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Abstract - As railgun projectiles have become more 
sophisticated, attention is being given to railgun produced 
electromagnetic forces that affect the mechanical loading of the 
projectile. The rate at which a launch package Is accelerated 
directly relates to the stresses developed In the projectiles 
structural members. Acceleration rate Is defined as jerk. This 
paper will define jerk in terms of electromagnetic parameters 
and give simple examples of stress amplification with increasing 
acceleration rate. For a given barrel caliber and length, railgun 
and projectile structural limitations produce a family of curves 
which define a range of allowed muzzle energies. Maps of ideal 
performance will be presented based on idealized current 
waveforms modified to observe railgun and projectile structural 
limitations. 

Once an acceptable current waveshape is identified, the 
pulsed power source must be modified to produce the required 
output. In a capacitor system, the series Inductance may be 
designed to produce. the appropriate waveshape; in the 
compulsator system, the inductance variation and initial firing 
angle of the machine may be adjusted to meet current rise 
requirements, and; in the railgun system driven with inductive 
stores, the opening switch function has to be modified to 
produce the desired acceleration profile. The second part of this 
paper describes a modification to explosive opening switches 
which allows control of the developed voltage of the switch and 
therefore, the rate of rise of current in the railgun. 
Experimental data demonstrating this capability on the 
Balcones 60 MJ power supply will be presented. 

PROJECTILE STRESS AMPLIFICATION 

A very simple model for the launch package would be that 
of a spring mass (Fig. I). The equation for motion for this 
system is 

.. k F1 
y+-y=

M M 

Substituting intial conditions at t = 0 that 

y=O 

y=O 

yields the solution 

(1) 

(2) 

Fl y = -(1- COS Wt) 
k 

(3) 
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Fig. I. Structures idealized as spring-mass systems 

It can be seen from Fig. 2 that the maximum displacement 
is 

(4) 

which is exactly twice the deflection that would occur if the 
load F 1 was applied statically. This is a simple but very 
important result: If a constant force is suddently applied to a 
linear elastic system, the resulting displacement is exactly 
twice that for the same force applied statically. The same 
observation is true regarding the dynamic force in the spring, 
which is proportional to the displacement. Since the spring
mass system represents an actual structure, the same 
statement may be made regarding both dynamic deflections 
and stresses in the structure [1]. 

Forces are applied to railgun projectiles via the Lorentz 
force. The expression for this force is the familiar 

where 

F = ]._ L'i2 
2 

L' = inductance gradient 

1 = railgun current 

( 5 ) 
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Fig. 2. Response of undamped I o system to suddenly applied constant force 

The rate of application of this force will lead to a dynamic 

stress amplification as seen in the example given above. The 

rate of force application is given by 

F = L'ii (6) 

This equation is related to the acceleration rate by a constant, 

the mass of the projectile. Acceleration rate is defined as the 

jerk. It can be seen that jerk in electromagnetic gun systems 

is proportional to the product of the current and the time rate 

of change of current. Current will be determined by the 

maximum acceleration the launch package can sustain. To 

further control the dynamic-stress state, the rate of rise of 

current must also be limited. Care must be taken not to 

assume that rise of the current can be made arbitrarily long to 

control the jerk induced stress. This has system performance 

implications that will be investigated next. 

RAILGUN IDEAL PERFORMANCE 

It is important to understand the limitations placed on the 

sys tem by the railgun and projectile independent of the 

performance of the pulsed power supply. The launcher may 

be analyzed with ideal current input of trapezoidal shape. 

The mathematical description of that current waveform is as 

follows: 

i 
J!.... I; 0 ~I~ It (7a) 
It 

i= 

ip; It ~ t ~If 
(7b) 

These expressions may be substituted into the equation for 

the Lorentz force, 1/2 L' i2, and equations for the jerk 

(defined as da/dt), acceleration, velocity, and position derived 

as follows: 

jerk= 
O· , 

a= 

·2 3 
L' 1 t _ _f!__+va · 

2m t? 3 ' 

V= 

L' .2 L' .2 211 
-t t--t -+v0 · 
2m P 2m P 3 ' 

0 :S t :S tl (8a) 

t1 s t s tr 

(8b) 

0 :S t :S tl (9a) 

t1 s t s tr 

(9b) 

O:St:St1 (lOa) 

(lOb) 

·2 4 
L' I I _ _p__ + vol + xo; 
2m1f 12 

0 s; I s; It (lla) 

X= 

L' ·2 12 L' ·2 21t L' ·2 1f 
-1 ---1 -l+vol+-t -+x0 ; 
2m P 2 2m P 3 2m P 4 

From these equations , lines of constant jerk and 

acceleration may be plotted on a mass vs. velocity space 

based on the ideal performance of the railgun independent of 

pulsed power supply. Allowable jerk and acceleration will 

be dictated by the projectile design. It can be seen from (9b) 

that lines of constant acceleration are not dependent on 

velocity and are therefore horizontal. From (8a) it can be 

seen that the maximum jerk occurs at 

t = t1. This may then be manipulated to solve for t1. 

