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Abstract

Performance of an electromagnetic induction launcher is considered for three types of armatures. These
are: Solid, 1-element wound and 16-element wound aluminum armatures. The one element wound
armature has uniform current density throughout. Because of the radial distribution of the current density,
the wound armature can withstand field reversal (working against embedded flux in the armature) and still
maintain low temperature. Slingshot simulations were performed for several configurations. Best
performance was obtained for a single element wound armature with two field reversals. For a 60 kg
projectile, 10.5 cm coil inner radius and 5.5 cm coil build, the velocity after 50 meters of launcher length
(670 stages) exceeded 3.5 km/sec with an overall efficiency of about 45%. For the same parameters the
solid and 16-element wound armatures reach a velocity of about 3.3 km/sec after 800 stages (6() meters
of launcher length) but without field reversal. A velocity of 3.5 km/sec is possible after 60 meters of
launcher length with the 16-element wound armature with one field reversal, but the temperature is close
to the melting temperature of aluminum. In al! cimulations with a solid armature, melting of some of the
surface material occurs. However, it is shown that most of the melting occurs after contribution has been
made to the forward going pressure, that is, melting does not affect the electrical performance of the
launcher.

The effect of coil firing time jitter on launcher performance is also considered and is found to be very
small for realistic perturbations. For £ 2 p—secs random jitter, the reduction in the final velocity for a
60 meter launcher with a solid armature is less than 0.1% and the increase in temperature is only 2%. This
result holds for all types of armatures.
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I. Introduction

The electromagnetic induction launcher accelerates a conducting armature by inducing
armature current opposite to coil currents. The armature current is induced in an attempt to
conserve magnetic flux in the armature. The interaction of the net radial magnetic field with the

azimuthal armature current results in an axial force that accelerates the armature!2). If the
launcher geometry, the coil firing times and current rise lengths are adjusted properly, a near
constant acceleration front can be maintained. A snapshot of coils, armature and magnetic field
lines for a typical induction launcher is shown in Fig. (1a).

Because of the finite resistivity the armature current decays and the magnetic field diffuses
into the armature. For a solid armature, if the firing position of the coils is advanced (slipped) to

account for field diffusion, near constant axial acceleration can be maintained(3). For a 1l-element

wound armature®, no slipping is needed, but there is still field diffusion due to the finite
resistivity resulting in an L/R decay of the acceleration. A multiple element wound armature with
many elements behaves in a very similar way to a solid armature with the exception that the
curren. is distributed uniformly in the radial direction, thus advancing of the firing position is
needed for this type of armature as in a solid armature.

Because of finite resistivity, induced armature currents decay resulting in field diffusion into
the armature. After a period of time of the order of the L/R decay time has elapsed, the armature
is embedded with flux (field) with no current. If at this point in time the coil voltage is reversed,
the armature will attempt to maintain its original flux, thus inducing an opposite current which
has roughly twice the magnitude of the original armature current. Thus the axial force between
coil and armature and therefore the efficiency is roughly doubled. For the solid and multiple
element wound armatures the coil firing times have to be retarded in such a way so that the
generated axial force is mc.o-directional throughout the length of the armature. The retardation
distance is roughly the same as the amount of slipping done before the field reversal. Since very
high currents are induced (~ twice the current without reversal) and the local Ohmic heat
generation is proportional to the square of the current density, it is expected that field reversal
will be practical only for wound armatures in which the current is distributed radially over
regions much thicker than a skin depth because of temperature rise considerations. For wound
armatures the limit on temperature rise will most likely be set by the type of insulation used rather
than the melting temperature.

In this report we consider the performance of a certain launcher for the three types of armatures

mentioned above. This is done via Slingshot(s) simulations. For the simulations the following
parameters are used:

Total projectile mass = 60 kg
Armature length =40 cm
Armature inner radius = 5.5 cm
Armature outer radius =9.5 cm



Coil width =6 cm

Coil center to center spacing = 7.5 cm

Voltage = 40 kV, C = 1600 uF — E = 1.28 MJ/stage

Coil inner radius = 10.5 cm

Coil outer radius = 16.0 (fill factor 0.5) or 18.5 cm (fill factor 0.2)

Initial temperature of coils and armature =20 °C

Number of stages = 800. All stages crowbarred at peak current

Number of turns in each coil is determined by rise length except first 3 coils have 100 turns

