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Technical Information
Abstract

The Combustion Light Gas Gun or CLGG has been investigated for over ten years.
During this time the research has shown that the technology provides a minimum of 30%
more muzzle energy than advanced solid propellant guns which translates to significant
advantages in range and/or throw weight. For the Navy Barrage round fired from a
155mm bore CLGG, the predicted range is up to 200 nm, sufficient to provide effective
amphibious and in-shore fire support without endangering capital assets. In addition, the
CLGG provides:

e The ability to “manufacture” propellant as needed on board ship
« The ability to remotely discharge propellant in damage control situations
o The ability to automatically adjust the propellant charge as needed

This year’s work built on last years effort by continuing to address remaining issues
associated with successful system demonstration such as cryogenic propellant handling,
multi-shot demonstration, modeling, and proof of principal at 155mm scale.

Response to ONR Objectives

ONR and the Navy have a long-standing need for long-range (100 plus nm) shore
support. This need has spawned ongoing programs such as the Extended Range Guided
Munitions (ERGM) program. In these and similar programs the approach is to gun
launch, what is in effect, a missile consisting of an artillery warhead and guidance
package attached to a large solid propellant rocket motor. This approach provides, in
theory, long range (~60 nm) shore support. In practice the approach has been plagued by
technical problems, some associated with the effects of high acceleration loads on the
massive rocket motor. Even if these problems are solved, the costs associated with this
approach appear to be enormous. For example, most credible cost estimates for ERGM
are in the range of $50,000 per round. Assuming a shipboard complement of 1000
rounds, the cost of outfitting one ship with a supply of rounds is 50 million dollars. A
single 100 round “fire for effect” mission would expend 5 million dollars worth of
munitions. At this price, 5 Tomahawk cruise missiles could be used and would deliver
more effective payload on target.

In addition, since the ERGM will be launched with conventional solid propellants
at modest velocity, relying on its rocket to provide range, it will be slow to reach its
target. This leaves ground forces without timely supporting fires.

The solution to these problems is to launch non-rocket assisted guided projectiles
on ballistic profiles at high velocities. Such rounds, such as the Navy’s Barrage Round
are in the concept stage and need further development efforts. In addition, what has been
lacking until now is a viable and available gun technology capable of launching large
projectiles at significantly increased velocities. This capability will transfer the burden of



providing increased range from the projectile to the gun. In other words, a few advanced
guns will be able to launch thousands of relatively inexpensive projectiles to the desired
ranges in a timely fashion. The Combustion Light Gas Gun is an advanced gun
technology that will provide an affordable near term solution to the Navy’s long-range
fire support needs. An example of the CLGG’s potential can be seen in Table 1 which
shows predicted performance for CLGG based launchers as a function of tube length.

Table 1 - CLGG performance

Tube Length Launch Velocity Muzzle Energy Range (nm)
(calibers) (m/s) (MJ)
54 1890 33 120
70 2037 38 141
70 2500 58 217

Baseline round is 155mm “low cost” configuration, launch mass — 18.48 kg, flight mass —
15 kg, First two ranges based on demonstrated performance, Last range based on
optimized conditions

Summary

The primary goal of this project remains demonstrating and resolving remaining
issues associated with fielding a weapon system based on CLGG technology. This year’s
effort revolved around efforts to safely use cryogenic propellant as a viable means to
store gaseous propellant before use as well as the subsystems (i.e. projectile, igniter, and
auto-loader) required for rapid fire operation. In addition the hardware for full scale
(155mm) demonstration of CLGG technology was largely completed. Modeling of the
combustion process (CFD) continues to support and validate the experimental effort.
Finite element modeling is playing a larger role in the development effort largely
associated this year with 155mm hardware development. Ship integration efforts
continued to address propellant production and storage systems in potential navy
platforms and with advanced technology systems currently under development.

The CLGG approach to providing high velocity projectile launch represents a
break with traditional solid propellant technology which is as dramatic as using an all
electric gun.

Review of Last Years Progress
The bulk of last years technical effort can be broken down into five primary areas,

45-mm autoloader, cryogenic propellant supply, modeling, 155mm gun design and build,
and ship integration. A summary of these efforts appears below.




Autoloader

The autoloader concept for the 45mm CLGG is based on a forward loaded
cartridge concept. While there are many ways to engineer an autoloader this design
integrates well with the CLGG. The autoloader incorporates a rotating chamber mounted
between the forward end of the gun chamber and the barrel. The projectiles are loaded in
a cartridge and stacked in a clip designed to gravity feed the cartridges to the rotating
chamber. After a cartridge is inserted into the chamber it is rotated 90 degrees to align the
cartridge parallel with the barrel. The barrel is then clamped down on the chamber and
cartridge to form a pressure tight seal. After firing the chamber rotates back 90 degrees,
the spent cartridge is ejected, a new cartridge is loaded into the chamber and the process
repeats itself.

Since the CLGG is a bulk loaded with propellant through injectors, requiring no
traditional rear opening breech, this autoloader design dovetails well with the CLGG
approach. Also the cartridge concept allows considerable flexibility in projectile design
used (i.e., different projectiles could be loaded into the same cartridges for varying
mission scenarios. Finally, this design allows the gun to be loaded at almost in firing
elevation.  Over the last year this design has been extensively tested including an auto
sequence of five rounds fired sequentially under computer control. In addition, the
system has been modified to accept the “popit” breech designed to allow feeding of
cryogenic temperature fluids rapidly into the system. A pictorial view of the autoloader
is shown in Figure 1. The actual hardware is shown in Figure 2. Details of the popit
breech design are shown in Figure 3.

Figure 1 - 46mm autoloader design. Left view shows load position, right view shows
fire position. For clarity cartridge around projectile is not shown.



Figure 3 — Left, cross section of “Popit” breech design. Valves act like automotive
valves allowing entry of cold gases and then seating to seal chamber during shot.
Right, “popit” hardware installed on gun with pneumatic lifters installed on
circumference of chamber.

Cryogenic Propellant Supply

In order to rapidly fire the CLGG the hydrogen and oxygen propellants are being
delivered to the CLGG in a liquid or near liquid state (cold dense gas). In addition
cryogenic storage is a very compact method to store the propellants for later use. The
major components of such a system are shown schematically in Figure 4. Early last year
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Figure 4 - Schematic of cryogenic propellant storage and feed system

the cryogenic feed system was completely tested using inert cryogenics (Nitrogen) in a
gun firing bay next to the 45mm CLGG gun bay. The system was then disassembled and
moved to the 45mm CLGG gun bay for mating with the 45mm. Currently the system is
fully operational again and being tested with “live” propellants (liquid hydrogen and
oxygen). The system will then be mated to the Popit breech and cryogenic feed firings
will commence. Various components of the system in their final positions are shown in
Figure 5. A complete report on the cryogenic system is given in Appendix A.

Figure 5 — (Left), 45mm CLGG with cryogenic feed system installed. Note that this
system is oversized to feed the 155mm CLGG also. Right view shows closer view of
accumulators (foreground) and pumps (background).

