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Preface

This is the eighth in a series of books published on High-Pressure Shock
Compression of Solids. In this book, the emphasis is on the science and
technology of high velocity impact, a subject that is relatively new. It is
a direct outgrowth of World War II research and the manned spaceflight
program for well-controlled impact studies to understand material response
to intense dynamic loading. This book is based on plenary lectures presented
at the 54th Aeroballistic Range Association (ARA) Meeting held in Santa
Fe, New Mexico, October, 20-24, 2003. The many chapters were prepared by
leading researchers and fellows of the Association who have made significant
contributions to the field.

The ARA is an international organization of experimental and computa-
tional range facilities, operating in research or commercial mode that requires
projectiles or macro-objects to be launched at high velocities. Studies include
projectiles’ aeroballistic characteristics or hypervelocity impact mechanics or
phenomena that arise as a result of their impact on other bodies. The asso-
ciation holds annual meetings to discuss topics pertaining to state-of-the-art
research and applied programs on ballistic studies, hypervelocity launch tech-
niques and applications, diagnostics development, and safety issues associated
with the operation of range facilities. The topics of discussion are pulished
informally as ARA Proceedings that are held proprietary to its members.
This philosophy is adopted to foster frank discussions, to stimulate technical
advances, protect intellectual property rights, and allow open disclosures of
embarrassing accident descriptions or unsuccessful trials — all of which are
necessary for advanced technological development. The ARA has succeeded
in promoting the safe and efficient operation of range facilities, the develop-
ment of many of the test methods now routinely used, and the formation of
a contributing commercial industry that supply the needed research tools.

One of the primary motivations for this book is to document the history of
the development of high velocity launchers and the relevant high-speed and
high-time-resolution diagnostics. The examples presented in this book are
strong evidence of the significant contribution the development of smoothbore
research guns has had in the field of high velocity impact. The tools have been
extremely useful in obtaining well-controlled and well-characterized projectile
launches, not only of flat plates for the material property studies generally



VI Preface

referred to as shock physics, but also for arbitrarily-shaped projectiles for
both aerodynamic and impact studies.

The first chapter, by Hallock F. Swift, highlights the history of two-stage
light-gas gun technology development, beginning in the late 1940s and con-
tinuing to the present. He discusses the motivating factors and the program
needs that led to the focused development of the two-stage gun technology.
The second chapter, by Henri Bernier, describes in detail the theory and tech-
nical methods used to design and operate two-stage light-gas guns. Projec-
tile launch velocities approaching 9km/s represent the technological limit of
conventional two-stage light-gas guns, and programs are underway to devise
means for achieving higher launch velocities. One such effort is the develop-
ment of a plasma drag accelerator described in Chap. 3 by Eduard Igenbergs
and Martin Rott. A high velocity, plasma “drags” small diameter particles to
velocities well over 10 km/s. This technology was driven in part by the need to
investigate micrometeoroid impacts on spacecraft. Chapter 4, by Lalit Chha-
bildas and Marcus Knudson, describes the technical conditions that must be
met to launch projectile plates to velocities approaching 30 km/s. Early study
in the 1990s enhanced the capability of two-stage guns to launch plates at ve-
locities as high as 16 km/s. More recently, pulsed-electrical-power techniques
have produced magnetic pressures sufficient to launch plates at velocities
approaching 30 km/s.

In Chap. 5, Alois Stilp discusses the development of sabots to launch
arbitrarily-shaped projectiles. This technology has allowed evaluation of the
lethality and vulnerability of many conventional weapon systems. The tech-
nology needs to be precise in that the sabot package must not only protect
the projectile during launch but also ensure a proper and stable flight path
after it exits the muzzle.

To assist with the interpretation of ballistic events, explosions, etc., imag-
ing methods such as high-speed photography and flash x-radiography have
proven to be indispensable. Chapter 6, by Vernon Draxler, highlights many
of the applications and provides examples of the use of these imaging tech-
niques. In Chap. 7, Peter Fuller traces the historical development of high-
speed photography over the past 150 years. It should be emphasized that
obtaining images of projectiles moving at velocities of from a few hundreds
of meters per second to ten kilometers per second imposes stringent condi-
tions balancing the accuracy requirements with the exposure time necessary
to prevent blurring. This is addressed in these chapters. With the advent of
lasers, the diagnostics have recently been extended to include imaging holo-
grams of ballistics events, as discussed in Chap. 8, prepared by Gray Hough.
In many respects, this is a revolutionary development since construction of
three-dimensional holographic images offers the potential for making this a
powerful tool to promote improved understanding of ballistic events.

Complementing the high-speed imaging techniques are nanosecond high
time-resolution time-resolved test methodologies that use interferometry,
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piezoresistive, or piezoelectric gauges to infer the deformation features re-
sulting from shock structures in impacted solids. William Isbell discusses
this subject in Chap. 9. The final chapter by Jim Asay and Marcus Knudson
highlights recent developments in which pulsed magnetic fields were used to
investigate isentropic compression in materials. When combined with shock
Hugoniot data and isotherms obtained using static techniques, this offers
the potential for determining more comprehensive equations of state, over
wider temperature, pressure and specific volume ranges, than any heretofore
available.