Initial velocity = 10 m/sec

Circuit parameters (see Fig. (1b)): Ry =1 mQ, Ry =25 mQ, Ry =1 mQ,
Ly=0.1 uH, Ly =2.5 yH, Ly=0.1 pH

Other parameters will be noted for the specific simulation. In all simulations the coil firing is
based on armature position, namely a coil fires when the condition Z . -Z,<Z,, +Z,,, is
satisfied, where Z is the position of the coil center, Z, is the armature position (rear), Z);j is the
slip distance and Z ;. is the coil rise length, that is armature velocity times the coil current rise
time. In the code, the number of turns is determined based on the rise length which is input for
all the stages. In several of the simulations an attempt has been made to optimize the results in
terms of maximizing the output velocity and minimizing the peak temperature. This is done by
variation of the slip speed, rise length and in cases with field reversal, the retardation of firing
positions and locations of field reversal. Since the launcher system output is an integral over all
the stages, local optimization of a stage or a group of stages does not imply global optimization.
In fact, early optimization of slip speed for example can result in good performance for early
stages, but rapid deterioration of performance for later stages with a lower overall efficiency. In
many cases the optimization process turns out to be one of trial and error and can involve many

iterations. Simulations and results are discussed in detail in sections II-IV for the three types of
armatures.

In actual experiments of electromagnetic launch, there are uncertainties associated with coil
firing times and measured armature position. With a fixed uncertainty in the firing time, the error
in firing position is proportional to armature speed. Thus it is important to estimate the effects of
such uncertainties on the overall launcher performance. This is considered in some detail in
section V. In section VI the results are summarized.

I1. Simulati ith a Solid Arm:

We first consider simulations with a solid aluminum armature. This type of armature is the
simplest and has the advantage of being able to maintain nearly constant acceleration by using
an appropriate slip speed. The disadvantage of this type of armature is clearly the fact that current
only penetrates a thickness on the order of a skin depth, resulting in very large current densities
and excessive localized heating.



The first simulation considered is for the previously listed parameters and using proportional
slip, that is the slip distance = oZ,, where o is a constant and Z;, is the armature position. The

value o = 4.17x1073 is used and amounts to a total ship of 25 cm for the 60 meter long launcher.
This amount added to the rise length of 15 cm is the total armature length. This choice for slip is
reasonable (but not necessarily optimum) since it conserves slip during the early stages of
acceleration. Faster slip improves performance early on, but as field slips out of the armature,
performance deteriorates. This is the case because the natural field diffusion speed is larger than
the slip speed used. With this value of a, coil build of 5.5 cm and fill factor of 0.5, the velocity
reached 3124 m/sec and the temperature reached 971 °C after 60 meters of gun length and after
muzzle braking the temperature reached 1128 °C which is clearly above the melting temperature
of aluminum. The average forward going pressure follows the acceleration, and ranges between
1.4 and 2.4 kBars. As will be discussed later, better resolution of a skin depth results in
significantly higher temperatures but with no change in performance. The results of this
simulation are shown in Fig. (2).

The cause of the spikes in the acceleration curve is due to the fact that the number of turns in
the coils is arbitrarily restricted to integer values, which is determined by the code based on the
rise length. Because of the integer number of turns the actual rise length is discontinuous, giving
rise to mismatches in currents and thus the jumps in acceleration. If the number of turns is
unrestricted, the acceleration curve is smoothed as is shown in Fig. (3) which is for the same
parameters except with no restriction on the number of turns. In practice, a near constant rise
length can be obtained by using either fractional turns (with multiple feeds such coils can be
made nearly axisymmetric), or through periodic adjustment of the capacitance. The final velocity
for this simulation reached 3188 m/sec and the maximum temperature reached 879 °C after

muzzle braking. If the slip factor o is increased to 5x1073, the final velocity is 3286 m/sec and
the maximum temperature reaches 842 °C. If the slip is changed to a constant slip speed of 7.0
m/sec, simulation of the same parameters gives a final velocity of 3155 m/sec and T=887 °C.