Modeling

Computational Fluid Dynamics (CFD) modeling of the CLGG continues. There are
three main thrusts of this effort. The first is to understand the effects of various
parameters on CLGG performance such as chemistry, ignition, geometry, temperature,
etc. These calculations are often coupled with experiments in the 45mm CLGG for
validation purposes. The second primary role of the modeling effort is to predict scaling



effects when moving to the 155mm version of the CLGG. The third and newest role of
the CFD effort is to assess in-flight conditions for hypersonic projectiles for use in the 45
and 155mm CLGG systems. In addition to CFD Finite Element (stress analysis) codes are
routinely run to assess key component integrity. This year active analysis of
aeroballistics is also being performed. A sample of these calculations is given in Figures
6 through 8. A more detailed look at the modeling effort is shown in Appendix B and C.
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Figure 7 — Finite element stress model of 155mm test “slug” projectile under load in
tube during firing
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Figure 8 — Temperature profile around slug projectile in flight at 2500 m/s (Mach
7.5).

155mm Test Bed

After over 8 months of construction delays beyond the control of UTRON, the 155mm
CLGG tube has been delivered and set up at the UTRON test site. Currently the gun tube
is being fitted to the mount and recoil system. The cryogenic feed system in the
adjoining test bay (Figure 5) will be used to fill the 155mm system. Due to the
aforementioned delays, test firings with the 155mm system will take place early in 2007.
A 3D cad rendering of the assembled system appears in Figure 9. Photos of the tube,
mount, and recoil appear in Figures 10.



Figure 10 — Left - 155mm Tube from Muzzle, Right — Rear view showing chamber
(unassembled)

Ship Integration

This task began to look at the options for storing, producing, and safely utilizing
CLGG propellants (hydrogen and oxygen) in a shipboard environment. In brief the
analysis show that all the equipment to produce and store enough hydrogen and oxygen
for a 650 round mission is available “off the shelf” and will fit within the allotted space
for gun systems within the DDX class of destroyers. Currently other ship platforms are
also being considered. An ongoing Cooperative Research and Development Agreement
(CRADA) with the NAVSEA Machinery Group in Philadelphia is also looking advanced



and emerging concepts for hydrogen and oxygen production storage which will continue.
In addition in cooperation with MPR associates a safety and firefighting analysis of the
CLGG propellant production and storage facility has been completed and with a few
minor caveats finds the hazards associated with such a system to be no greater than a
solid propellant fed gun system (See Appendix F) A brief look some of these results
appears below. A more detailed review is given in Appendix D.

Gun _
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_ Projectile
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Figure 11 — Schematic view CLGG propellant storage and production facility for a
shipboard weapon.



Co, CO,

Waste Gases

Diesel DC Power
Fuel H, (lig.)
Compressor H2 (gas) /| Boil-off Gas N
(compresses /| Condenser \
H, gas)

Purifier Liquefier

Reformer

| \
+{ Liquefied |
A

H, Storage /IJ

La. Gas

Cooling L N, from LOX/ <
Water LN, Plant

Figure 12 — Detailed schematic of hydrogen production using a reformer. Reformers
are under development by the Navy to support shipboard fuel cells.

l » O, (gas)
C——1 DC Power
Fresh Water —»| | ] .
cC— H, (liq.)
L - \\
DC Power —» » » |' Condenser \
Electrolyzer Purifier Liquefier —|"{ Liquefied )
. l\ H, Storage ,"'
P M\ /
Lq. Gas
Cooling Cooling N, from LOX/ <
Water Water LN, Plant
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First Platform includes:
Diesel
Reformers/Electrolyzers
H2 Liquefier & Purifier
LH2 Pump
Air Compressor
Second Platform includes:
LOX Plant & Storage
Tanks
LN2 Pump
He Compressors
LH2 Tanks
Autoloader plus projectile storage
in main trunk on main deck (not
shown)

//’ —.

Figure 15 - Layout bf hydrogen and oxygen production and storage inside ship

Technical Background and CLGG History
CLGG Physics

The Combustion Light Gas Gun (CLGG) concept is based on the replacement of
solid propellant by low molecular weight, combustible gas mixes. In its simplest
configuration, a chamber or cartridge (Figure 16) is sealed with a projectile and filled
with a light combustible gaseous propellant mix such as Hydrogen and Oxygen or
Methane/Oxygen/Helium at pressures of 4 to 15 kpsi. The mixture is then ignited using a
small electrical ignition source. As the combustion process precedes the chamber
pressure rises propelling the projectile down bore.

Pressurized Light Combustible Gases Integrated seal

Electric ignition

Figure 16 - CLGG Process

11



The physics controlling CLGG operation is elegantly simple. The acceleration of
a projectile in a gun is given by:

ap=Fp/m, (1)
where a, = projectile acceleration, F, = Force on the projectile and m, = projectile mass

An idealized gun can be approximated by the isentropic expansion of a propellant
gas given initial pressure (p,) and sound velocity (a;). Since F, is a product of the
pressure on the projectile base and its base area (Ap) and a, is the derivative of the
velocity, equation 1 above may be rewritten as:

du Up 427 o
mpd_tp: pbase Abase :Where Ppase = po [:L__p]ZV'l and Uesc — 2 a 1 (2)

Uesc V-

where up = projectile velocity, uesc = “escape velocity” is the maximum velocity for the
propellant gas, and v is the ratio of specific heat for the propellant. Due to non-ideal
effects, the performance of an idealized gun suggested by equation (2) is not generally
achieved. However, the parameters, which control the performance of any gun, are
similar. As can be seen, the pressure transmitted from the combustion chamber to the
projectile base is largely controlled by the combustion gas sound speed and ratio of
specific heats. The CLGG, by using propellants with low molecular mass (as compared
to a solid propellant) and thus much higher sound speed, is able to achieve considerably
higher performance. In physical terms the pressures produced in the combustion
chamber of the CLGG are transmitted much more efficiently to the projectile base as the
projectile accelerates downbore. This effect can be seen when comparing the plots of
projectile base pressure versus the pressure in the chamber of the gun as a function of
projectile velocity as shown in Figure 17. Note that as the propellant gasses become
lighter higher pressures are kept on the base of the projectile as it moves downbore. This
translates directly to higher projectile velocity. This is the key to the CLGG’s inherent
performance advantage over solid propellant gun technology.

12
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differing combustion product molecular masses. Note as the propellant
mass is reduced performance increases.

CLGG History

UTRON’S 45-mm CLGG program expanded on the results of an earlier 16mm
CLGG program conducted by GT devices and general dynamics' and the even earlier
work of Lord® in 1960. The 16-mm CLGG work evolved out of the 16-mm
Electrothermal Light Gas Gun (ELGG) program in which a chamber pre-filled with high
pressure hydrogen gas was arc heated to high pressure, launching 2 gram projectiles up to
extreme velocities of 7.2 km/s®. Unlike the ELGG the CLGG was designed to provide
“high performance” without the need for a bulky power supply. All propulsive energy is
supplied from the chemical energy of the propellant gases.

Previous testing with a 16-mm CLGG achieved performance up to 4.2 km/s with
hydrogen-oxygen-helium mixtures, and 3.8 km/s with methane-oxygen-helium mixtures®.
This program demonstrated the performance capabilities of the CLGG and developed
practical techniques for chamber pressurization and ignition, but left several questions
unanswered, the most important of which was whether CLGG technology could
successfully be scaled to larger bore guns. The 45-mm bore CLGG was chosen as an

13



intermediate size next step, small enough to be affordable, but large enough to credibly
address scaling issues.