We would like to acknowledge all the authors for their contribution to
this book and in particular their personal contribution to the science and
technology of high velocity impact. As indicated, this is a dynamic, diverse,
mature, and challenging field ranging from material science studies to ballistic
impact investigations. The development of new technology, even to this date,
continues to be inspiring and educational.

Albuquerque, New Mexico Lalit C. Chhabildas
Tijeras, New Mexico Lee Davison
Los Alamos, New Mexico Yasuyuki Horie
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1 Light-Gas Gun Technology:
A Historical Perspective

Hallock F. Swift

1.1 Introduction

Since their inception during 1948, two-stage light-gas guns have evolved into
the primary laboratory devices for launching macro-size models to veloci-
ties above 2.5km/s (8200ft/s). Today, light-gas guns are used routinely to
launch projectiles with sizes ranging from spheres and cylinders 0.1 mm in
diameter and weighing a few micrograms to complex models with trans-
verse dimensions up to 175mm that weigh several kilograms. Some of the
larger units have been launched successfully with active electromechanical
systems aboard. Large and complex models can achieve launch velocities
above 7.0km/s (23,000 ft /s) without experiencing damage. Smaller and more
rugged models made from a variety of plastics, metals and ceramics are
launched intact to velocities exceeding 9.0km/s (29,500ft/s). Bore fitting
plastic cylinders with limited aspect ratios have achieved velocities above
11.0km/s (36,000 ft/s). Finally, disks of low-density titanium-alloys have been
launched to velocities up to 16 km/s (52,500 ft/s) by using light-gas guns in
conjunction with impact-driven velocity amplifiers mounted at their muzzles.

Two-stage light-gas guns have emerged as virtually the only devices avail-
able for launching models in support of a wide range of laboratory studies
that require high-speed flights. Fortunately, such gas guns have proven to
be reliable and easily used laboratory devices. Hypersonic aerodynamic phe-
nomena associated with atmospheric reentry of space-traveling vehicles have
been simulated, as have aerothermal phenomena. These phenomena have
been produced in laboratory equipment where they can be studied closely
and measured with high precision. Hypervelocity impacts producing local
stress levels up to nearly 1.0 TPa (150 million 1b/in?) during planar impact
experiments have proven invaluable for studying details of the response of
materials to ultra high-pressure environments. Armor systems for protecting
space vehicles from natural meteoroid impacts and from similar encounters
with man-made particles have been developed almost exclusively using re-
sults from gas gun impact studies. The effectiveness of supervelocity artillery
projectiles impacting modern armor systems has been studied extensively
using light-gas guns. Aeroelastic phenomena that ultimately control the aim-
ing accuracy of very high velocity slender projectiles as they fly through the
atmosphere have been simulated. Many other research areas ranging from
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fabrication of new materials to evaluating modern methods for processing
food have also benefited from modern light-gas gun technology.

The occasionally convoluted story of light-gas gun technology develop-
ment over the past half century provides significant lessons about how to,
and not to, exploit modern technological breakthroughs. The story of this
development effort is often entertaining as well.

Organization of this chapter is necessarily complex because many of the
points discussed occurred simultaneously or were superimposed upon one-
another as they evolved over an extended period of time. We start with a
description of the early history of light-gas gun technology development that
extends up to about 1980 when modern development began in earnest. Then
the technology is treated by individual subject areas. The chapter concludes
with a discussion of recent history (1980 to the present) and an abbreviated
estimate of what the near future may hold for the technology.

1.2 Early History

1.2.1 The Post World War II Technology Situation

The story of two-stage light-gas gun development extends back well before
their original invention in 1948. It is widely agreed that the Allies won World
War II mainly through supplying their fighting troops with more and gen-
erally superior equipment than was available to troops of the Axis Powers.
These materials were produced mainly in the United States. One notable
exception to allied superiority in material quality over the Axis powers was
gunnery extending in size from larger small arms to heavy artillery. The
Germans, in particular, produced weapons with higher velocity capabilities
and better workability than many of their allied counterparts. A prime ex-
ample is the famous German 88-mm field gun. It was initially distributed
as an antiaircraft canon but it was found to be a superb antitank gun and,
finally, it served admirably as the main armament for the famous German
Tiger Tank. Among the Allies, the USSR also produced several important
guns that outperformed their American counterparts.

After World War 11, farsighted officers in the United States Army and
Navy became concerned about this perceived technology gap, especially as
the USSR emerged as a potential military opponent during the early post-
war years. Research and development projects were quietly initiated to lay
groundwork for improving American ordnance capabilities. At the same time,
technology from the German V2 rocket project during World War II was
being married to nuclear weapons development to create modern ballistic
missile weapons systems in both the United States and the USSR. Rocketry
development also triggered engineering interest in space exploration in both
camps. Development of space-traveling missiles and research vehicles required
laboratory capability for launching a variety of models to velocities up to
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6.0km/s (21,500 ft/s) for ICBM technology development and to much higher
velocities for satellite and deep space vehicle development.

No technology was available during early post-war years for producing
the required model velocities under laboratory conditions. The nearest ap-
proach came from single stage solid propellant guns (powder guns) whose
muzzle velocities were limited to approximately 2.75km/s (9000 ft/s). Thus,
the stage was set for fundamental new thinking in the area of launching
macro-projectiles to high velocities.