The temperature rise in the above simulations is clearly unacceptable. A significant fraction
of the temperature rise occurs during the first few stages of acceleration. This is because of the
high current (with no initial flux) and the relatively long time for which this current persists, If
the energy is graded for the first few stages, before significant slip has occurred, it is possible to
build up the full armature flux gradually with low current. Since the Ohmic heating is
proportional to the square of the current this is expected to result in temperature reduction, of
course with some loss in kinetic energy gain. Figure (4) shows results of a simulation in which
the energy of the first 30 stages is graded nearly linearly. The velocity at 60 meters reached 3258
m/sec and the temperature is 671 °C. After muzzle braking the velocity is unchanged and the
temperature reaches 686 °C. With further adjustments we expect that this temperature rise can
be reduced to below the melting point of aluminum, but since a skin depth is not well resolved,
the final temperature is expected to be above melting.

With the coil build changed to 8.0 cm with 0.2 fill factor and with the same energy grading
and other parameters unchanged, we find the velocity reaches 3019 m/sec and the temperature is
523 °C at 60 meters, reaching a maximum of 533 °C after muzzle braking. To increase the



velocity, the energy in a stage can be increased, but this will result in larger stresses and higher
armature temperatures.

In the Slingshot code the armature is divided into several elements in order to resolve the
current distribution both radially and axially. For the simulations shown, the armature is divided
into 96 elements: in the axial direction it is divided into 16 regions each 2.5 cm long and in the
radial direction it is divided into 6 regions of thicknesses 2, 3, 5, 5, 10 and 15 mm as shown in
Fig. (2). The outer surface elements are 2 mm thick, which is sufficiently thin to give the correct
value of the total current within an element and thus the correct force on the armature. However,
this thickness is of the order of a skin depth and thus the radial current profile and therefore the
temperature rise are not well resolved. Since the rise length is fixed at /, = 15 cm, the skin depth

can be written approximately in terms of the axial velocity v, as:

s_ 2 _ [ 4,

VMO0 T oV,
where o is the conductivity. In the above equation we assumed that the frequency can be
approximated by: w = n/ (2t,) where t. is the rise time which for a fixed rise length is:

t, = 1,/v,. For the Al 7075-T73 armature at 20 °C and for v, = 1000 m/sec, the skin depth is
roughly 8 = 2.5 mm. If the Slingshot code predicts the correct total current in an element and if
we neglect the nonlinear dependence of 1/ (pC,) on temperature, the ratio of the maximum

temperature rise to that predicted by Slingshot is the ratio of the square of the maximum current

density to the square of the Slingshot current density. If the element is approximated by a slab
this ratio is:

. (Ar)? _ﬁ

82 (1 - (AN73

39

where Ar is the radial thickness of the element and d is the skin depth. For an element of thickness
Ar =2 mm and # = 2.5 mm we find R = 2.1, which implies that armature melting will occur
regardless of the energy grading used. The nonlinear dependence on temperature of the quantity
a = 1n/(pC,) alsoresults in higher temperatures, as can be seen in Fig. (5). If we approximate

the temperature dependence of c as linear: a = a_+a' (T -T,), the true temperature rise AT
can be expressed in terms of the Slingshot temperature rise AT as:
aa ) o'

R
AT = -2 (AT, +1) -1J
a L aO ‘




where R is as defined previously. For the above simulation with 5.5 cm coil build, with energy
grading and AT = 666 °C (final temperature of 686 °C) and for R =2.1, we find AT = 2331°C,
clearly far beyond the melting temperature.

Because of the high temperature gradients involved it is likely that thermal conduction will
have some effect on armature temperature rise. A simple 1-D finite element algorithm was
written and incorporated into Slingshot to estimate the effect of thermal conduction in the radial

direction‘®. This is done be integrating the heat conduction equation over the volume of the
armature elements which gives:

o7,
PC,BV;' = 0,8V~ sLdS.

where T; is the average temperature, dV; is the volume and 3S; is the surface area of the i’th

element. Q, is the volumetric heat source (Q, = n_jz) and g is the heat flux givenby g = —xV T,
where « is the thermal conductivity. Since the radial temperature gradient is much larger than the

axial gradient, we only consider conduction in the radial direction. This results in an equation
for the time rate of change of the temperature for the i’th element given by:

