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Abstract. The advantages of the Gatling gun, such as high firing rate, large interception range,
and wide range of use, have made it an indispensable weapon system in the defense field. At
present, the analysis of shooting vibration of the Gatling gun is a challenging key point in related
research. In response to the lack of research on the shooting vibration characteristics of Gatling
gun weapon systems, this paper carries out a numerical simulation study of the launch dynamic
characteristics of the Gatling gun based on the nonlinear launch dynamics theory of artillery. The
results of muzzle disturbance under continuous shooting conditions are obtained, and the shooting
density of Gatling guns under different situations is analyzed and compared based on the method
of shooting density calculation. This research fills the gap in the study of launch dynamics of
Gatling weapons, providing design references and theoretical support for the overall design and
performance verification of Gatling guns.
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1. Introduction

Compared to conventional rifled weapon systems, during the firing process of Gatling guns,
the barrel rotates and the automatic mechanism also moves back and forth, providing more degrees
of freedom for the movement of system components, resulting in a more complex structure.
Currently, there is relatively little research on the dynamics of Gatling gun weapon systems.
Research on the launch dynamics of Gatling weapons mainly focuses on two aspects: the study of
the driving form and driving efficiency of Gatling weapons, and the analysis of shooting vibration
of Gatling machine gun systems.

In terms of the driving efficiency of Gatling weapons, Xu et al. [1] and Gao et al. [2]
established the dynamic equations of the heart unit of externally powered Gatling guns, studied
the relationship between the cam curve groove, heart unit speed, and driving power, and improved
and optimized the cam curve groove. Li [3] established a numerical model for the initial start-up
process of an internally powered Gatling machine gun and a two-degree-of-freedom model for
continuous firing. Mercimek et al. [4, 5] carried out the launch impact experiment of a 25 mm
rotary barrel gun, and the impact contour curve acting on the platform was extracted for finite
element loading.

This paper conducted a numerical simulation study on the launch dynamics characteristics of
Gatling guns under different conditions based on the nonlinear launch dynamics theory of artillery.
A finite element mesh model of the Gatling gun was established, and combined with numerical
simulation results, displacement cloud maps of the recoil motion direction with and without pods,
as well as muzzle disturbance angle displacement and velocity curves of the Gatling gun were
plotted. Finally, based on the six-degree-of-freedom rigid body ballistic equation of the projectile
and the method of shooting density calculation, the firing densities of the Gatling gun under two
scenarios were analyzed. This study reveals the launch dynamics characteristics of Gatling guns,
providing effective references for the analysis of shooting vibration of Gatling weapon systems
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and even for the overall design and verification of weapons.
2. Artillery launch dynamics theory and numerical calculation of recoil process

In continuum mechanics, Lagrangian description and Eulerian description are two different
forms of describing the deformation and response of continua. According to the firing scenario of
Gatling guns, a system of equations is first used to describe the dynamic behavior of objects:

doj; . . qi
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Considering the initial state X, of the object at time t,, where the initial configuration is
denoted as £y and the configuration boundary as S, after deformation, the state at time t; is
represented by x, with the current configuration as ; and the configuration boundary as S;. On
the configuration Q,, the Cauchy stress tensor o (X, t), velocity vector v(X, t), deformation rate
tensor F (X, t), and density p(X,t) are chosen to obtain the discrete equations in Eq. (1). In the
equation, J represents the Jacobian matrix between the current and reference configurations; pv;
denotes the particle inertial term; &; and o;; represent the strain and stress of the object,
respectively, while S is the material’s stiffness matrix. The geometric equation describes the
relationship between the object’s deformation and displacement, the constitutive equation
describes the relationship between the material’s strain and stress, and the boundary conditions
define the force boundary I;; and velocity boundary [;.