1.2.2 Two-Stage Light-Gas Gun Invention

Professor E.J. Workman and his research group at the New Mexico Insti-
tute of Mining and Technology (NMIMT) approached the technical staff at
the United States Army Ballistic Research laboratory during early 1948 with
a revolutionary proposal for extending launch velocity capabilities of guns.
He pointed out that launch velocities of powder guns had been maximized
at levels near 2.75km/s (9000 ft/s) by minimizing launch mass, lengthening
the launch tube, evacuating the launch tube to eliminate back pressure on
the projectile face, increasing the mass and volume of the propellant charge,
and making propellant burn rates correspond to gun launch needs. Prof.
Workman asserted that velocity limits of solid propellant (powder) guns could
be traced to the nature of the propellant burn products that formed the driver
gas charge for these devices. Only a finite amount of energy is released by
combustion of the propellant to form the burn products that expand to ac-
celerate the projectile. At least part of this energy must be used to accelerate
the mass of the local burn product gas to the instantaneous velocity of a
projectile as it is being launched along the gun tube. As projectile velocities
approach 2.75 km/s, essentially all the available energy is used up accelerating
the driver gas so little or none is left for further acceleration of the projec-
tile. This factor causes a pressure gradient to develop along the gas column
in the launch tube. This gradient results in the gas pressure at the base of
the projectile decreasing to values well below the pressure in the propellant
chamber as the projectile achieves high velocities during its travel along the
launch tube.

Professor Workman proposed to alleviate this problem by replacing pro-
pellant burn product gas with a column of light-gas for projectile launches.
The new gas charge would have a much lower molecular weight than pro-
pellant burn products while retaining or even exceeding energy densities of
propellant burn products. In this way, similar energy densities within the
driver gas could produce much higher peak flow velocities that would reduce
the effects of gas pressure gradients along the gun tube and allow higher
projectile velocities to be attained. Typical propellant burn products con-
sist of mixtures of HoO, CO4, and N with average molecular weights near
30 g/mole. Substituting helium as a driver gas lowers the gas molecular weight
to 4.0 g/mole (only ~1/8 that of the gas from propellant burn products.) The
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(d) Launch Cycle End with Projectile Launch and Piston
Deformation into Transition Section.

Fig. 1.1. Light-gas gun sketches showing various stages in the firing process

problem then becomes “How is energy to be added to a column of helium
gas to develop energy densities comparable to (or greater than) those con-
tained by propellant burn products [1]? The technique chosen was adiabatic
compression of helium gas originally contained within the tube of a smooth-
bored gun byfigure a propellant-driven piston. The equipment configuration
is shown in Fig. 1.1 at various stages of a gas gun launch operation. The
rear half of the launcher (the pump tube assembly) is a smooth bore solid
propellant gun of ordinary design with its projectile replaced by a weighted
compression piston. The piston seals the rear end of the pump tube. The
muzzle end of the pump tube assembly is sealed by a massive steel cylin-
der (the central breech.) This unit contains an extension of the pump tube
bore, a conical transition to a smaller bore diameter, and a forward-facing
receptacle. The receptacle supports a valve mechanism that seals the rear
end of the launch tube until it is opened by high gas pressure. A second
gun tube (the launch tube) used for accelerating the final projectile package.
Typically, the launch tube has a smaller bore diameter (often near one-third)
that of the pump tube. A projectile package to be launched is mounted at
the base of the launch tube just ahead of the valve.

The gun is loaded by installing a piston at the base of the pump tube,
installing a valve and a projectile at the base of the launch tube, and adding
a propellant and ignition charge to the rear chamber. Air is then evacuated
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from the pump tube and central breech volume between the piston face and
the valve. A charge of low-molecular-weight gas (helium) is added to the
evacuated volume. This situation is depicted in Fig. 1.1a.

Gas gun firing begins with ignition of the propellant charge. Rapidly in-
creasing gas pressure in the chamber causes the piston to accelerate forward
into the gas charge thereby compressing it rapidly. Compression continues
until the piston uses up the last of its kinetic energy and lodges itself in the
transition cone within the central breech. The duration of the compression
stroke is short enough to assure that only a very small portion of the energy
added to the gas column by compression is transferred to the pump tube wall
via radiation, convection, and/or conduction. Thus, the compression stroke
of the piston produces nearly adiabatic compression of the gas column. Some-
time after the front piston face enters the central breech, pressure within the
gas column rises to the point where the quick-opening valve operates. Gas
then flows past the valve and impinges on the projectile to start the launch
process. A fairly complex situation now ensues in which the volume of the gas
column continues to decrease and its pressure increases by continued forward
(but decelerating) motion of the compression piston. At the same time, the
volume available to the gas is being increased by rapid acceleration of the pro-
jectile along its launch tube. Immediately after valve operation, gas volume
decreases and gas pressure rises until pressure levels achieve several multiples
of the projectile’s release pressure. Then the situation reverses as net gas
volume increases due to piston deceleration and projectile acceleration. Peak
gas pressure is reached as the instantaneous projectile velocity exceeds nine
times instantaneous piston velocity for typical gas gun geometry. Finally, the
launch cycle is completed as the piston uses up the remainder of its kinetic
energy by lodging itself into the transition taper and the driver gas expands
adiabatically behind the projectile until it clears the launch tube muzzle.