) _ ‘ul B
& =5t );pcv{éz,-}{re)r}{?i},{}

where the sum is over elements that are in contact with the i’th element, rj; is the radius at which

the elements i and j are in contact, F‘- is the average radius of i’th element, dz; is the axial extent
of i’th element and dz;; is the length of j’th element that is in contact with the i’th element.
Solution of the above equation is by normal finite differencing over the time variable as is done
for the Slingshot circuit equations. To better represent the radial current profile and teraperature
gradient we ran a Slingshot simulation of the above parameters (with 5.5 cm coil build, energy

grading and proportional slip with a=5x10'3) and with finer armature zoning (radial region
thicknesses are: 1, 1.5, 2.5, 5, 5, 10 and 15 mm) with and without thermal conduction. The final
velocity was only slightly changed (3249 m/sec without conduction and 3248 m/sec with
conduction compared to 3258 with coarse zoning and no conduction), but the temperature
changed significantly (1580 °C without and 1145 °C with conduction compared to 686 °C). For
the case with thermal conduction the temperature quoted is the maximum temperature (at 60
meters). After leaving the gun, thermal conduction results in cooling of the surface of the
armature. A plot of the radial and axial temperature profiles for the simvlation with thermal
conduction is shown in Fig. (6).

The bottom line result is that a room temperature solid aluminum armature (40 cm long and
9.5 cm outer radius and 5.5 cm inner radius) with a total mass of 60 kg being accelerated can
reach 3500 m/sec (with roughly 15% increase in coil energy or about 1.5 MJ/stage), but the




maximum temperature is beyond the melting point. The amount of mass melted is roughly 700
grams (thickness of 2 mm with an axial extent of 20 cm). Although this mass is relatively large,
most of the melting in a particular length of armature occurs after that length has done its part in
pushing of the armature. This implies that loss in efficiency might not be significant due to the
melting, To test this assumption, a simulation of the above parameters (with fine zoning and
thermal conduction) was carried out in which the contribution to the axial force was turned off
once an element reached the melting point. Results of this simulation show a final velocity of
3233 m/sec compared with 3248 m/sec. This verifies the assertion that most of the forward going
pressure is generated before the element generating the pressure reaches the melting point.
Containment of the melted aluminum and effects on the aero-shell and other parts of the launcher
need to be studied.

Since the length of launcher is roughly proportional to the square of the muzzle velocity, length
can be significantly reduced for muzzle velocities of the order of 2 km/sec compared to 3.5 km/
sec. We have run simulations for a 20 meter launcher (270 stages) for the above parameiers with

8 cm coil build and energy grading. Proportional slip with .= 12x10°3 was used. For a rise length
of 14 cm, the final velocity is 1787 m/sec and the maximum temperature is 504 °C. With a rise
length of 18 cm, the final velocity is slightly changed to 1791 m/sec and the maximum
temperature is 634 °C. The temperature rise in these simulations includes the effect of muzzle
braking, but the radial thickness of armature surface elements is 2 mm and thus is not sufficient
to resolve a skin depth. Resolving a skin depth and including the effect of thermal conduction
will result in melting of a small mass of the armature. This mass is expected to be significantly
smaller than the 700 gram estimate for the 60 meter launcher. Results of the simulation with 14
cm rise length are shown in Fig. (7).

1. Onpe Element Wound Armature

A wound armature can help control heating by reducing the current density in the armature.
In contrast to the solid armature, the current is distributed uniformly throughout the radial
thickness of the armature, not just a skin depth. Apparently by this means armature heating can
be controlled well enough to allow one or two current reversals during launch. Current reversal
allows operation with flux in the armature which is antiparallel to that in the coils and results in
a significant increase in the efficiency. The forward-going force is proportional to efficiency.
While current reversal is possible with solid armatures it is not practical. Because of the high
current density a solid armature heats too much and its flux decays too quickly. To be practical,
a wound armature must have enough build and fill-factor for good time constant, small number
of turns to keep the voltage low and it must be able to survive the mechanical and electrical
stresses during launch.

The simplest armature to model is the single element wound armature in which the armature
current density is uniform throughout. The reason for this is that diffusion occurs along the full
length, and thus there is no need for slipping in this type of armature. Optimum firing positions
and rise length are relatively constant throughout the length of the gun with small variations
expected due to coil current profile changes (scaled to the rise length) that result from external
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circuit parameter variations (coupling to crowbarred coils) and armature current variations (L/R
decay and changes due to ficld reversal).

