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Although the electromagnetic launcher technology has been progressed significantly during the past two
decades the number of firing test facilities are not many. This is prbably due to the large budget and man power
required to build and maintain full scale electromagnetic launcher facilities. As the EM launcher technology’s
potential capabilities have been somewhat demonstrated with the full scale large systems the research is now
headed more toward overcoming specific difficulties and answering questions experimentally with smaller, cost
effective systems. The first half of this paper presents EM launcher’s improved sub-scaling relationships based
upon magnetic, thermal and momentum differential equations and EM launcher’s basic equations. With the
proposed scaling method the field variables can be matched or scaled linearly between the two geometrically
scaled systems. The second half of the paper presents pulsed power system’s circuit analysis and design tech-
nique, which is applied to the capacitor-powered small pulsed power system with crow-barring circuitry. The
effect of the so-called speed volt is included. A sub-scaled small system’s design is provided as an example.

1. Introduction

Since the pioneering work of Rashleigh and Marshall
who accelerated a 3 gram lexan projectile to a muzzle
velocity of 5.9 km/s in a 4 meter long electromagnetic
launcher (EML) in 1978 [1], the EM launcher technology
has received significant attention from the U.S. and a few
other countries. With the main focus on improving the tank
gun's firing power with the EML technology, large experi-
mental firing facilities were quickly funded, designed and
fabricated in the late 1970s in Texas (Univ. Texas, Austin,
90 mm bore EM launcher, powered by homopolar generator
and large inductors [2]) and in California (Maxwell, Green
Farm, 90 mm bore EM launcher powered by a bank of
capacitors [3]). Test firings in these facilities have some-
what demonstrated the potential capability of the electro-
magnetic launcher technology and also helped researchers
learn of several difficulties which had to be overcome
before applying the technology to a practical use. These dif-
ficulties include the understanding and improving the solid
armature-rail sliding interface physics [4], plasma arma-
ture’s behavior at the projectile velocity over 3-5 km/s
range [5], characterizing the material’s behavior under the
electromagnetic, thermal and mechanical extreme condi-
tions [6], the velocity skin effect, the rail wear and goug-
ings, the armature transitionings, and the demand for more
compact pulsed power technology. The electromagnetic
launcher research is now headed more toward overcoming
specific difficulties and answering questions with small,

cost-effective systems. When properly sub-scaled, the small
system can reproduce identical muzzle velocity, magnetic,
thermal and mechanical stress fields as the full scale sys-
tem’s, therefore enabling direct correlation to the large sys-
tem. These systems can be built in a small laboratory or
even on a table top.

The first half of this paper describes an improved scaling
method for the sub-scale system design which accurately
correlates the two geometrically scaled systems. The second
half of the paper presents the pulsed power circuit analyses
for the sub-scale system. Closed form approximate solu-
tions for the current profile including the so-called speed
volt effect and crow barring circuitry was obtained using
perturbation technique. Overall system’s efficiency was
addressed. A small system design is presented as an exam-
ple case.

2. EM Launcher Scaling Relationships

In order to match the magnetic, thermal and stress fields
between the two different systems the time scale factor (K))
must be equal to the square of the geometric scale factor
(K,), and the gun current scale factor (K;) must be equal to
K, [8] With this scaling the launch package’s mass is scaled
by a scale factor of K2, the acceleration by 1/K,, the muzzle
velocity by K., the gun effective length by K,*, and the muz-
zle kinetic energy by K,°. This method is useful in the sense
that the magnetic, thermal and stress fields are duplicated in
the sub-scale model. However, this method can not be uti-
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lized for the cases where the muzzle velocity on the order
of the full scale system’s is required in the scaled model
(such as the cases for testing the rail wear/gouging phenom-
ena). In this publication the matching scaling method
reported in [8] is extended to a more general one. The elec-
trical, thermal and mechanical properties of the gun compo-
nent materials are not changed in the scaling.

2.1. Derivations

Scaling relationships are derived based upon the mag-
netic, thermal and momentum partial differential equations
and a few basic EM launcher equations [7]. The magnetic
diffusion equations for the full scale system are

B
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where B is the magnetic flux density, J the electrical current
density, ¢ time, o the electrical conductivity and y the per-
meability. The thermal diffusion equation which describes
the temperature field and the ohmic heat generation is

aT
V- kVT CP o
where T is the temperature, k£ the thermal conductivity and
C, the volumetric specific heat. The momentum equation
which describes the stress field and the Lorentz body force
generation is

V.S+JXB=p a, &)

where S is the stress tensor, p the material density and a the
acceleration. The basic EM launcher equations used are
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where F is the driving force acting on the armature, m the
launch package total mass, p the average bore pressure, A
the gun bore area, L' the gun’s inductance gradient value, I
the gun current, v the launch package’s muzzle exit velocity,
! the gun effective length, E the launch package’s kinetic
energy at the time of muzzle exit, and g is the average mag-
netic repulsive pressure on the rail face.

