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ABSTRACT

The design and material properties of rails and
projectiles are critical to the success of the Navy
railgun. This thesis addresses the design, fabrication,
and testing of a scalable square bore electromagnetic
railgun. This railgun 1is designed to permit series
augmented operation, and incorporates disposable rail
liners to facilitate investigating the suitability of
various rail materials. A series of shots has demonstrated
performance consistent with theoretical modeling, including
significant performance enhancement as a result of both the
slotted rail geometry and augmentation over solid rail
configurations. A capacitor based stored energy supply
input of 35 kJ resulted In a measured velocity of 294 m/s
for an 11.4 gram projectile. Suggestions are provided for
future power supply configurations, rail materials and
surface treatments, and a variety of armature geometries.
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1. INTRODUCTION

A. BACKGROUND

The military potential of the U.S. Navy’s notional
electromagnetic railgun for Naval surface-fire support
missions is well defined. The focused investment and
research of both Army and Navy sponsored programs through
the Office of Naval Research and U.S. Army ARDEC has
identified the remaining engineering obstacles to be
overcome prior to fielding a practical system. The Naval
Postgraduate School (NPS) 1i1s uniquely positioned to
leverage such investments In order to investigate
alternatives. The Center for Electromechanics (CEM) and
the Institute for Advanced Technology (IAT) from the
University of Texas at Austin have pushed the envelope iIn
terms of materials, pulsed power, and systems engineering
approaches to applied railgun technology. In January 2005,
1AT engineers published an IEEE article entitled
“Development of a Naval Railgun” summarizing the status of
Naval railgun development and detailing areas where further
research is warranted [1]. The railgun specific issues are
directly related to extending bore life to as high as
10,000 shots. Although progress has been made toward
identifying the destructive mechanisms of transitioning
contacts and hyper-velocity gouging, no design parameters,
material combination, or processing treatment have resolved

their impact on bore life.

Simultaneously achieving the full scale notional
parameters listed 1in Table 1 while achieving shot
frequencies of 6-12 rounds per minute i1s presently beyond

the capacity of even large scale laboratory TfTacilities.

1



Therefore, economy of simulation and scalable applied

research is critical to the success of the railgun program.

Parameter Value
Flight Mass (kg) 16.0
Launch mass (kg) 21.0
Peak acceleration (gees) 30,000
Muzzle velocity, V,, (m/s) 2,000
Rail height and separation (mm) 127.0
Muzzle energy, E  (MJ) 420
Total gun length, Lgun (m) 12.0
Acceleration time, t_, (ms) 1.5
Maximum current, | (MA) 5.0
Recoil momentum (N-s) 42 000

Table 1. Nominal EM Gun Parameters, [From Ref. 1]

Over the past decade, NPS vrailgun research has
produced several iterations of small scale demonstrator
weapons to Tacilitate applied research. During the 2005
fiscal year, the NPS Railgun program has made a substantial
investment in laboratory infrastructure 1including the
purchase of ten 11 kV 830 u-Farad capacitors from General
Atomics and advanced high current switches, supplementing
the existing pulsed power energy storage capacity by an
order of magnitude. By leveraging the collaborative direct
input of CEM, I1AT, material modifications research support
from Lawrence Livermore and Sandia National Laboratories,
as well as multi-curriculum contributions from within the
campus, NPS railgun vresearch 1i1s now more than ever
positioned to confront railgun technological deficiencies

through applied engineering.



B. OBJECTIVE

The objective of this thesis 1i1s the design,
fabrication, and testing of a scalable, reconfigurable
bore, conventional railgun capable of achieving launch
package velocities iIn excess of 1500 m/s. The initial 3/4"
(19mm) square bore configuration supports comparisons
between single rail and series augmentation, solid and
slotted rail geometries. Shot repetition and materials
performance comparisons are accomplished with disposable
rail liners at the rail to armature interface to protect
the permanent main conductor rail structure. The railgun
test platform incorporates a manual loading apparatus to
facilitate consistent initial conditions including armature
firing position and an interference armature fit which does
not require Tull disassembly between consecutive shots.
Alternative armature geometries and proposals for power
conditioning are provided to inform follow-on testing.
Unreliable performance of the TVS-40 switches -caused
spontaneous triggering above 7,000 volts, requiring a
practical capacitor charge limit of 6500 volts and a

corresponding total stored energy limit of 35 kJ.

Chapter 11 examines weapon design including decisions
regarding materials, geometry, and Tfiring configurations.
Chapter 111 discusses the design and limits of the existing
pulsed power supply, as well as a proposed multi-module
system. Chapter 1V provides design verification analysis
including 1ideal vrailgun parameter modeling, containment
static deflection considerations, and an applied

conservation of energy model. Chapter V discusses



experimental results. Chapter VI concludes with
recommendations for future testing, alternative armature
geometries, and processing methods for rail liner

materials.



I1. RAILGUN TEST PLATFORM DESIGN

A. GENERAL

The exploded assembly of Figure 1 below depicts the
main structural elements of the railgun design without the
loading apparatus. SolidWorks CAD software was used
extensively for 3D modeling and for creating the technical
drawings required for fTabrication. Appendix B includes a
comprehensive collection of individual parts and
assemblies.

Exploded Assembl

G11/FRS Insulating
containment shell

High strength ADSE
Augmented cenductor ALD, alumina
assembly with rail ceramic insulating
liner material bore spacer

Figure 1. Exploded Railgun Assembly

B. MATERIAL PROPERTIES

Materials selections were based on an analysis of the
property tables included in Appendix A. These values were
either obtained directly from the vendor or from the MATWEB
online material database. None of the material selections

are entirely new to railgun applications.