Since a single element wound armature is much longer than a coil, it is necessary for accurate
calculation of mutual inductances, that the armature is subdivided into elements until a
convergent value of the inductance is obtained. If the armature is divided into N, elements and

the coil is divided into N, elements, with uniform current in the elements, the mutual inductance
can be written as:

M= R

where Mj; is the mutual inductance between the ith armature element and jth coil element and is
calculated in Slingshot using Lyle’s method(?. Convergence of M for a 40 cm armature with 5.5
cm inner radius and 9.5 cm outer radius, is attained for N_ = 1 and N, = 8. In Fig. (8) we show
the mutual inductance between a coil (r; = 10.5 cm, ry = 16 cm and AZ = 6 cm) and the 40 cm
long armature element (r; = 5.5 cm and ry, = 9.5 cm) vs. the axial separation distance. The width

of the nearly flat top of this curve gives an indication of the optimum rise length to be used. Also,
as a check on the Slingshot value of the armature self inductance L, the armature is divided into

N equal elements and L, is compared to the expression %ZZM ijj» Where Mj; is the mutual
N5 J

inductance between ith and jth elements for i#j and the self inductance for i=j. As before the
mutual inductances are calculated using Lyle’s method. The comparison between the two
expressions is excellent and gives us confiden~e in all the Slingshot inductance calculations.

For the one element armature it is straight forward to calculate the maximum possible
efficiency for lossless and completely uncoupled coils and lossless armature for cases with or
without armature flux. For a coil and armature with self inductances L and L, and mutual

inductance M (defined per turn) we find, using energy conservation, for the case with no initial
armature flux:

where 1, - is the maximum possible efficiency (ratio of kinetic energy to input magnetic
energy) and k is the coupling coefficient given by: k = M/ [L.L, . The ratio between

maximum coil current to armature current is equal to Jxk, and the currents are in opposite
directions, where x = L_/L,. For the case where the armature has an initial flux equal to and
opposite in sign to coil flux (per turn) we find:
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_ 2kt (x4 1)K
(1+ by’

max

which reduces to 2k/ (1 + k) for x = 1. The ratio of armature current to coil current is:

_(a+ xk)

V.T}(_ . Even though this calculation is highly idealized, nevertheless it serves to show the
1+ Jyx

importance of using current reversal to establish anti-parallel flux in the armature and shows
scaling with armature length. In the following table we list the mutual and self inductance of

armatures with different lengths (the coil self inductance for one turn is L, = 29 x10"8 H. We also

give calculated values for the maximum efficiency and current ratios for the case without
armature flux (1) and with armature flux (2):

Length (cm) M H)x108  L,a)x10% n; 1), n 1L,

40.0 4.78 393 020 122 084 3.88
30.0 5.80 4.95 023 1.17 084 326
20.0 7.18 6.68 027 108 083 259
100 8.88 10.2 027 087 079 196

It is clear from the above table that the longer the armature the smaller the temperature rise will
be because of the associated current densities. For the simulations we only consider the case of
40 cm length since that would result in the lowest temperature rise. However, if there is need for
larger payload masses or a larger margin of temperature rise can be tolerated, it is possible to use
shorter armatures. It is interesting to note that 7)1 is not the maximum efficiency when coil-coil

coupling is taken into account. Slingshot simulations with no coil or armature resistance give
higher efficiencies than in the above table for the case with no flux. This is due to coil-coil
coupling. With small coil spacing, field energy is mostly contained within a coil radius, whereas
a significant amount of energy is outside a coil radius for a single coil. As coil-coil spacing is
increased, the efficiency of Slingshot simulations falls below the values in the above table.

Because of the lower current density in a wound armature and the resulting favorable
temperature rise, it is possible to take advantage of working against armature flux using field
reversal. We have run several simulations with the 40 cm long, one element wound armature.
This type of armature results in best performance and lowest temperature rise. Results of a
simulation with two field reversals are shown in Fig. (9). This simulation has real number of turns
and used a coil with build of 5.5 cm, fill factor of 0.5, and an armature with fill factor of 0.8 . The
rise length and firing position were determined by several optimization runs, 100 stages at a time.
The velocity after 50 meters of gun reached 3541 m/sec with a temperature of 300 °C. In contrast
to the solid armature, this is the true temperature rise. The efficiency for this gun is roughly 45%.
After 60 meters (800 stages) the velocity reaches 3871 m/sec and the temperature is 333 °C. The
temperature rise due to muzzle braking is insignificant. With the same parameters except for the
armature fill factor of 0.6, the velocity at 55 meters is 3552 m/sec at a temperature of 583 °C. If
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the coil build is increased to 8 cm at a fill factor of 0.2 (armature fill factor of 0.8) the velocity at
55 meters is 3494 m/sec and the temperature is 320 °C. It should be noted that in Fig. (9) that
there is very large negative spikes in the acceleration at the points of field reversal. This is due
to the finite amount of time it takes the armature current to reverse because of the finite
resistivity. By decreasing the energy for the first three stages (to V = -10kV) after the reversal
and delaying th-~, firing positions of these stages by 6 cm, these acceleration spikes were reduced
to less than -4 k g’s. The overall performance is not affected by this change.