The primary objective was to build a transportable trailer-mounted 45-mm CLGG
and assess its performance in addition to providing additional scaling information for
larger bore CLGG launchers. The 45-mm CLGG program began November 25, 1994
with the first test firing occurring on December 4, 1995. An initial series of eight low
energy shots were made at UTRON's indoor firing range in Manassas, VA. The gun was
then moved to the U.S. Army's Aberdeen Proving Ground in the spring of 1996, where
all subsequent tests firings were conducted. A total of 71 test firings have occurred to
date, the main results of which appear below following a description of the old 45-mm
CLGG.

Previous 45-mm CLGG Design and Test Data

The 45-mm CLGG test fixture and select specifications are shown in Figure 18.
The chamber and barrel float on the mount with recoil taken up by dual shock absorbers.
The gun was designed for a maximum operating pressure of 90,000 psi. A photo of the
weapon ready for testing at Aberdeen Proving Grounds is shown in Figure 19.

Barrel
ID =45 mm
OD =108 mm
Length = 4.5 m
(100 calibers)

Chamber
ID = 100 mm
OD = 305 mm
Volume = 5000 cc

Figure 18 — Schematic of 45mm gas driven gun

Figure 19 - 45-mm CLGG during test firings at Aberdeen Proving Ground.
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For simplicity and cost reduction the previous 45-mm CLGG was designed as a
single shot gas fed system using a disposable cartridge. Gas was supplied from
conventional gas bottles filled with methane, hydrogen, helium, and helium-oxygen
mixtures. A two-stage high pressure pumping system using intensifier pumps provides
the means of pressurizing the chamber with the propellant mixture.

A small high voltage capacitor bank was used to initiate combustion. Very small
amounts of electrical energy are required, but the ignition sources must be located and
sequenced properly.

Diagnostics included three pressure probes in the chamber/cartridge and an
additional five probes distributed along the barrel. Doppler radar and laser detectors
(visible beyond the barrel in Figure 19) determined the projectile velocity.

Propellant Loading

Propellant gases can be loaded directly into the CLGG chamber as was done in
the 16-mm bore gun® and in the current 45mm with autoloader or a cartridge can be used
as in the initial 45-mm gun. The cartridge, shown in Figure 20, is referred to as a
"balloon™ cartridge, since the thin-walled structure is designed to contain the propellant
gas and peak combustion pressures only when chambered. The cartridge also provided a
structure for attaching the fuse/fill device. In addition to igniting the gaseous propellant,
the fuse also provides the means by which the gas mixture is admitted into the cartridge,
through a series of tiny holes along its length.

Three pressure transducers provide chamber pressure data during the shot. Probe 1 is
located at the back end of the cartridge and is directly exposed to the gases. Probes 2 and
3 are conformal, sampling the chamber pressure through the thin wall of the cartridge and
are located towards the middle and forward end of the cartridge.

Like solid propellant guns, the combustion process is highly dependent upon the
ignition stimulus provided. Proper ignition stimulus is required to ignite the gaseous
propellant without causing detrimental pressure waves or other undesirable combustion
phenomena. This was done in the 16-mm and 45-mm guns with centerline, multi-point,
electrical ignition.

Propellant Diaphragm
My

o

Fuse and propellant
loading stalk L.
ressure probe Projectile

Figure 20 — 45-mm CLGG cartridge, CLGG propellants are currently bulk loaded
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Combustion and Pressure Control

The CLGG is both scalable and adaptable to launching a wide range of projectile
masses. During the 16-mm testing program there were no indications of undesirable
pressure wave activity in the gas mixtures when ignited at propellant fill pressures up to
20 kpsi.

Initial tests on the 45-mm quickly revealed, however, that one significant change
was required from earlier 16-mm operation. This was a transition from petaling
diaphragms to shearing diaphragms. Previously, a petaling diaphragm sealed the end of
the chamber/cartridge. At a pre-determined pressure it petals open into a gap just behind
the projectile. While this design works, it is somewhat awkward, and in addition, this
gap allows the combustion gases room to suddenly expand prior to projectile
acceleration. This sudden expansion causes large pressure waves. Although no damage
was done to the hardware, such pressure activity cannot be tolerated.

The solution was to switch to a shear or tear away diaphragm. The projectile is
attached directly to the diaphragm, which fails (shears) along a notch at a pre-determined
chamber pressure, and the diaphragm then travels with the projectile downbore. This
design, when coupled with good ignition practices, essentially eliminates pressure wave
activity as will be seen.

It should be noted that the shear diaphragm is similar in performance to a
traditional copper/nylon obturator band used on conventional projectiles. They both seal
gases behind the projectile until a specified load or pressure is achieved at which point
the diaphragm/obturator seal fails or flows allowing projectile movement downbore. The
only difference is that the CLGG projectile diaphragm/seal/obturator maintains both a
short duration static pressure and the brief dynamic load.

Pressure waves in the propellant gases are mitigated by careful ignition design.
Experiments in the 45-mm CLGG have shown that the speed of ignition and the
subsequent production of undesirable pressure oscillations can be controlled to a large
degree by the amount of energy used in the ignition process and the location of the
ignition sites.

The amount of diluent also plays an important role in combustion control and in
preventing the formation of pressure waves. A diluent can be either an inert gas such as
helium or excess fuel such as methane or hydrogen. It has been shown that if the diluent
level is high relative to the amount of free oxygen available, undesirable combustion
events (such as pressure waves or gaseous detonations) are simple to avoid”.

The combination of obturator design, ignition stimulus, and “proper” propellant
chemistry allows the CLGG to operate without pressure anomalies even at very high fill
pressures. Figure 21 shows three chamber pressure curves for three different propellant
mixtures and pressures with similar energies. Note that the pressure rise times can be
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controlled by the combination of propellant chemistry and ignition technique. Also note
that all the pressure forms display smooth well controlled combustion.

60.0 L I O ) B B B A N B N B B

B x+ H; + xO; + x- He, CE = 4.7MJ (less He) 7

50.0 :—- —:

B \ XH; + xO, + xHe, CE = 4.2MJ ]

E‘ 00| -

| B _

E - ]

E 30.0 - ]

2 i

: T )

E z0.0 — —
B XCHj4 + xO;, + xHe, CE = 4MJ ],

10.0 M“““—_

il I R R T R A

0.0s 5.0ms 10.0ns 15.0ns 20 .0ns

TIME

Figure 21 — CLGG combustion produced pressure forms are controlled by
propellant chemistry and ignition stimulus. The pressure curves represent both
methane based and hydrogen based propellants. The small “Xx” represents a molar
multiplier. CE is total chemical energy.

The shape of the pressure produced in the gun chamber can also be controlled by

the propellant chemistry and ignition stimuli. An excellent example of this ability is
given in Figure 22.
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XH; + xO,, CE = 4.7MJ, Velocity = 2400 m/s

£0.0

10.0

time
Figure 22 — Comparison of two chamber pressure curves using different propellant
chemistries. Note that the lower level pressure curve represents a nearly ideal
ballistic pressure profile (quick rise, flat top). While both propellant chemistries
contain the same chemical energy the lower curve reduces the gun chamber
pressure by 50 percent while reducing the projectile velocity by only 11 percent.

Since the CLGG controls the chamber pressure profile primarily with chemistry
changes (coupled with proper ignition), it is quite simple to change the entire ballistic
profile on a shot-to-shot basis if desired. This property is in stark contrast with the much
more complicated fixed and coupled geometry/chemistry effects of solid propellants.

