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Abstract. This paper deals with any additional accessories has on a weapon barrel
during the initial shot this was done by numerical simulation. This means, that in this
paper the influence that the configuration of the assault rifle has on its accuracy is
solved. Moreover the weapons muzzle position during the firing of a shot without the
influence of temperature or wear of the barrel is solved. The weapon barrel and bullet
are both modelled using LS-DYNA software. The barrel is steel and is ideally straight
without any structural or manufactured deviations. The bullet is NATO standard
5.56 mm calibre which is consists of a brass jacket and a lead core. The bullets
interaction with the barrel during a shot is given by pressured gunpowder gasses both in
the barrel and the bullets base whereby it gives the bullet its forward velocity. At the
initial stages of the bullets flight it has to overcome its engraving into grooves of the
barrel. Both applied pressure and the movement of the bullet along the barrel gives rise
to barrel vibration. This barrel vibration has an influence on its muzzle position when
the bullet leaves the muzzle. Furthermore, both additional accessories and various
conditions of the barrels grip onto the weapons casing have additional influences on the
muzzles position when the bullet leaves the muzzle, thus having a great influence on
precision

Keywords: assault rifle, weapon barrel vibration, numerical simulation

This paper is based on the work presented at the 9th International Armament Conference on ,,Scientific Aspects of Armament and Safety
Technology”, Pultusk, Poland, September 25-28, 2012.
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1. INTRODUCTION

In this paper barrel vibration which is one of the key factors that can affect
the accuracy of a weapon is solved, this was done by numerical simulation.
There are many variables which affect rifles accuracy [1, 2, 3 and 4]. When
a weapon is fired, vibrations are induced in the steel barrel as the bullet has to
overcome engraving into the grooves inside of the bore barrel and also the
bullets is movement through the barrel [5]. The first investigation will be done
on a simple cone-shaped barrel without any additional accessories and also with
three different grippings around the chamber. The next will be three exact
barrels the same as the simple cone-shaped barrel, but with additional
accessories also with three different grippings. These additional accessories
simulate added weight onto the barrel and muzzle (e.g. bayonet, foresight,
muzzle break etc.) and also there is added weight of the gas attachment (Fig. 1).

Fig. 1. Assault rifle with the additional accessories on its barrel [6]

All of these things will be investigated mainly for the barrel and muzzle
position when the bullet leaves as the barrel and muzzle position has
a significant influence on the bullets flight path.

2. METHOD OF SOLUTION

In a standard three-dimensional case for dynamic analysis to solve the
problems are described by a harmonic equation containing spatial derivatives of
unknown function @ as follows [7]:

2
ox\ ox) adyl dy) dz\| oz or’ ot

where k is the stiffness of the structure, Q is the external load applied to the
structure and ¢ and p are damping and mass density properties of the material
respectively. The unknown function is a function of the space coordinates and
of time whereas the structural and material properties are the functions of space,
time and functions of an unknown quantity for nonlinear problems.
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In order to solve such equations by numerical means it is required for the
problem to be discretized onto finite elements. That means that space
discretization where the unknown quantity in any one point in the structure
domain can be approximated by the shape functions N; from the nodal values u;:

6= ZNL-ui = Nu (2)
The linear eight node brick elements were used in the model with the
corresponding linear shape functions of the parametric coordinates (&, 7, {) [8]:

N, =1+ £5) (1+nm,) (1+8,) Q)

where &, #;, (; are natural coordinates of i-th node. One point of the gauss
integration was performed for the constant stress in element volume.

Denoting the right side in Eq. (1) by p, the total force acting on the
structure can be derived using the shape functions as:

8%0 a0
P=fVNT(P§+C§—Q)dV “4)

Furthermore, according to Eq. (2), the unknown variable 6 can be

approximated in terms of the nodal values u:

d? d
p = (J, N"pNdV) == + (J,, N"eNdV) == — [, NTQdV (5)

The left side of the Eq. (1) leads to a formulation of the stiffness matrix in
the terms of the shape function derivations which are expressed as a strain
matrix B:

B=[B; B, B; B, B; Bs B; Bg] (6)
where
dN;
r 0 0
ON;
0 Fm 0
ON;
B=| ° O % (7)
0 oNi  ON;
aN; 9z 9y
0z 0 aNi
oy ax 0

