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Abstract. Thereasonable contact pressure between the armature and the rail is the
core to ensure that no ablation occurs, and the application of a reasonable prestress
to the launcher is an important way to ensure contact pressure. In this paper,
using the finite element software ANSYS, the prestress application of typical
railgun structure is compared and analyzed, and the traditional empirical formula
is simulated and verified through tests, and the typical prestress application method
of railgun is proposed. The research results of this paper have important guiding
significance for the structural design of electromagnetic launcher.
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1 Introduction

Electromagnetic rail launch is a novel launch technique that uses electromagnetic forces
to accelerate objects to hypervelocities [1-5]. Static analysis of railgun is an important
means of the structural design of the railgun. In general, it is assumed that the Lorentz
force acting on the rail is a uniformly distributed load on the inner surface of the rail
[6]. Although the load applied to the rail is instantaneous, in order to ensure the contact
stability between the armature and the rail during launching operation, it is usually
necessary to apply a certain amount of prestress to control the deformation of the muzzle,
ensure that appropriate contact pressure is maintained between the armature and the rail,
and avoid the loss of contact between the armature and the rail due to excessive local
temperature, which may cause armature vibration, transition arc and other phenomena
[8-10].

Studies have shown that most contact transition phenomena are due to the loss of
contact pressure [11]. Sufficient contact pressure can effectively increase the transition
velocity during electromagnetic launch, while the contact pressure between the armature
and the rail has a great influence on the launch process during the movement of the
armature. During the operation of the electromagnetic railgun, the initial contact pressure
is provided by the armature-rail mechanical pre-pressure. With the establishment of a
magnetic field in the railgun bore, the electromagnetic force also provides some contact
pressure. Excessive contact pressure may cause launch delay and surface wear, while on
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the other hand, under the current shrinkage effect of the contact area, the contact area
generates a separation force that promotes the armature to disengage from the rail, and
insufficient contact pressure cannot overcome this force and thus lead to contact loss
[11-16].

With reference to the above methods, this paper focuses on an empirical formula
to simulate, compare and analyze the prestress of a typical railgun structure, and verify
through small-scale test devices.

2 Calculation Model

2.1 Interface Model of Railgun Bore

Figure 1 is a schematic diagram of the cross-section of a typical railgun structure. It is
mainlycomposed of rail, insulation support, inner encapsulation and outer encapsulation.

Fig. 1. The cross-section of the launcher

2.2 Rail Stress Analysis

Figure 2 shows the applied power curve. 1.1 MA current is applied at 0.5 to 2 ms and the
current drops to 0 MA at 4 ms. The transient Lorentz force results from the interaction
between the current flowing through the conductor and the resulting electromagnetic
field. High transient load is the root cause of the armature and rail bearing forces.

For this structure, the force acting on the rail can be obtained by the relationship
between two parallel conductors, and the calculation formula is as follows:
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Fig. 2. The applied current waveform

where, u indicates the vacuum permeability, b refers to the average width of the rail,
and r represents the distance between the centers of the two rails. Therefore, the maxi-
mum distributed load acting on the rail is 4.22 MN/m, equivalent to a pressure load of
105.5 MPa. The list of railgun parameters is shown in Table 1 below:

Table 1. The main parameters of the launcher

S/N Parameter name Value

1 Rail length 275 m

2 Device caliber 30 x 15 mm
3 Projectile mass 600 g

4 Inductance gradient 0.461 uH/m

3 Comparative Analysis of Prestress

3.1 Analysis of Structure Without Prestress

Suppose the Lorentz force acting on the rail is a uniformly distributed load on the inner
surface of the rail. Based on the axisymmetric characteristics of the structure, the 1/4
model is analyzed for plane problems. The model is shown in Fig. 3:
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Fig. 3. The 1/4 simplified model of the launcher

In the calculation model, the rail is made of copper, the insulation support and the
inner insulation encapsulation are made of epoxy phenolic glass cloth laminates, and the
outer encapsulation is made of high-strength alloy steel. The list of mechanical properties
of each material is shown in Table 2:

Table 2. The main material properties of the launcher

Material Elastic modulus | Poisson’s ratio | Density (kg/ m3) | Elastic modulus
(Pa) (Pa)

Copper 127 E9 0.35 8900 127 E9

Epoxy phenolic | 20 E9 0.16 1900 20 E9

Steel 207 E9 0.3 7800 207 E9

During the finite element analysis, the mesh is divided into 1414 elements. The
materials are in contact with each other, and the contact element is surface-to-surface.
A total of 4 contact pairs are defined, including the vertical contact pair between the rail
and the insulation support, the contact pair between the inner insulation encapsulation
and the rail, the contact pair between the inner insulation encapsulation and insulation
support, and the contact pair between the outer encapsulation and the inner insulation
encapsulation. Under the condition of no prestress, an expansion force load of 105.5 MPa
is applied to the rail. The simulation results are shown in Fig. 4 and Fig. 5.

