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Abstract ─ The current density distribution on the cross 
section of the rails is affected by the geometry and 
dimensions of the rails and armature. This paper 
analyzed a rectangular railgun that is formed by two 
parallel rails and an armature with various geometries. 
Rail thickness (wr), width (hr), and separation (sr) 
between two rails are equal to 2 cm, 4 cm and 4 cm, 
respectively. C-shaped armatures have three corners that 
are named front, back and arm side of armature which 
rounded step by step. All case studies simulated with the 
Finite Element Method Three Dimensions (FEM3D). 
For all steps, the inductance gradient, normal force, 
current density (J) distribution and maximum values of 
J are computed. The force between rails and armature 
named normal force. This force and pressure can be 
changed the rails and armature form. Friction force is 
increasing with increasing normal force. Maximum 
current densities occur at the armature corners and 
contact section between the rails and armature. These 
phenomena can produce a hot point that fuse the railgun 
and must be considered in armature and rail designing. 
This paper investigates the effect of armature geometry 
and dimensions on current density distribution, 
maximum value of current density, inductance gradient 
and normal force or normal pressure on armature. 
 
Index Terms ─ Current density, FEM, inductance 
gradient, normal force, railgun. 
 

I. INTRODUCTION 
Armature and rails are the two main components of 

a railgun that are usually made up of materials with 
higher electrical conductivity. In a simple railgun, the 
magnetic flux density is generated around rails by 
passing electric current through them. Magnetic force 
has two components (normal and axial) which are 
exerted on armature due to magnetic flux density and 
the current passed through the armature. The axial force 
(Fx) is proportional to the inductance gradient (L′) and 

passing current (I) through the rails [1-4]: 

 21 ' .
2xF L I�  (1) 

The distribution of electric current density over the 

armature is very high at the contact edges between the 
armature and rails, and sharp corners of the armature. 
These points become very hot due to Ohmic losses, 
hence deformed and after each launch reduce working 
life of the rails [5-8]. In recent years, significant 
advances researches have been reported for the railgun. 
Armature geometry can be assumed simple shape such 
as cube C and U-shape [9-15]. Passing currents through 
the up and bottom of the C-shape cause repulsive force 
between them. This force causes enormous pressure on 
the inner cross section of rails. This pressure can lead to 
rail breakage or rail bending too. 

To reduce the losses and normal force on armature 
(contact with rails), we can reduce the amplitude of the 
input current. But reducing the amplitude of applied 
current will be decreased the force on the armature. 

In Fig. 1 shows a railgun with C-shape armature in 
3D and side view of 2D. The objective of this work is to 
analyze the C-shape armature with and without any 
rounded in the front, throat and rear side. These 
structures are simulated with FEM and calculated the 
inductance gradient, Jmax, and normal force. These 
quantities are dependent on various sizes of armature 
and rounded radiuses. We presented the optimize 
dimensions for minimum value of the Jmax and 
maximum value of the inductance gradient. 
 

 
 (a) 

 
 (b) 
 
Fig. 1. Structure of railgun: (a) 3D railgun and (b) side 
view. 

1054-4887 © 2015 ACES

Submitted On: October 6, 2014
Accepted On: July 16, 2015

1029 ACES JOURNAL, Vol. 30, No. 9, September 2015



II. PROBLEM STATEMENT 
A railgun consist of two parallel rails and a solid 

armature. Rails and armature are formed a closed 
current loop. Both rails made of copper and connected 
to an electrical power supply, and solid armature made 
of aluminum. The dimensions of the copper rails are as 
follows; width (hr), separation (sr) and thickness (wr) are 
4, 4, and 2 cm, respectively. 
 
A. Railgun structure and parameters 

Figure 2 (a) shows the rear view of railgun. The 
width of armature (ha) is less than or equal rail’s width. 

Figure 2 (b) displays the side view of C-shape 
armature with details of dimensions and applied force. 