The thickness and placement of the two insulating bars
fixes the bore dimensions given the clamshell containment

design. Due to superior compressive dimensional stability,
5



adequate dielectric constant, and ease of refurbishment
over glass reinforced epoxy phenolics such as G-10,
CoorsTek Alumina (Al.03) AD-96 ceramic was chosen. No
subsequent Tfabrication was required as these parts were
fired to specification including +/-1% positional
tolerances of through holes for the containment bolts and
outer surface dimensions Tfinished to +/-0.005 inch
tolerance. Surface dimension tolerances were verified by

micrometer measurements for both insulators.

The main conductor and a range of rail liner materials
were selected after a lengthy process that began with a
much  larger list extracted directly from materials
handbooks based strictly on parameters of conductivity and
hardness. This list was subsequently limited after a
literature review of previously proven railgun materials,
and by the final process of Ilocating vendors with an
inventory of 1/8” thick bar or plate stock suitable for the
liner geometry. Table 2 below summarizes the properties of
interest. The stainless alloy properties are included as a

point of comparison.

Untreated Material Properties
Hardness | Conductivity | Resisitivity (ohm-cm density
Material Rockwell B | %IACS ** @ 20°C (a/lcm3)
oxygen free
copper 50 101 1.71E-06 8.94
chromium
copper 79 80 2.16E-06 8.89
phosphor bronze 93 20 8.70E-06 8.86
copper tungsten 98 45 3.83E-06 14.84
aluminum 7075 87 33 5.15E-06 2.81
Stainless alloy
410 *110 3 5.70E-05 7.8
* linear extrapolation from
Rockwell C ** based on %IACS = (172.41e-6 / Resistivity)
Table 2. Summary of Rail Properties [After Ref. 2]



At the time of completion of this thesis, testing has
been restricted to the chromium copper rail liners in order

to preserve processed samples for higher velocity regimes.

Several alternative armature geometries were
fabricated by using three variants of aluminum 1including
Al-6063, Al-6061, and AIl-1100. All testing has been
conducted using standard u-shaped AlI-6063 armatures shown

in Figure 25 of Appendix B.

The main containment clamshell pieces were fabricated
from 27 thick blocks of G-11 FR-5 glass reinforced epoxy
laminate. This common small-bore railgun containment
material has high resistance, high strength, and excellent
machinability. Containment hardware includes twenty-two
3/8” Grade 2 stainless steel hex cap nuts, bolts, and

washers.

C. IMPROVED INDUCTANCE GRADIENT WITH SERIES AUGMENTATION

One of the critical railgun design parameters 1is the
inductance gradient, or inductance per unit length (L”).
This parameter is a function of the rail and bore geometry.
The most fundamental method for determining this parameter
is based on modeling the rails as two infinite wires with a
fixed radius, separated by a fTixed distance representing
the bore width between the rails. Although this is a fTair
approximation, extensive empirical research has produced
more accurate vresults applicable to the case of the
rectangular rail and square bore configuration, commonly
referred to as Kerrisk’s Method [3]. Appendix C includes
the spreadsheets used to evaluate the iInductance gradient
for the rail geometries selected for this design.



The energy efficiency of a small scale railgun driven
through a pulse forming network 1is significantly limited
even under ideal modeling conditions neglecting dissipative
losses such as electrical resistance and friction. This

ideal efficiency can be expressed by the following equation
[4].-

L'x
(L+i:x)

L’ is the inductance gradient, L is the total system
inductance, and x is the rail length. Applying the actual
values of L= 5.5 micro-Henries and L = 0.683 micro-
Henries/meter for this specific design to a 10 meter gun
length predicts an ideal energy efficiency approaching 50%.
Using the actual effective railgun length of 50 cm, based
on these same values of L and L, the maximum ideal
efficiency 1is only 5.8%. This entering argument for
performance emphasizes the need for maximizing L’ while
minimizing the total system inductance of the pulse forming

network.

There are several methods for enhancing the LU’
parameter by enhancing the magnetic field in the bore above
that created by a single rail pair. My design permits the
use of series augmentation by iIncorporating a second pailr
of rails and connecting conductors to create the circuit

path 1llustrated in Figure 2 below.

Figure 2. Series Augmented Current Path
8



The result is an enhanced magnetic field in the bore
region due to contributions from the same current pulse
flowing through both rail pairs. Current through the outer
rail pair establishes a field iIn the bore region ahead of
the advancing armature as indicated in Figure 2. A review
of literature regarding series augmentation indicates that
for large scale high velocity applications, based on a
fixed Lorentz force, the benefits of Jlower current
requirements due to stronger magnetic Tfields iIn the bore
region are offset by the resistive losses [5]. However,
for my design, given the short rail length, no requirement
to recover energy fTor high frequency repetitive shots, and
considering the constraint of a Ilimited stored energy
supply, series augmentation 1is a practical method to
improve projectile velocity.

Whereas Kerrisk’s method for evaluating the inductance
gradient i1s well defined for the simple railgun, a method
for determining the new inductance gradient as a result of
the augmenting rail contribution has not been empirically
developed. The augmented L’ can be approximated by modeling
each rail as a 1long thin current -carrying wire and
integrating the magnetic Tfield contribution to the bore
region contributed by each wire. Based on 1/4" outer rail
width, and 3/8” width for the combined inner rail plus rail
liner thickness, and making the assumption that current
flows down the rail centerlines, the augmented geometry can
be expressed iIn terms of the half-thickness of the 1inner
rail, R as depicted in Figure 3. The factors used in
Figure 3 are based on the actual augmented railgun geometry



with bore spacing of 374", a 1/32” insulation gap of mylar
film and adhesive laminating sheets separating the rail

surfaces, and R = 3/16”.