Repeatability

Although few tests have been conducted under controlled repeatable conditions to
date in the CLGG, the few that have been indicate very good repeatability both in the
combustion/pressure control and in projectile velocity repeatability. An example is shown
in Figure 23.
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Figure 23 — Example of CLGG pressure an
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d velocity repeatability.

The more energetic nature of advanced solid propellants invariably produces
higher flame temperatures. In fact these higher flame temperatures increase the sound
speed of the combustion products, which partly accounts for the increased performance.
CLGG propellants on the other hand, are lighter and have higher sound speeds to begin
As the flame
temperature of a propellant increases, the useful life of the gun tube drops dramatically.
Comparisons of advanced solid propellant flame temperatures to those typically produced
by the CLGG are shown in Table 4.

with, without the need to burn at excessively high temperatures.

Table 4 — Comparison of advanced solid and CLGG propellant flame temperatures

Propellant Description Flame
Temperature °K

EX99 Advanced solid 2980

(CH4 + 20,) + xHe Typical CLGG propellant 2700

(2H; + Oy) + xH; 2460
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Performance and Scaling

The left side of Table 5 presents a sample of experimental results for the 45-mm
CLGG launching a variety of projectile masses. The right side of Table 6 presents what
these results would scale to at several different bore sizes of interest.

An example of the extreme performance capabilities of the CLGG is illustrated in
the case of the 1.1 kg projectile. This projectile would scale to 45 kg or 100 pounds if
fired in a 155-mm bore system of 100 calibers length. Even if one corrects the velocity
back to a more reasonable 70-caliber length gun tube the launch velocity would be over
1500 m/s. Currently fielded solid propellant based weapons of this caliber firing a 100
pound projectile achieve only 830 m/s.

Thus the CLGG would provide nearly twice the launch velocity, and over three times
the muzzle energy.

Table 5 — Experimental and Scaled results for the CLGG

45-mm Experiments®?? Scales to’
Launch mass - Velocity Boresize | Launch mass | Velocity

kg m/s mm -kg m/s

0.200 2810 76 1.00 2750
—>

0.544 2100 120 7.85 2350
—>

1.100 1700 155 45 1700
—>

3.365 878 155 138 878
—>

Notes:

! — Demonstrated values at 100 calibers travel,
Velocity reduction at 70 calibers is 8-9 percent

2_ CLGG results are not optimized

3 _ Nominal chamber pressure is 70 kpsi or less

* _ Scaling using IBHVG2 ballistic codes and d®
methods

Projectiles shown with increasing mass from left to
right (0.2 to 3.365 kg)
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Older Test Data Summary

CLGG technology has been successfully demonstrated at 16 and 45-mm bore size
and shows every indication of the ability to successfully scale to larger bore sizes. The
CLGG has shown greatly improved performance, tailor-able pressure profiles,
repeatability, and low barrel erosion capability. Although work remains, the CLGG
system represents a breakthrough in providing a practical high performance gun.
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Appendix A - Cryogenic Propellant Feed System
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Introduction

For the 45mm bore CLGG (see Figure 1) Utron is creating a cryogenic-high-pressure-
propellant-feed system, where the result is to inject LOX and GH2 into the gun chamber.
The cryogenic propellant feed system has been designed, drafted, assembled, and is being
tested to accomplish the secondary goals of being able to fire the gun every 10 seconds
and have liquid storage of the oxygen and hydrogen. This document will discuss the
history of the project, the current system level design, the design details, and testing of

the system.

(7

Figure 1: 45 mm CLGG

Objectives

The primary objectives of the high-pressure-propellant-feed-system are:

two seconds to fill the combustion chamber
liquid propellant storage

projectile mass = .52 kg

projectile velocity = 1700 km/s

To achieve the primary objectives, there are consequential objectives, which are:

proving that a gun can operate at cryogenic conditions where the chamber,
ignition system, and barrel will survive numerous firings

sufficient supply line flow area

leak testing of all plumbing and tanks

mass flow rate control

confirmation of 100% liquid in the pump’s sump

system automation

intrinsic and extrinsic safety



Safety

Many people when first hearing about the project are concerned about the safety of
personnel working with oxygen and hydrogen. They are particularly concerned about the
flammability of hydrogen. Although hydrogen is a fire hazard, it is not to the level of
gasoline or acetylene [5]. Explaining the flammability risk of hydrogen is a lengthy
matter and beyond the scope of this document. “Twenty Hydrogen Myths” by Amory B.
Lovins, which discusses the flammability risk of hydrogen is given at the end of this
report.

Liquid oxygen and hydrogen hazards are asphyxiation, extreme cold, and fire. Each of
these risks can be mitigated by following proper design guidelines and procedures To
mitigate risk, Utron Inc. has done the following:
e The system is compliant with NFPA (National Fire Protection Agency) guidelines
[6] [7], OHSA law [1], and Air Products safety guidelines [2].
e There are alarms with oxygen and hydrogen sensors in each room near the testing
area.
e Operators wear safety glasses, steel toe boots, and pants at all times. For some
operations; gloves, earplugs, and face shields are worn.
e Every piece of equipment is O2 cleaned per CGA 4.1 [4].
e Before testing, all employees in Ashton, WV are notified, some entryways are
locked, and entryways to the test area are posted with “keep out, test in progress”.

History

Several key decisions were made during the design process:
e what propellants to use?

what propellant storage method?

what combustion chamber injection method?

what phase should the propellants be at ignition?

what chamber injection rate should be used?

how much mass of propellant to use?

Propellant selection:
Hydrogen and oxygen were chosen as propellants because of their superior heat of
reaction and low molecular weight exhaust mass.

Storage method selection:
Cryogenic liquid storage of the propellants is the best storage method because of the
significant space savings. Liquid storage allows for:

e 851 times less volume than hydrogen gas at ambient conditions

e 860 times less volume than oxygen gas at ambient conditions

e 6 times less volume than hydrogen gas in a cylinder at 2200 psi

e 5 times less volume than oxygen gas in a cylinder at 2200 psi



Cryogenic liquid storage has become very common in commercial industries, for
example; LOX dewars for fish stocking aeration and beverage CO,. Figure 3 shows a
liquid CO, dewar at IHOP in Barboursville, WV for carbonated beverages.

Figure 2: Liquid CO, at IHOP

Utron Inc. will purchase LH2 and LOX at typical commercial conditions, 40 psi at -420
°F for LH2, and 230 psi at -330 °F for LOX.

Chamber injection method:
Extensive effort went into deciding the injection method. The methods of using direct
liquid injection (CTS pump), a high pressure reservoir between the pump and combustion
chamber, and gas storage with passive heat exchanger cooling were examined. The high
pressure reservoir between the pump and the combustion chamber was chosen because of
the following benefits:

o flow smoothing/steadiness

e consistent supply from accumulator to chamber

o ability to use a smaller, less excessive pump

e modularization of pump and test chamber
Figure 3 shows the accumulator concept.

— —

I

Pump Combustion
Accumulator Chamber

Tank

Figure 3: Accumulator concept

Phase selection:

Several choices for what phase the propellants would be at combustion were available.
The options are GOX + GH2, LOX + LH2, LOX + GH2, or GOX + LH2 at ignition.
LH2 + GOX or LOX is not possible, because LH2 at any temperature will freeze oxygen
and LH2 is thermally sensitive in that it is only about 15 °F from the liquid saturation
temperature (15 °F away from becoming a gas). GOX + GH2 at near ambient conditions
has the problem of not being sufficiently dense, unless it is at a very high pressure. LOX
+ GH2 has a mixing problem.