We also ran a simulation for a 20 meter long launcher (270 stages) with a 1-element wound
armature of 0.8 fill factor. For a coil build of 8.0 cm with fill factor of 0.2, the final velocity is
2079 m/sec and the temperature is 173 °C. This simulation had one field reversal after stage 150
with the first three stages after reversal at low energy (1 kV) and with delayed firing positions to
minimize the deceleration spike after the reversal. Results of this simulation are shown in Fig,
(10). Further improvement of the performance of this launcher is possible by reversing the field
at an earlier stage.

For the single element wound armature we note that optimization of the firing position and
rise length was attempted by maximizing the impulse integral given by:

! '
! Z'l, M|
14 ' r
T = S fd?' ] ()51 ,
V!; €170z ‘z,+z'

where I, is the armature current, I is thz coil current (assumed to scale with the rise time t, for a
fixed rise length /) and z; is the advance in firing position. By using the current shape in a
realistic simulation and the mutual inductance profile, as shown in Fig. (8), we could determine
{ and % for maximum t. However, these optimum values changed the electrical characteristics

in a very adverse way. This implies that the optimization has to be done concurrently with
solution of the electrical equations.

IV. Multiple Element Wound Armature

This armature is made of several parallel wound elements stacked next to each other. In this
case the firing positions would be slipped as for the solid armature case. The advantage of this
armature is the uniform distribution of the current in the radial direction, thus reducing the
temperature rise. We consider the case of a 16 element armature and allow for fractional number

of turns in the simulations. For a rise length of 13 cm, proportional slip with a = 5.5x10°3 and
armature fill factor of 0.8 we get a velocity of 3217 m/sec at 60 meters with a maximum
temperature of 304 °C. This is for coils with 5.5 cm build and 0.5 fill factor and using energy
grading for the first 30 stages as before. The results are shown in Fig. (11). For coils of 8.0 cm
build and 0.2 fill factor, with all other parameters the same, we find the velocity at 60 meters is

2973 m/sec and the temperature is 265 °C. This performance can be improved with further
optimization.
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Depending on the maximum allowed temperature rise for this type of armature (depending on
the insulation used), it might be possible to allow one field reversal. If this can be done, the
performancs of this armature can be significantly improved by increasing the slip speed and
taking advantage of working against an armature with imbedded flux. In Fig. (12) we show the
results of such a simulation with reversed field after stage 140. In this simulation a constant slip
speed of 12 m/sec was used and the firing of the reversed stages is delayed by 32 cm. The coil
build is 5.5 cm with fill factor of 0.5 and the armature fill factor is 0.8 . The velocity and
temperature at 60 meters are 3556 m/sec and 634 °C. After muzzle braking the maximum
temperature reaches 725 °C, which is obviously above the melting temperature for aluminum.
With further optimization it might be possible to reduce the temperature rise below melting.

V. Sensitivity of Pert 0 Timine of Coil Firi { Other Perturbati

With any complex system it is expected that there will be small deviations from modeled
behavior. In a multicomponent system such as an induction coil launcher it is possible for small
deviations in individual components to integrate to very large deviations that can adversely affect
overall system operation. It is thus essential to quantify the effects of such deviations on system
performance.

In an electromagnetic launcher velocity perturbations can arise as a result of small errors in
measured armature positions or jitter in the firing system. In this section we consider the effects
of such perturbations on the overall performance of an electromagnetic launcher under normal
operating conditions. Fault scenarios are not considered in this report.