Professor Workman’s group received a contract from the United States
Army Ballistic Research Laboratory (BRL) to explore the light-gas gun con-
cept and built a prototype that was tested carefully [1]. Almost immediately,
the gas gun launched light projectiles to velocities near 3.0km/s (9800 ft/s)
even without evacuating the launch tube bore. Peak launch velocities were
worked up from this level to nearly 4.0km/s as experience was gained choos-
ing appropriate gun loading conditions. Choosing ideal loading parameters
became relatively complicated because so many means of controlling the
launch cycle are available. They include:

Pump piston mass

Solid propellant mass and burn rate
Initial light-gas charge pressure
Projectile release pressure, and
Projectile mass.

In addition, the following gun design parameters were found to affect launch
velocity directly:
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Chamber volume

Pump tube length

Pump tube diameter

Convergence angle of the taper section
Launch tube diameter, and

Launch tube length.

All of the loading factors interact closely with one another to determine
projectile launch velocity and peak projectile acceleration levels during the
launch cycle. It became obvious during early tests that light-gas guns are ca-
pable of producing gas pressure profiles intense enough to shatter projectile
packages and to deform (or even rupture) gun components. Thus, develop-
ing peak performance capabilities of gas guns required delicate balancing of
the five controlling loading parameters. As can be imagined, the listed de-
sign parameters also control launch velocity, and several of their interactions
with each other became understood only after years of analysis and exper-
imentation. Both computational and experimental processes continue today
as gas guns operated by at several facilities are adjusted carefully to achieve
progressively higher performance levels.

Professor Workman'’s early results were spectacular and attracted consid-
erable attention among BRL managers. A decision was made that the two-
stage gas gun breakthrough was important enough to subject it to military
classification. At the time, (about 1950) classified research was not allowed
at academic teaching institutions so the light-gas gun development work at
NMIMT was terminated and the equipment on hand was shipped to BRL.
Unfortunately, development was not continued at BRL, or elsewhere, and the
NMIMT equipment was misplaced. Light-gas gun technology lay dormant for
several years until political developments caused its resurrection.

1.2.3 Light-Gas Gun Contributions to Space Activities

During the early 1950s, modern ballistic missiles were chosen as one of three
primary delivery mechanisms for strategic nuclear weapons. Vehicle develop-
ment needs, particularly pertaining to reentry science, spurred renewed inter-
est in laboratory launching of macroprojectiles to hypervelocities. Light-gas
gun technology had not yet achieved velocities of interest to such efforts but
the theoretical potential of gas guns and their position as the fastest launch-
ers available assured their detailed consideration by government laboratories
in the United States and Europe and by a few commercial firms involved in
defense activities. These efforts were also supported by the beginning of the
civilian space effort that started during the mid 1950s when orbiting of man-
made Earth satellites began being treated as a current engineering problem.
These activities prompted interest of NASA facilities, especially the Ames
Research Center (Now NASA Ames). A large light-gas gun laboratory was,
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accordingly, set up at NASA Ames. The number of facilities employing light-
gas guns for space and missile research grew rapidly during the second half
of the 1950s. Several dozen operations in the United States, Canada, and
Western Europe became active by 1960.

Interest was triggered for investigating the potential problem of mete-
oroid impacts upon satellites in orbit. The United States Navy planned to
place a satellite in earth orbit during the International Geophysical Year,
1957. Development of effective armor to protect it from meteoroid impacts
became a priority project. Somewhat later, (1960) methods for defeating hos-
tile ballistic missiles became an important consideration. Attacking ICBM
warheads during mid-course flight and during early reentry with fields of
macro-particles was looked upon for several years as a fruitful defense mea-
sure. Both of these problems lead to intense research into increasing velocity
capabilities of light-gas guns and to studies of hypervelocity impact mechan-
ics (impacts that produced initial stress levels many times greater than those
that could be resisted by target or projectile materials strengths.)

1.2.4 Organizations that Supported Light-Gas Gun Development

The earliest organized activity to coordinate individual research efforts, ex-
change results, and consider means for proceeding in a coherent progres-
sion involved the Tri-service Hypervelocity Impact Committee formed by
the United States Army, Navy, and Air Force. The principal activity of this
committee was sponsoring a series of seven international symposia on hy-
pervelocity impact, the first of which was held at the Rand Corp. in Los
Angeles CA during the spring of 1956. Nearly half the papers presented at
the first symposium described efforts to launch projectiles to the highest ve-
locities possible. The highest velocities reported were produced by a variety of
explosively powered projectors rather than light-gas guns. Explosive launch
effectiveness was limited severely because projectiles had to be formed during
launch processes, which limited available shapes and materials severely. Also,
no means were then available for accurately determining sizes or masses of
launched items. Release from these limitations provided by light-gas guns as-
sured continuing interest in the technology. Many papers covered two-stage
light-gas gun developments. Steady progress in attaining higher velocities
was reported as many gun geometries and firing parameter combinations
were investigated. Peak light-gas gun velocities reported at the first Rand
Symposium were just over 5.0km/s (16,400 ft/s). The symposia were held at
approximately 18-month intervals until the 7th Symposium during February
1965. During this period, work on light-gas gun development divided natu-
rally between efforts to achieve maximum possible velocities, mostly without
regard for projectile materials or shapes launched, and efforts to exploit the
technology for supporting exterior and terminal ballistic tasks. Figure 1.2
presents reported maximum velocities achieved in these two areas of work
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Fig. 1.2. Reported peak light-gas gun velocities vs. time from 1948 to the present

