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Deformation analysis of railgun cross-section
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1. Introduction

Electromagnetic accelerators cover a wide range
of applications. They can be used to accelerate very large
masses up to modest velocities below 100 m/s (e.g. aircraft
launch systems, [1]) and there exist also accelerator types,
which are able to accelerate small masses (some grams) up
to more than 6 km/s [2]. This article deals with an accelera-
tor type, known in the literature as railgun, which works in
the range from several hundred grams up to some kilograms
and reaches velocities in excess of 2 km/s. Research on
railguns has a strong multidisciplinary character including
electromagnetic, thermal and mechanical phenomena.
Enormous current densities, high velocities of moving
forces coupled with the dynamical interaction at the rail
surface present a great challenge. Advances in electromag-
netic launch science and technology can be found in review
papers [3, 4].

A typical railgun facility comprises the accelera-
tor, the projectile including a conducting armature and an
electric energy source. The electric circuit is formed by the
source, the rails and the sliding contact between the latter
realized by the armatures. The strong currents used result in
strong Lorentz forces on conducting materials, in particular
the projectile is accelerated by the Lorentz-force acting on
the armatures. It is guided by the rails in one direction and
by insulating parts in the other (see below). The rails have
to withstand strong repelling Lorentz forces. Experimental-
ly realized railgun setups differ with respect to the structure
of the rails and the housing [5, 6].

The mechanical response of the railgun structure
to the magnetic forces acting on the rails became recently
one of the biggest challenges encountered in designing and
researching electromagnetic railguns, because rail defor-
mation can influence the crucial sliding contact perfor-
mance of the armature. Therefore, evaluation of the deflec-
tions of the inner rail surfaces considered hereafter is a
mandatory task for future systems.

However, in order to investigate the rail defor-
mation, the electromechanic problem can be decoupled in
to a mechanical one and a electromagnetic one. The elec-
tromagnetic forces enter the mechanical calculations in
form of boundary conditions [7].

The transient elastic waves in electromagnetic
launchers and their influence on armature contact pressure
were studied by Johnson and Moon [8, 9]. Actually, in
their coupled rail-armature FE model the rail was consid-
ered as a beam, while the armature was discretize by quad-
rilateral elements.

Probably, the simplest model treats the rail as
one-dimensional beam on an elastic foundation. Analytical
treatment of the beam under moving point loads and the
simplest solutions are presented in the book by Fryba [10].
An analytical approach to investigate the dynamic response
of laboratory railguns including projectile movement was
developed in series of works by Tzeng [11] and Tzeng and
Sun [12]. The rail was modelled as cantilever beam on an
elastic foundation.

It is obvious that a better understanding of the
structural behaviour of the railgun can be achieved through
modelling and computer simulation, as it enables to obtain
detailed quantitative information. In particular, numerical
investigations using the Finite Element Method (FEM) has
became a routine in recent decades. In the ideal case, an
electromechanically coupled 3D finite element model
would be appropriate.

It is worth to notice, that the use of the 3D solid
FE models in the multifield analysis is very expensive and
not always reasonable. Consequently, a balance between
the accuracy and the cost should be found.

Transient resonance at critical velocities of the
projectile was numerically studied by Lewis and Nechitailo
[13]. There, axis-symmetric shell and two-dimensional
solid models were used to simulate the railgun presented in
the form of a tube.

Electromagnetic launchers have been extensively
investigated at the French-German Research Institute of
Saint-Louis (ISL), where specific types of railguns, charac-
terized by the use of discrete supports, have been deve-
loped [14, 15]. In order to withstand the high forces repel-
ling the rails from each other, the housing consists of a
combination of bars of glass fiber reinforced plastic (GRP)
material and symmetrically located steel bolts representing
the discrete supports.

At present time, research on electromagnetic de-
vices is continued in cooperation with the Vilnius High
Magnetic Field Centre, Lithuania [16]. Here, various ap-
plications of the FEM including linear actuators [17], de-
structive coils [18, 19] were considered.

Dynamic behaviour of the ISL railgun EMA3 un-
der uniformly distributed load moving with various veloci-
ties was studied in [20-23]. Therewith, a longitudinal 2D
plane stress finite element model, resting upon discrete
elastic supports, was developed to represent the complex
bar. The model is able to capture bending and shear effects
described conventionally by beam models, as well as
pinching deformation of the solid cross-section.

