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A sophisticated mathematical model of the magnetic gun is presented and solved 
numerically. The model consists of three strongly non-linear and non-stationary 
differential equations describing the time-dependent distribution of magnetic field in the 
device, current in the field circuit and movement of the projectile. The numerical 
solution is carried out in the application Agros2D based on a fully adaptive higher-order 
finite element method. The results are processed in Wolfram Mathematica. The 
methodology is illustrated with an example and selected results are compared with 
experiment. 
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1. Introduction 
 

Magnetic guns are devices based on the effect of magnetic forces on 
ferromagnetic projectiles. Although their principle has been known for more 
than 150 years, the history of their research began only in the times of the 
World War I [1]. But as the electromagnetic aspects of the device and 
movement of the projectile were investigated separately, the results could be 
considered just approximate.  

The structure of a magnetic launcher is relatively simple. The main parts of 
the device (see Fig. 1) are a field coil, a barrel made of plastic or a suitable 
metal (in this case it must contain a longitudinal gap to suppress generation of 
induced currents) and a ferromagnetic projectile. 

 

barrel field coil

projectile
 

 
Fig. 1. Main parts of the launcher 
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The field coil is fed from a charged capacitor battery (which is better than a 
classic battery because the internal resistance of the battery is higher and energy 
from it cannot be transferred as fast as necessary). The corresponding external 
circuit is depicted in Fig. 2. 
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Fig. 2. Arrangement of the external circuit 
 

At the moment of switching the circuit (time 0t  ), it starts carrying time-
variable current  i t  of pulse character. This current generates in the field coil 
corresponding magnetic field that attracts the ferromagnetic projectile into its 
center. But as soon as the projectile reaches approximately its center, the circuit 
must be switched off and since then it continues moving only due to inertia 
forces (in case that the coil would continue carrying the current, the projectile 
would start to be decelerated). 
 

2. Mathematical model 
 

The mathematical model consists of three strongly non-linear differential 
equations. The first of them is ordinary and describes the time evolution of the 
field current  i t . The governing equation reads 

  C00
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and the initial conditions is 
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Here, symbol R  stands for the overall resistance of the circuit, L  is the 
inductance of the field coil ( 0L  being its initial value), C  represents the 
capacitance of the battery, and C0U  denotes its initial voltage. The inductance 
L  is a non-linear function of the position and velocity of the projectile and also 
of the field current. 

Motion of the projectile obeys another ordinary differential equation in the 
form 
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with the initial conditions 
 0 0,v       00 s s .        (4) 

 Here, m  denotes the mass of the projectile, v  represents its velocity, mF  is 
the magnetic force acting on it and dF  stands for the sum of the drag forces 
(that are given by the friction in the barrel and aerodynamic force). The 
magnetic force mF  is also a strongly nonlinear function of the position and 
velocity of the projectile and of the field current. 

Both values of inductance L  and magnetic force mF  must be determined 
from the actual distribution of magnetic field. For example, the distribution of 
vector magnetic potential in it is given by a non-linear partial differential 
equation in the form [2] 

 1
extcurl curl curl

t
        

AA v A J ,    (5) 

where   denotes the magnetic permeability,   stands for the electrical 
conductivity, and extJ  is the field current density in the field coil, for which 
there holds 

   ext d
S

t i t  J S ,         (6) 

where S  is the cross section of one turn of the field coil. 
The boundary condition along a sufficiently distant boundary is of the 

Dirichlet type. 
The term  / curlt    A v A  represents the total density of currents 

induced in the system. The first term t  A /  represents eddy current 
densities due to the time variations of magnetic field while the second term 

curl v A  denotes eddy current densities due to the movement. Their force 
effects act again the magnetic force mF  and generally lead to a deceleration of 
the projectile. 