2F 
II=--

m ·jerk 

This value may then be substituted into (lOb) and (lib) 

Whereby 

F F 2tt 
Vj =-lf ---+ VO 

m m 3 

and 

(12) 

(13) 
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F lj F 2t1 F t1 Xj =-----If+ VQlj + -- + XQ (14) 
m2 m 3 m4 

Curves of constant jerk may be plotted on the mass vs. 
velocity plane by selecting a value of jerk and final velocity 
and then solvings (13) and (14) iteratively form and tf. The 
gun is of a fixed length, Xf, and it is operated at peak current, 
ip. The values vo and xo are the injection velocity and initial 
position in the gun, respectively. 

The final parameter of interest is the barrel heating. 
Specific electrical action experienced by the rail in response 
to the current waveform may be expressed as 

(15) 

where 

(16) 

is the energy diffusion depth associated with the step 
response of an semi-infinite conductive plate. 

Equation (15) can be integrated to produce 

8 = ~ 21tt 
llocr (17) 

Curves of constant specific electric action such as the half 
melt action of the rails may be plotted on the mass vs. 
velocity plane by selecting a final velocity and then solving 
(13), (14), and (17) iteratively form, tf, and t1. The gun is of 
a fixed length, Xf, and it is operated at peak current, ip. The 
values vo and xo are the injection velocity and initial position 
in the gun, respectively. 

From the energy it can be seen that for a fixed length gun 
at a near constant driving force the mass of the projectile has 
to be decreased to obtain increased velocity. 

f
Xj 

_!_mv12 = F · dx 
2 0 

(18) 

Also, from (8a) it is seen that as the mass goes down, the rise 
time of the current must increase to maintain a constant jerk. 
This continues until the situation in which all the acceleration 
of the projectile is accomplished with the ramp on the front 
end of the trapezoidal current waveform. This is the 
condition where t1 =tr This substitution may be made into 
(lOa) and (lla) resulting in simplified expression for mass 

based on final velocity, initial velocity, peak force, and jerk. 

m= (19) 
3jerk(vf- vo) 

What is observed from these equations is that the 
performance capability of the system can be limited by the 
barrel parameters (ip, L', D, gun length, and rail material) 
and the projectile parameters (peak acceleration and jerk) 
independent of the pulsed power supply. Curves of constant 
acceleration, constant jerk, and constant electrical action may 
be plotted in the mass velocity plane to identify the operating 
regime for specific railgun and projectile parameters in 
response to an ideal waveform completely independent of the 
pulsed power supply. Lines of constant energy are plotted in 
Figs. 3 and 4 with energy increasing toward the top of the 
graph. The horizontal lines define constant projectile 
acceleration with the plus signs identifying the 100 kgees 
level. The dotted lines with circles and triangles define 
projectile jerk limits of 100 and 50 Mgees/s, respectively. 
The bold dotted line indicates the electrical action at which 
the rail reaches half melting temperature. In performing the 
calculation of electrical action it was assumed that the rail 
material was predominantly copper and the conductivity was 
held constant at the half melt conductivity of copper in 
evaluating (15). This will provide for a liberal diffusion 
depth into the rail. 

From these figures it can be seen that performance is 
bounded below by the acceleration limit on the projectile. 
Perfomance is bounded above and to the right by the jerk 
limit on the projectile and the thermal limit on the rails. The 
performance space is bounded on the left by the definition of 
a hypervelocity projectile. 

EXAMPLE RAILGUN 

Fig. 3 presents the results for a noninjected barrel with the 
following specification. 

Bore diameter 

Length 

Inductance gradient 

Peak current 

90.0 mm 

7.0 m 

0.38 J..IH/m 

3.6 MA 

Rail material copper 

Projectiles lighter than 2.5 kg will have to be rated for 
accelerations greater than 100 kgees to utilize the full current 
capability of the launcher. The Reak force available from this 
gun is 1/2 L' i2 = 2.46 x 106 N which, if applied as a 
constant throughout the 7-m gun, will produce an energy of 
17.2 MJ. From the constant jerk plots, it can be seen that the 
front end ramp of the trapezoidal current to control the jerk is 
insignificantly reducing the ideal energy capability of the gun 
for the range of peak jerk plotted. Of some concern is the 
result of the simple rail heating analysis. It can be seen that 
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Fig. 3. Example barrel noninjected 

the half-melt condition of the rail is limiting perfomance to 
12.5 MJ. This should only be noted as a trend due to the 
simplicity of the model. 