47/6 R
11/6R |
d 6R
R/
y
L- X
Figure 3. Augmented Railgun Geometry where R = 3/16”

The magnitude of the Lorentz force (F) for the
geometry depicted 1in Figure 3 1is approximated by the

following equation where yu, 1s the permeability constant

and 1 is current.

2 5R
inml I (EJ+( ! j+ ! + ! dx
dr &|\X 6R —X u 47

6 6
After integrating and reducing,
41 41
2 —R —R 2
ot m(§5J+m(55j+m b 1in| L _pol ZMC$+ZHIEE
4 R R }ZR }ZR A 17
6 6

The equation can be written in terms of the components
of the total L’.

10



F =t 13904176]= 2 £ (322.41.76) |1 = L[ L'pri+ L'mg 12
Az 2| 27 2

It 1s convenient to express the augmented i1nductance

gradient as a gain fTactor that can be applied to the

Kerrisk’s method L’ calculated for the non-augmented

configuration.

L'pri+L'asg  6.444107 +3.52:10°"

=1.55
L pri 6.44+107"

This gain factor of 1.55 i1s used for all subsequent
discussions of the augmented iInductance gradient for both
slotted and solid rail configurations as demonstrated 1iIn
the calculations of Appendix C. Appendix D applies COMSOL
Multiphysics finite element software to model the relative
improvement of the magnetic field and flux density across
the center of the bore region and across the 1inner rail
surface. COMSOL modeling neglects the geometry of the rail
liner for all configurations. Electrical separation
between i1nner and outer rail surfaces i1s accomplished by
wrapping the outer rail in two full layers of 1.0 mil Mylar
film. Although even a single layer of this film iIs rated
to hold off the magnitude of breech voltage experienced
across the rails, a slightly more robust physical interface
was necessary to prevent defects in the rail surface finish
from compromising the film integrity and short-circuiting
the augmenting rails. Three layers of 3.0 mil adhesive
laminating film supplementing the 2 layers of mylar film
between the adjoining rail faces prevented the short-

circuits seen iIn initial efforts to fire augmented.

11



Augmented Conductor Assembly

-Initial configuration is 19mm (3/4”) square bore
augmented / non-augmented firing options

-Maximum non-augmented configuration: 38mm x
38mm (1-1/2" x 1-1/2")

-Ceramic insulator symmetry doubles working life

Figure 4. Augmented Conductor Assembly

Figure 4 demonstrates the augmented conductor assembly
and bore geometry. By removing the external copper
conducting rods the gun can be fired in the non-augmented
configuration. For initial non-augmented testing, both the
external conductor rods and the augmented rails were
removed and a pair of G-11 FR-5 phenolic insulators was
substituted to avoid eddy current losses In a disconnected

rail pair.

The inner rail pair is configured to support the use
of a muzzle shunt. A copper conductor bar was used to
short the muzzle shunt connection during initial testing
prior to using actual armatures. The Hlimited energy and
short duration current pulse available for initial testing
produced a minor muzzle flash. Follow-on work will be
required to optimize muzzle shunt circuit elements for
operating the gun at high power iIn order to prevent damage
to the conductors as the armature breaks contact with the
muzzle. At higher energies, an effective muzzle shunt may
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become critical to preventing muzzle flash interference
with the velocity measuring breaks-screens because of the

confined operating range of the laboratory environment.

D. IMPROVED INDUCTANCE  GRADIENT WITH  SLOTTED  RAIL
GEOMETRY

Another technique to boost the L’ is to alter the rail
geometry by a series of slots cut iIn to either side of the
rails. The slotted geometry still provides the common rail
height necessary for mechanical mounting of the rails
within the containment structure, but confines current flow
to a narrower center channel. This technique results in a
more concentrated magnetic TfTield within the bore region.
To predict the gain provided by slotted geometry, the
narrowed rail height dimension of 17 was the 1Input
parameter into the Kerrisk’s method calculation rather than
the full exterior height, resulting iIn an expected gain
factor of 1.45. Verifying an improvement in final armature
velocity for a fixed input energy i1s significant because it
has potential applications for both thermal management and

rail containment designs for more advanced railgun systems.

Figure 5 demonstrates the slotted rail geometry. A
detailed drawing 1is included in Appendix B, Figure 17.
Appendix D demonstrates COMSOL Multiphysics finite element
software modeling of the relative magnitude of improvement
of the magnetic field (H) and magnetic flux density (B=po.H)
for slotted and non-slotted rail configurations. Figure 30
demonstrates how the altered slotted rail geometry affects
the input parameters used to calculate the inductive

gradient.
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Figure 5. Slotted Rail Geometry

E. ADDITIONAL COMPONENTS

High tolerance structural design is required to limit
rail deflection and maintain a consistent bore profile.
Maintaining stiffness and straightness in a short, small
bore railgun is significantly easier than for a large bore
10 m gun. In order to achieve a tight rail to rail
interference fit when Jloading the armature, the gun
incorporates a manual screw auger which advances a breech
block and protruding 3” ram contoured to the back of the
armature. The 3” ram provides a consistent longitudinal
starting point for testing and places the armature in a
region where magnetic Tfields are well established. The
effective railgun length beyond the Jloaded armature
position is 50 cm. The loading apparatus is mounted at
four points to the containment shells via 3/8” stainless
steel threaded rods and helicoil iInserts. This apparatus
is currently under-utilized because the lack of sufficient
power to overcome static friction mandates a loose armature
fit. Although a slight interference fit was used for the
preliminary testing discussed herein, the armatures
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fabricated to actual design bore geometry required some
volume reduction via polishing in order to prevent binding.
During testing, prior to installing the loading apparatus,
a bore ram is used to force the polished armature through
the entire length of the gun to identify excessive regions
of binding. Figure 6 shows a side and overhead view of the
assembled loading apparatus.