This paper presents the first results in a series of
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research efforts aiming to perform numerical modelling of
the electromagnetic gun RAFIRA (RApid Flre RAilgun)
[24, 25] of ISL. The development of a reliable simplified
FE model is the final goal of this investigation. This paper
deals with the understanding and the illustration of cross-
sectional deformation behaviour under static and dynamic
loading.

The outline of the paper is as follows. Section 2
presents the description of the rail gun problem. Section 3
describes the modelling approach. Numerical results are
discussed in section 4. Conclusions are drawn in sections 5
and 6.

2. Railgun - structure and basic data

The ISL - railgun RAFIRA has an acceleration
length L of 3.1 m. A schematic 3D view of the railgun
structure is presented in Fig. 1. The whole structure is de-
signed to withstand the high forces repelling the rails from
each other during the motion of the projectile between the
rails. The barrel consists of two bars of rectangular section
connected with 160 steel bolts M18, which are located in
four rows as shown in Fig. 1. The bolts are inserted into
the insulators, which are manufactured from electrically
nonconductive composite materials and stowed among the
bar. Rails are fixed to the frame with hexagonal bolts.

The view and the main data of cross-section A-A
presented in Fig. 2. Here, all lengths are given in millime-
ters. The height of section is H = 225, the width W = 200.
The section of the bar is defined by the width which is
equal to W, while the height is h=80. The M18 bolt is
defined by diameter D =18 and the washer by diameter
d = 36. The section of the rail is defined by width Wg =25
and height Hg = 20. The bolt location is described by value
Sd =27.5.

40 bolted
-_connection

“._Housing

“_Insulator

e ’ -_Rail
Fig. 1 Schematic three-dimensional view of railgun

Materials and their mechanical characteristics of
individual parts of the mechanism are the same as the
EMA-3 railgun [20]: bolt manufactured from steel alloy
(density — pyo = 7.85 g/cm3, elasticity modulus — Eyg =
=210 GPa, Poisson’s ratio — vy = 0.30), rail — copper-
chromium-zirconium alloy, CuCrlZr (pa = 8.90 g/cm®,
Erail = 120 GPa, vy, = 0.30), bar — from composite, EPM
203 (ppar = 1.85 g/cm®, Epar = 18.0 GPa, var = 0.30).
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Fig. 2 Cross-section A-A of railgun
3. FE model and analysis

As mentioned above, the structural analysis of the
railgun system can be decoupled from electromagnetic
phenomena at the first stage and therefore purely mechani-
cal calculations are to be performed. The railgun housing
dynamics will also be treated as being independent from the
projectile behaviour. Considering plane symmetry of the
barrel, only one half of its cross-section can be investigated.
Thus, the load carrying structure of the railgun presents
solid slender bar while fastening bolts may be treated as
discrete elastic supports.

It is commonly agreed that the deflections of the
sliding surface is a consequence of the complex interaction
of various deformation modes. Therefore, contributions of
the global longitudinal deformation modes are assumed to
be dominating in the total response of the whole structure.
The one-dimensional beam with undeformable cross-
sections applied in the earliest developments [22] is an
example for a purely global approach.

In reality, the transversal distortion of the cross-
section is generally of 3D nature. To avoid the detailed
three-dimensional analysis further simplifications could be
used.

Our suggestion is based on the assumed orthogo-
nality of longitudinal and transversal deformation modes.
Taking into account the length and size ratio
L/W =3.1/0.2 = 15.5 transversal deformation is considered
as plane strain problem. Consequently, the T-shaped bima-
terial cross-section of the bar-prism will be treated as 2D
solution domain.

The computational model of the railgun section
applied hereafter for static and transient analysis is shown
in Fig. 3. The sketch shows a vertically symmetric compo-
sition of two rectangles, the bar and the rail. The bar section
is defined as W x h = 200 x 80 mm? while the rail is charac-
terized as W, x H, = 25 x 20 mm?>.