The inductance L  (as one of the input quantities to (1)) can be determined 
using the formula 

m
2

2WL
i

 ,          (7) 

where mW  is the energy of magnetic field of the system that may be calculated 
using the formula 

m
1 d
2 V

W V  J A .         (8) 
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Here, J  denotes the total current density at a point and the integration is 
carried out over the volume V  in which 0J .  

The total magnetic force mF  (including the effects of the induced currents) 
follows from the formula [3] 

,
S

 m mdF T SŇ           (9) 

where mT  is the magnetic Maxwell stress tensor. This can be expressed in the 
form 

 1
2

   mT H B H B I ,       (10) 

where H  and B  are the vectors of magnetic field strength and magnetic flux 
density, respectively ( curlB = A , B = H ,   being scalar quantity), I  stands 
for the unit matrix, and symbol   represents the dyadic product. The integration 
in (9) is performed over the closed boundary of the projectile. 
 

3. Numerical solution of the model 
 

The three basic equations (1), (3) and (5) should be, due to non-linear 
properties, solved simultaneously. A number of codes allow combining the field 
equation (5) and field current equation (1), but problems are still with the 
inclusion of the equation (3).  

The task was numerically solved by several authors [4–7], always under 
certain simplifying assumptions. The influence of the induced currents due to 
movement of the projectile was mostly neglected. In other cases, linearization 
techniques were applied to cope with strong nonlinearities, etc. The paper 
presents another technique based on the approximation of the first pulse of the 
field current by a sinusoidal function.  

This approach is based on a small difference between the inductance L  of the 
field coil with and without the projectile, which reaches in common cases not 
more than about 5 %. In such a case, (1) can be solved with a medium value mL  
of the inductance L  instead of its variable value.  This provides a damped 
oscillatory solution, whose first pulse can be, with a very good accuracy, 
considered sinusoidal. With a sinusoidal field current, the field equation (5) can 
be transformed (again with an acceptable error) into the phasor form 

    extcurl curl j curl      A A v A J ,    (11) 
where   denotes the angular velocity corresponding to the period of the 
function approximating the real time evolution of  i t . But the magnetic 
permeability of the projectile is not constant; it is considered constant just in 
every cell of the discretization mesh, where it is assigned to the corresponding 
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value of magnetic flux density B , according to the saturation curve of the 
material used. 

The next step is repeated calculation of (11) with to obtain the nomograms of 
L  and mF  as functions of current i  and position s  of the projectile, for various 
values of its velocity v . The nomograms are then used for interpolative and 
extrapolative determination of the values of L  and mF  for the real values of the 
current and position and velocity of the projectile. 

The task was solved numerically by the combination of our own application 
Agros2D [8] and commercial software Wolfram Mathematica. The code 
Agros2D (open source) is based on a fully adaptive higher-order finite element 
method and is intended for numerical solution of 2D nonlinear and nonstationary 
multiphysics problems described by a set of partial differential equations. It is 
characterized by a number of quite unique features such as finite elements up to 
the 10th order, efficient multi-mesh technology, dynamically changed meshes, 
hanging nodes of any level, combination of various elements including 
curvilinear elements (for approximation of curvilinear boundaries and interfaces) 
etc. The evaluation of the results and some auxiliary computations (for example, 
numerical integration of (1) and (3)) were carried out in Wolfram Mathematica 
using a lot of own procedures and scripts. 

The algorithms of solution must cope with several serious problem. The 
principal one is connected with the computations of parts of nomograms of L  
and mF  for high values of the field current i , which is accompanied with a 
strong or total oversaturation of the projectile. But this oversaturation may be 
evaluated only approximately, because the magnetization curve of material in 
the domain of high values of B  can only be estimated. This leads to non-
estimable errors of results, and, moreover, the related iterative processes are 
mostly accompanied by various undesirable phenomena such as oscillations, and 
generally, a very poor convergence rate, which means a long time of 
computations. This problem was solved by construction of a special function 
(dependent on parameters i  and s ) that shows which parts of the projectile that 
may be replaced by air. 