Figure 6. Railgun Loading Apparatus

The railgun design also 1includes a muzzle block
mounted with four 1/4" stainless steel bolts into helicoil
inserts set in the containment shells. The current muzzle
block has a 1-1/4” diameter hole through which the armature
exits. Although this design iIs adequate for testing at 35
kJ, it must be 1improved prior to upgrading the power
supply. A square muzzle port properly sized to the bore
dimension may assist iIn confining the deleterious effects
of the muzzle flash to the rail liner rather than to the
underlying main conductor rail. The photograph of the
muzzle block In Appendix F Figure 59, was taken immediately
following a shot, and hints at the potential for arcing
damage at the muzzle exit at higher energies.
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A series inductor was constructed by tie-wrapping 4/0
Although a much larger

optimized to maximize

welding cable around a PVC shape.

inductor was initially fabricated,
the pulse length, its effect of diminishing peak current
resulted in the inability to overcome static friction when
firing with a stored energy of 35 kJ. A final compromise
between peak current and pulse length was accomplished by

using the three turn inductor pictured among other

components in Figure 7.

3-turn series inductor of welding cable
wound around 13-1/2” diameter shape 2=
threaded through a protective hose kg

£
=

m

G-11 rail substitute for
non-augmented
configuration

Figure 7. 3.0-puH Series Inductor and Components

In preparation for shooting at high velocities,
target chamber was custom designed and fabricated by MGM

It consists of a three foot long, 10” diameter

Targets.
The tube i1s filled with

steel tube with a 6”7 entry portal.
ground rubber contained by solid rubber sheets at the entry

point and along the top, where a bolted access panel allows
projectile recovery. The target chamber is pictured in

Figure 8.
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Figure 8. Target Chamber
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111. PULSED POWER SUPPLY

A. PRESENT SYSTEM

The stored energy supply consists of two 830 uF, 11 kV
rated Maxwell Model 32327 capacitors switched by two
parallel Maxwell TVS-40 vacuum switches. These capacitors
discharge through dedicated pairs of high power rectifier
diodes connected to a common ground which crowbar the
current waveform at peak value to prevent oscillation. The
diodes are model 5SDD 50N5500, manufactured by ABB
Switzerland Ltd. Semiconductors. Each diode pair is
constrained by an ABB diode clamp model 5SAC 18v9001, rated
at 90 kN. Downstream of the diode strings, current output
from each i1ndividual capacitor 1i1s monitored with two
Pearson Model 1330 wide band current monitors. The outputs
from the parallel TVS-40 switches are connected by a single
bus bar and currents up to 500 kA are monitored by a
Pearson model 1423 current monitor. Output and return
leads extend through the side of a steel framed, plexiglass
covered enclosure, allowing connection to the railgun leads
with 4/0 Flex-a-Prene heavy duty welding cable rated for
600 Volts. The input side welding cable is wound around a
13-1/2” PVC shape to serve as a series inductor as pictured
in Figure 7. In order to protect the inductor cable run
from extreme compressive forces experienced during
discharges, the 3/4" cable is threaded through a 7/8” inner
diameter rubber hose. Figure 9 shows an overhead view of

the power supply cabinet.
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Pearson 1330 TVS-40 Vacuum
curreqt monitors syvitches

Triggering
7| transformers

ectifier
iodes

Pearson 1423
current monitor

Figure 9. Power Supply Cabinet

The Pearson 1330 produces an initial 5 m-Volt/Amp
output, and i1s Tfurther conditioned through a 10:1
attenuator before being processed for display using an
Agilent Infinium S4852 oscilloscope. The Pearson 1423
produces a 1 m-Volt/Amp output, and is sent through both a
10:1 attenuator and 2:1 divider for display. Oscilloscope
screen captures for each shooting configuration are
included In Appendix E. Peak currents registered by the
combined Pearson 1423 output ranged from 88-98 k-Amps for
all four rail configurations when discharged from an
initial capacitor voltage of 6500 volts. PSpice circuit
modeling 1s 1included 1in Appendix D for the 6500 Volt
initial charge and other experimentally determined values
for the railgun test platform including, inductance,
resistance and railgun resistance as specified iIn Figure

45. The railgun resistance value of 0.3 m-Ohm was
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initially calculated based on the material properties and
cross-sectional areas of the entire railgun conductor

apparatus from input to output leads.

The main capacitor pair 1is charged with a Bertan
Associates Series 105 1kW High Voltage Power Supply through
a separate circuit of diodes and resistor bars. Each
capacitor 1is monitored by a dedicated voltmeter display

panel.

Simultaneous triggering of the TVS-40 switches is done
with a Glassman High Voltage Inc. Series LX High Voltage
Power Supply via two 100 uF General Atomics capacitors
catalog #315DM410. On a single firing signal, each 100 puF
capacitor discharge 1is stepped up to 5kV using homemade
transformers. Figure 10 demonstrates the power supply
cabinet iInterfaces for charging, triggering, and supply and
return to the railgun test platform.