A new trend is seen when this same barrel is operated with 
an injector. It might be anticipated that better performance 
could be achieved with an injected gun in that the projectile 
has an initial energy in addition to the energy increment 
provided by the electric gun. In Fig. 4, it can be seen that 
this is not the case for a fixed gun length and that 
performance actually diminishes for the higher velocity 
lighter mass projectiles. This is explained by examining 
(12) in which it is seen that as the mass of the projectile is 
decreased to achieve higher velocity, the rise time must 
increase to remain within the jerk specification for a 
particular projectile. Current is started when the injected 
projectile enters the bore. Because the current rise time has 
gone up, the projectile has transited a longer barrel length 
before it is subjected to peak force and therefore less of the 
barrel is available for acceleration. 

It is also seen in Fig. 4 that as the peak allowable jerk is 
diminished and the desired final velocity increased, the 
condition where all the acceleration is provided entirely by 
the current ramp is met for the 50 Mgees/s jerk case. As the 
velocity is increased beyond 2,500 m/s performance falls off 
in a stepwise manner. It can be seen that severe system 
limitations are being imposed independent of the choice of 
pulsed power supply when lightweight projectiles with low 
jerk specifications are designed. 

CONTROLLING TilE RISE TIME OF INDUCTIVE STORES 

It is important that the power supply and projectile 
designers work closely together so that proper acceleration 
waveforms can be provided and robust projectiles designed 
so that performance is not unduely sacrificed. In the 
inductive store system, one method of commutating the 
current from the store into the railgun is to use explosive 
switches. A simple schematic showing the operation of this 
system is presented in Fig. 5. Historically the switching 
waveforms associated with explosive switches have produced 
very fast current rise times (Fig. 6) [2]. Although this 
produces a very desirable peak to average acceleration ratio 
for the railgun, it results in very demanding stress 
amplification factors that have to be considered in the 
projectile design. It is desirable to be able to control the 
switching function produced with an explosive switch. 
CEM-UT invented the technique of incorporating a thermal 
feature into explosive opening switches so that the switching 
function could be controlled. This was achieved by using the 
explosive primer cord to open all but the central region of the 
switch body. As the primer cord propagates from either edge 
of the switch, the current is forced into the central region 
metal element. Explosive primer cord is stopped at the holes 
shown in Fig. 7 and does not interrupt the metal bridge in the 
center of the switch. This element then fails thermally and 
magnetic pressure alone ejects the plasma from this region. 
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Fig. 4. Example barrel injected 
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Fig. 6. Fast switch characteristics 
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This is a much slower process than if the primer cord had 
been routed under the central region of the switch and the arc 
blown out with relatively cool explosive products. The effect 
of the thermal opening is shown in the data presented in Fig. 
8. It can be seen that a factor of three increase in the current 
rise time has been produced when the thermal feature is 
added to the plate. Fig. 9 demonstrates that the process is 
repeatable. The switch current from three independent 
switches is plotted on the same time scale and it can be seen 
that the three curves lie within ±5% boundaries over the 
majority of the switching interval. An actual switch element 
equipped with the thermal feature and loaded with primer 
cord is shown in Fig. 10. 
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Fig. 8. Slow switch characteristics 

CONCLUSION 

In conclusion, it has been shown that the rate of rise of 
current into a railgun can amplify the dynamic stresses seen 
by the projectile. Rise time of current into the railgun cannot 
be arbitrarily lengthened to alleviate this problem without 
sacrificing system performance. Power supply and projectile 
designers have to work together to arrive at the best system 
that strives for robust launch packages and power supplies 
with waveform control. A new opening switch concept has 
been invented at CEM-UT to provide this waveform control 
in inductive storage systems utilizing explosive opening 
switches. 

REFERENCES 

[1] . J.M. Biggs, "Introduction to structural dynamics ," Mcgraw-Hill Book 

Company, 1964. 

[2] R.L. Sledge, D.E. Perkins, and B.M. Rech, "High power switching at 

the Center for Electromechanics at The University of Texas at Austin," 

IEEE Transactions on Magnetics, vol 25, no. I, January 1989. 

+1.2 

+ 1 . 0.i'lo--ft'l" "~--- ;; .. : ... ········ -5% (Ref. 

-+5%(Ref.) 
.. ·.·.· .·. T24 SW 1 

• • • T24 SW 2 

"'" T24 SW 4 

~+0 .8 
<( 

~ 
~+0 . 6 
1-z 
~ +0 .4 
a: 
5 +0.2 

0 

... . . ···> . . . .. ···· : 

-0 .2 +---;-----r--r---;---;-----r--T----i 
0 50 100 150 200 250 300 350 400 

TIME (ms) 
1001.0610 

Fig. 9. Switch current vs . time for CEM-UT shot #24 

Fig. 10. Thermal opening switch 