throughout the history of light-gas gun technology. Peak velocities rose even-
tually to somewhat over 11.0km/s (36,000 ft/s), but projectiles launched at
velocities above 9.0 km/s (29,500 ft/s) were limited to short plastic cylinders
of bore diameter that were of limited usefulness for precise quantitative re-
search and development. Velocity limits extended quickly to near 8.0 km/s
(26,200 ft/s) for light-gas guns used as research tools (guns that could launch
projectiles of multiple shapes made from a variety of materials). The size
and complexity of launched projectiles developed rapidly during this period,
as progressively larger light-gas guns with controlled peak acceleration levels
became available.

A second important development that supported organizing and coor-
dinating gas gun development was the founding of the Aeroballistic Range
Association (ARA) in the fall of 1959. The ARA is an association of facili-
ties that operate advanced ballistic research activities. During its early years,
each member organization had to operate at least one two-stage light-gas
gun. The ARA met at informal symposia every six months where all member
organizations were required to present papers on their facility development
efforts. The proceedings of these symposia were held confidential to the mem-
bership to protect release of trade secrets and to promote frank discussions
of potentially embarrassing subjects such as operational accidents and failed
projects. The ARA is still an active and vibrant organization that now meets
annually. It held its 54th meeting during the fall of 2003. Its membership is
still closely controlled but has expanded to encompass other related technol-
ogy areas and some equipment vendors.
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Finally, the light-gas gun field has received substantial support from the
Hypervelocity Impact Society (HVIS) formed in 1985 by a group of eminent
scientists headed by Dr. Harry Fair, then with the United States Defense
Advanced Research Projects Agency (DARPA). The organization is interna-
tional and has been very active since its inception. It sponsors a series of
symposia that started in October 1986 and continue to the present. They
are, effectively, continuations of the seven Hypervelocity Impact Symposia.
The HVIS also sponsors individual recognition for exceptional contributions
to the hypervelocity field with their “Distinguished Scientist” awards that
include substantial stipends. They promote academic studies in related fields
with student scholarships, student paper competitions, financial support for
symposium attendance, visiting lecturers, etc.

1.3 Development of Technologies Needed
for Modern Light-Gas Guns

Development of critical light-gas gun components and supporting technolo-
gies is described in this section. These developments dominated the occasion-
ally halting progress of light-gas gun technology that has succeed in trans-
porting laboratory curiosities of the late 1940s to important assets needed to
support a significant number of current national research and development
goals.

Time periods covered here extend from the original concept demonstra-
tion in 1948 to the present, so some of the events described earlier must
be revisited briefly but from different viewpoints. The same holds for mod-
ern and future light-gas gun chronologies discussed at the conclusion of this
chapter.

Figure 1.3 presents a sketch of a generic two-stage light-gas gun, identi-
fying the components that are discussed below.
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CHARGE

Fig. 1.3. Light-gas gun sketch with names of major components
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1.3.1 Sealing Light-Gas Gun Joints

Inspection of early gas gun hardware after firings showed clearly that signifi-
cant gas leakage occurred at all joints subjected to light-gas charges pressur-
ized during firing cycles. Another factor that supported the assumption that
gas leakage affected light-gas gun performance significantly was that launch
velocities varied widely (by £20% or so) for individual firings of particu-
lar guns when loading parameters were held constant. Presumably, different
shot-to-shot leak rates reduced gun performance to various degrees. At min-
imum, the joints that leaked badly were those between the pump tube and
the central breech and those between the central breech and the launch tube.
Typical early gun designs included additional joints within the central breech
at both ends of the taper between the pump tube and launch tube diame-
ters. Still more joints, which also leaked, were generally added at both ends of
short launch tube extensions that were used to mount the projectile packages
to be launched and the quick-opening valves used to release them.

The state-of-the-art for gun joint seals when light-gas gun development
began involved using rubber o-rings mounted in grooves on flat faces (per-
pendicular to the gun axis) and/or on cylindrical surfaces of boss/receptacle
joints. Peak gas pressures produced in light-gas charges during gun firing
cycles typically exceeded 500 MPa (74,0001b/in?), which defeated o-rings by
pushing them aside. Face seal surfaces were also subjected to very large forces
that tended to separate them. Even small surface movements reduced seal
effectiveness to nil. These forces were produced by both gas pressure operat-
ing on the surfaces inside the seal and the large recoil forces that arise during
the gas gun firing processes.

