figure 4. Stress condition of Model a

Figure 5. Stress distribution of Model a

Figure 6. Distortion field of the Model a of finite elements

The previous proves that the obtained results do not
represent the actual stress distribution well and that they
cannot be taken as acceptable. Therefore, it is necessary to
carry out certain modifications of the finite elements mesh
in order to improve its quality, in the particular case, to
increase the distortion of elements. The easiest way to
achieve this is by using rectilinear finite elements. A model
based on such finite elements is shown in Fig.7 (Model b).
Visually, it differs very little from the previous model. The
distortion field of these elements is given in Fig.8. It can be
seen that the distortion value of all elements in this model is
higher than 0.95, thus making this mesh almost ideal from
this aspect.

The stress distribution obtained by this model is shown
in Fig.9. By comparing the stress state of Model a (Fig.5)
and Model b (Fig.8), a significant difference in the
maximum stress values can be noticed (560 N/mm’
compared to the previous value of 653 N/mm?). Also,
Model b stress distribution is sufficiently “smooth”, which
also confirms a good quality of the mesh regarding the size
of finite elements, as well as their distortion and stretch.
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Figure 8. Distortion field of the Model b of finite elements

Computation with axisymmetrical finite elements

Model b of finite elements was used to examine the
influence of the torque, due to the angularly accelerated
rotation of the shell around its axis of symmetry. The stress
distribution obtained after neglecting the shell rotational
acceleration values in the Model is shown in Fig.10.

Figure 10. Model b stress distribution obtained by neglecting the torque

As it can be seen, in the case of this projectile the torque
has almost no influence on the stress distribution. By
neglecting the twisting, the problem is reduced to an
axisymmetrical one, which creates the conditions for the
application of axisymmetrical finite elements. A model
based on the axisymmetrical triangular elements with
quadratic interpolation and a nominal size of elements of
3mm (Model c¢) is shown in Fig.11.
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The stress distribution obtained by this model is shown
in Fig.12. A comparison of this stress distribution with the
stress distribution from Fig.9, shows minimal differences.
On the other hand, the advantages of using axisymmetrical
finite elements, especially from the aspect of time required
for computation, are significant.

As it can be seen, the values of the stresses inside the
shell body in the moment of the maximum pressure of
propellant gases are higher than the value of the upper yield
strength of the shell body material, which is R,y = 490
N/mm?. It does not necessarilly mean that the safety of the
projectile during its travel through the barrel is endangered,
and there are two reasons for this. Firstly, maximum
stresses occur in a very narrow area on the inner side of the
shell body, thus provoking no significant plastic
deformation. Secondly, the dynamic character of the load
acting upon a projectile should be taken into consideration.
The projectile travel through the barrel lasts for 9 ms, with
the maximum pressure of propellant gases reached after
only 3 ms. It is well known that for the deformation rates
like these there is some increase in steel yield strength [8].
It should be pointed out that this phenomenon largely
depends on physical properties of materials, their chemical
composition, heat treatment, etc.

Figure 11. Model c of finite elements - axisymmetrical elements —

Figure 12. Model c stress distribution

Conclusion

It was shown that the FEM can be applied in determining
stress distribution inside the body of an artillery projectile
during its travel through the barrel. Giving the nature of this
phenomenon, real values of stresses inside the shell body
are not possible to be measured, so the FEM results are
taken as referent values. A special care was taken to
minimise the computation errors during the FEM
application. The quality of the FEM mesh proved to be
very significant for the computation. This is especially true
for three-dimensional finite elements, where too low values
of distortion could cause unrealistically high values of
stress. The application of an inadequate mesh resulted in a
20% higher value of maximal stress, when compared to the
adopted referent value. When neglecting the influence of
the shell body twisting on the stress distribution, as in this
case, it is acceptable to use axisymmetrical finite elements.
These elements allow for considerable saving of
computation time. Another advantage of these elements is
smaller influence of the mesh quality indicators on
computation precision.