Manual triggering switch

Main capacitor charging inputs

Figure 10. Power Supply Cabinet Interfaces

Throughout various stages of testing, elements within

the pulsed power circuit delayed progress due to arcing,
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failed diodes, non-triggering switches, and ruptured
transmission cable leads. Although the initial goal was to
operate the capacitors at 9 kV, which would have supplied a
total stored energy of 67.2 kJ, erratic switch output and
spontaneous triggering above 7 kV demanded that final data
collection be conducted at 6.5 kV, which limited total
stored energy to 35 kJ. As the TVS-40 switches are rated
beyond these Ilimits, a documented trigger rejuvenation
procedure may restore them to improved functionality [6].
The oscilloscope current traces in Appendix E clearly
identify both uneven current peaking and pulse decay rates
from the two capacitors attributed to uneven coupling
across the TVS-40 switches.

B. REDESIGNED POWER SUPPLY

The Naval Postgraduate School Physics Department has
invested iIn ten new General Atomics capacitors with the
same catalog number and ratings as the Maxwell Laboratories
pair used for testing. Where testing for this research was
limited to 35 kJ, incorporating the present and new
capacitors into a multiple module system will provide a
maximum stored energy capacity of 600 kJ. The older
capacitors have been cycled at high voltages since at least
June of 1999 and might be contributing to uneven power
sharing through the TVS-40 switches. In addition to
investigating switch refurbishment, a comparison of output
current profiles using a pair of the new capacitors within
the existing power supply would indicate whether the
irregular discharge can be solely attributed to the TVS-40
switches.
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In addition to the new capacitors, two new high
current Titan ST-300A high action spark gap switches and
associated triggering apparatus have been purchased. The
Titan switches are rated for 600 kA peak current and 55 kV
peak voltage and will permit a single switch to control the

output of a module pair of capacitors.

Figures 47 and 48 of Appendix D demonstrate a
practical TfTour module ripple Tfired circuit designed to
maintain an average 280 kA current pulse for 0.67 ms, which
should accelerate an 11.4 gram armature to 1500 m/s over
the 50 ocm rail length for the slotted, augmented
configuration (See Table 19). The model circuit
incorporates a 1 m-Ohm muzzle shunt resistor for a Tirst
look at the dynamics which occur as the armature breaks
electrical contact with the muzzle. This model requires
that each module be charged to near capacity at 10 kV, and
incorporates optimized delay times and series inductors.
Achieving the effective rise time and peak current required
to overcome the static friction of a tight interference fTit
requires firing the first two modules simultaneously. Such
a fit is critical to maintaining the solid armature to rail
interface necessary to delay transition to arcing and to
prevent rail damage from iIntermittent armature caroming

within the bore.
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IV. DESIGN VERIFICATION

A. PARAMETER MODEL

On May 6, 2004, Dr. Mark Crawford, Pulsed Power and
Electromagnetic Launch Team Leader from IAT, presented a
colloquium lecture to the Naval Postgraduate School Physics
Department [7]- The dissertation outlined a top level
parameter-based approach to designing a basic railgun
system. The applicable thumb-rules are Dbased on
simplifying assumptions such as a symmetric acceleration
profile which allows 1i1dentifying both average and peak
accelerations for conservative modeling of velocity
performance, rail geometry, electrical action, and rail
containment. Appendix C applies this parameter-based
approach to the four physical configurations, solid non-
augmented, slotted non-augmented, solid augmented, and
slotted augmented, and to a range of energy Inputs as a
basis of comparison to other modeling techniques iIn order
to validate containment bolt sizing, and to correlate

average current to final velocity.

P-Spice circuit model predictions in Appendix D for
the average current required to reach 1500 m/s over the 50
cm effective railgun length are based on the average
required current calculated from the parameter-based model.
The experimental results from the solid augmented and
slotted augmented experimental shots are also inputted into
the parameter model (Tables 21 and 21) for comparison. The
parameter model predicts that a final armature velocity of
1500 m/s requires a peak current of nearly 500 kA for the
solid, non-augmented configuration as detailed in Table 16.

Therefore, 500 kA i1s used to assess containment deflection,
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and bolt diameter and spacing in Section C below. A final
application of the parameter model uses bolt diameter and
yield strength to predict the maximum current of 355 KA,
and maximum final velocity of 1085 m/s which can be
achieved on the vrailgun test platform with Grade 2
stainless 3/8” bolts, per Table 21.

B. CONSERVATION OF ENERGY CIRCUIT MODEL

In order to evaluate experimental results and estimate
velocity performance for an effective rail length of 50 cm,
a simplified circuit model was developed for a single
module capacitive stored energy power supply. Appendix C
details the process which applies conservation of energy
principles to Kirchhoff’s Voltage law, coupling inductive
energy transfer to projectile Kinetic energy via Lorentz
force parameters. In the following equation, F is the
Lorentz force accelerating the armature, m iIs the armature
mass, dv/dt is armature acceleration, L’ is the inductive
gradient of the rails, and | is the time dependant value of

current.