Two section bolts are considered as elastic sup-
ports. To avoid local concentration in connection, each of
bolts has been replaced by the set of five identical elastic
springs with length equal to a half of the section height
H/2 =112.5 mm as shown in Fig. 2. Location of the middle
spring coincides with the central axis of the bolts and de-



fined by distance Sy = 27.5. The remainder four springs are
uniformly located across the diameter d of the bush-
washing with distance d/4 = 9 mm from each other.

o
Bolt 3
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= ~_Bar
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Rail ] ] ] Pressure 31.2
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W

Fig. 3 Computational model of the Railgun section

The loading of the structure corresponds to the
magnetic pressure caused by the strong currents following
the moving projectile, while local transversal contact for-
ces caused by the projectile (armature) are neglected. As a
result, the transient loading profile represents the magnetic
pressure q(X, t) at an arbitrary point x moving in time t with
the velocity v(t). In the static case a constant pressure
g = const is assumed.

Numerical simulation is carried out using the
FEM program ANSYS [26]. Two-dimensional domains
comprising the rail and the bar are covered by 8 node plane
finite elements - Plane183 with 2 DOF per node. The ele-
ment contains large deflection, large strain and dynamic
capability.

The spring type Link1 finite elements with 2 DOF
per node are applied for modelling of bolts. The element
contains not only linear but also large deflection capabili-
ties. The spring elements are connected to a rigid plane
while spring-structure connection nodes are constrained in
horizontal x direction. The axial stiffness of the spring
assembly reflects stiffness of the entire bolt as a whole.
Available deformation of the bolt threads [27] is not taken
into account. Distributed springs additionally evaluate the
local bending of the bolts. Finally, each of individual
spring is defined by the section area equal to
5.6677x10° m®.

A combined irregular-structured automatically
generated FE mesh was used. To test the influence of the
mesh density, a convergence study was performed. The
five meshes denoted by Mesh 1 up to Mesh 5 with 178,
275, 579, 1594 and 4836 finite elements were examined.
The coarsest and the densest mesh are given in Fig. 4. The,
locations of the supports are fixed and remain independent
from the mesh refinement.

During the convergence test, a static pressure
p = 31.2 MPa is applied on the inner surface of the rail as it
is shown in Fig. 3. The maximal displacement of the point
S on the sliding surface ug is chosen as convergence crite-
rion and examined below. It comprises displacement due to
local deformation of the structure and due to elongations of
the bolts.

Simulation results of static loading cases are pre-
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sented in Table 1. As expected, elongations of bolts ex-
pressed by the displacement of the support u, do not de-
pend on the mesh density. In summary, a relatively coarse
mesh seems to be sufficiently accurate to describe the de-
formation behaviour of the cross-section.
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Fig. 4 Finite element meshes: a coarse mesh with 178
plane elements, b - densest mesh with 4863 ele-

ments
Table 1
Displacements of railgun under various density of mesh
Parameters |Mesh 1| Mesh 2 | Mesh 3 | Mesh 4 [Mesh 5
Number of
plane 178 275 579 | 1594 | 4836
elements
Number of
DOF 1116 | 1738 | 3626 | 9086 |29632
Total
displacement | 0.832 | 0.832 | 0.833 | 0.835 | 0.837
Us, mm
Ua, MM 0.735| 0.735 | 0.735 | 0.735 | 0.735

Since the results obtained for various mesh densi-
ties do not differ significantly, further calculations we
made using the numerical model with 579 finite elements.

4. Investigation of static loading

The main aim of the study presented here is the
investigation of the transversal deformation modes which
were neglected in the previously published works [18-21].
Hypothetical statements about the possible deformation
modes were suggested and three deformation modes were
examined. They are:
deformation of the elastic support defined as
elongation of bolts;
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e transversal bending;
e axial deformation (pinching) of the section under
compression.

In order to characterise the deformation behaviour
of the sliding surface notation 4 will be employed hereafter
to characterise the deformation behaviour. The total de-
formation of the section which characterises displacement
of the sliding surface is defined by displacement of the
central point S: 4, = us (Fig. 5). The displacement u, as
well as in other points are extracted from the FE computa-
tions.