Equations for the scaled system are derived by change of
variables. Unprimed letters, ( ), denote the full scale sys-
tem’s variables, while primed letters, ( ), denote the sub-
scale system’s variables (except for the gun inductance gra-
dient value, L', which is unchanged by the geometric scal-
ing). The constant scale factor, K, describes the scaling and
is defined as ( )'=K ( ), i.e. B'=Kjy B, and etc.. With this
notation the equations for the sub-scale system can be writ-
ten as
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The Egs. (1)'~(10)" should satisfy the same laws of phys-
ics which are described for the full scale system in (1)~(10)
in order for the scaled system to be a real physical system.
This requires that each coefficient of the above equations
(consisting of the K's only) must be equal to a unity. These
requirements can be summarized as
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The geometric scale factor K., the launch package mass
scale factor K,,, and the gun current scale factor K; are the
input scale factors, whereas the 12 scale factors which
appear on the left hand side of (11)~(22) are the outputs. As
shown by (11) the time scale factor K, is required to be the
square of the K, in order for the scaling relationships to be a
linear one (i.e., constant scale factors). This is rather a
strong design restriction. Note that in (5)' the launch pack-
age mass is scaled by scaling the package density. The last
term of (4)' was used to obtain the left part of (19), so that
the conduction term (the first term of (4)") can be neglected
in the approximate solution in the non-linear scaling cases.

If the prescribed input scale factors do not satisfy (11),
then either one of the differential Eqs. (1)' or (2)' violates
the laws of physics. This means that the initial assumption
of linear scaling is no longer valid and some of the scale
factors are, in general, functions of x and 7 (instead of being
constants). Egs. (1)~(5)' must be re-written accordingly.
Solving the non-linear scaling equations seems to be not a
good idea as it is practically impossible. Instead, the non-
linear cases are solved approximately, in the average sense,
using (12)~(18) and the left part of (19)~(22), where X, is
treated as the fourth independent input scale factor.

The above derivation assumes that the material properties
are temperature independent. Average material property val-
ues for the temperature range of interest may be used in
cases of non-matching temperature field. One may attempt
to further improve the scaling relationships by expressing
the electrical conductivity as o=0c,(1+c T)=0,(1+c T"
Kr) in (2)' and (4)', and etc.. This modification can improve
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the accuracy of the scaling, but is not recommended
because of its mathematical complexity. Using the average
material property values is more practical, although the
results may not be very accurate.

If all the launch package dimensions are scaled by the
geometric scale factor, K, then the launch package mass is
scaled by K;? (K,, = K,?). In this publication, however, K, is
treated as an independent scale factor by assuming that the
armature dimensions are scaled by K,, while the dimensions
of the rest of the package are scaled independently. There-
fore, the package mass can be chosen arbitrarily (this was
roughly reflected in the last term of (5)'). This assumption
can violate the momentum Eq. (5)', and the resulting stress
field of the launch package may not scale linearly.

2.2, Applications

Once the input scale factors K,, K,, and K; are prescribed,
the twelve output scale factors can be derived by (11)~(22).
All variables scale linearly, i.c., constant scale factors.
Designers have the freedom of arbitrarily prescribing the
three independent input scale factors, whichever set serves
their scaling goals best.

Identical B, T, and S field results are possible in the scaled
system if we choose that K; = K,. Only two scale factors K,
and K, are the arbitrary inputs. In this case, J is scaled by
1/K,, a by KYK,, F by K% p and g are matched, v is
scaled by K,*/K,,, | by K.*/K,, and E by K.*/K,,. The match-
ing case of [8] is a special case of this with an additional
requirement that K,, = K,>.

Identical muzzle velocity, in addition to the identical B, T,
and S field results can be achieved if we further choose that
K, =K., in addition to that K; = K. Only one scale factor
K, remains as the arbitrary input. In this case, J is scaled by
1/K,, a by 1/K.?, F by K2, p and ¢ are matched, [ is scaled
by K,* and E by K,*. This method is probably the most ben-
eficial choice as most of the important gun parameters are
matched between the full and the sub-scale systems.

Identical acceleration, in addition to the identical B, T,
and § field results can be achieved if we choose that K, =
K2 in addition to that K;=K,. Only one scale factor K,
remains as the arbitrary input. In this case, J is scaled by 1/
K., F by sz, p and g are matched, v is scaled by K2 1 by
K" and E by K,S.