Before considering effects of perturbations in launchers where the firing times are determined
based on the armature position, it is useful to consider an example in which small velocity
perturbations result in an exponential deterioration of the performance. Such an example is a
launcher in which the firing times are pre-determined. To do this we assume that firing times are
set for an optimized case that gives an average acceleration a,,. For this optimum case the velocity

and distance are given by: v{(t) = vg+ast and sy(t) = vt + 1/2 aotz, where v, is the initial velocity

at the stage where we begin analysis. Now consider a perturbed case where the initial velocity is
v, + Ov. Since the first case was optimized, it is reasonable to assume that the acceleration in the

perturbed case can be approximated by: ay(t) = a5 - a Is(t) - 54(t) |, that is the perturbation in
acceleration is just proportional to the distance of misfire. The constant a can be estimated based
on results of simulations. The equations of motion for the armature in this case are:

dV2
ds,
ar T
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with initial conditions: s7(0) =0 and v5(0) = v, + dv and s|(t) given above. If dv < 0 then sy(t) >
sy(t) and the solution is given by:

v, (1) = v, +a,t+dvcosh (Jar)
If dv > O, the =olution is found to be:

, i
v, +a,t+dvcos {Jar) 1<

vy (1) = { or Jo

. > n
v, +a,t-dvcosh (J&t -T) 7—&

Thus for both positive and negative perturbations the end result is exponential degradation in the
velocity. A rough order of magnitude estimate of the parameter o is obtained by assuming that
the acceleration is degraded by 2% for As = 2cm, where As is deviation from optimum firing

position. For a, = 10 kg’s, we find o = 1x10° sec? and thus for a time duration of 10 ms we find

the velocity perturbation would grows by a factor of 24. This clearly shows that it is impractical
to pre-determine the firing times based on an optimized simulation.

For practical launchers coil firing must be based on measured armature position. This is what

is done in launcher experiments at Sandia® and also in all the Slingshot simulations considered
in this report. To estimate the effects of small errors in measured armature position and jitter in
firing circuits, we consider Slingshot simulations in which the firing position is modified as
follows:

Zfire - zfire + 2V25t (05 - R)

where R is a uniform random number between 0 and 1, v, is the projectile velocity at time of fire,
Otis the firing time jitter and Zg . on the RHS of the above equation is the normal Slingshot firing
position. We ran simulations for the solid armature case with coil build of 5.5 cm and using
energy grading. The baseline velocity and temperature at 60 meters for this simulation were 3258
m/sec and 671 °C respectively and are shown in Fig. (4). For &t = 2 [-sec the velocity and
temperature at 60 meters are 3256 m/sec and 686 °C respectively. If dt is increased to 10 p-secs
the velocity and temperature at 60 meters are 3234 m/sec and 1021 °C. The small effect of firing
position perturbation on the final velocity is expected based on the relatively weak dependence
of acceleration on rise length and the small ratio of the maximum perturbation to rise length. At
Ot = 10 p-secs and v, = 3 km/sec, the maximum firing position perturbation is 3 cm, which is
much smaller than a rise length (for the simulations a rise length of 15 cm is used). Results of the
simulation with 8t = 10 p-secs are shown in Fig. (13). These results show that acceleration
recovers (as seen by the noisy acceleration curve) to normal values when the firing position is
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corrected, that is, the perturbation causes only a temporary change in the acceleration which is
localized to the coil (or a few coils) causing the perturbation.

In areal launcher, the armature position would be determined by a laser ranger or some other
means which should be accurate to within a few millimeters. At high velocities the main firing
position perturbations result from jitter in firing and coil circuits. Reasonable values for the jitter
would be about 1 p—sec, which implies that this mechanism for firing position perturbations
will not have any significant effects on the launcher performance for rise lengths of interest. For
small rise lengths however, this effect can have significant effects on launcher performance.

VL. Summary of Results

In this report we have considered the performance of an electromagnetic launcher of 20 cm
bore diameter for several types of armatures. This was done for an 800 stage launcher (60 meters
long) at an energy of 1.28 MJ/stage with a total accelerated mass of 60 kg. The forward going
pressure is of the order of 2 kBars. The armature types considered are: Solid cylindrical shell, one
element wound and a 16 element wound armature. All armatures are made of aluminum.