Fomd_Lyye
dt 2

The model neglects frictional losses and relies on
several simplifying assumptions including assuming that the
total system inductance L i1s much larger than the product of
L’ and rail length x. The model also assumes that the total
effective system resistance R 1i1s much larger than the
resistance R’x, where R”> iIs the rail resistance per unit
length. In both cases, L and R are verified experimentally

to be an order of magnitude larger then L'’x and R”’x for the
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60 cm test platform. L is calculated based on the rise time
to peak current iIn a discharge cycle, measured by
oscilloscope at 150 us. The following equation for the
period of oscillation T demonstrates how inductance can be

solved based on the known capacitance C of 1.66 mF.

T =4At,, =27/LC

In order to simplify the model to a purely inductive
energy transfer between the total system inductance and the
railgun, the capacitive stored energy is eliminated from
the final expression by neglecting the initial 150 us of
current ramping up to its peak value. The 1i1ncrease 1in
armature velocity during the rise time i1s small. The time
dependent expression Tfor current 1is an exponentially
decaying waveform:

1(t)=1, exp{_m

where the peak current I, is determined by:

Vo is the initial state of capacitor voltage which for
my experimental data runs was 6500 Volts. The resulting
expression provides for a separable differential equation

for rail length as a function of velocity [4].

dv. 2Rv L'v* L'I}
V—+— =
dx L L 2m
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An integral table gives the expression including the

integration constant D.

1 2av+b—+/b% —4ac .

Idx:iln(av2+bv+c)—£ In

2a 28| \Jb® —4ac | 2av+b++/b%—4ac

The circuit parameters which comprise factors a ,Db ,

D

and ¢ , are defined below.

w1

a=—— b:— C=
L L (mL)

The integration constant D scales the solution such
that zero velocity corresponds to a zero length railgun.
The actual values used for each variable are included in
Tables 22-26 of Appendix C.

Table 25 gives the 1integration for parameters
associated with the slotted augmented rail configuration,
and predicts a final velocity of 293 m/s corresponding to
the 50 cm effective rail length, and total stored energy of
35 kJ. I have neglected the minimal projectile velocity

which exists when | = |,, as well as losses due to friction
between the rails and armature, the effects of which
compensate for each other to some extent.
C. STRUCTURAL DESIGN

The 247 railgun containment halves are clamped by a
total of 22 Grade 2 stainless hex-head steel bolts of 3/8”
diameter, rated by the vendor at 57 ksi iIn accordance with
the SAE J420 1985 abstract [8].- The bolts are
longitudinally spaced at 2” intervals down the length of
the containment beginning 1” from either end.
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Conservative static modeling assumptions were applied
to assess the overall containment design iIn terms of rail
deflection, bolt spacing and diameter. From the solid non-
augmented configuration and the 500 kA peak current
predicted in Table 16 of Appendix C, rail repulsion force
per unit length, p, is calculated by using the following

equation.

Ib
= = ~1.75— ~ 9983 —
27d (277 #0.0286) m in

p:E_ w1 (47 #1077 )(500kA)° MN
X

In the previous equation, F 1i1s the rail repulsion
force, x i1s the total rail length, 4 1s the permeability
constant, | is peak current, and d is the length iIn meters
between rail centerlines considering the rail liner and

primary rail as a single solid conductor.

Two specific structural design objectives are
investigated.

Maximum rail deflection must be limited to less than
0.0001 inches,

Under worst case loading, the containment bolts must

not exceed their static yield strength.

A 2-D model of the distributed longitudinal rail
repulsion force between any two consecutive bolt pairs is

represented by the fixed-end beam model in Figure 11.
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Figure 11. Fixed End Distributed Load Beam Model [After

Ref. 9]

Maximum deflection, VYpax, oOccurs at the midpoint
between bolts spaced at a distance L, of 2”. E is the

modulus of elasticity, and | is the moment of inertia based
on the beam cross-section. Appendix C, Section C,
demonstrates the method used to simplify the composite
materials and geometry into a single representative,
homogenous beam iIn order to determine maximum deflection.
For 9983 Ibf/in loading, the calculated deflection i1s less
than 0.00002 1i1nches, confirming adequate containment

stiffness.

The validity of the previous deflection calculation
depends on achieving the fixed boundary conditions of no
slope and no deflection based on bolt loading conditions.
Here 1 consider the total rail length, x = 24”, and the

total of 22 bolts of 3/8” diameter to determine the maximum
load per unit length (Ppnax) achievable at the bolt Yield
Strength (YS) threshold of 57 ksi.

_ #bolts- Ay -YS _ ~5770 2" _ gggalPl

e X 24in in in

(22*0.1104in2-57,000::f2j
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The maximum sustainable load of 5770 Ibf/in is less
than that which results from the 500 kA peak current
condition corresponding to a 1500 m/s exist velocity for
the solid non-augmented configuration. As such, Ppax IS
used to determine the actual peak current capacity to
inform follow on testing. Converting 5770 Ibfin to metric

units yields approximately 1.01 MN/m.

