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ABSTRACT

A finite element based multiphysics modeling was conducted for a rail gun
launcher to predict the exit velocity of the launch object, and temperature
distribution. For this modeling, electromagnetic field analysis, heat transfer
analysis, thermal stress analysis, and dynamic analysis were conducted for
a system consisting of two parallel rails and a moving armature. In particular,
an emphasis was given to model the contact interface between rails and
the armature. A contact theory was used to estimate the electric as well as
thermal conductivities at the interface. Using the developed model, a
parametric study was conducted to understand effects of various
parameters on the exit velocity as well as the temperature distribution in the
rail gun launcher.

1. INTRODUCTION

The rail gun is a type of projectile weapon [1]. The basic structure of the rail gun is depicted
in Fig. 1. It is so named because it consists of twin rails and it is a device to accelerate a
projectile to a high speed in a short time using electromagnetic force. A large current is sent
out along one of two parallel conducting rails, across a conducting armature between the
rails, and then back to the current source along the second rail. The projectile to be fired lies
on the far side of the armature and fits loosely between the rails. The currents in the rails
produce magnetic fields between the rails. The net magnetic field exerts a force on the
armature due to the current that goes through it. The force points outward along the rails and
pushes the projectile, accelerating and launching it at a very high velocity. There are different
types of rail guns to enhance the launch power. One is made of a solid armature, and another
one is constructed of plasma armature. In addition, there are series-augmented rails or
parallel-augmented rails.

There have been many researches conducted for rail guns [2-6]. Because the
electromagnetic field is the major player of rail guns, most of research was performed to
analyze electromagnetic fields. Various formulations have been developed to determine the
electromagnetic solutions of moving conductors [7-14]. The majority of them used the
finite element method while some others used the boundary element method [13] and the
coupled finite and boundary element method [10]. In addition, a parallel algorithm was
presented [14].

Some of the research also investigated coupled problems, mostly electromagnetic and
thermal analyses together [2,9] because electric current generates heat. This is also an
important aspect in a rail gun. However, to the authors’ best knowledge, the contact interface
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Figure 1 Basic structure of a rail gun.

conditions between two conductors, such as an armature and a rail, have been neglected in
previous studies even though those conditions affect the electromagnetic as well as thermal
fields significantly. As a result, the present paper developed a multiphysics based modeling
technique of a rail gun launcher using the finite element method.

In this study, a multiphysics modeling was conducted for a rail gun launcher to predict the
exit velocity of the launch object and temperature distribution. For this modeling,
electromagnetic field analysis, heat transfer analysis, thermal stress analysis, and dynamic
analysis were conducted for a system consisting of two parallel rails and a moving armature.
Especially, a contact theory was used to estimate the electric as well as thermal conductivities
at the interface.

The following sections present mathematical models for multiphysics analyses, a contact
theory for electric and thermal conductivities at the contact interfaces, and results and
discussion followed by conclusions.

2. MATHEMATICAL MODELS FOR MULTIPHYSICS ANALYSES
The present analysis of a rail gun launcher is based on a multiphysics finite element model.
The overall schematic of the analyses is sketched in Fig. 2 and described below. The whole
analysis was a time-dependent problem. Starting with the initial position of the armature
between two rails, electromagnetic wave analysis was first conducted. From that analysis,
the Lorentz force, which is the driving force of the armature and the projectile, was
calculated. Then, heat generation was computed from Joule’s law, and transient heat
transfer analysis was undertaken. Using the temperature distribution, thermal stress
analysis was performed and the contact load wass computed between the armature and the
rails. Finally, by applying Newton’s second law to the armature with Lorentz force and
friction force between the armature and rails, the acceleration of the armature was
determined. First and second integrations of the acceleration over the time increment
resulted in velocity and position of the armature. If the armature was still inside the parallel
rails, the whole analysis repeated itself. Otherwise, the program wais terminated and the
exit velocity was determined.

The interface electric and thermal conductivities between the armature and rails contribute
significantly to the electromagnetic field and temperature field. As a result, it was necessary
to estimate those properties accurately. In order to determine those interface properties, a
contact model was also applied. Each analysis is described in more detail subsequently.

The whole analysis process began with electromagnetic field analysis. For the
electromagnetic field analysis, the finite element method was applied to Maxwell’s equations
which are written below
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where H is the magnetic field intensity vector, J is the current density vector, E is the

electric field intensity vector, and B is the magnetic flux vector. The electromagnetic field
of the rail gun launcher is dependent on the electric conductivity at the interface between the
armature and rails. So as to estimate the electric conductivity, a fractal based contact model
was adopted, which is described in the next section.