Thus the stiffness matrix K can be formulated, and also as previously the
mass matrix M and damping matrix C are obvious, as is the external force
vector f:
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_ T
K= fVB DBdV
_ T
M= fVN pNdV (8)
C= f NTcNdV
v
f= f NTQdVv
14
where D is a material constants for isotropic materials:
E(1-v) Ev Ev
(1-2v)(1+v) (@-2v)(1+v) @@A-2v)(1+v) 000
Ev E(1-v) Ev 0 0
(1-2v)(1+v) (@-2v)(1+v) @@A-2v)(1+v)
D= Ev Ev E(1-v) 00 0 9)
(1-2v)(1+v) @-2v)(1+v) @@-2v)(1+v)
0 0 0 G 0 O
0 0 0 0 G O
0 0 0 0 0 G
E, v and G are Young’s modulus, Poisson’s ratio and shear modulus

respectively.
After the discretization equation (1) can be written in a matrix form which
gives the differential equation for dynamic motion:

Mii + Ca + Ku = f (10)

where the letter marked with a dot means the temporal derivation. The temporal
discretization is solved by forwarding the solution from the initial conditions by
the central difference method. That means that as soon as the accelerations are
known, the velocity and displacement is stepped using the values from the last
step as follows:

Vivja = Vicyjp T GAL

(1)
Ui = U + Vi Ay
where
At + At
Bty =S (12)

is nodal value in i-th cycle.
3. NUMERICAL SIMULATION BY LS-DYNA

For solving the problem of the interaction between the bullet and all of the
modifications of the cone-shaped barrels 3-D models were created using
LS-DYNA software [9].
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The models incorporate the simple weapon barrel for the cartridge
5.56 mm NATO with a rifling twist rate of 1:9 and exact barrels with their
added accessories. The barrels material and additional accessories are from steel
(Young’s modulus E = 2.07-10° MPa, Poisson’s ratio x = 0.3 and specific mass
density p = 7830 kg-m™). The bullet is composed of a brass jacket and a lead
alloy core. The barrel bore consists of 46 rings along the length in order to
obtain an accurate model loading the barrel by pressure gunpowder gasses. The
simple cone-shaped barrel is quite close to the real barrel, i.e. its length is
488 mm, the outer part around the barrel chamber is cylindrical (25 X 60 mm)
and the next part the muzzle is conical (with an outer diameter of 17 mm).
Gripping (boundary condition) both on the bottom of the barrel and around the
cylindrical rear part of the barrel is applied.

On the barrel bore and base of the bullet we applied a curve of time
dependence of the gunpowder gasses pressure, where this curve was obtained
by ballistic measurement. The interaction between the barrel bore and bullet
through the automatic-surface-to-surface contact of active segments was solved.
The rifling of the barrel bore is composed of six lands and six grooves and
through defined conditions contact, the bullet has to overcome engraving into
grooves of the barrel as in a real barrel. The barrel, its accessories and bullet
mode were created with 8-node hexahedral solid elements. The full model has
61 400 solid elements and 69 874 nodes. The simple cone-shaped barrel has
23 760 nodes and the bullet has 41 632 nodes. The doubling in the precision of
version LS-DYNA was used and corresponding results were under two and half
per cent correct.

Figure 2 shows a simple cone-shaped barrel model with the number of
node being 10 648 directly on the barrels muzzle, i.e. on the last node which is
on the edge of the left land side. It also shows the bullet after 1 ms simulation
with the number of node being 26 703 which is situated directly at the centre of
the bullet base. It is clear see the engraved grooves on the jacket of the bullet.