To solve all of these issues, the pumps will pump 100% liquid, the oxygen accumulator
will store oxygen as liquid and hydrogen as gas, both at —319 °F [8] [3]. The -319 °F is
achieved by cooling the accumulators with LN2. The LOX and GH2 flow into the
combustion chamber and there is sufficient conduction from the metal of the supply lines
that oxygen phase changes to gas. The result at ignition is GOX + GH2 at -135 °F.

Mass of Propellants:

Testing with the current ambient-temperature-gas-propellant system has shown that the
stoichiometric mixture of (2) H, + (1) 0, — (2) H,O burns hot and ablates the inside of the
combustion chamber and barrel. A rich mixture of (8) H, + (1) O, — (2) H,O + (6) H, IS
sufficiently cooler. This 8:1 ratio will be continued for the cryogenic-propellant-feed
system.

Current System Design

The cryogenic-propellant-feed system is being tested to accomplish the secondary goals
of being able to fire the gun every 10 seconds and have liquid storage of the oxygen and
hydrogen.

This system stores LH2 in a Prentex 500 gallon fixed tank and LOX in Air Gas dewars.
It obeys NFPA guidelines and OSHA law. PHPK vacuum-jacketed tubing is used for the
LH2 supply line to the pump and Swagelok tubing insulated with cellular glass is used
for the LOX supply line to the pump. The Cryostar pumps fill an 18 liter LOX
accumulator and an 18 liter GH2 accumulator, built by Vulcan and Prentex. The
accumulators are filled to 8000 psi and are LN2 cooled to maintain long-term storage.
After the accumulator, the LOX or GH2 is reduced to 5000 psi and flows through a mass
flow meter by Micromotion and Utron Inc.’s poppet valve to fill the gun chamber. The
gun chamber is filled from the accumulator in 2 seconds. Figure 4 shows the simplified
system design.
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The 500 gallon LH2 tank, 2” OD low pressure vent, and 1.25” OD high pressure vent on
the north side of the gun bays can be seen in Figures 5 and 6.

Figure 7: LOX supply line
Figure 8: LH2 supply line

The 1.25” OD oxygen supply line, 1.25” OD low pressure vent, and 1.25” OD high
pressure vent can be seen in Figure 7. Figure 8 shows the vacuum-jacketed LH2 supply
line, GH2 low-pressure vent, and GH2 high-pressure vent passing through the 45 mm
gun bay. In Figure 8, the vertical drop of the vacuum-jacketed LH2 supply line is to
provide LH2 to the cryogenic-propellant-feed system when it is moved to the 45 mm gun
bay and attached to the current 45 mm CLGG.

| .

Figure 9: GN2 supl'pl

Figure 10: GN2 Supply

Figure 9 shows the GN2 supply that is used to actuate all pneumatic valves (at 30 psi, 90
psi, and 250 psi) and provide purging. For the system to be intrinsically safe, all the
supply valves are normally closed and all the vent valves are normally open. In the event
of power failure or disruption of the nitrogen supply the supply line valves will close and
the vents are open. Figure 10 shows the solenoid bank that controls the nitrogen supply
to each pneumatic valve.



Figure 11: Pumps to accumulator
Figure 12: Pumps

Figure 11 is an overall view showing the pumps, accumulators, equipment cart (mass
flow meters and regulator), and test chamber. Figure 12 shows the reciprocating pumps,
one for LOX, and one for LH2. During the operation of the pumps, it is critical that there
is 100% liquid in the pump’s sump.

Figure 13: Accumulators
Figure 14: Regulator and mass flow meter

Figure 13 shows the accumulators. Both accumulators can hold up to 8000 psi and have
an outer jacket that is LN2 cooled. That jacket is open to the atmosphere and is vented
through a fourth vent. The hydrogen accumulator stores GH2 at 8000 psi at -319 °F that
is reduced to 5000 psi by the pressure-reducing regulator before it passes through the
hydrogen mass flow meter and into the test chamber. The oxygen accumulator stores
LOX at 6000 psi at -319 °F that then passes through the oxygen mass flow meter and into
the test chamber. Figure 14 shows the mass flow meters and pressure-reducing regulator.




Figure 15: Test chamber
Figure 16: Poppet valve

Figure 15 shows the test chamber, which is being used for Test 2A, the flexible line that
allows for the CLGG’s recoil, and the vacuum pump. Figure 16 shows the final valve
that is mounted on the gun chamber and is designed to survive the 80,000 psi combustion
in the CLGG.

Testing

Various testing sequences are being conducted. Individual component testing, leak
testing, and system testing are necessary. The system is being tested in two parts, Test
2A and Test 2B. Test 2A first proves the system with LN2. Test 2A is continued with
oxygen or hydrogen, not both. They are never mixed. Test 2B loads hydrogen and
oxygen into the gun chamber where they mix and combustion occurs.

Preparatory Testing:

Each component has been individually tested. Leak testing is complete, but will
periodically be repeated because the system will be cold shocked during cryogenic
testing.

System Testing:
Test 2A involves separate mass control of LOX and GH2. This test cryogenically tests
all of the system components, except for the gun’s stinger and projectile. Test 2A begins
with substituting LN2 for LH2 and LOX and has the following milestones:
e getting liquid to the pump
starting the pump and filling the accumulator
taking the pump and accumulator to full capacity
starting the mass flow meter
mastering the mass flow meter

This will be done first for the hydrogen supply, then the oxygen supply.
Once the preceding steps are accomplished, the same will be done using LH2, then LOX.
At the completion of Test 2A, Test 2B will begin.

Test 2B involves mixing oxygen and hydrogen, initiating combustion, and firing the 45
mm CLGG. For this test, the pump, accumulators, mass flow meters, and poppet valve
will be moved into the 45mm bay and attached to the 45 mm CLGG.

Each sequence of testing is done per the approved SOP and Test Sequence Check List.
The Standard Operating Procedure details how each system component works and when
and how it will be used. The Test Sequence Check List is a 3 page summary of the SOP
and is carried at all times during testing.
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Status

Drafting: Detail, Assembly, and System Drawings (99% complete)
Procurement (100% complete)
Assembly for Test 2A (90% complete):
LH2 Supply (99% complete):
Incomplete: subcooler installation
LOX Supply (90% complete):
Incomplete: 25% of insulation
GN2 Supply (100% complete)
LN2 Supply (100% complete)
Electrical Supply (90% complete):
Incomplete: mass flow meter control
Control System (80% complete):
Incomplete: PLC upgrade
Testing:
Procedural Documentation (90% complete):
Incomplete: final draft of SOP, final draft of Sequence checklist
Leak testing (100% complete)
Component testing (100% complete)
Safety Procedures (95% complete):
Incomplete: oxygen and hydrogen alarm system calibration
Test 2A (10% complete)
Test 2B (0% complete)

Conclusion

Component and leak testing of the cryogenic propellant feed system has been completed.
System testing with LN2 has begun and is going well. The hydrogen and oxygen lines
will first be tested with LN2, then with LOX or LH2 in a test chamber. When testing
with the test chamber is completed, the hydrogen and oxygen lines will be connected to
the current CLGG and enable the goal of firing every ten seconds.
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Myth #2 from “ Twenty Hydrogen Myths” by Amory B.
Lovins