The best performance was obtained with the one element wound armature. With two field
reversals the average efficiency for this armature (40 cm long) is about 45% and a velocity of 3.5
km/sec can be achieved in 50 meters. The temperature rise is less than 300 °C. This result is for
acoil of 5.5 cm build. With 8.0 cm coil build, a final velocity of 3.5 km/sec can be achieved after
55 meters of launcher length.

Slingshot simulations with a room temperature solid armature achieved 3.3 km/sec after 60
meters of launcher length (800 stages) for coils with 5.5 cm build. For coils with 8.0 cm build the
velocity at 60 meters is 3.0 km/sec. In all simulations with a solid armature, even when effects
of radial thermal conduction are included, a certain amount of armature material melts. The
amount of melted material is estimated to be about 700 grams to reach a velocity of 3.3 km/sec.
It is shown that most melting occurs after contribution to the forward going pressure is made.
Thus melting has a minor effect on the overall performance of the launcher. Containment and or
flow of the molten armature material and the effect on the launcher system is a problem that
needs to be studied.

Simulations of a 16-element wound armature were also performed. Each element has an axial
extent of 2.5 cm and 4 cm radial thickness with uniform current density. Without field reversal,
this armature (fill factor of 0.8) can achieve 3.2 km/sec for 5.5 cm coil build and 3.0 km/sec for
8.0 cm coil build, which is very similar to the solid armature result. The maximum temperature
rise, which occurs in the element closest to the breech, is below 300 °C.

With one field reversal, the 16-element wound armature can reach a velocity of 3.5 km/sec
after 800 stages for coils with 5.5 cm build. However, the maximum temperature is 630 °C. With
further optimization we expect that this temperature can be reduced somewhat. The possibility
of having one field reversal for this type of armature will depend on the type of insulation used
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and the maximum allowed temperature rise. The results for different types of armatures are

summarized in the following table:

Velocity and Temperature Rise for Three Types of Armatures

Coils | 20 meters 50 meters J5 meters 60 meters 60 meters
270 stages | 665 stages | 730 stages | 800 stages 800 stages
Armature 8.0 cm build | 5.5 cm build | 8.0 cm build |5.5 cm build | 8.0 cm build
olid 1.5 km/sec 3.3 km/sec 3.0 km/sec
Some melting Some melting
1-element 2.1 km/sec 3.5 km/sec 3.5 km/sec 3.9 km/sec
wound 173 °C 300 °C 320°C 333 °C
0.8 fill factor
10-element 3.2 km/sec 3.0 km/sec
wound 304 °C 265 °C
0.8 fill factor

Sensitivity of launcher performance to small perturbations in the firing position was
considered for solid armatures. The results are expected to be the same for all armature types.
Slingshot simulations with a 10 Ll-sec random jitter in the coil firing times resulted in only 0.7%
reduction in the final velocity after 800 stages although the temperature rise was significant. With
a t 2 p-sec jitter, the reduction in velocity is less than 0.1% and the additional temperature rise
is only 2%. The expected jitter is of the order of * 1 [1-sec, thus the effect of coil firing time jitter
on launcher performance is expected to be insignificant.
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Fig. la. Snapshot of an Induction Launcher. The armature is moving to the right and the
coil marked with (X) has just fired. The amount of shading is proportional to the
current density carried in the coils and armature and the lines shown are magnetic
field lines. The geometry is axisymmetric and only azimuthal currents are allowed.
The interaction of the radial magnetic field with the armature azimuthal current

results in the axial force.

R Ly Ry Ly

A A —1

:
C—_— Ry,
<>
le g LC
<X

Fig. 1b. Circuit diagram for a typical coil.
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Fig. 9. Simulation of 1-element wound armature for coil of 5.5 cm build and 0.5 fill

factor and armature fill factor of 0.8 . Field reversal occurs at stages 201
and 601. This simulation had real number of turns and the rise lengths are:
100@ 18.0, 100 @ 22.0, 100 @ 20.0 and S00 @ 22.0 cm. Coils are fired when

the condition (z.,; —z,) <!+ 2z, where [ is the rise length and z; denotes

advance in firing position. z;: 100@ 16.0, 100 @ 18.0, 100@ 12.0, 100 @ 13.0,

and 400 @ 14.0 cm. The velocity at various points in the gun are:
V(10) = 1399, V(20) = 2107, V(30) = 2746, V(40) = 3178, V(50) = 3539 and V(60) =
3871 m/sec. The final temperature is 333 °C.
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