According to Fig. 2 (b), we design three curvatures 
at the front, rear and throat of the C-shape armature with 
R1, R2 and R3 radius, respectively. 

In this paper, first C-shape armature without any 
rounded (Fig. 1), second C-shape armature with 
rounded in the front, throat and rear side are simulated 
and analyzed. Inductance gradient, Jmax, and normal 
force are calculated for various sizes of XC, YC, R1, R2 
and R3. Optimized results according to minimum value 
of the Jmax and maximum value of the inductance 
gradient for various geometries and sizes are presented 
in the two different tables. 
 
B. Force diagram 

The electromagnetic force (F) on the armature is 
depicted in Fig. 3. For the calculation of the electromagnetic 
force with ANSYS, we assume that the injected current 
has a constant amplitude. 

We used FEM to compute the magnetic force for 
two and three-dimensional. For 2D, we first calculated 
the magnetic energy (Em) than, 
 ;mF E� @  (2) 
and for 3-D simulation, 
 ,F J B dv� �;F J B dvJJ;  (3) 
where J and B are current density and magnetic flux 
density, respectively. 
 

 
 (a) (b) 
 
Fig. 2. (a) Rear view of railgun, and (b) side view of C-
shape armature. 

 
 
Fig. 3. The electromagnetic force and components. 
 

F has two components, axial force (Fx) and normal 
force (Fy). The axial force (Fx) is propulsion force that 
can move the armature along the rails that is shown in 
Figs. 1-3. The friction force is a function of the normal 
force that is exerted by the normal force (Fy) and the 
friction coefficient. 
 
C. Boundary conditions and modeling 

Both rails are connected to electrical power supply 
and the total current flow is the same in two rails, but 
opposite directions that is displayed in Fig. 1. According 
to the Fig. 4 (a), the structure is symmetric to x-z and x-y 
plans, and only the first quadrant shown in Fig. 4 (b) is 
modeled. 

The x-y plan (in 2D view y axis) is a symmetrical 
boundary and replaced by “magnetic wall” or Ht=0, and 
the x-z plan (in 2D view z-axis) is an asymmetrical 
boundary and can be replaced by “electrical wall” or 

Hn=0. We proposed the three models for 3D simulation 
of the railgun: 1) a half of the rails and armature by 
using magnetic wall, 2) one rail and a half of the 
armature by using electric wall, 3) a half of a rail and a 
quarter of the armature, that are shown in Figs. 5 (a), (b) 
and (c), respectively. Finally, this paper modeled only 
the quadrant of total structure (see Fig. 5 (c)). The 
symmetrical and asymmetrical boundaries are replaced 
by magnetic and electrical walls, respectively. 
 

 
 
Fig. 4. Boundary conditions in rear view of railgun with 
C-shape armature. 
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 (a) 

 
 (b) 

 
 (c) 
 
Fig. 5. 3D railgun: (a) half magnetic wall, (b) half electric 
wall, and (c) a quadrant of 3D railgun using magnetic and 
electric walls. 
 

III. NUMERICAL RESULTS 
In this section, inductance gradient, distribution of 

the current density and normal force are calculated for 
with and without rounded in each corner. The optimum 
structures with different size are obtained by considering 
two factor maximum value of inductance gradient and 
minimum value of Jmax. 
 
A. Inductance gradient and normal force 

Table 1 shows the L′, Jmax and Fy for ha=hr=4 cm 
and different values of XC and YC without rounded all 
the corners [5]. According to this table, the inductance 
gradient show minor variations of approximately 2%. 
The normal force variations show an increase of size 
more than 2.5 times for different values. 

For the maximum current density by the way, a 
maximum increase less than 20% is observed. ha is reduced 
to 1.6 cm, and L′ obtained 0.5374 and 0.5238 µH/m for 
XC =YC =2 cm and XC =YC =3 cm, respectively. 