Once the electromagnetic field was computed from the equations, the Lorentz force was
computed for the electrically conducting armature. Furthermore, Joule’s law was applied to
calculate heat generation as shown below:

-2
I
O=— )

o

in which o is the electric conductivity.
From the electrical heat generation, thermal analysis was conducted using the following
transient heat conduction equation

V-(kVT)+Q:Cpaa—i (6)

where 7 is temperature, & is thermal conductivity and C  is specific heat of the materials. The
heat transfer in the launcher is also affected by the contact interface. Therefore, the same
contact model used for electric conductivity at the interface was also utilized for thermal
conductivity at the interface.

Using the temperature distribution in the launcher, thermal stress analysis was undertaken
using the following set of equations. The stress equilibrium for 2-D is expressed as

e, )
ox Iy
and
Jt_ ot
Xy RA4 =0 8
ox " dy ®

where 7. is the stress tensor. Stresses and strains are related for an isotropic material using
generalized Hooke’s law as given below:

1
€. .= 7(1'” VT, )+oT 9)
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where & i is the strain tensor, Y is the elastic modulus, G is the shear modulus, v is Poisson’s
ratio, and « is the coefficient of thermal expansion. Finally, the strain-displacement
relationship is written as
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where u and v are the displacements in the x and y directions, respectively.

Equations (7) through (14) were solved using the finite element method with a known
temperature field [15]. From the stress analysis, the contact force between the armature and
the rails was computed. Then, using Coulomb’s frictional law, the frictional force at the
interface was calculated. Eventually, the net force was determined by subtracting the
frictional force from the Lorentz force. Using the net force, dynamic analysis was performed
to find the acceleration of the armature by applying Newton’s second law. Time integration
of the acceleration yielded velocity, and another time integration of the velocity resulted in
the new position of the armature. The Euler integration scheme was utilized for time
integration. As long as the armature was still in contact with the rails, the whole analysis
starting from electromagnetic analysis to dynamic analysis was repeated.

3. CONTACT MODEL
As the armature and rails are in contact, electricity and heat pass through the contact
surfaces. Therefore, both electric and thermal conductivities of the contact interface play an
important role in the electromagnetic and temperature fields, which also affect the projectile
exit velocity. In order to estimate thermal or electric conductivity (or resistivity) at the
contact interface, a fractal surface contact model [16] was adopted in this research. A
nominally flat surface has a surface roughness such as peaks and valleys at the small length
scale. When two nominally flat surfaces meet each other, those peaks and valleys are
encountered one another as actual contacts. As a result, the nominal contact interface consists
of the actual contact area and the void area. The void area usually contains air which has
much less conductivities compared to metallic materials. For hear transfer, there is a
radiation in the void. However, this effect was also neglected. Therefore, overall
conductivities of the interface depend on the amount of actual contact area.

The roughness of a nominally flat surface (i.e. peaks and valleys) was constructed using
a fractal model. The first step in modeling the fractal surface was to use the following fractal
surface equation developed by Yan and Komvopoulos [16]:
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In this equation, M indicates the number of superposed fractal ridges, G is called fractal
roughness, D is the fractal dimension, Yy is the density of the profile frequency, L and ¢ are
length and angle parameters, and »__ is the number of summation. The following

parameters were used as the baseline as used in Ref. [16]:

= 1.0x10" (m) y = 15 ¢ = 59698 (rad)
G = 136x10" (m) M = 10
D = 12 Mgy = 100

Figure 3 shows the fractal surface generated from the above equation and selected
parameters.

A computer code was then developed to determine the locations of local peaks of the
plotted fractal surface. A peak was defined as a specific point whose value for z was larger
than both the preceding and following value of z in the x and y directions. The height of the
peak, or z value, was then saved into a column vector for further calculations. Using this
column vector, the peak radius was solved for at each location deemed a peak. To solve for
the peak radius, the radius of curvature at the location of the peak was computed. This was
computed by setting the radius of curvature equal to the reciprocal of the second derivative.
This calculation was conducted in both the x and y directions, and then averaged to find the
overall peak radius at that location. Although averaging in the x and y directions may not be
the most accurate assumption, it was used to simplify the calculations.

Once the peaks and their radii were determined from the fractal surface, the Hertz contact
theory was used to find the contact load vs. displacement relationship. For the present study,
a linear contact theory was utilized even if this was a gross approximation. A nonlinear
contact theory would be adopted in the next phase of study for more accurate representation
of the contact characteristics. As the contact load increased, more peaks became under
contact, which meant a larger contact area. The contact area ratio, the actual contact area
divided by the nominal contact area, was computed as a function of the contact load or
contact displacement.

The thermal conductivity and electric conductivity should be a function of the contact
area ratio. As the first order approximation, those conductivities were considered to be
linearly proportional to the contact area ratio times those values under perfect contact
condition, i.e. perfect bonding without any gap. Those values of conductivities were used at
the contact surface between the rail and armature.
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Figure 3 Fractal surface of a nominally flat plane. The top plot is the 3-D view while
the bottom plot is a 2-D view with an imaginary cut at y = 50 nm.