It is evaluated as result of the three deformation
modes mentioned above plus an error term A4,,, reflecting
possible undefined effects. Explicitly, the displacement of
S becomes

At = Lpors T Apora + Ay + At + 4., (1)

total bolt bend bar rail

The elongation of the bolt 4, is simply defined
by displacement of the central point 4 (2) of the support as

By =y )

The axial deformation (pinching) of the rail and
bar sections can be defined by displacement differences of
the points B, C and S as

Ay =g _MC} 3)

Ay = U —Up

Transversal bending is characterised by deflection
of the plane section assumed to be simply supported beam.
It could be measured by deflection w;p of the point B (4).
Finally, the displacement of the sliding surface due to
transversal bending 4,,,, may be extracted as

Apopg =W =Up — (€]

Linear and nonlinear large displacement analysis
problems were considered under action of static pressure
p =31.2 MPa applied in the simulation.
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Fig. 5 Schematic deformation of the railgun cross section

Results of a linear static simulation are graphi-
cally presented in Fig. 6.
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Fig. 6 Deformed shape and contour plots under static load-
ing (in Pa): a) von Mises stress and b) normal verti-
cal stress

To understand the deformation behaviour of the
section, the linear and geometrically nonlinear static analy-
sis was preformed. Contributions of the deformation
modes according to expressions (1)-(4) were analysed
while results of linear and nonlinear static analysis are
compared in Table 2 and graphically illustrated in Fig. 7.
The first observation is that differences between both ap-
proaches are insignificant. Results confirm that because of
the high stiffness of the bars the influence of geometric
nonlinearity, i.e. of deformed shape, is negligibly small.
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Fig. 7 Comparative illustration of section displacements



Table 2
Contributions of various deformation modes to sliding
surface displacement obtained by static analysis

Deforma- Displacements, mm Relative
tion mode | Linear static | Nonlinear contribution
Arotal 0.833 0.833 100%
Apoit 0.735 0.735 88.2%
Apend 0.06289 0.06273 7.5%
Arail 0.00367 0.00314 0.5%
Apar 0.03144 0.03144 3.8%

Moreover, the data clearly shows that the largest,
approximately 88%, contribution of the sliding surface
displacement is due to the elongation of bolts while the
influence of transversal bending comprising 7.5% is also
important.

Simulation results processed according to expres-
sion (3) clearly demonstrate the contribution of the axial
deformation of the section structure under compression.
On the other hand, variation of the normal stresses shown
in Fig. 6 demonstrates 2D character which can not be ex-
plained by simple compression. Mechanical interpretation
of this effect will be given below. Theoretically, normal
deformation of the section 4gs, i.e. change of the distance
between points B and S, may be evaluated as

Ags = Apart + Arain 1 + At (5)
The above terms comprise contributions of the
rail A and the bar Auae. The third term Ay indicates
interpenetration of the rail into the bar because defor-
mation of contacting layers.
The first two terms of Eq. (5) can be evaluated

analytically as elongation of the axially compressed rod

bar t rail t

pW, x1xH,
Arail,t =T v a1 (6)
EraliIWr X]_
pW. x1xh
=T - 7
PrETE, Wl )

bar

The interpenetration 4, is calculated on the basis
of numerical results.

Detailed analysis of the section deformation ac-
cording to Egs. (5) - (7) shows that the deformation mode
characterised as pinching of the bar-rail structure is con-
siderably contributed by interpenetration of the rail into the
bar. It was found that A4,=0.01283 mm yields
about 37% of the bar-rail section deformation
Apart + Araiy = 0.03458 mm, while its contribution to the
total deformation of the whole section comprises up to
1.5% of Ay =0.833 mm as given in Table 2. This effect
was neglected in the earlier 2D models [20-23].

Finally, it should be noted that the error term A,
in expression (1) turned out to be negligibly small. This
indicates that the chosen deformation model uses the ap-
propriate deformation modes.

5. Dynamic time history analysis

The dynamic time history analysis was performed
to consider deformation behaviour of the railgun section.
The real loading of the railgun presents a transient pressure
profile moving along the sliding surface with the projectile
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velocities up to 1600 m/s. The maximal pressure value
p =31.2 MPa.

Solving a linear dynamic task, the load is acting
on the rail. This load in our model is presented as follows.
We assume that the moving maximal pressure crosses a
section slice of unit (1 mm) thickness as it used in plane
strain analysis. Thus the crossing dynamic load should
increase from zero and reaches its maximal value. In our
case, the maximal pressure value was reached during
1.25 ms and remains constant. In our model the loading
history imitates the shock load which is frozen after reach-
ing its maximum.

