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Abstract. In view of the influence of projectile-barrel coupling on tank firing accuracy, a finite
element model of projectile-barrel coupling based on vibration theory was established. By
defining user subroutines to simulate the change of the physical field of interior ballistics, the load
condition under which the propellant gas radial pressure acts on the inner wall of the barrel and
varies with the motion of the projectile is realized. On this basis, the dynamic characteristics of
projectile-barrel coupling considering the radial effect of propellant gas pressure were studied.
The reference targets such as cradle, projectile and muzzle were selected for analysis, and
compared with the situation without considering the radial effect of propellant gas pressure. The
results show that the motion trend of the projectile in the bore and the response law of muzzle
vibration change greatly when considering the radial effect of propellant gas pressure and these
changes may seriously affect the law of projectile dispersion. The radial effect of propellant gas
pressure can cause stronger dynamic response, which cannot be ignored in the simulation of
artillery firing process. This work provides a practical reference for further study of tank firing
accuracy.

Keywords: projectile-barrel coupling, the radial effect of propellant gas pressure, user subroutine,
muzzle vibration and firing accuracy.

1. Introduction

With the sharp increase of the contradiction between maneuverability and power, under the
condition of high-speed maneuver, the stability of the tank body deteriorates, the barrel
disturbance increases, and the incentive of the projectile to the barrel increases, which seriously
affects the firing accuracy of the tank. Therefore, it is particularly important for tank firing
accuracy to study the influence of projectile excitation on muzzle vibration.

Due to the clearance between the projectile and the barrel and the existence of copper band,
bourrelet and copper band will contact and collide with the inner wall of the barrel, which will
affect not only the motion of the projectile, but also the flexible motion of the barrel, and greatly
affect the firing accuracy of the gun [1].

Many scholars have studied the problem of projectile-barrel coupling. Reference [2] studied
the influence of projectile-gun coupling system on muzzle vibration by using a cyclic coupling
model of interior ballistics. In reference [3], the dynamic equations of projectile-barrel coupled
system considering the effect of rigid-flexible coupling during the artillery launching process are
established, and the proposed contact force model is employed to quantify the contact responses
between barrel and bourrelet. In reference [4], a method with which the force can be transferred
by the analog barrel was presented, based on the rigid-flexible coupling dynamics model including
virtual substances. In order to study the vibration characteristics of the barrel excited by the
moving projectile during the gun firing, reference [5] established the moving projectile-elastic
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barrel coupling vibration equation considering the initial deflection of the barrel, and analyzed the
effect of projectile velocity and mass on the muzzle vibration characteristics. However, the above
studies focus on the contact collision between the projectile and the barrel, ignoring the influence
of the propellant gas effect. However, in the process of firing, not only the projectile will contact
and collide with the inner wall of the barrel, but also the high pressure propellant gas will scour
the inner wall of the barrel, resulting in a certain elastic vibration of the barrel, which has a direct
impact on the initial motion attitude of the projectile, and then affects the firing accuracy [6, 7].

Therefore, based on previous studies, this paper studies the muzzle vibration characteristics
when firing armour-piercing projectiles under the condition of zero firing angle of tank,
considering the radial effect of propellant gas pressure, and makes a comparative analysis with the
situation without considering the radial effect of propellant gas pressure.

2. Projectile-barrel coupling dynamic model
2.1. Load analysis of barrel

The barrel is simplified as an equal cross-section Euler-Bernoulli beam with one end fixed and
the other free [8]. It is assumed that the projectile moves along the axis of the bore. When the
projectile moves in the bore, the barrel is subjected to propellant gas radial pressure and the contact
collision force of the projectile. The mechanical model is shown in Fig. 1.
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Fig. 1. Simplified schematic diagram of actual loading of barrel

Considering the damping and the projectile inertia effect, according to D’ Alembert ‘s principle
[9], the equation of radial motion of the projectile under the action of gunpowder gas is obtained:
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where E1(x) is the bending stiffness of the barrel, A(x) is the cross-sectional area of the barrel,
and p is the mass density per unit length of the barrel, H is the velocity attenuation coefficient of
the barrel, and y(x, t) is the deflection at t moment at the position of the barrel, F is the loading
condition of the barrel.