All results listed in Table 1 are of a simulation time of 0.7765 when the
bullet base leaves the barrel muzzle. These results with three different grippings
around the chamber (20 mm, 40 mm and 60 mm) for the simple cone-shaped
barrel and cone-shaped barrels with additional accessories or added weight
(1 —5 %30 twice; 2 —5x%x 30 and 6 X 100; 3 — 5 x 20 twice and 6 x 100; all
dimensions in mm) were obtained. Table 1 lists displacements of the barrel
muzzle in x, y, z-axis and results of acceleration both at node 10 648 and the
displacements of the bullet base in x, y-axis at node 26 703.
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Fig. 2. Cone-shaped barrel (node 10 648) and bullet (node 26 703)
at time of simulation 1 ms

Table 1. Results of displacements and acceleration at node 10 648 and displacements
at node 26 703

Displacement Resultant Displacement
Node 10 648 Acceleration | Node 26 703
Barrel Grip- Node 10 648
(accessories) ping . Y < . Y
[mm]

10 | 10 | -10° 107 10° | -10°

[mm)] [mm)] [mm)] [mm.ms‘z] [mm)] [mm)]

Cone-shaped 20 -5.79 | 10.21 4.48 14.21 -5.23 14.69
Cone-shaped 40 -4.09 5.48 4.48 198.97 1.49 -3.99
Cone-shaped 60 -6.91 | 13.19 | 4.08 45.56 3.37 -4.57
Cone-shaped (1) 20 -7.77 | 1022 | -1.73 13.08 -9.03 | -12.11
Cone-shaped (1) 40 -3.72 6.50 1.82 41.82 6.69 | -17.24
Cone-shaped (1) 60 -5.80 | 10.21 | -0.91 59.78 -19.91 | -0.58
Cone-shaped (2) 20 -5.99 5.09 -3.87 136.02 4.42 3.79
Cone-shaped (2) 40 -6.39 9.52 -3.22 88.30 -8.82 | -7.20
Cone-shaped (2) 60 -5.90 | 1036 | -2.41 23.26 -13.46 | -4.87
Cone-shaped (3) 20 -6.00 9.95 -2.24 43.79 -2.23 -4.91
Cone-shaped (3) 40 -5.10 | 10.66 | -2.23 2.94 0.87 -6.97
Cone-shaped (3) 60 -5.35 9.68 -1.16 36.99 2.14 -1.34

In Table 1 we can compare results from each barrel itself and between
them and from this it is evident that the difference in the gripping of the barrel
to the weapon case has an influence on the position of the barrel muzzle when
the bullet leave its.
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Moreover it is also evident that the additional accessories have an influence
on the barrel muzzles position which is also different at with all three different
grippings. From Table 1 we cannot see the behavior of the barrel and the bullet
during firing. Therefore Figures 3-5, 7-8, 10-11 and 13-14 show the courses of
the barrel muzzle behavior at the presented node during the firing for each
stated barrel and for the three different grippings. Figures 3, 7, 10 and 13 show
the displacements of the barrel muzzle at node 10 648 in x, y, z-axis.

0.025 20.mm gripping (cone-shaped) 0.025 -40 mm gripping (cone-shaped)
0.02 ; 0.02 l,*{ f
i
0.015 & 0.015 1
T 001 1N T 001 "1"1'[}[ 4
S 0-05 P by L3 £ 0006 L )
I R bt e AR et i
= 08 i l"- "II Wh g 9 0-E ll'“‘ B L ATR A R A
= || P ',N N At = \ |,” !v\.]" ,/-’ AN Y ;f"}‘"u
3 b i R Sy 3 1! Y = i L 4
30.005 ! ' o 3 0.005 5 : e
2 L = AR z i e
-0.01 { ¢ ¥ -0.01 ]
-0.015 ! . . . -0.015 . - . 1
0 0.2 0.4 0.6 muzzle 0 0.2 04 06  muzzle
Node no.10648 Time [ms] Node no.10648 Time [ms]
_A X-displacement _A_X-displacement
_B _Y-displacement j_Y-d_lspIacement
_C Z-displacement .C_Z-displacement
0.025 -60 mm gripping (cone-shaped)
0.0 +
T
0.015 it
= ff
£ 0.01 L]y
£ Blilne
'50.005 P I
8 olagy leju\-»‘{ll llvw X R "A ;
K] B ¥
3 \ 1{' J J V ‘(:/ Y . »‘.C"‘lful
20005 UL"“ : i
-0.01 §
-0.015
0.2 04 06  muzzle
Node no.10648 Time [ms]

A X-displacement
_B _Y-displacement
.C.Z-displacement

Fig. 3. Displacement of the barrel muzzle at node 10 648 in x, y, z-axis
of the simple cone-shaped barrel at three different grippings

Figure 4 shows the results of acceleration of the barrel muzzle only for the
simple cone-shaped barrel, where we can see how the barrel muzzle is excited
to the vibration when the bullet leaves the barrel muzzle. This vibration can
have an influence on the following shots.
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Fig. 4. Resultant acceleration of the barrel muzzle at node 10 648
of the simple cone-shaped barrel at three different grippings

In Fig. 5, 5a, 8, 11 and 14 displacements of the bullet base at node 26 703
in x, y-axis from O to 0.7765 ms when the bullet leaves barrel muzzle also for
three different gripping for each barrel are shown.