The following example demonstrates how the differences
in the material properties between the two systems can
affect the scaled equations. When the electrical conductivity
values differ between the two systems, for example, (2)' and
(11) can be rewritten as

A ) 4
K=K,K". 24)

Intentionally scaling the material properties can be a very
difficult task, as finding the conductor materials of the right
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Fig. 1. Equivalent circuit diagram.

electrical conductivity is difficult, or practically impossible.

3. Pulsed Power Circuit Analysis

We consider a capacitor powered pulsed power supply
system which powers a sub-scaled electromagnetic launcher.
The equivalent circuit consists of a capacitor, electromag-
netic launcher, switch, crow bar diode, resistors and induc-
tors, as shown in the Fig. 1.

For the outer loop in the diagram the Kirchhoff’s voltage
law is:

140 do, 1
— =S4 (R+ LM ZE+50=0, (25)

where Q is the capacitor charge; L' is the rail inductance
gradient, (dL/dt)=(dLldx) (dx/df)=L', and L=L+L;+L,
etc.. The energy conservation is:

1 2 2 2, 1 2 2
cO+[ RI dt+2LI +zmy'= QO, (26)

where Q, is the capacitor charge at =0. Differentiating (26)
and using (25), we get the formula of the electromagnetic
launcher driving force:

f =ma=%L'12, @7)
which states that the driving force is proportional to the rail
inductance gradient L’ and the square of the gun current L.
L' is essentially constant along the gun length. Projectile’s
velocity and position data may be obtained by integrating
the acceleration data.

12
ves-[ Idt (28)

Solution of the nonlinear Eq. (25) (with v expressed in (28))
can be obtained numerically. In the following the perturba-
tion technique is used to obtain an approximate solution of
(25) in a closed form. The solution is used for the circuit
analysis later in the paper.

At the beginning of the launch the projectile velocity is

relatively low and the so-called speed resistance term L'v
may be neglected in (25). Solutions of the resulting differ-
ential equation of constant coefficients are:

1
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where
w=1/JLC, w=wJ1-_, (31a-b)
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The first peak current occurs at the time @, = (7/2)—¢. The
first zero-voltage crossing occurs at the time @yt = (7W2)+9.
Because the { values are small in the typical electromag-
netic launcher applications we may employ approximate
solutions to, Iy, and v, at the first zero-volt crossing as fol-
lows:

wr0=§, (32a)

I,=0,0¢ *, (32b)
L o

Vo= 8Q°Cw [1-e™]. (320)

The switch opens at the first zero-volt crossing and the
current is directed to the crow bar diode circyit. For > f,
the Kirchhoff’s voltage law states:

LZ—£+(R +Lv)I=0, (33)

Perturbation technique is used to obtain an approximate
solution. We start with the solution of the linearized equa-
tion of (33), i.e., the term L'v is removed:

—Ize(t~t0)

I=lye , (34a)
LRrr. Fe-w
Vi=votg o ® [1 —-e }
L ) - -
Qo Lo, St aat Wl (34b)
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We define a correction € to the current such that I=lj+¢
and rewrite (33) with approximation that v=v,.

L%‘;HR + L) e=—L'v,1,, (35)
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where € is the amount of current reduced due to the pres-
ence of the speed resistance term L'v. Solution of (35)
yields the approximate solution for > #4

I= [Qo we_gc} [e—lg(t i tO):l [e-s(" i %):' (36)

n=§(r—t0)=2Cw(t—to), (37a)
L'v. L'Qiw LEg
s= R , Vi= ‘8l =5mR’ (37b-¢)

where v. is a reference velocity parameter which is
obtained by letting ¢ — co in (30) or in (34b). Actual pro-
jectile velocity is always lower than this, thus v. is an
upper bound. The projectile velocity is calculated by
numerical integration in (28) with the current given in (36).
The calculated gun current and the projectile velocity data
are summarized in Fig. 2 and Fig. 3. s is the normalized
speed resistance parameter.

The pulsed power system’s efficiency is defined as the
ratio of the muzzle kinetic energy to the initial capacitor
stored energy.

1.0 = zetz=001
s, 51

zeter0.1
0.8} 0, 51
0.6 \\
2
EARR

\
0_2/ NS
| T=

0'%40 0.]2 04 06 08 10 12 14 18

RY/L

Fig. 2. Current profile for different values of damping ratio {
and speed resistance parameter s.
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Fig. 3. Velocity profile for different values of damping ratio {
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Fig. 4. Pulsed power system's energy efficiency for different
values of damping ratio { and speed resistance parameter s.
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The corresponding reference efficiency for the velocity
upper limit v. is defined.

mvil2 L’Es 1
ym——— =S, (39)
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Actual system efficiency is always lower than this, thus 7.
is an upper bound. The calculated efficiency data is summa-
rized in Fig. 4 for different values of damping ratio { and
the speed resistance parameter s. It is shown that the speed
resistance can greatly hinder the system’s performance.