2.2. Finite element model

The finite element model of the whole vehicle is shown in Fig. 2, and the finite element model
of projectile and barrel is shown in Fig. 3. The barrel, projectile and copper band are all divided
by eight-node hexahedral elements (C3D8R). In the finite element model, the relationship between
the copper band and the inner wall of the barrel is defined as point-to-surface contact, and the
bourrelet and the inner wall of the barrel, and the recoil part and the cradle are defined as
surface-to-surface contact, all of which are dealt with by the penalty function method. The
deformation of the projectile is not the main object of study, so the projectile is modeled as rigid
body and the copper band is modeled as elastic-plastic body.
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Fig. 2. The finite element model of the whole vehicle

Fig. 3. The finite element model of projectile and barrel

2.3. Simulation of physical field variation of interior ballistics

During the movement of the projectile in the bore, there is an interaction between the barrel,
the projectile and the propellant gas, which is a complex process of physical field change [10]. On
the one hand, propellant gas pushes the projectile and recoil to complete the interior ballistic
process. On the other hand, propellant gas will exert pressure on the inner wall of the barrel after
the projectile, and the pressure will change dynamically with the movement of the projectile.
Therefore, through the secondary development of ABAQUS software, VUAMP and VDLOAD
subroutines are written based on FORTRAN programming language to simulate the changes of
interior ballistic physical field [11].

2.3.1. Simulation of propellant combustion process

At present, most scholars use the method of loading the measured inner chamber pressure
curve at the bottom of the projectile to simulate the process of propellant gas driving the motion
of the projectile in the bore, but this method is equivalent to calculating the friction work and
plastic work twice, and incorrect results will be obtained. In order to accurately describe the
combustion process of gunpowder, the interior ballistic thrust subroutine (VUAMP), is used to
provide the pressure at the bottom of the projectile. The interior ballistic model is based on the
classical interior ballistic model of mixed charge based on thermodynamics, and its mathematical
model can be described as follows:

Vi = xiZi(L+ MZ + wZD),
% — Wi
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where Ly, = [, [1 — ?zlpA—;(l —) -2, aiAiz,bi], i is the kind of propellant (i = 1, 2, ..., n);

1; is the percentage of propellant burned; y; and y; are the shape parameters of the propellant; Z;
is the relative burned thickness, u,; is the burning rate, and n* is the burning rate index; ¢ is the
secondary power factor; p is the powder gas pressure, m is the projectile mass, [ is the projectile
travel, and v is the projectile velocity; S is the gun barrel cross-sectional area, 8 is the heat ratio,
lo (1y) is the chamber (free) volume-to-bore area ratio; f; is the propellant force, py; is the
propellant density, e;; is the propellant thickness, «; is the powder gas covolume, 4; is the loading
density, and m; is the propellant mass.

The relative burned thickness Z; can be solved by fourth-order Runge-Kutta method, projectile
velocity v and projectile trave [ can be read directly by sensor in ABAQUS, and propellant gas
pressure p can be solved by bringing v and [ into Eq. (2).

2.3.2. Realize the loading of propellant gas effect

The radial pressure of propellant gas acting on the inner wall of the barrel will dynamically
change in the post-projectile area with the motion of the projectile. Therefore, the subroutine
(VDLOAD) is used to simulate the load acting on the barrel. When the VUAMP subroutine is
used to load the projectile, the axial displacement of the projectile along the barrel is continuously
read by the ABAQUS internal sensor and transmitted to the VDLOAD subroutine, thus the radial
loading of the inner wall of the barrel is realized. Fig. 4 is the flow diagram of the implementation
process by subroutine.
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! VDLOAD ! Load ! SUBROUTINE |
| SUBROUTINE | ! [
; ! ! Initial parameters | |
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udge whether the projectite
eaches the muzzle or no
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Fig. 4. The calculation flow diagram
3. Analysis of numerical simulation results
3.1. Dynamic response process of barrel stress