Myth #2. Hydrogen is too dangerous, explosive, or “volatile” for common use as a fuel. The hydrogen
industry has an enviable safety record spanning more than a half-century. Any fuel is hazardous and needs
due care, but hydrogen’s hazards are different and generally more tractable than those of hydrocarbon fuels.
It's extremely buoyant — 14.4 times lighter than air (natural gas is only 1.7 times lighter than air). Hydrogen is four
times more diffusive than natural gas or 12 times more than gasoline fumes, so leaking hydrogen rapidly disperses up
and away from its source. If ignited, hydrogen burns rapidly with a nonluminous flame that can’t readily scorch
you at a distance, emitting only one-tenth the radiant heat of a hydrocarbon fire and burning 7% cooler than
gasoline. Although firefighters dislike hydrogen’s clear flame because they need a viewing device to see it in
daylight, victims generally aren’t burned unless they’re actually in the flame, nor are they choked by smoke.
Hydrogen mixtures in air are hard to explode, requiring a constrained volume of
elongated shape. In high-school chemistry experiments, hydrogen detonates with a “pop”
when lit in a test tube, but if it were in free air rather than a long cylindrical enclosure, it
wouldn’t detonate at all. Explosion requires at least twice as rich a mixture of hydrogen
as of natural gas, though hydrogen’s explosive potential continues to a fourfold higher
upper limit. Hydrogen does ignite easily, needing 14 times less energy than natural gas,
but that’s of dubious relevance because even natural gas can be ignited by a static-
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electricity spark.® Unlike natural gas, however, leaking hydrogen encountering an
ignition source is far likelier to burn than to explode, even inside a building, because it
burns at concentrations far below its lower explosive limit. Ignition also requires a
fourfold higher minimum concentration of hydrogen than of gasoline vapor. In short, in
the vast majority of cases, leaking hydrogen, if lit, will burn but not explode. And in the
rare cases where it might explode, its theoretical explosive power per unit volume of gas
Is 22 times weaker than that of gasoline vapor. It is not, as has been claimed, “essentially
a liquid or gaseous form of dynamite.” Contrary to a popular misunderstanding, these
safety attributes actually helped save 62 lives in the 1937 Hindenburg disaster. An
investigation by NASA scientist Dr. Addison Bain found® that the disaster would have
been essentially unchanged even if the dirigible were lifted not by hydrogen but by
nonflammable helium, and that probably nobody aboard was killed by a hydrogen fire.
(There was no explosion.) The 35% who died were killed by jumping out, or by the
burning diesel oil, canopy, and debris (the cloth canopy was coated with what nowadays
would be called rocket fuel). The other 65% survived, riding the flaming dirigible to
earth as the clear hydrogen flames swirled harmlessly above them. This would hardly be
the case if an aircraft with only liquid hydrocarbons caught fire while aloft. It
emphasizes that hydrogen is generally at least as safe as natural gas or LPG, and is
arguably inherently safer than gasoline,*® although the character of their risks is not
identical. For example, leaking hydrogen gas will accumulate near the ceiling of an
airtight garage, while gasoline fumes or propane will accumulate near the floor — a
greater risk to people because they’re typically near the floor, not the roof. Standingin a
carpet of fire is far more dangerous than standing below a nearly non-luminous clear
flame that goes upwards. Lingering perceptions that hydrogen is unusually dangerous are
likely to be dispelled by the kinds of compelling videotaped demonstrations now
becoming available, such as a comparison of a hydrogen fire with a gasoline fire. First, a
hydrogen leak was created, assuming a very unlikely triple failure of redundant protective
devices (industry norms for hydrogen leak detection and safety interlocks are
convincingly effective). The tested leak, deliberately caused at the highest-pressure
location, discharged the entire 1.54-kg hydrogen inventory of the fuel-cell car in
~100 s, but the resulting vertical flame plume raised the car’s interior temperature
by at most 1-2 F° (0.6-1.1 C°), and its outside temperature nearest the flame by no
more than a car experiences sitting in the sun. The passenger compartment was
unharmed. But then in the second test, a 2.5- fold-lower-energy leak from a 1.6-mm
(1/16™) hole in a gasoline fuel line gutted the car’s interior and would have killed
anyone trapped inside.”’ Because the hydrogen-leak test didn’t damage the car, both
tests were conducted successively using the same car.* Finally, of course, there is no
connection whatever between ordinary hydrogen gas, whose chemical reactions make it
useful as a fuel, and the special isotopes whose thermonuclear reactions power hydrogen
bombs. A hydrogen bomb can’t be made with ordinary hydrogen, nor can the conditions
that trigger nuclear fusion in a hydrogen bomb occur in a hydrogen accident; they’re
achieved, with difficulty, only by using an atomic bomb.
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Appendix B — Computational Fluid Dynamics



CFD program for the CLGG

1 — CFD Codes

The first CFD company in the US is Fluent (Lebanon, NH). The Fluent code can handle
combustion and high speeds, and has good pre and post-processing capability, but the
combustion part works with ideal gases only. The next release of Fluent (in 2006) is
supposed to include real gas capability.

CFD-Research (Huntsville, AL) and Aerosoft (Richmond, VA) both have very good
chemistry capabilities, but also only for ideal gases.

CHEMKI N (San Diego, CA) is a well known Chemistry code, which can be combined
with a fluid code, but suffers from the same restriction to ideal gas. All these programs
are unusable for our case, because at pressures of several thousand atmospheres, the ideal
gas assumption breaks down.

We found only one CFD code which allows real gas combustion, CFX from Ansys
(Pittsburgh, PA). Ansys just announced in February 2006 that they bought Fluent.

2 — The CFX code

CFEX, developed in the UK and Canada, was bought by Ansys. It has very good pre-
processing capabilities, i.e. grid generation, and excellent post-processing. We receive
very good support from two Engineers working with us. The code solves the equations
for mass, momentum and energy, and one advection-diffusion equation for each species,
including effects of chemical reactions. It includes a certain number of combustion
models, a few of which can be used for our gun calculations. We are mainly interested in
the following:

- The Finite Rate Chemistry Model
- The Premixed Model
- The Eddy Dissipation Model (also called Eddy Breakup Model)

The Finite Rate Chemistry model solves for the chemical reaction in the chemical time-
scale, less than 10 sec and is more costly. One can simplify the chemistry to one single
global reaction, e.g.

2H,+ 0, 2> 2H,0

A more complex model involves the eight most important reactions for hydrogen-
2



oxygen:

H, + O, > OH+ OH
OH+OH->H,0+O0
0+0~-2>0,;
OH+H; 2> H,O+H
H+0,>0OH+O0
O+H,>OH+H
H+H->H,

Finally, the complete list of reaction is the following:

H, + 0, > OH+ OH
OH+OH > H,0 + 0
0+0- 0,
OH+H, > H0 +H
H+0,> OH +0
O+H; >0OH+H
H+H-> H2

H + OH = H,0

H+ O, 2 HO,

HO, + H > OH + OH
HO,+H > H, + O,
HO,+H > H,0+0
HO, + 0 = OH + 0,
HO, + OH > H;0 + O,
HO;, + HO, & H,0, + O,
OH + OH = H,0;

H,O0, + H 2> H, + HO,
H,0, + H = H,O + OH
H,0, + O 2 OH + HO,
H,O0, + OH = H,0 + HO,

We have only used the single reaction and the 8 reactions cases in our tests up to now.
The Stiff Chemistry option does a special numerical treatment to take into account the
large difference in reaction rates between slow reactions (10’ mol m™ sec™) and fast
reactions (10° mol m™ sec™® or more).