4. Small System Design

A 90 mm round bore, high L', composite laminated elec-
tromagnetic launcher was successfully constructed for the 9
MIJ range gun system at the CEM-UT in 1993 [9]. The goal
of the program was to demonstrate the repetative firings of
9 MJ kinetic energy shots out of the electromagnetic
launcher at the rate of 3 rpm for 3 minutes. Prior to the
completion of the launcher, a 30 mm bore sub-scale version
was built and tested at the CEM-UT to verify the system’s

Table 1. 90 mm/30 mm bore CEM-UT launchers

bore dia 90 30 mm
peak current 2,600 717 kA
exit time 8. 2. ms
launch package mass 4,150 77 g
muzzle velocity 2,083 2,080 m/s
effective launcher length 7.0 1.89 m
muzzle kinetic energy 9,000 167 kJ
launcher L’ 0.49 0.49 U H/m
reference [12] [11, 13]
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Table 2. Linear 1/3 scaling of 90 mm bore launcher

bore dia 90 30 mm
peak current 2,600 867 kA
exit time 8. 0.89 ms
launch package mass 4,150 51.2 g
muzzle velocity 2,083 2,083 m/s
effective launcher length 7.0 0.78 m
muzzle kinetic energy 9,000 110 kJ
peak acceleration 40 360 kgee
launcher L’ 0.49 0.49 H/m
bore pressure 260 260 MPa

performance and to develop construction techniques [10,
11). The scaling parameters used are listed in Table 1 [11
12, 13].

In the CEM-UT’s design the time scale factor (0.250) was
not the square of the geometric scale factor (0.333), thus the
scaling was not linear and the correlations of the sub-scale
test results were vaiid in the average sense only. Scale fac-
tors of output data obtained experimentally from both guns
in the average sense matched well with the calculations
done with the left hand equations of (11)~(22) as predicted.

Table 2 lists the linear 1/3 scale model parameters of the
same launcher. Eqn. (11)~(22) were used. The 1/3 scale
model provides identical magnetic, temperature and stress
distributions as well as identical muzzle velocities as for the
full scale system.

Design parameters of the pulsed power system for the
sub-scale model can be selected using the results obtained
in the section III. For the purpose of demonstrating how the
algorithm works we choose that the capacitance C=0.017
F and the damping ratio {=0.1. We calculate that Qy@w=
1.014 MA from (32.b) and the peak current requirement in
Table 2, v« =12.13 Qy from (37.c), and Rt/L=180.3/Qy. Now
iteration is required to determine the values of O, and @
We start with an initial guess of v/v. =0.6. Then, we calcu-
late that v, =3,477 m/s, 0p=286.6 C, Rt/[=0.629, and Q¢=
286.6, Ri/[=0.629, w=3,538 1/s, L=4.7 yH and R=3.33
m€ We calculate s=0.512 from (37b) and we find the new
value v/v. =0.58 from the data in Fig. 3. The new velocity
is v=0.58, v. =2,017 m/s. This velocity is approx. 3% lower
than the desired value of 2,083 m/s. To improve the solution
we repeat the above calculation with a new guess v/v,=
0.58. We calculate that v.=3,591 m/s, Q=296 C, Rt/L=
0.61, w=3,426 1/s, L=5.01 uH, R=3.43 mf2, s=0.513 and
viv,=0.579 and v=2,080 m/s. The calculated parameters
satisfy all the requirements listed in Table 2, thus the calcu-
lation is completed. The system’s efficiency can be calcu-
lated from (38). n=111 kJ/2,577 kJ=4.3%. The low
efficiency number is due to the high damping ratio we
selected at the beginning of the design process. Most of the
capacitor energy is wasted in the Ohmic heating. The
numerical data chosen for the above example case were for
the demonstration purpose only. One may want to reduce

the circuit resistance in order to improve the system effi-
ciency.

5. Conclusions

The linear scaling relationships of electromagnetic launch-
ers were derived based upon the magnetic, thermal and
momentum equations and a few EML equations. The devel-
oped scaling system can provide matching magnetic, ther-
mal and mechanical stress field as well as a mathing muzzle
velocity between the two geometrically scaled systems.

The governing differential equation of the EML pulsed
power circuit is nonlinear due to the presence of the speed
resistance term. Using the perturbation technique, a closed
form approximate solution was obtained for the current pro-
file while including the speed resistance effect. It was
shown analytically that the speed resistance hinders the sys-
tem’s performance significantly.

Linear 1/3 scaling results of the CEM-UT’s 90 mm EML
system was provided as an example. Pulsed power system
design for the resulting 30 mm bore system was provided
for demonstration.
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