Fig. 5 selects the barrel stress cloud images at three time nodes, from which we can see that
the projectile divides the space in the bore into the high pressure area behind the projectile and the
normal pressure area in front of the projectile, and the high stress of the barrel is mainly distributed
in the rear area. And the loading area of the barrel behind the projectile changes dynamically with
the motion of the projectile, which realizes the dynamic loading of the radial pressure of the
propellant gas on the barrel. It shows that the method of subroutine loading can well describe the
actual load conditions.
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Fig. 5. Dynamic process of stress in the inner wall of barrel
3.2. Analysis of projectile motion in bore

The in-bore motion time of armor-piercing projectile is 6.14 ms, and the calculated velocity
curve of the projectile is shown in Fig. 6. After loading the firing load, the projectile speed
increases rapidly. After moving 6.14 ms in the bore, the projectile moves to the muzzle position.
Table 1 shows the comparison between the simulation and experimental results of the initial
velocity of the projectile when it comes out of the muzzle. The simulation results show that the
initial velocity of the projectile is about 1744.1 m/s. The initial velocity of the armor-piercing
projectile measured by experiments at normal temperature is about 1744.5 m/s [12]. The
difference between the simulation value and the experimental value is very small, and the error of
simulation calculation is about 0.02 %. This shows that the projectile-barrel coupling model
considering the radial effect of propellant gas pressure has a certain credibility, and more in-depth
research and analysis can be carried out based on this model.
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Fig. 6. Velocity of projectile in bore

Table 1. Comparison between calculated initial velocity and experimental initial velocity of projectile

Simulation and experimental results | Projectile initial velocity / (m/s)
Simulation results 1744.1
Experimental results 1744.5
Relative error 0.02 %

3.3. Load analysis of cradle

Because the pressure of propellant gas acts on the inner wall of the barrel, the inner wall of the
barrel will produce a certain elastic deformation. The elastic deformation of the inner wall of the
barrel will cause the expansion of the inner chamber to a certain extent, which will make the barrel
and bush fit more closely, and then affect the coordination relationship between the barrel and the
cradle. Because the barrel will have an impact on the cradle during the recoil motion, it can be
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seen from the stress change curve on the surface of the inner cylinder shown in Fig. 7 that after
considering the radial pressure of gunpowder gas, the load of the inner cylinder of the cradle
fluctuates greatly. And the cradle is connected to the trunnion to play a pitching role, and its large
load fluctuation may aggravate the disturbance of the barrel. Fig. 8 shows the comparison of the
angular velocity in the vertical direction of the cradle considering the radial effect of propellant
gas and only considering the coupling of projectile and barrel.
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Fig. 7. Stress curve of inner cylinder of cradle Fig. 8. Vertical angular velocity of cradle

It can be clearly seen from Fig. 8 that the angular frequency in the vertical direction of the
cradle is faster and the amplitude is relatively larger when considering the radial effect of
propellant gas pressure than only considering the projectile-barrel coupling. Therefore, under the
influence of the radial effect of propellant gas pressure, the shaking of the cradle is more intense,
and the action on the barrel will inevitably aggravate the disturbance of the barrel, and then affect
the firing accuracy.

3.4. Analysis of muzzle vibration response

Under the influence of the radial effect of propellant gas pressure, the disturbance of the barrel
increases, and the contact collision between the projectile and the barrel becomes more intense. In
order to further explore the law of the swing of the projectile in the bore, Fig. 9 and Fig. 10 show
the curve of the central point of the bourrelet moving with time in the vertical direction and
horizontal direction during the movement of the projectile in the bore. It can be clearly seen that
after considering the radial effect of propellant gas pressure, the motion attitude of the projectile
in the bore changes greatly, especially when the projectile comes out of the muzzle, the vertical
displacement of the projectile is quite different. Table 2 shows the comparison of the absolute
value of the vertical displacement of the bourrelet of the projectile when the projectile comes out
of the muzzle. It can be seen that under the influence of the radial effect of propellant gas pressure,
compared with only the coupling of projectile and barrel, the relative error of the absolute value
of the vertical displacement of the projectile is 66.67 % when the bourrelet of the projectile comes
out of the muzzle. This error is mainly caused by the different excitation of the muzzle vibration
to the projectile when the projectile comes out of the muzzle, so it is necessary to analyze the
muzzle vibration.