L′ and Fy are computed for C-shape armature with 
rounded front side and shown in Table 2. Rounded 
radius (R1) equals to 0.50, 1.00, 1.50 and 1.90 cm. This 
Table illustrated that Fy decreased slightly with increasing 
R1. The L′ increased with increasing R1. The rate of 
variations for L′ for XC =YC =3 cm is larger than other 
sizes. L′ and Fy are calculated for C-shape armature with 
rounded front and arm side and shown in Table 3. 
Rounded radius for arm side (R2) equals to 0.30, 0.36, 
0.40 and 0.50 cm. Finally, back side is rounded with R3 
radius. R3 equals to 0.45, 0.90 and 1.35 cm. Table 4 
shows L′ and Fy for different sizes of all dimensions. 
According to this table, L′ and Fy are increased with 

increasing R3. ha is reduced to 2 cm, and L′ obtained 

0.5571 µH/m for XC =YC =2 cm, R1=1.8 cm, R2=0.44 cm, 
R3=1.35cm, which is larger than 0.49467 µH/m for  
ha=4 cm. For XC=YC=3 cm, R1=1.8 cm, R2=0.2 cm, 
R3=1.35 cm, L′ is 0.5963 μH/m, which is larger than and 

0.54771 µH/m. 
 
Table 1: The inductance gradient, maximum current 
density and normal force applied to the C-shape 
armature without rounded for different value of XC and YC 

XC 
(cm) 

YC 
(cm) 

L' 
(μH/m) 

Jmax 
(1012A/m2) 

Fy 
(kN) 

1 
1 

0.4804 1.31 132 
2 0.4843 1.39 254 
3 0.4844 1.55 380 
1 

2 
0.4812 1.32 131 

2 0.4852 1.39 241 
3 0.4832 1.53 349 
1 

3 
0.4804 1.26 115 

2 0.4823 1.27 197 
3 0.4772 1.47 276 

 
Table 2: The inductance gradient and normal force 
applied to the C-shape armature with rounded at front 
side 

 XC =YC =1 cm XC =YC =2 cm XC =YC =3 cm 
R1 

(cm) 
Fy 

(kN) 
L′ 

(µH/m) 
Fy 

(kN) 
L′ 

(µH/m) 
Fy 

(kN) 
L′ 

(µH/m) 
0.50 129 0.4808 237 0.4870 271 0.4812 
1.00 125 0.4817 232 0.4885 268 0.4881 
1.50 121 0.4832 226 0.4919 271 0.4969 
1.90 117 0.4861 222 0.4962 274 0.5061 

 
Table 3: The inductance gradient and normal force 
applied to the C-shape armature with rounded at front 
and arm side 

XC 
(cm) 

YC 
(cm) 

R1 
(cm) 

R2 
(cm) 

Fy 
(kN) 

L′ 
(µH/m) 

2.40 2.40 1.60 0.36 225 0.4952 
2.40 2.00 1.60 0.30 254 0.4961 
2.40 1.80 1.00 0.50 234 0.4876 
2.00 2.00 1.00 0.40 197 0.4867 
1.60 2.00 1.00 0.30 164 0.4850 

 
Table 4: The inductance gradient and normal force 
applied to the C-shape armature with rounded at front, 
back and arm side 

 XC =YC =2 cm, 
R1=1.8 cm, R2=0.44 cm 

XC =YC =3 cm, 
R1=1.8 cm, R2=0.2 cm 

R3 Fy (kN) L′ (μH/m) Fy (kN) L′ (μH/m) 
0.45 183 0.49037 263 0.5003 
0.90 184 0.49102 267 0.5349 
1.35 185 0.49467 274 0.5477 
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B. Optimization according to L′ and maximum value 
of current density 

We want to reduce the maximum value of current 
density and increase inductance gradient. For both 
conditions two tables are presented. Table 5 shows the 
optimum structures according to inductance gradient. 
The maximum value of L′ is 0.53555 µH/m for the C-
shape armature without rounded corners. When all 
corners are rounded, L′ increasing to 0.54771 and 
0.59625 µH/m for ha equals to 4 and 2 cm, respectively. 