The Eddy Dissipation Model assumes that initially, the chemical species are not well
mixed, and that the turbulence generated by combustion controls the mixing. The mixing
time-scale is the relevant one, and is much larger than the reaction time-scale.

The reactions are therefore assumed to occur instantaneously wherever there is mixing
(“mixed is burnt”). This model is appropriate when the fluids are injected separately and
ignition occurs soon after. It has the advantage of being less costly than the chemistry
models, since the turbulence time scale (tens of microseconds) is large respect to the
chemical reactions time-scale. A typical calculation will take 12 to 24 hours on a
workstation.



The premixed model does not use the reaction rates. It only solves one scalar equation for
the “Reaction Progress”, which has value 0 for fresh gases and 1 for burned gases. The
species mass fractions are then deduced from the local values of the reaction progress.
This model is also less costly than chemistry models and does not require as small a time
step.

The finite rate chemistry model is the most accurate. But due to the very small time step
needed and therefore its high cost, we use it mainly to calibrate the simpler models and to
do control runs for the most important cases.

In CFX, the user can impose his own equation of state. We choose to use the Peng-
Robinson equation,

o RT a
V_-b V(V+b)+b(V —b)

with the coefficients a and b depending on temperature and density and given by known
frmulae. This equation has been shown to be well adapted to very high pressure cases.

An alternative, more general, equation would be the virial equation of state,

with the compressibility factor Z given by
Z=l+aip+apf+tazp +...

where p =1/V is the density. This requires access to good data about the “virial
coefficents” ay, az, as... which depend on the gas mixture.

3 — Tests of the Eddy Dissipation Model (EDM)

In order to evaluate the accuracy of the Eddy Dissipation Model, we have reproduced an
experiment with an old UTRON 45 mm gun for which there is extensive measurement
data. Figure 1 shows the geometry of the gun chamber, with the location of the five
ignitors and the three probes. The geometry is axisymmetric, and the calculation uses this
approximation. The initial condition is shown in figure 1 for Temperature. We did not
simulate the ignition process but started from an assumed initial condition with some
energy deposited around the ignition points. The projectile is allowed to start moving
when the pressure at its base reaches 25000 psi. The time step is 10 sec and the
computation grid includes about 40000 points.

4



Figure 2 shows the pressure versus time at the three probe positions from the experiment
at the top and the corresponding data from the calculation at the bottom. One can see that
this simple model catches the right time-scale for the pressure buildup and the peak
pressure. However, there are significant differences. The numerical curves display
oscillations due to pressure waves which are absent from the experimental ones. Also, the
experimental results show a time lag between the pressure at the three probes while the
three numerical curves are much closer to each other.

Temperature
{Plane 1)

'4298

—3299

2299 Probe 2 Probe 3

300

Kl
ll_}{
CIE
Figure 1: Initial temperature plot of the chamber, showing the five ignition points and the
position of the three probes.
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Figure 2: pressure versus time at the three probe positions indicated on fig.1.
Experimental values (top) and computed values (bottom).




Finally, we have redone the Eddy Dissipation calculation presented above with a full
three dimensional grid instead of an axisymmetric one. Figure 3 shows a comparison of
the pressure at probe 3 for the two calculations. One can see that there are differences but
they are within the uncertainties of this type of calculation.

2H2+02+2He probe3
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1 1 1 1 1 1 1 1
0 0.5 1 15 2 2.5 3 35 4 45 5
Time (ms)

Figure 3. Comparison of the pressure at probe 3 for the Eddy Dissipation Model with a
full 3D grid (red curve) and an axisymmetric grid (green curve).

We have redone the same calculation as above using the Finite Rate Chemistry model, in
the simple case of one global reaction 2 H, + O, > 2 H,0. This is a crude model, since
the variation of reaction rates with temperature is different for different reactions, and the
assumption of one single reaction with no corresponding backward reaction is not
accurate. The reaction rate is taken to be that of the slowest reaction, 2 H, + O, > 2 OH,
The time step used in the calculation is 5 x 10 sec, much smaller than with the previous
model, and the calculation takes a week on our two-processor workstation.

Fig. 4 shows a comparison of the pressure versus time for the two models at the position
of probe 2. The initial conditions were the same except for the Temperature at the
ignition points, which was 10000K for the Chemistry run and 4000K for the EDM
model. One can see that despite the important difference in the assumptions made by
each model, there are similarities in the curves. The EDM curve is much smoother than
the FRCM one. This is partly the result of the much larger time step used in the former,
107 sec, and the resulting averaging effect. The most important difference is that the
Single Reaction Model predicts a maximum pressure higher than the EDM value.
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Fig. 5 shows a comparison of the volume averaged temperature predicted by the EDM
and FRCM models. The second model predicts a higher maximum temperature, but the
curves are very close.
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Figure 4. Comparison of the pressure at probe 2 from the Eddy Dissipation Model (red
curve) and the Single Reaction Chemistry model (green curve).
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Figure 5. Comparison of the volume averaged Temperature predicted by the Eddy
Dissipation Model (red curve) and the Single Reaction Chemistry model (green curve).
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4 — Tests of the Premixed Model

We have done several computations using the Global Chemistry Model and the premixed
model with the same initial condition, using axisymmetric grids. An O,-H, mixture is
heated at several points on the chamber axis for a fraction of a millisecond to start the
reactions, using the Global Chemistry model. The two parallel calculations are then
started from the resulting condition. Figure 6 shows the pressure curves obtained for the
45 mm UTRON gun with a total chemical energy of 7 MJ and a projectile mass of 0.52
kg. The velocity obtained was 2400 m/s. The agreement is moderately good.

Another comparison is shown in figure 7 for a model of the 155 mm UTRON gun.

The volume of the chamber and the projectile mass are 40 times larger than in the case of
the 45 mm gun, respectively 200 litres and 21 kg. The agreement is fairly good. Note that
the chemistry calculation curve displays some peaks. These are due to pressure waves
traveling in the chamber and barrel. These peaks are invisible in the premixed model
curve. This is not surprising since the time-step used in the second case is 10° s while in
the chemistry case it was 10 s. The pressure waves are filtered out in the premixed
calculation, due to the large time-step used.

Figure 8 shows the projectile acceleration from the same calculations of the 155 mm gun.
Again, the pressure waves are clearly visible in the chemistry calculation, but absent in
the premixed one. Obviously, the premixed model is less accurate than the chemistry
model, and misses some phenomena. But given the fact that it is 100 times faster, it is
extremely useful as a first exploration tool. Important results can be later confirmed by
chemistry calculations.

The 8 reactions chemistry model was used in some tests and compares well with the
Global single reaction model. The time step is at most 10 s, and makes the calculation
very expensive. No computation was done yet with the complete set of reactions. We are
waiting for the coupling of CHEMKIN with CFX .
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Figure 6: Pressure versus time at probe 1 (back of the chamber) in the 45 mm gun
computed with the Global Chemistry model (red) and the premixed model (green). The
total chemical energy was 7 MJ and the projectile mass 0.52 kg.
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Figure 7: Pressure versus time at probe (forward top of the chamber) in a model of the

155 mm gun computed with the Global Chemistry (red) and the premixed model (green).