 
4. Illustrative example 

 
The input data for the model were taken from the physical model of a 

magnetic gun completely built and tested by the third author. The device is 
shown in Fig. 3. It is a three-stage launcher, but the computations and 
measurements were carried out only on the first stage. 
 The principal dimensions of the coil of the first stage, leading barrel and 
projectile are depicted in Fig. 4. Their values are: 1 36D   mm, 1 8d   mm, 
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1 50L   mm, 2 6.75D   mm, 2 52L   mm. The projectile in the barrel moves 
only in the x -direction and its initial position 0 38x   mm. 

 

 
 

Fig. 3. Three-stage magnetic gun 
 

 
 

Fig. 4. Principal dimensions of the system 
 

 The voltage C0U  of the capacitor battery is 350 V.  The parameters of the 
electric circuit were found for frequency 156 Hz, because the shape of the 
sinusoidal current corresponds to the shape of real current in the series RLC 
electric circuit. For the above frequency, the capacitance 7.11C   mF, the total 
resistance of the circuit 0.145R   and inductance of the coil 0.220L   mH. 
The coil contains 203 turns wound in 7 layers, each having 29 turns. The barrel 
is made of brass with a longitudinal gap. The projectile is made of ferromagnetic 
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material Vacoflux 48 (produced by German company Vacuumschmelze GmbH 
& Co). Its electric conductivity is 2.5 MS/m and mass density is 8120 kg m–3. Its 
saturation curve is depicted in Fig. 5. The time step for the integration 

610t   s. 

 
 

Fig. 5. Saturation curve of material Vacoflux 48 
 

Figure 6 shows, for illustration, two nomograms  ,L i s  for velocity 0xv  . 
The transparent one holds for the case without oversaturation, while the low one 
is the corrected nomogram that takes it into account (which is used for the 
computations).   

 
 

Fig. 6. Nomogram of inductance for 0xv   
 
Important from the viewpoint of accuracy is the time evolution of current i  

in the field coil. This current was measured and also modelled using (1). The 
results are presented in Fig. 7. The measured line 1 shows the time evolution of 
the field current to the moment of its switching off (when the projectile reached 
the middle of the coil), i.e. about 2.9 ms. The line 2 shows the calculated 
evolution for circuit parameters measured at the industrial frequency. Finally, the 
line 3 shows the calculated time evolution for circuit parameters measured for 
frequency 156 Hz. Obviously, the accordance curves 1 and 3 is extremely good. 

The time evolution of motion of the projectile was calculated using (2), 
where the drag force is represented by the aerodynamic resistance. Its value is 
given by the formula 
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2
d,

1
2xF C Sv          (11) 

where   is the density of air, S  is the area of the cross section of the projectile,  
and C  is a constant. In our case 0.4C  . 
 

 
 

Fig. 7. Time evolution of the field current: 1 – measured, 2, 3 - calculated 
 

Figure 7 depicts the time evolution of the position of the rear face of the 
projectile and Fig. 11 shows the time evolution of its velocity. The red lines are 
the dependences without respecting eddy currents in the projectile, the blue ones 
represent them. The differences are, however, very small. The eddy currents 
decelerate the velocity of the motion, but only very slightly. 

Figure 8, left part, depicts the time evolution of the velocity of the projectile 
and right part shows the time evolution of its position. The computation were 
carried out with both respecting and not respecting the induced currents. The 
differences are, however, very small. For relatively low time changes of the field 
current and velocity their influence is still almost negligible. 

 

 
 

Fig. 8. Time evolution of velocity and trajectory of the projectile 
 
The measured average muzzle velocity (determined from five measurements) 

on the device was 28.9 m/s. The difference from the calculated values is about 1 
m/s (over 3 %), which can be considered excellent. 
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5. Conclusion 
 
The model proved to provide realistic results whose agreement with the 

measured data is very good. Next work in the field will be focused on modelling 
all three stages of the electromagnetic gun. 
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