Eq. (1) is known as the control equation in Lagrangian strong form. The finite element method
cannot directly discretize the momentum equation. Multiplying the momentum conservation
equation by the virtual velocity and integrating it within the current configuration {),, considering
the force boundary condition [};;, we obtain:
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where, ng represents the dimension. When discretizing the control equation in the weak form
using finite element method, the current domain Q; is divided into multiple subdomains Q,, and
the node coordinates in the current domain are denoted by xy,;, where V represents the nodal value,
i represents the component, N, represents interpolation function. The motion x(X,t) and
interpolated form of finite element displacement field and velocity variation can be expressed as:

{xi (X, t) = Ny (X)xy; (1),

u; (X, t) = Ny (X, (0),

ou(X,

0 06,0 = 250D i 0y () = (N (), ®

6v;(X) = dvy; (O)Ny (X).

Subsequently, based on the artillery launch dynamics theory, numerical calculations were
conducted on the recoil force and recoil displacement of the Gatling gun under two conditions:
without a pod and with a pod. The load curve is shown in Fig. 1(a), the calculated results of the
recoil displacement and recoil force for the Gatling gun without a pod are shown in Fig. 1(b), and
the calculated results of the recoil displacement and recoil force for the Gatling gun with a pod are
shown in Fig. 1(c). In the case without a pod, the recoil displacement amplitudes of the first few
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shots are relatively large, and the amplitudes of the subsequent shots generally decrease gradually.
Afterwards, the recoil displacement tends to stabilize in a cyclic pattern until shooting stops,
returning to the initial position. As shown in Fig. 1(b), the variation trend of recoil force is similar
to that of recoil displacement: the amplitudes of recoil force for the first few shots are relatively
large, and then gradually decrease for the subsequent shots until the recoil force stabilizes in a
cyclic pattern. After shooting stops, it decays back to the initial position. The maximum calculated
recoil displacement is 9.47 mm, and the maximum recoil force is 30.98 kN.
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Fig. 1. Calculation results of the Gatling gun recoil

In the case with a pod, the maximum recoil displacement is quickly reached at the beginning
of shooting. The amplitudes of the subsequent shots generally decrease gradually until the recoil
displacement stabilizes in a cyclic pattern. As shown in Fig. 1(¢c), after shooting stops, it decays
back to the initial position. The calculated maximum recoil displacement is 10.57 mm, and the
maximum recoil force is 23.93 kN.

3. Numerical simulation of Gatling gun firing process

Firstly, based on the three-dimensional solid model of the Gatling gun, a finite element mesh
model is established. The finite element mesh of the Gatling gun consists of 56164 elements, as
shown in Fig. 2(a) and (b).

The spring element simplifies the buffer into a spring model, as shown in Fig. 2(c). When
modeling the load, pre-tension forces are applied at the ends of the springs, as shown in Fig. 2(d).
As shown in Fig. 2(f), the corresponding loads are applied when each barrel rotates to the firing
position, with zero load during the intermediate period without chamber pressure. Rotational
angular displacement is set for the connection part of the barrels, rotating counterclockwise when
viewed from the gun’s tail, as shown in Fig. 2(g). The corresponding rotational angular
displacement curve is determined based on the rules of the climbing and steady firing speeds, as
shown in Fig. 2(e). The degrees of freedom other than the recoil direction at the bearing near the
muzzle of the Gatling gun are constrained, as shown in Fig. 2(h). Additionally, the end faces of
the brackets connected by the springs are fully constrained, as shown in Fig. 2(i). The end faces
of entire mounting bracket connecting the Gatling gun with pod are fully constrained, as shown
in Fig. 2(j).

Above the dashed line in Fig. 3 is the finite element simulation results of the Gatling gun
without a pod, showing the displacement cloud maps of the recoil motion direction at the
beginning of firing the first three shots and at the maximum recoil moment. Below the dashed line
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in Fig. 3 is the finite element simulation results of the Gatling gun with a pod, also showing the
displacement cloud maps of the recoil motion direction at the beginning of firing the first three
shots and at the maximum recoil moment.