4. RESULTS AND DISCUSSION

4.1. CONTACT SURFACE ANALYSIS

Before the rail gun analysis, a parametric study of the fractal surface was undertaken. As the
number of superposed fractal ridges, M, in Eq. (15) increased, the total number of peaks as
well as the mean peak height increased while the mean peak radius decreased. In other
words, peaks became taller and narrower with increasing M. Increasing the number of
superposed fractal ridges caused a significant increase in contact pressure. This increase
came from an increased number of peaks, thus more peaks in contact. More peaks in contact
resulted in a greater contact force, which mean a greater average contact pressure which was
calculated for the nominal contact surface area. This result is shown in Fig. 4(a). In addition,
more peaks in contact resulted in a larger actual contact area as seen in Fig. 4(b).

The parameter G, called the fractal roughness, in Eq. (15) represents a height scaling
parameter. As it falls outside the summations and trigonometric functions in the equation, it
is independent of frequency, and affects the results as a mere scale factor. Increasing the
fractal roughness simply shifted the surface and profile closer to the x - y plane. The overall
number of peaks stayed the same, but the mean peak height decreased. Because the peak
height was changed, it had an effect on the peak radius. Thus, the mean peak radius
increased, yielding shorter, wider peaks. The increase of G also affected the relationships of
contact pressure vs. displacement as well as contact area ratio vs. displacement in a similar
way as shown in Fig. 4.

Increasing the fractal dimension, D, slightly increased the number of peaks but decreased
the mean peak height with an increase in the mean peak radius. As D is increased, the
topography is somewhat smoother, with a narrower frequency band and larger peak radii.
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Table 1 Geometric dimensions of rails and armature

Dimensions Unit (m)
Length of rails 0.5
Width of rails 0.0095
Length of the armature 0.01
Width of the armature 0.019

The effect of D on the contact pressure-displacement and contact area ratio-displacement
relationships was qualitatively same as before as plotted in Fig. 4.

However, the parameter y called the density of the profile frequency had no effect on the
number of peaks. The increased y very slightly decreased the mean peak height and the
mean peak radius. As y was increased, the topography was somewhat smoother, with a
narrower frequency band. The peak height distribution was more consistent than that in the
baseline, meaning that many of the tall narrow peaks from the baseline had been replaced
with shorter, narrower peaks when y was increased. However, when y was decreased, it had
a greater effect on the profile. The number of peaks was decreased. Decreasing the density
of the frequency caused the mean peak height to increase and to decrease the mean peak
radius. Thus, the profile was shifted further from the axis, while at the same time the
frequency band was decreased when compared to baseline. Overall, the characteristics of
the topographical profile was inconsistent for different values of y. As a result, v also
affected the relationships of contact pressure-displacement and contact area ratio-
displacement randomly as shown in Fig. 5.

4.2. RAIL GUN ANALYSIS

A two-dimensional model of a rail gun launcher was investigated, and its geometry was shown
in Fig. 6(a), which also shows a finite element mesh. The figure shows two rails and an
armature in-between. The armature’s shape was simplified as a rectangular shape as shown in
the figure. Otherwise, the armature can be modeled as shapes illustrated in Figs. 6(b) and 6(c).
The geometric dimensions of the rails and the armature are provided in Table 1. The armature
was assumed located initially at 0.01 m from the left with zero initial velocity. An electric
potential 6.5 kV was applied to the rails at the initial room temperature of 300 °K. As far as
materials are concerned, aluminum, copper, and steel were selected for the present study.
Their material properties are available in Ref. [17] so that they are omitted here. The
multiphysics-based computations as sketched in Fig. 2 were completed to determine the
armature exit velocity and temperature distribution in the rail gun launcher.

In Fig. 7, the aluminum armature velocity is depicted as a function of the distance along
three different rail materials; copper, aluminum, and steel. Comparing the results, the copper
rails yielded the highest armature velocity. Even if the analysis program already included
frictional effect, the friction coefficient was assumed zero for the present study.

The next case switched the rail and armature materials. In other words, copper was used
for the armature and aluminum was for rails. Then, this case was compared to the previous
case before exchanging the materials in Fig. 8. The aluminum armature/copper rail case
resulted in a higher velocity than the opposite combination case. From comparing the values
of Lorentz forces which were exerted on the armature, no significant change was observed
between the two cases. However, the mass of the aluminum armature was smaller than that
of copper because the volume of armature was kept constant in the analysis. The lighter mass
of aluminum resulted in a higher velocity from Newton’s second law.
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Figure 6 Finite element mesh of the armature and rails.