MN

277+0.0286me1.01——
ImaX _ 27Zd°pmax ~ N m ~ 380kA
- 4707 —

AZ

The resulting calculation shows that the present
containment design is capable of maintaining bolt loading
below yield strength up to a maximum current of 380 KA.
Based on parameter modeling in Table 22, this peak load
capacity correlates with the alternative method of rail
repulsion force and bore height to calculate the force per
unit length. Table 22 indicates that the Grade 2 bolt
yield strength threshold i1s achieved at 355 kA, correlating
to a final velocity of about 1085 m/s. Therefore, in order
to achieve the no-yield requirement at 500 kA, the grade 2
stainless bolts must be upgraded to grade 8. The ACF
Components vendor quotes grade 8 hex head bolts at a yield
strength of 130,000 ksi [8]-

: kip

22*0.1104|n2-130_2j

. #boltse A, +YS _ ( _ in®) _ 13,156|_£ S 9983'&
X 24in in in

The grade 2 hardware currently in use will suffice
until considerable additional stored energy is Iintegrated
into the pulsed power supply. All containment modeling 1is

based on conservative static loading rather than the actual
31



dynamic loading which occurs during firing. The previous
design verification methods demonstrate an adequate
containment such that future efforts to 1Improve bore
tolerance should concentrate on deficiencies in the rail

liner surface Tfinish rather than the overall structural

design.
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V. RESULTS

A. SHOT DIAGNOSTICS
Table 3 lists the experimental results.

Shot| Configuration L' System|Voltage| Initial Final | Input Energy Ipeak Velocity KE Efficiency
(uH/M)| L (uH)| (V) |Mass(g)|Mass(g) (KJ) (k-Amps)| (m/s) (J)
1 | solid, non-aug |0.3037 5 8000 11 10.2 53 N/A 246 332.8 | 0.63%
2 | solid, non-aug [{0.3037| 2.5 6500 11.4 10.6 35 110 168 160.9 | 0.46%
3 | solid, non-aug [0.3037| 5.5 6500 11.4 11 35 97.8 105 62.8 0.18%
4 | slot,non-aug |0.4405| 5.5 6500 11.4 10.9 35 88.0 117 78.0 0.22%
5 solid, aug 0.4707| 5.5 6500 11.2 10.6 35 95.0 265 393.3 | 1.12%
6 slotted, aug |0.6828| 5.5 6500 11.4 11.2 35 91.4 294 492.7 | 1.41%
7 slotted, aug |0.6828| 5.5 6500 11.4 11.1 35 88.9 286 466.2 | 1.33%
Table 3. Experimental Data Results

Shots 3-7 were all conducted with the same series
inductor and initial capacitor charge of 6.5 kV iIn order to
compare each configuration. Shot 1 was taken with a
capacitor charge of 8 kV and a 5 pH total system inductance.
This 8 kV shot produced two in a longer series of testing
delays caused by the Tfailure of components within the
pulsed power supply. On this shot 1iIn particular, the
series inductor solid copper cable lead separated from the
cable run. Also, the forces squeezing the series inductor
coils together axially ruptured the rubber insulating
sheath and rendered the line unusable. The peak current
value for the 8 kV shot was unreadable due to over-ranging
the oscilloscope settings. After the 8 kV shot, the TVS-40
switches began to spontaneously trigger when charged up to
7 kv, ultimately demanding that the data runs be limited to
6.5 kV. Prior to re-introducing a new series inductor, a
new sheathed cable run was threaded through a 7/8” 1inner
diameter rubber hose to prevent a similar rupture, and new

cable leads were fabricated.
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The 2.5 pH inductance listed for shot 2 represents the
total system inductance with no additional series inductor.
Although the resultant velocity of 168 m/s surpassed all
other subsequent non-augmented shots which did incorporate
a series inductor, the higher current peaking resulted in

one TVS-40 switch failing completely. Upon obtaining a

replacement switch, a 3 pH series inductor was used for all
further testing in order to avoid over-stressing the system
while permitting consistent test parameters for all
shooting configurations.

The remaining experimental firings, shots 3-7 of Table
3, were conducted at 6.5 kV with a total system inductance
of 5.5 puH. Although statistically insignificant for the
single point sampling, the resultant velocities demonstrate
a trend consistent with each improvement in the inductance
gradient, ranging from 105 m/s for the solid non-augmented
configuration to an average of 290 m/s for the two slotted
augmented shots.

The respective gain Tfactors for slotted geometry,
series augmentation, and their combined totals as predicted
by the L> and magnetic field models detailed iIn Appendix C
are compared to the experimental gain iIn Table 4. The

experimental gain factors are determined by the following

ratios.
2 2
mslotted Vslotted _ Gain maugvaug _ Gain
2 - geometry m V2 - aug
rnsolidvsolid non-aug * non—aug

For all cases other than solid augmented, the initial
mass is 11.4 grams and cancels leaving a ratio of the
square of the final velocities. The augmented gain factor
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is an average of the gains calculated for both the slotted
and solid rail geometries. The Jlower than expected
velocities for the non-augmented configurations in shots 3
and 4, suggest that given only 35 kJ of stored energy and
diminished magnetic Tfields without augmentation, the
accelerating force 1is near the threshold of overcoming
static friction. Shot 2 for the solid non-augmented
configuration with no series inductor produced a fTinal
velocity closer to the value expected by the conservation
of energy model in Table 23. Although data for a slotted
non-augmented shot without a series 1iInductor 1is not
available at this time, the experimentally determined gain
factors in Table 4 marked with an asterisk (*) use the 168
m/s velocity result of shot 2.

Gain Factors L' Geometry Modeling | Magnetic Field Modeling | Experimental Results (mv?)
Series Augmentation 1.55 1.66 6.26 (* 2.49)
Slotted Geometry 1.45 1.5 1.22
Total Gain 2.25 2.49 7.63 (*2.98)
Table 4. Predicted vs. Experimental Gain Factors

There is close agreement between gain factors produced
by the two respective modeling techniques. Due to the
limited data runs, the experimental gain Tfactors are
unreliable and deviate from the models. 1In all cases, both
the augmentation and the slotted geometry resulted iIn

improvements in final velocity.