Table 6 shows the minimum value of Jmax. 
According to this table, minimum value of Jmax is 
1.09×1012 A/m2 for rounded all three corners. 
 
Table 5: Optimization according to maximum value of 
the inductance gradient for various geometries 
(Units: L′ (μH/m) and Jmax (1012A/m2)) 
XC YC R1 R2 R3 ha Jmax L′ 
3 3 1.8 0.44 1.35 2 4.30 0.5962 
3 3 1.8 0.44 1.35 4 1.97 0.5477 

2.4 2 1.6 0.3 - 4 1.40 0.4961 
3 3 1.9 - - 4 1.39 0.5061 
2 2 - - - 1.6 2.16 0.5356 

 
Table 6: Optimization according to minimum value of 
the maximum current density for various geometries 
(Unit: cm) 

XC YC R1 R2 R3 ha 
Jmax 

(1012A/m2) 
L′ 

(µH/m) 
2 2 1.8 0.2 1.35 4 1.09 0.49088 
2 2 1.00 0.4 - 4 1.22 0.48674 
3 3 0.5 - - 4 1.25 0.48126 
2 2 - - - 4 1.39 0.48526 
1 3 - - - 4 1.26 0.48040 

 
C. Current and normal force distribution on the 
armature 

Due to the skin effect, the current tends to flow on 
the outer surface on the armature. Figure 6 shows the 
current density distribution on the quadrant of C-shape 
armature for XC =YC =3 cm with rounded in all corners. 
For ha=4 and 2 cm, these distributions are shown in 
Figs. 6 (a) and (b), respectively. Velocity skin effect can 
be by higher current density concentrations at the outer 
edge of rear armature surface. 

With compared between Figs. 6 (a) and (b), can be 
said the Jmax increased with decreasing ha. Figure 7 
shows the normal force distribution on the quadrant of 
C-shape armature for XC =YC =3 cm with rounded in all 
corners. For ha=4 and 2 cm, these distributions are 
shown in Figs. 7 (a) and (b), respectively. 

Figure 8 shows the current density distribution on 
the quadrant of C-shape armature for XC =YC =2 cm with 
rounded in all corners. For ha=4 and 2 cm, these 
distributions are shown in Figs. 8 (a) and (b), respectively. 

According to this figure, the Jmax occurs in two places. 
That is located at the junction of rails and front and back 
side of armature. The Jmax at the arm side in Fig. 8 
increased than in Fig. 6. With compared between Figs.  
8 (a) and (b), can be said the current density is increased 
with decreasing ha. Figure 9 shows the normal force 
distribution on the quadrant of C-shape armature for  
XC =YC =2 cm with rounded in all corners. For ha=4 and  
2 cm, these distributions are shown in Figs. 9 (a) and (b), 
respectively. 
 

 
 
Fig. 6. Current density distribution on the C-shape 
armature for XC =YC =3 cm: (a) ha=4 cm and (b) ha=2 cm. 
 

 
 
Fig. 7. Normal force distribution on the C-shape 
armature for XC =YC =3 cm: (a) ha=4 cm and (b) ha=2 cm. 
 

 
 
Fig. 8. Current density distribution on the C-shape 
armature for XC =YC =2 cm: (a) ha=4 cm and (b) ha=2 cm. 
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Fig. 9. Normal force distribution on the C-shape 
armature for XC =YC =2 cm: (a) ha=4 cm and (b) ha=2 cm. 
 

IV. CONCLUSION 
This paper investigated the effect of C-shape 

armature geometry on the inductance gradient, normal 
force and the maximum electrical current density. 
According to the results of this paper can be said, 
increasing XC results in the slightly variations of L′, 
increase the Jmax and Fy. Increasing YC results in the 
slightly variations of L′ and Jmax and decrease the Fy. 
Variations of the all rounded radius result in slightly on 
the normal force. Increasing the XC and YC result in the 
effect of R1, R2 and R3 on L′ and Jmax and Fy will be 
more. 
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