Fig. 2. The finite element mesh model of the Gatling gun with loads and boundary conditions:
a) overall model, b) internal structure, c) spring elements, d) application of spring pre-tension forces,
e) rotational angular displacement curve, f) loading conditions at the rear of the barrels,
) setting of rotational conditions at the barrel connection point, h) boundary conditions near
the muzzle bearing, 1) fixation at the tail bracket, j) fixed constraint boundary conditions

Without aod
t=32.1 t=64.4

Fig. 3. Cloud map of recoil motion direction displacement for the first three shots of the Gatling gun

Fig. 4(a) and (b) show the partial muzzle disturbance simulation results of the Gatling gun
without a pod for the first six shots from the beginning of firing to the moment of exiting the
muzzle. Fig. 4(c) and (d) show the partial muzzle disturbance simulation results of the Gatling
gun with a pod for the first six shots from the beginning of firing to the moment of exiting the
muzzle.

4. Analysis of the shooting density of Gatling guns
By substituting the expressions for all forces and torques acting on the projectile into the
general equation of rigid body motion of the projectile, the specific form of the projectile’s

six-degree-of-freedom rigid body motion equation can be obtained, which is commonly referred
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to as the 6D equation. Let the ballistic coordinate system be Ox,V,z,. The ballistic coordinate
system is a moving coordinate system with an angular velocity of (. Let the components of the
vector F of the external force along the axes of the ballistic coordinate system be F,,, Fy, Fya
respectively. M is the torque acting on the center of mass of the projectile by the external force:
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Fig. 4. Simulation results of muzzle disturbance for the first six shots of the Gatling gun

Simultaneously, the relationship between the ballistic coordinate system and the reference
coordinate system oxyz is shown in Fig. 5(a). The relationship between the projectile axis
coordinate system oén¢ and the ground coordinate system is shown in Fig. 5(b). The relationship
between the projectile axis coordinate system oén¢ and the velocity coordinate system is shown
in Fig. 5(c). The specific spatial and physical meanings of the initial disturbance elements of the
external ballistic trajectory are shown in Fig. 5(d). According to the calculation method of shooting
density:
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where, E, represents the azimuthal median deviation, z; represents the azimuthal scatter
coordinate, Z represents the average value of azimuthal scatter coordinates, and n represents the
total number of projectiles. Similary, E,, represents the vertical median deviation, y; represents
the vertical scatter coordinate, y represents the average value of vertical scatter coordinates.

The simulated results of the impact points in the elevation and azimuth directions at 50 meters
are shown in Fig. 5(e). For the Gatling gun without a pod, the vertical elevation firing density is
1.1553 mrad, and the azimuth firing density is 0.7174 mrad; with a pod, the vertical elevation
firing density is 1.7221 mrad, and the azimuth firing density is 1.5462 mrad.

(@), % (b) 7, 0.3
§ X 4 t ¥ *’i_‘ © *  Without pods ' [
K With pods
02F 5 .
ot % .
& .
@
~~ o0 - el .
E 00 S
= 3
S !
E0af 3{‘;3 #* .
>
W
-0.2 - .
0.3 H I i I 1 H 1

N T .
03 -02 -0.1 0.0 0.1 0.2 0.3
Horizontal direction(m)

Fig. 5. Diagram of coordinate systems and calculation results: a) velocity coordinate system and ground
coordinate system; b) projectile axis coordinate system and ground coordinate system; c) projectile axis
coordinate system and velocity coordinate system; d) physical interpretation diagram
of spatial initial disturbance of the projectile; e) calculation results of impact points
for gatling guns without a pod and with a pod

5. Conclusions

This paper conducted a numerical simulation study on the dynamic launching characteristics
of Gatling guns based on the theory of nonlinear artillery launch dynamics, and obtained the
following important conclusions: Although the maximum recoil force with a pod is smaller than
that without a pod, the results of horizontal angle and angular displacement for the first six shots
show that the muzzle disturbance with a pod is more pronounced; at the same time, the recoil
displacement with a pod is greater than that without a pod, and the calculation results of impact
points for Gatling guns show that the firing density results with a pod are worse than those without
a pod.
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