Additional shots which were performed prior to
operational velocity diagnostics suggest that the Ilower
velocity results from shots 3 and 4 may have been the
result of insufficient power to overcome static friction.
During two early shots at the 35 kJ level, using a 22.5 pH

series iInductor intended to match the current pulse length
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to the total rail length, the armature iIn one case did not
break static friction at all, and in another traveled only

3 inches down the barrel.

Significant enhancement of the stored energy supply is
necessary to generate valid experimental results for
comparison to the i1dealized models which neglect frictional
losses. Furthermore, the moderately loose interference fit
between the armature and bore used iIn these tests 1is
entirely 1inadequate for maintaining effective electrical
contact at higher velocity regimes. When the pulsed power
supply is adequately hardened to permit extracting stored
energy near the capacity of individual modules, and when
multiple modules contribute to building an adequate current
waveform, the loader mechanism can be used to provide an
appropriately tight interference Tit. The consistency of
this fit along the bore length as indicated by the torque
required to manually advance a test round, and the use of a
torque wrench on the loading mechanism may be critical to
establishing conditions necessary to validate gain factors
experimentally.

The parameter based modeling iIn Appendix C predicts no
violations of generally accepted thresholds such as rail
heating and linear current density for all configurations
when the muzzle velocity is 1500 m/s. The peak current,
parameter based calculations for the minimum adequate bolt
diameter are 1iIn close agreement with the calculations
performed using classic beam bending analysis. Both
methods 1indicate that the Grade 2 bolt will reach their
yield strength threshold between 335 and 380 kA, with the
resulting exit velocity ranging from 1085-1150 m/s.
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The conservation of energy model prediction of 293 m/s
velocity for the slotted augmented configuration with 35 kJ
of stored energy compares with the average experimental
velocity of 290 m/s. The conservation of energy model was
also evaluated to predict the maximum velocity which could
be achieved by a single module of two capacitors charged to
10 kV, which corresponds to 83 kJ of stored energy. The
resultant velocity for the 50 cm effective rail length is
495 m/s.

The current traces in Appendix E from the experimental

shots indicate that the magnitude of current () is small as
the projectile exits the gun. A total system resistance of
3.3 m-Ohm has been used for all simulations. The power
supply resistance was measured to be 3 m-Ohm and the rail
resistance was calculated to be 0.3 m-Ohm from the
resistivity and geometry of the copper conductors within
the railgun assembly from input to output leads. R/L” is
calculated for each shot in Table 5. The R/L” ratio 1is
calculated by the following equation where each of the
terms i1s defined iIn Table 5.

E. - i(Vvo - KE)
L' 2mv

Shots 1-2, and 5-7 support the model parameter of 3.3
m-Ohms of total system resistance. The two low velocity
non-augmented results for shots 3 and 4 are outliers at
4.44 and 5.78 m-Ohms respectively, suggesting additional

frictional losses.
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Shot| Configuration L' Armature | Input Energy| Velocity| Kinetic Energy R/L' R
(uH/m)| Mass(g) W, (KJ) (m/s) KE (J) (Ohm-m/H) | (m-Ohm)
1 | solid, non-aug [0.3037| 11 53 246 332.8 9793 2.97
2 | solid, non-aug |0.3037 11.4 35 168 160.9 9137 2.77
3 | solid, non-aug |0.3037 11.4 35 105 62.8 14620 4.44
4 | slot,non-aug |0.4405| 11.4 35 117 78.0 13120 5.78
5 solid, aug  |0.4707[ 11.2 35 265 393.3 5896 2.78
6 | slotted, aug |0.6828 11.4 35 294 492.7 5221 3.57
7 | slotted, aug |0.6828 11.4 35 286 466.2 5367 3.66
Table 5. Total System Resistance and R/L” Results
Appendix F includes photographs of typical rail,
insulator, and armature wear. Every shot resulted iIn a

thin coating of melted aluminum deposited along the rail
length. Gaps in the presence of the coating correlated to
the localized damage in the chromium copper rail material
suggesting specific locations where arcing developed
between the armature and rail. Micrometer measurements of
the as-fabricated 3/4" square Aluminum 6063 armatures
measure at 0.748” where the same measurements TfTor the
ceramic insulator thickness hold the tighter tolerance of
0.750” +/- 0.0001 along the entire length. Although these
dimensions suggest an ideal fit, the surface finish in the
bore region of the rail liner is accomplished by 400 grit
belt sanding Tfollowed by 600 grit hand sanding. Hand
feeding of the armatures down the bore length indicates
alternating regions of binding and slipping. As a result,
the fTinal loose sliding fit was accomplished by polishing
the outer armature faces. The volume of material removed
by this polishing was significant: all of the as-fabricated
armatures had an initial mass of 11.6 grams but the typical
final armature launch mass was 11.4 grams. In general, the
more material removed from the armature during polishing to
provide a working fit, the more rail damage observed post-

firing due to caroming of the round back and forth between
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the rails during launch. The extreme variation in
electrical contact during launch which results from such a
poor fit contributed to the rail damage as demonstrated by
localized blackened aluminum and copper regions where

arcing likely occurred.

In one shot, the results of which are not included in
Table 3 due to occurring prior to effective diagnostics,
the as-fabricated armature provided a working fit without
polishing. This particular shot produced an even aluminum
coating down the entire rail length with no visible damage
to the underlying rail liner. Inspections of the spent
armatures reveal that the highest velocity shots experience
the least loss of armature mass, and the least deformation
of the trailing arms. Root radius wear for the augmented
higher velocity shots was grainy but retained the aluminum
metallic tone whereas the root radius of the non-augmented
shots was obscured