However, heat generation and heat transfer were quite different between the two cases,
which resulted in very different averages temperatures at the contact interfaces as shown in

Fig. 9. The average temperature at the interfaces was lower in the case of copper

armature/aluminum rail than that in the opposite material combination case. On the other

hand, the former case has a higher rate of temperature rise at the interface as the armature
moved along the rail compared to the latter case. In order to further investigate this trend of

temperature, the rail was extended to 1 meter long or 1.5 meter long, respectively, for the

next study. The results are discussed below.
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Table 2 Exit velocities for three different lengths of rails

Copper rail/Aluminum Aluminum rail/Copper
Exit Velocity armature armature
Barrel length
0.5m 4100 m/s 2500 m/s
1.0m 6200 m/s 3500 m/s
1.5m 7900 m/s 4500 m/s

Table 3 Kinetic energy for three different lengths of rails

Copper rail/Aluminum Aluminum rail/Copper
Kinetic Energy armature armature
Barrel length
0.5m 82 kJ 100 kJ
1.0 m 188 kJ 198 k
1.5m 304 kJ 327 kJ

Table 4 Maximum average temperatures at the interfaces

Copper rail/Aluminum Aluminum rail/Copper
Max. avg. temp. armature armature
Barrel length
0.5 [m] 760 [°K] 660 [°K]
1 [m] 360 [°K] 920 [°K]
1.5 [m] 1010 [°K] 1430 [°K]

First of all, the velocity was higher for the longer rail as tabulated in Table 2. The increase
of the velocity followed a parabolic orbit. Hence, there must be an upper limit at the length
of the barrel beyond which any further increase does not significantly affect the value of the
exit velocities and makes the design impractical.

Calculation of the kinetic energy from the exit velocity is given in Table 3. It was
observed that, the kinetic energy of the aluminum armature was lower than that of the copper
one because of its lighter mass. The total mass of the launch object is the mass of the
armature and the mass of projectile. That means that the projectile mass can be determined
based on either the desired exit velocity or the kinetic energy. Some combination of the two
criteria may be also used for designing the weight of the projectile.

Furthermore, of greater interest was what happens at the distribution of the temperature
at the interfaces. In Fig. 10, the average temperature at the interfaces is shown as a function
of the distance of 1 meter long rail. It can be noticed that there is a point of intersection
between the two curves in Fig. 10. Below that point, the average temperature at the interfaces
is lower for the copper armature than that of aluminum armature. After that point, the state
is reversed. The maximum values of average temperatures for the two cases are shown in
Table 4.

Two questions now arose. Why was the initial average temperature of the aluminum
armature case higher than that of the copper armature case, and why the rate of increase of
the former was lower than that of the latter?
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Taking into consideration of the specific design which we have selected, initially the area
conducting electricity of the armature is larger than that of the two rails because the armature
was positioned very close to the edge of the rails through which electricity flows. In addition,
aluminum has a higher value of electric resistivity than that of copper. That means initially
the total electric resistance of the system is higher for the aluminum armature case than that
of the copper armature case. This resulted in a larger amount of heat in the former case than
in the latter case. This is the reason why initially the aluminum armature case has a higher
interface temperature profile.

As long as the armature goes down the rails, the total resistance is increased with the
traveled distance along the rails. In the case of copper rails, a lower electric resistivity is added,
whereas in the case of aluminum rails a higher resistivity is added. This causes the release of a
lower amount of heat in the copper rail/aluminum armature case than in the opposite
combination case. Furthermore, taking into consideration the values of thermal conductivities
of the two materials (copper has a higher thermal conductivity than aluminum), the copper
rail/aluminum armature case has not only a lower amount of heat generation but also a higher
dissipation of heat with a higher thermal conductivity of the copper rail. For these reason the
rate of increase of the temperature profile at the interfaces is lower for this case.

5. CONCLUSIONS

In this paper, a multiphysics-based computer program was developed for calculating the exit
velocity, acceleration, Lorentz force, temperature, and stress distribution of a rail gun
launcher. The analysis modules included electromagnetic field analysis, Lorentz force
calculation, Joule’s heat calculation, transient heat conduction analysis, thermal stress
analysis, and dynamic analysis of the armature. In particular, the armature/rail interface
properties, like electric and thermal conductivities, were estimated based on a fractal contact
model, and those values were used in this work.

The study showed that there was a upper limit of the length of the barrel of the rail gun
beyond that point the increase in length did not increase the exit velocity any longer.
Furthermore, a study was conducted for different constructive materials in order to
investigate and explain their different characteristics. Some physical explanations were
provided for the behaviors observed from different combinations of materials for the
armature and rails.

The developed computer modeling and simulation tool would be useful for design of a rail
gun considering various input parameters. The present model was for 2-D analysis, but it can
be extended to 3-D analysis. In addition, the subsequent study will consider more advanced
interface model for electric and thermal conductivities.
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