In Fig. 6, 9 and 12 the cone-shaped barrels which each of them having
being equipped with additional accessories, which have an influence on the
barrels behaviour during firing are shown.
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Fig. 5. Displacement of the bullet at node 26 703 in x, y-axis at the barrel muzzle
of the simple cone-shaped barrel at 20 mm and 40 mm grippings
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Fig. 5a. Displacement of the bullet at node 26 703 in x, y-axis at the barrel muzzle
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Fig. 7. Displacement of the barrel muzzle at node 10 648 in x, y, z-axis
of the cone-shaped barrel (1) at 20 mm and 40 mm grippings
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Fig. 7a. Displacement of the barrel muzzle at node 10 648 in x, y, z-axis
of the cone-shaped barrel (1) at 60 mm gripping
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Fig. 9. Cone-shaped barrel (2) at 40 mm gripping (to the left)
with additional accessories
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Fig. 10. Displacement of the barrel muzzle at node 10 648 in x, y, z-axis
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Fig. 12. Cone-shaped barrel (3) at 60 mm gripping (to the left) with additional
accessories
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Fig. 14a. Displacement of bullet at node 26 703 in x, y-axis at the barrel muzzle of the
cone-shaped barrel (3) at 60 mm gripping

The diferencies are more evident in Fig. 15+18. Here it is clearly shown
how the variation of conditions (different grippings and different added weight
on the same barrel) can change the barrel muzzle position, which has an
influence on the bullets flight path. For a better view of the bullets deviation
from the barrel axis was made simulation at 10 ms.

Fig. 15. Simple cone-shaped barrel at Fig. 16. Cone-shaped barrel (1) at
gripping 20 mm, deviation at 10 ms time  gripping 40 mm, deviation at 10 ms time
flight of bullet flight of bullet
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Fig. 17. Cone-shaped barrel (2) at Fig. 18. Cone-shaped barrel (3) at
gripping 40 mm, deviation at 10 ms time  gripping 60 mm, deviation at 10 ms time
flight of bullet flight of bullet
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4. CONCLUSION

A simple barrel and barrels with their accessories and bullet by finite
element model in LS-DYNA are modeled. The aim was to obtain the results
concerning the behaviour of the barrel during initial firing under ideal
conditions. The ideal conditions means, that the barrel is perfectly straight
without any manufacturing deviations, the same bullet is also without any shape
or weight deviations and both the barrel and bullet are axial symmetrical. This
simulation was also conducted without any temperature changes during the
firing and without any influence on the barrel by the shooter. That means that
the simulation only solved self-configuration weapon which is given by
technology. The simulation at 10 ms was made for obtaining the bullets flight
without any influence on gravity or wind, i.e. without external conditions. These
all means, that we investigated the internal conditions of contact between the
barrel and bullet with the real course of gunpowder gasses at three different
grippings at the back of the barrel and around its chamber, which simulated
gripping the barrel to the weapon case.

From the results listed in Table 1 and figures which represent the courses
of various parameters we can say, that:

— Dboth applied pressure and the movement of the bullet along the barrel
gives rise to the barrels vibration, which has a significant influence on
the bullets flight path when the bullet leaves the barrel muzzle;

— the length of the barrel gripping to the weapon case also has an
influence to the barrels vibration and this changes the barrels muzzle
position, which has an additional influence on the bullets flight;

— the combination of the additional accessories also has an influence on
the barrels vibration and this changes the barrels muzzle position,
which also has an additional influence on the bullets flight;

— the proper combination we can choose the combination, which will be
has the smallest influence to the position on the barrel muzzle when
bullet leaves it due to by technology.
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