Another important conclusion of this paper is that the
degree of safety based on the upper yield strength of the
shell body material is not an authoritative criterion for
evaluating the safety of an artillery projectile during its
travel through the barrel. Local plastic deformations in a
narrow area of the shell body do not cause any significant
residual Plastic deformations of the shell body after the
firing [4] . For a more detailed analysis of this problem it is
necessary to use methods which would enable an analysis
of stress and deformation of the shell body in dynamic

! Stress-strain state of the shell body is studied in detail in this paper.
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conditions of material plastic yielding, as well as an
experimental verification of computational results. By using
a commercially available software it is possible to define,
with a satisfying precision, the critical areas on the shell
body and to evaluate its reliability during the travel of the
projectile through the barrel.
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Moguénost primene metode konacnih elemenata za analizu
naponskog stanja koSuljice razornog artiljerijskog projektila

Ovaj rad obuhvata teorijsku analizu strukture i raspodele napona koji se javljaju unutar KoSuljice artiljerijskog
razornog projektila u fazi njegovog kretanja kroz cev oruda. Razmotrena je moguénost primene trodimenzionalnih i
osnosimetri¢nih konac¢nih elemenata. Narocita paZnja je poklonjena analizi kvaliteta mreZe konac¢nih elemenata i
njegovom uticaju na taénost proracuna. Proracun je izvrSen na primeru projektila 105 mm TF M1. Za proracun je

iskori$éen programski paket I-DEAS.

Kljucne reci: artiljerijski projektil, razorni projektil, koSuljica projektila, kalibar 105 mm, naponsko stanje, analiza

napona, strukturalna analiza, metoda konac¢nih elemenata.

B03MOKHOCTH IPUMEHEHUS METO/Ia KOHEYHBIX JIEMEHTOB ISl
aHAJIN32 COCTOSIHUS HANPSI2KEHUs PyOalKu (Tejia) apTHLIePUHIICKOro
cCHapsaa

Hacrosimyasi padoTa 0XBaThbIBaeT TeOPeTHYECKHIl AaHAIM3 CTPYKTYPbI H pacnpe/e/ieHHs] HANPSKeHUH, sIBJISTIOIUXCS
BHYTpPH py0amku (Tes1a) apTU/LIEPHIICKOr0 Pa3opUTEIbHOIO CHapsiia B (a3e ero ABHKEHHsS Yepe3 HApPe3HOil CTBOJ

apTuiLiepuiickoro  opyausi.  3aech

paccMaTpHBaHa

BO3MOKHOCTH

NpHMEHeHHsl TpeXpasMepHbIX H

0CeBOCMMMETPHYECKHX KOHEYHBbIX 3JeMeHToB. Oco0oe BHHMaHHe YJeJleHO aHAJIM3Y KA4eCcTBA CEeTH KOHEYHbIX
3JIEMEHTOB H €0 BJIUSIHUIO HA TOYHOCTb pacyeTa. Pacyer caenan Ha npumepe cHapsiga kaauépa 105 mm TFM1, a pus
pacyeTa UCIO/Ib30BaHA YIAKOBKA NporpaMmHoro odecneyenust I-DEAS.

Kniouesvie cnosa: apTuiliIepuiicKMii CHapsii, pa3opuTe/bHUI CHapsii, pybamka (tejio) cHapsjaa, kaguop 105 mm,
COCTOSTHUE HANPSIKEHHS], AHAIN3 HANIPSIKEHHs], AaHAJIN3 CTPYKTYPbI, METOJ KOHEYHBIX 3JIeMEHTOB.

Possibilité d’application de la méthode des éléments finis pour
analyser I’état de tension chez le corps de cartouche du projectile
d’artillerie

Ce papier comprend ’analyse théorique de la structure et la distribution de tension qui apparaissent a I’intérieur du
corps de cartouche chez le projectile d’artillerie puissant pendant son mouvement dans le canon. On a considéré la
possibilité d’application des éléments finis a trois dimensions et symétriques axialement. Une attention particuliére a
été donnée a ’analyse de la qualité du réseau des éléments finis et de son influence a la précision du calcul. Le calcul a
été fait chez le projectile de 105 mm TF M1. Le progiciel I-DEAS a été employé pour faire ce calcul.

Mots clés: projectile d’artillerie, projectile puissant, corps de cartouche, calibre 105 mm, état de tension, analyse de la

tension, analyse structurale, méthode des éléments finis.