The simulation results of the launcher without prestress conditions demonstrate that:

1. Under the condition of no prestress, the rail bears a pressure load of 105.5 MPa,
and the maximum equivalent stress generated is 206 MPa near the rail surface. The
stress generated at the outer encapsulation is 140 MPa, and the stress generated at
the insulation support and the inner insulation encapsulation is very small and can
be ignored. A comparison of the strength limits of the above three materials shows

that all three materials are within the safe range.
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Fig. 4. The equivalent stress cloud map of the launcher without prestress conditions
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Fig. 5. The UY direction deformation of the launcher without prestress conditions

2. Under the condition of no prestress, the maximum strain in the UY direction occurs
in the rail and the inner insulation encapsulation, and the unilateral strain in the UY
direction of the overall structure is 0.152 mm. Therefore, the deformation of the
railgun caliber can be obtained as follows:

0.152 x 2

x 100% = 1.013% 2)
30

3. According to the design experience of the railgun, in order to ensure good contact
between the armature and the rail, it is generally required that the caliber deformation
of the launcher is less than 1% during the projectile launch process. Therefore, under
the condition of no prestress, although the stress borne by each structure of the
railgun is within a safe range, the caliber deformation has exceeded the empirical
value, and the dynamic launching may cause serious ablation, which does not meet
the launching requirements.
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3.2 Analysis of Structure with Prestress

Under the condition of constant expansion force load, prestress of 50 MPa is applied
to the outer encapsulation surface according to the principle of “one gram force per
ampere”. Simulation results are shown in Fig. 6 and Fig. 7:
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Fig. 6. The equivalent stress cloud map of the launcher with prestress conditions
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Fig. 7. The UY direction deformation of the launcher without prestress conditions

The simulation results of the launcher with prestress conditions demonstrate that:

1. When the rail is subjected to a pressure load of 105.5 MPa, the maximum equivalent
stress generated under the condition of applying 50 MPa prestress as per the empirical
formula of “one gram force per ampere” is 250 MPa, which occurs near the rail
surface, and the stress generated at the outer encapsulation is 170 MPa. The stress
generated at the insulation support and the inner insulation encapsulation is so small
that can be ignored. By comparing the strength limits of the above three materials,
it can be seen that the three materials are also within the safety range.
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When the rail bears a pressure load of 105.5 MPa, the maximum strain in the UY
direction occurs at the rail, and the unilateral strain in the UY direction of the overall
structure is 0.0396 mm under the condition of applying 50 MPa prestress according
to the empirical formula of “one gram force per ampere”. Therefore, the deformation
of the railgun caliber can be obtained as:

0.0396 x 2

30 x 100% = 0.264% 3)

During the projectile launch with prestress conditions, the deformation of the
launcher caliber is far less than 1%, which does not exceed the maximum caliber
deformation range based on the empirical value, and the dynamic launching does
not lead to ablation, which meets the launching requirements.

Test Verification

In order to further study the influence of prestress application on the launch state and
verify the correctness of the empirical formula, a launch test without prestress (the
deformation of railgun caliber is about 1.84%) and a test with prestress (the deformation
of railgun caliber is about 0.92%) are carried out under the same armature and current
conditions, respectively. After completion of the dynamic tests, the surface conditions
of the rail are shown in Fig. 8 and Fig. 9:

Fig. 9. The surface condition of the rail after the launcher test with prestress
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Two dynamic launch tests show that application of prestress to the launcher according
to the empirical formula of “one gram force per ampere” can fully keep bore deforma-
tion within 1%, thus avoiding poor contact between the armature and the rail during
launching. This principle is also one of the important means to realize launch without
ablation.

5 Discussion on Prestress Application Method

The above analysis shows that in the structural design process of railgun, in order to
reduce muzzle deformation, it is very necessary to apply a certain amount of prestress.
Throughout the development history of railgun and the current research progress at
home and abroad, bolt pre-tightening, hydraulic pre-tightening or circular encapsulation
structure for pre-tightening are mostly used in the laboratory, but the above methods
have prominent disadvantages such as heavy structure. However, with the continuous
development of engineering prototypes, carbon fiber winding for pre-tightening force has
gradually become a mainstream pre-tightening scheme, and is widely used by domestic
and foreign research teams. The empirical formula described in this paper is also suitable
for the design of carbon fiber winding launchers.

6 Conclusions

1. In the structural design process of railgun, the influence of prestress on the defor-
mation of the railgun cross-section must be considered. Generally, the deformation
of railgun caliber should be controlled within 1% during launching.

2. Although there are many ways to apply prestress, the appropriate application method
should be choosed according to the design purpose.

3. The “one gram force per ampere” empirical formula can be used to guide the design
of the launcher as a principle of prestress application.
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