Simulation results are presented in terms of dis-
placements. Variation of displacement in time is presented
in Fig. 8. Comparisons of maximum values of nonlinear
dynamic displacements with static results are given in Ta-
ble 3.

Table 3
Comparison of various deformation modes to sliding
displacement obtained by static and dynamic analysis

. Max. displacements, mm
Deforma-tion - - - -
mode Linear static Linear dynamic
analysis analysis
Aiotal 0.833 1.629
Apolt 0.735 1.485
Apend 0.06289 0.126
Arail 0.00367 0.00359
Apar 0.03144 0.01452
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Fig. 8 Time histories of the displacements under dynamic
loading:a) total and bolt displacement in Y direc-
tion; b) rail, bending and bar displacement



Result shows that dynamic load increase section
deformation by the factor approximately equal 2. The rela-
tive contribution of various deformation modes approxi-
mately equivalent to the static behaviour.

On the other hand, time variation illustrate that
each deformation mode are characterised by difference in
period, therefore detailed frequency analysis is required to
understand deformations of the real structure.

6. Concluding remarks

The transversal deformation behaviour of the ex-
isting rail gun structure under action of static and dynamic
loading was analyzed on the basis of plane strain formula-
tion using the finite element method. The presented results
illustrate qualitatively and quantitatively in-plane flexibi-
lity of the bar as whole while role of particular deformation
modes is clearly distinguished. The most important find-
ings are summarised as follows.

o Normal displacement of the sliding surface due to
deformation of section of the entire section is basi-
cally attributed to the tension of the bolts providing
88% of the total value. Contribution of the transver-
sal bending characterised by central deflection is of
7.5% while deformation of the bar section under
compression contains up to 3.8%.

e Dynamic contribution of moving load is character-
ised by factor approximately equal 2.

This study forms the base for the future develop-
ment of a 3D model allowing to investigate the influence
of mesh density and particular deformation effects.
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ELEKTROMAGNETINES SAUDYKLES SKERSINIO
PJUVIO DEFORMACIJU TYRIMAS

Reziumée

Apzvelgiami pirmieji Pranciizijos ir Vokietijos ty-
rimy instituto elektromagnetinés Saudyklés ,,Rafira® skaiti-
nio modeliavimo rezultatai. Tekste pateikiami paveikslai,
lentelés, grafikai leidzia geriau suprasti deformuojamos
Saudyklés skersinio pjuvio elgseng.

Konstrukcija sudaryta i§ trimaciy kompoziciniy
strypy ir plieniniy varzty. Straipsnyje baigtiniy elementy
metodu, naudojantis ANSYS programine jranga, nagriné-
tas Saudyklés skerspjivio poslinkiy uzdavinys, strypams
taikant ploks¢iyjy deformacijy biivio savybes. Tirtos varzty
pailgéjimo, strypo lenkimo, bégio jsiskverbimo j korpusa
problemos, veikiant statinei ir dinaminei apkrovoms. Nu-
statyta, jog vertikaliam Saudyklés poslinkiui daugiausia
jtakos turi varzty pailgéjimas, o dinaminiai poslinkiai yra
apie du kartus didesni uz statinius poslinkius.
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SECTION

Summary

This paper presents the first results in a series of
research efforts aiming to perform numerical modelling of
the electromagnetic gun RAFIRA (RApid Flre RAilgun) of
the French-German Research Institute of Saint-Louis
(ISL). It deals with the understanding and the illustration
of cross-sectional deformation behaviour.

The structure consists of the three-dimensional
composite bars and connection bolts. In our approach the
structure cross-section is considered as plane strain prob-
lem numerically solved by the finite element method. The
influence of bolts elongation, transversal bending of bars
and the rail-bar interaction is studied by solving the prob-
lem under static load and dynamic impulsive loads. It was
found that the biggest vertical displacement of the railgun
is produced by bolt elongation. In case of dynamic analy-
sis, the results are approximately two times higher than the
static analysis. The obtained results serve as the base for
the future developments.

Keywords: railgun, cross-sectional deformation, dynamic
analysis.
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