The first effective steps taken to seal light-gas guns were to reduce the
number of joints exposed to highly pressurized light-gas charges to an ab-
solute minimum. The first to go were joints at the ends of tapers between
pump and launch tube diameters. The central breech assemblies became sin-
gle units fabricated from strong and tough steel. Next, the projectile package
and the quick-opening valve was moved to the rear of the launch tube, thus
eliminating the joints needed to seal launch tube extensions. It is interesting
to note that these joints reappeared in modern light-gas gun designs once
fully adequate seals came into common use. Finally, the launch tubes were
made from single steel forgings to eliminate joints along the bore walls as
well as bore surface imperfections produced by joint misalignments.

The second effective effort for joint sealing involved development of seals
that could withstand very high gas pressures without leaking. The new seals
required both high intrinsic strengths and insensitivity to joint motion (open-
ing/closing and diametrical deformation) produced by gas pressure and recoil
forces. Two basic seal designs have come to dominate the field. The first, and
most classic, uses a metal ring having the cross section of a rather flat metal
wedge to produce the seal as is sketched in Fig. 1.4. Gas pressure acting on
one face of the feather edge presses it against the mating seal surface with a
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Fig. 1.4. Bridgman type gas seal applied to light-gas gun

force that grows proportionately with the pressure of the gas that is trying
to escape. The overall effect of this situation is that the mechanical strength
of the seal material becomes progressively less important as the gas pressure
increases. These seals can be designed to withstand at least moderate axial
and diametrical joint movements during gas pressure application by having
the feathered surface engage a mating surface whose radial position varies
only slowly with small joint opening motions.

A more radical group of seal designs (that have come to dominate sealing
functions in modern light-gas guns) employ conventional rubber o-rings in
geometries that allow them to withstand almost infinitely high gas pressures.
A fine example of this arrangement is the famous diamond seal invented dur-
ing the 1960s at the General Motors Defense Research Laboratory (GMDRL)
and sketched in Fig. 1.5. Diamond seal designs have been copied throughout
the industry and they, together with their many variations, are in wide use
today. The diamond seal operates between two flat faces that are fitted with
opposing o-ring grooves. A metal ring with an outside diameter that nearly
fits the outer surfaces of the o-ring grooves is installed between them. The
length of the ring is made just less than the sum of the depths of the two
grooves. The inner corners of the ring are precisely beveled to form trian-
gular openings within the inner corners of the two o-ring grooves when the
seal is assembled. These triangular openings contain a pair of conventional
rubber o-rings whose cross sections are squeezed nearly triangular. The cross-
section diameter of the o-ring is chosen so that ring areas are near 80% of the
areas of the triangular openings. When gas pressure is applied to the joint
surfaces inboard of the seal, it forces gas into the grooves at full pressure.
This gas engages the two o-rings, forcing them outward toward the narrow
openings between the rings and the groove bases. Extremely high gas pres-
sures would extrude the o-ring materials through these gaps and around the
outside diameter of the ring to cause seal failure if the seal ring retained
its size and shape during pressure application. However, the outward radial
force produced on the ring by the gas pressure causes it to expand, thus
blocking escape of the o-ring material and assuring maintenance of gas seal-
ing. Diamond seals operate at peak pressures above 800 MPa (117,0001b/in?)
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Fig. 1.5. A diamond seal that is typical of many modern light-gas gun seals

through dozens of individual applications without even damaging the rubber
o-rings.

A third approach to gas sealing in light-gas guns bears mentioning. Here,
the seals are not expected to work perfectly but only to delay significant gas
flow for the duration of gas gun firing cycles. One example is the threading of
the outside diameter of the launch tube into the down-range end of the cen-
tral breech. The projectile package and the quick-opening valve are installed
before the tube is screwed in place. Before a firing, rudimentary o-ring seals
at this joint contain the light-gas charge. These seals fail as high gas pressures
develop, but the long and tortuous escape path through the threaded joint
assures that negligible amounts of gas escape during firing cycles.

Over a period of thirty years or so (1947-1977) application of modern
gas sealing technology succeeded in eliminating gas leakage as an important
problem blocking advancement of light-gas gun technology. One result of this
success provides striking evidence of how effective modern light-gas guns are
in sealing gas within them. During early days, even small gas guns produced
ear-splitting roars when they were fired, regardless of atmospheric conditions
beyond their muzzles. These blasts were caused by explosive escape of gas
charges. Today, even large light-gas guns produce little noise when they are
fired into evacuated ranges.

1.3.2 Developing Light-Gas Gun Clamps

A factor closely related to sealing gun components together to prevent gas
leakage during firing is the method used to clamp the gun components to-
gether. The clamps must hold light-gas guns together during firings and also
restrain relative component movement produced by forces associated with
high internal gas pressure and forces produced by complex recoil processes
associated with gun firing. The gas pressure forces are produced by high-
pressure gas operating against opposing surfaces between the gas column(s),
and the gas seals. We assume that these surface areas are exposed to fully
pressurized gas whether or not any openings between them are expected. We
further assume that no gas is allowed to escape past the seals and impinge
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on these opposing surfaces outboard of the seals. Actually, many gun clamps
would fail catastrophically if pressurized gas were allowed to reach outboard
surface areas and thereby greatly increase the opening force. Good gas gun
design practice dictates that these outboard surfaces be reliably vented to the
gun exterior. Obviously, gas pressure forces on flat surfaces are minimized by
positioning seals as close as practical to the interior gas columns within the
gun components.