The muzzle center point is selected as the observation point, and the muzzle angular
displacement and angular velocity curves shown in Figs. 11-14 are obtained. It can be clearly seen
from the figure that after considering the radial effect of propellant gas pressure, compared with
the situation without considering the radial effect of propellant gas pressure, the muzzle vibration
is intensified, not only the muzzle swings faster, but also the vibration amplitude is also increased.
Especially when the projectile approaches the muzzle position, the muzzle vibration is more
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intense, which will have a great impact on the projectile flight attitude when the projectile comes
out of the muzzle, and then affect the firing accuracy. What has a great influence on the firing
accuracy is the angular displacement of the Vertical direction of the muzzle when the projectile
comes out of the muzzle, as shown in Table 3. When the projectile comes out of the muzzle, after
considering the radial effect of propellant gas pressure, the absolute value of muzzle angular
displacement is 0.276 mrad, while the absolute value of muzzle angular displacement only
considering projectile and barrel coupling is 0.063 mrad. The relative error is 338.10 %.
Obviously, under the influence of the radial effect of propellant gas pressure, the disturbance of
the muzzle is larger, and the contact collision between the projectile and the flexible barrel has an
obvious influence on the muzzle vibration state, which will directly affect the projectile dispersion.
Therefore, considering the radial effect of propellant gas, it is very necessary to study the firing
accuracy of the tank.

Table 2. Comparison of the absolute value of the vertical displacement of bourrelet

Conditions Absolute value of vertical displacement of bourrelet / (mm)
Considering the effect of gas pressure 0.130
Without the effect of gas pressure 0.078
Relative error 66.67 %
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Table 3. Comparison of absolute value of angular displacement of muzzle
Conditions Absolute value of angular displacement of muzzle / (mrad)
Considering the effect of gas pressure 0.276
Without the effect of gas pressure 0.063
Relative error 338.10 %

4. Conclusions

From the point of view of tank firing accuracy, this paper studies the influence on the vibration
characteristics of projectile-barrel coupling under the impact of high pressure propellant gas on
the basis of the existing tank firing dynamics model based on projectile-barrel coupling. With the
help of the user-defined subroutine provided by the finite element software, the correlation process
between the in-bore motion of the projectile and the classical interior ballistic gunpowder
combustion is realized, and the problem of radial pressure dynamic loading of propellant gas in
the bore is realized at the same time. Through the comparative analysis of the dynamic response
of the barrel in the numerical simulation environment with or without gas pressure radial effect,
the following conclusions can be drawn:

1) In the process of tank launch, under the influence of the radial effect of propellant gas
pressure, the coordination relationship between barrel and cradle is changed, which aggravates the
impact of barrel on cradle during recoil.

2) Compared with only considering the coupling of projectile and gun, after considering the
radial effect of propellant gas pressure, the motion attitude of the projectile in the bore changes
greatly, and the impact of the projectile on the barrel is severer.

3) From the law of muzzle vibration, it can be seen that after considering the radial effect of
propellant gas pressure, the disturbance amplitude of muzzle is very different from the situation
without considering the radial effect of propellant gas pressure. When the projectile comes out of
the muzzle, the disturbance of the muzzle will affect the flying attitude of the projectile, and this
error will directly affect the dispersion law of the projectile.

In order to explore the key parameters that affect the tank firing accuracy, an accurate launch
environment model should be established. However, only considering the coupling of projectile
and barrel, there is no influence of propellant gas effect on the whole tank launch process, so it is
impossible to accurately simulate the actual launch environment. Therefore, it is necessary to
consider the radial effect of gunpowder gas pressure.
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