Forces produced at seal closure surfaces by gun recoil cannot be either
increased or decreased by any seal design features. They arise from accelera-
tion and deceleration profiles of the relatively massive pump pistons and they
can become very large. For instance, the recoil force at central seal surfaces
can reach 1.32 x 105N (315,0001b) during energetic firings of a two-stage
light-gas gun with a 50-mm (2.0-inch) diameter pump tube. This force pro-
file appears alternately as an opening and closing force on central gas gun
joints. As was mentioned earlier, modern gas seal designs can withstand small
movements between gun components but much is to be gained if these move-
ments are minimized. Thus, gas gun clamps need to be both strong and rigid
if they are to be effective.

Originally, gun components were clamped together using techniques that
produced adequate closing forces and were strong enough to survive firing
loads without damage, but they were extremely flexible. Thus, large inter-
component movements were typical during early light-gas gun operations.
Steel flanges were screwed onto the outside diameters of components to be
connected near the closing ends. These flanges contained matching hole pat-
terns near their outer edges which were aligned with each other and fitted
with bolts, washers, and nuts that were tightened to provide clamping force.
During gas gun firings, when opening forces were applied, the flanges flexed
into conical shapes (like Belleville disc spring washers) allowing partial joint
opening. The relatively slender shafts of the holding bolts also stretched un-
der applied axial loads, thereby increasing joint openings. Together, these
movements allowed the joints to open to alarming degrees. The situation
reached its extreme when flanges and bolts were used routinely to clamp cen-
tral breeches between pump tubes and launch tubes. Flanges were screwed
onto pump tube and launch tube outside diameters near their ends facing
one another and long thin bolts were used to provide closure forces for all
central gun joints. These clamps proved so flexible that joints between pump
tubes and central breeches opened substantially. After each firing, they were
pulled closed by elastic recovery of the flanges and bolt shafts with enough
velocity to produce component damage. Copper discs were occasionally in-
serted between critical joints to prevent gun components from being peened
over by such repeated impacts.

More rigid seals started being installed between gas gun components dur-
ing the early 1960s at facilities like GMDRL. Their use spread slowly through-
out the world, but examples of flange and bolt joints can still be found on
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smaller two-stage light-gas guns operating today. Basically, rigidity of mod-
ern gas gun clamping is improved markedly by eliminating flanges that can
distort out of their plane, and by replacing bolts for providing closure force
with thick-walled tubes that surround the clamped components and deform
only slightly when subjected to extreme opening forces. A good example of
such a coupler is a right-hand/left-hand nut clamp depicted in Fig. 1.6. One
component to be clamped is threaded on its outside diameter adjacent to
the facing surface with right-hand threads. Similar threads on the other com-
ponents are of the same pitch but are left-handed. A long hollow nut with
female right and left hand machined into each end is started onto each com-
ponent simultaneously. The nut is then rotated enough to bring the two gun
components together to form an extremely rigid coupling.

RIGHT-HAND
THREADS

LEFT-HAND
THREADS

BORE

!/7/7//’{»/\///

BOSS/RECEPTACLE
JOINT

Fig. 1.6. Right-hand/left-hand threaded coupler for joining light-gas gun compo-
nents

Finally, a jump was made to infinitely rigid couplers. These couplers allow
no joint opening at all during light-gas gun firings. Workers at the Ernst
Mach Institute (EMI) were among the first to develop gun clamps in which
the closing force is produced hydraulically. An example of such a clamp is
depicted schematically in Fig. 1.7. These couplers operate by producing joint
closing forces that are typically 130% of the sum of maximum gas pressure and
gun recoil forces applied to the joint being clamped. Since very high-pressure
water pumps are now available at low cost, the sizes of hydraulic enclosures
needed to provide such forces could be limited to reasonable values. Under
these closing forces, the net force on the joint (closing forces less opening
forces) may be counted upon to remain positive (closing) under even the most
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Fig. 1.7. Hydraulic clamp used to join light-gas gun components

extreme joint loads. The joints remain closed as they would if the clamps were
infinitely rigid.

Most recently designed light-gas guns use rigid nut clamps of one design
or another between pump and launch tube segments. Either rigid mechanical
clamps or hydraulic clamps close the joint connecting the propellant chamber
and the pump tube. Hydraulic joints are now widely used to close central
joints roughly at each end of the central breech. We anticipate that hydraulic
clamps will become progressively more common gun design items as time
goes on.

1.3.3 Central Breech Development

Central breeches absorb the most intense punishment of any light-gas gun
component. During each firing, they must withstand, first, the peak pressure
produced by light-gas compression. Second, the transition between pump
and launch tube diameters receives the most intense surface heat loading
associated with gas gun operation. Gas densities are high at this location and
convergent gas flow scours away most of the boundary layer that protects,
at least partially, other gun components such as the launch tube bore, which
also experience gas flow. Finally, the transition must withstand impact of
the compression piston as it comes to an abrupt stop during the last part of
its compression stroke. These factors combine to assure that central breeches
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in all but the most gently fired light-gas guns eventually accumulate enough
damage to require their retirement if catastrophic rupture is to be avoided.

Light-gas guns of early design used at the United States Naval Research
Laboratory (NRL) and at a few United States Army laboratories were oper-
ated with expendable central breeches. Since the cost of each of these breeches
had to be amortized over a single gun firing, they were carefully designed to be
inexpensive to fabricate. This feature alleviated much apprehension for gun
development engineers whose efforts might otherwise be inhibited through
fear of destroying an expensive component. Low cost central breeches al-
lowed for the use of compression pistons made from mild steel. These pistons
massively distorted transition sections within central breeches when sharp im-
pacts occurred. Light-gas guns at most other facilities used weighted plastic
pistons with easily deformable forward sections that produced large stresses
when they impacted the transition section, but did not cause central breech
failure as a result of a single firing. Today, such pistons are used exclusively,
making central breeches semi-capital gas gun equipment (with lifetimes of
hundreds or thousands of firings).

Gas dynamicists noted by 1960 that a potential existed to shape transi-
tions between pump and launch tube diameters to minimize gas flow resis-
tance to flows that started subsonic but became sonic as the firing sequence
continued. At considerable expense, such surfaces were machined into special
transition sections that were tested during energetic light-gas gun firings at
several facilities in the United States and Europe. Light projectile packages
were fired at velocities as high as possible using these central breeches. No per-
formance advantages could be identified for gas guns using central breeches
with tailored transition sections over performance from the same guns using
transition sections with more conventional conical designs. Finally, engineers
at the Arnold Engineering Development Center (AEDC) conducted an exper-
iment that has effectively eliminated transition-section shape as an important
factor for optimizing light-gas gun performance levels. They fabricated and
tested a special central breech for one of their smaller light-gas guns (whose
capabilities were well researched.) The special unit was made with a flat bot-
tom on the rear bore opening and a coaxial hole of launch tube bore diameter
through the remainder of the forging. This transition section could be con-
sidered to be a cone with an included angle of 180°. When the special central
breech was tested, the resulting light-gas gun performance levels were neither
better nor worse than those achieved with central breeches containing stan-
dard transition taper angles (30° included angle). Of course, the lifetime was
notably short. This design of the special central breech was not adopted at
AEDC or elsewhere, but an important point had been made.

Biolettie at NASA Ames, in 1963, proposed a light-gas gun operational
concept entitled accelerated reservoir. The idea was that a compression piston
made from soft plastic would deform at nearly constant material density as it
entered the transition section during the later portion of the firing sequence.
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Under these conditions, the front piston face must accelerate even though the
center of mass of the piston is steadily decelerating due to resistance forces
acting on it. Piston face acceleration may be expected to increase light-gas
compression rates at just the time when the resultant extra gas pressurization
is needed to combat the pressure drop during the latter part of the projectile
acceleration profile. Hence, a potential existed for increasing light-gas gun
performance. Central breeches were constructed with very long conical tran-
sition sections to maximize the accelerated reservoir tendency. These guns
operated effectively at very high launch velocities so the accelerated reservoir
concept was widely accepted. Later, launch performance levels at and above
accelerated reservoir levels were achieved with similar light-gas guns that
contained the steeper tapers typical of older central breech designs, and the
accelerated reservoir concept slowly disappeared. The author was never sure
whether or not the concept might yet be employed to gain future light-gas
gun performance advantages.

Heat inputs to the tapered transition section produced by energetic gas
gun firings remain an important factor limiting the lifetime of central breeches
for large two-stage light-gas guns. The gas flow produces mechanical surface
failures called heat checking. When all other gasdynamic parameters are held
constant, total heat input per unit area to the transition surfaces exposed to
energetic light-gas flows rises linearly with gun size so it reaches very sub-
stantial values in large guns (generally ones with pump tube diameters of
150 mm, 6 inches, and larger). The heat increases local wall surface temper-
atures. This temperature increase causes metal expansion, which, in turn,
induces large compressive stresses in the affected material since thermal ex-
pansion cannot occur. The large stress fields are released through a series
of cracks that form in roughly rectangular patterns on the transition wall
surface. Fortunately, the cracks extend only characteristic short distances (a
few millimeters) into the central breech body and then turn parallel to the
transition surface. This is the phenomenon called heat checking. During sev-
eral gun firings after the cracks first appear, the outlined rectangles start to
fall out leaving a surface that looks like a shingled roof with some of the
shingles missing. Clearly, although this damage is fatal to the central breech,
it appears to present little or no extra danger of catastrophic rupture of the
affected central breech. This problem is still vexing because of the obviously
large expense of big central breeches that may have their lifetimes shortened
considerably by heat checking.

1.3.4 Improving Launch Tube Bores

Early light-gas guns used launch tubes from high performance powder guns
(typically smooth-bored ones). Initially, the bores were finished to normal
reamed surface smoothness. Bore straightness conformed to capabilities of
normal gun drilling practice (0.003-0.005-inch T.I.R. per inch along the bore).
The relatively higher projectile acceleration profiles generated by light-gas
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guns produced failures of launch packages in these launch tube bores. The
failures destroyed individual launches and often caused serious cratering of
the tube walls. Early launch tube repair practice at many facilities involved
removing raised lips from the craters with bore fitting drills or reamers. The
tubes were kept in service. Strangely, these repairs worked reasonably well as
long as launch velocities remained belo