The total chemical energy was 300 MJ and the projectile mass 21 kg.
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Figure 8: Projectile acceleration versus time from the same calculation as in figure 7,

with the Global Chemistry model (red) and premixed model (green).
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5 — Comparison between computation and
experimental results

We have tried to reproduce the results of an experimental shot of the 45 mm UTRON
gun, with a total chemical energy of 3 MJ and a projectile mass of 0.52 kg. The
comparison of experimental and computed pressure curves is shown in figure 9.

The experimental data was filtered for the comparison, and the computation curve was
shifted to approximately match the time of maximum pressure. Indeed, we do not expect
to compute this time accurately because the ignition process is not modeled in detail, and
replaced by simply heating the gas along the chamber axis. Despite the filtering, the
experimental curve still presents some peaks due to pressure waves, which are barely
visible in the computed curves. Note that the premixed model was used in this test.

The resulting projectile velocities were 1700 m/s in the experiment and 1800 in the

calculation. The efficiency is 0.25 and 0.28 respectively.

45 mm gun E =4 HJ Mass = B.52 kg
25068 T T T T

T T T
*Experimental shot 27°
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Figure 9: Pressure versus time at probe 1 (back of the chamber) in the 45 mm gun from
experiment (red curve) and Premixed model computation (green curve). The Chemical
energy was 3 MJ and the projectile mass 0.52 kg.
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6 - Temperature at the wall of the gun chamber

We have used the Global Chemistry model to study the temperature at the wall in the
chamber for the 45 mm gun. The program allows modeling of solid parts with heat
transfer taken into account. The metal is assumed to be steel. A very fine boundary layer
grid was used both on the gas side and the metal side of the interface. The first grid point
was at 50 microns of the wall. Figure 10 shows a vertical cut of the gun shortly after the
projectile release. A detail of the region of the end of the chamber an entry of the barrel is
shown in figure 11. A thin white line, barely visible, shows the position of the wall. One
can see the gas turbulent boundary layer in contact with the wall, and at roughly the same
temperature. The temperature of the wall in this zone is of the order of 1600 K, which is
very close to the melting temperature of steel. In the rest of the chamber, the temperature
at the wall is much lower, below 1000 K.

Our interpretation is that the very strong turbulence that is produced behind the projectile
blows out the viscous boundary layer and lets hotter gas in contact with the wall. The
conclusion is that in that part of the gun, a different material must be used.

=3
Axisymmetric Run 6_005

Temperature
(sym7) Time = 2.75052 [ m s ]
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I 300 I .
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Figure 10: Temperature of the gas and metal in a simulation of the 54 mm gun soon after
the projectile release.
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Figure 11: Detail of previous figure at the entry of the barrel. The white line shows the
position of the wall. One can see the gas boundary layer.

7 - Effect of the chemistry

We have repeated the previous calculation while varying the initial amount of hydrogen.
The composition was chosen to be n H, + O, taking the values 6,8, 10, 12. The
maximum temperature at the wall is displayed in figure 12 as a function of n, for two
values of the chemical energy, 6 and 7 MJ. The effect of n on the temperature is quite
pronounced, and for low n, as said above, the temperature approaches the melting
temperature of steel.

The effect on the pressure and on the projectile velocity was within the uncertainties.

It seems that, due to real gas effects, the variation in temperature is compensated by a
variation of the compressibility factor when the density is increased.
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Figure 12: Variation of the maximum wall temperature in the 45 mm gun with the
amount of hydrogen n (the composition is n H, + O,) for two values of the chemical
energy, 6 MJ (green curve) and 7 MJ (red curve).

8 - Effect of the chamber volume

We have done a series of calculations with different chamber volumes, all other
parameters being the same, for the 45 mm gun. The results are displayed in figure 13. As
expected, decreasing the volume increases the efficiency of the gun, but at the cost of
higher chamber pressure.
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Figure 13: variation of the projectile velocity (red curve) versus the chamber volume, for
the 45 mm gun, with 5 MJ chemical energy. Also shown is the maximum chamber
pressure (green curve).

9 — Effect of the projectile mass

To study the effect of the projectile mass on performance, we have done a series of
calculations for the 45 mm gun with masses 0.2, 0.52 and 1 kg. The premixed model was
used. The loss of efficiency at lower mass, as seen in the 0.2 kg curve, which becomes
horizontal at high energy, is due to the faster acceleration the projectile and the resulting
incomplete burning of the fuel.
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Figure 14: Projectile velocity versus chemical energy for three different projectile
masses, 0.2 kg (red), 0.52 kg (green) and 1 kg (blue).

10 — Modeling the 155 mm gun

The scaling from the present 45 mm gun to the 155 mm gun under construction is as
follows. The pressure, density and temperature are the same, but the volume and the
projectile mass are 40 times larger. The volume goes from 5 to 200 liters and the mass
from 0.52 to 21 kg. The energies go up by the same factor 40 and the projectile velocity
is expected to be the same. We have done several simulations of the 155 gun with a
geometry close to the actual one. One calculation is presented here. The chemical energy
was 300 MJ for a mixture of hydrogen and oxygen. Figure 15 shows the temperature at
the end of the calculation (projectile exit) and the position of seven pressure probes.
Figure 16 shows the pressure history at these seven probes. The curves are very similar to
experimental curves from the 45 mm gun. This calculation was done using the global
reaction chemistry model and the pressure was recorded every 5 microsecond.

The data was requested by the gun builder. The projectile velocity was 2400 m/s.
Figures 17a to 17e show the pressure in the gun at five different times. One can see the
pressure waves propagating in the chamber and barrel.
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Figure 15: Positions of the seven pressure probes used in our model of the 155 mm gun.
Probe 1 is the back of the chamber and probe 7 almost at the barrel exit.
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Figure 16: Pressure versus time at the seven probes shown in figure 15.
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Figure 17c. Pressure at time 2.29 ms.
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Figure 17e. Pressure at the time of projectile exit.

Figure 18 shows the projectile acceleration, in gees, for the same calculation. The effect
of the pressure waves is clearly seen. The green curve was obtained by filtering the data
with a low pass filter and gives approximately the maximum effective acceleration.

It is assumed that the high pressure transients due to the waves have little effect on the
projectile, given their short duration. This remains to be confirmed by tests of the real
gun. The maximum effective acceleration is approximately 30,000 gees.

Finally, figure 19 summarizes the predictions of the code concerning the acceleration and
maximum chamber pressure required to reach a given velocity and range with the 155
gun. These calculations are using the premixed model and the uncertainty is probably of
te order of 5%. The results are given both for 100 calibers and 70 calibers. One can see
that 2500 m/s and 200 Nautical miles can be reached at 100 calibers with acceptable
chamber pressures, but at 70 calibers this requires pressures which are at the upper limit
of what the 155 mm gun under construction is designed for.
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CLGGA45 Projectile FEA

After ignition, the projectile skirt yields at the optimum combustion chamber pressure and folds
down into a recess in the projectile to fire the projectile and maximize muzzle velocity. The high
pressure driving the projectile also presses the skirt against the gun barrel to dynamically seal
and prevent blow-by of combustion gases past the projectile. Figure 1 shows a projectile skirt
prior to firing on the left and the skirt folded after firing on the right. Figure 2 contains a picture
from a high-speed camera of the projectile in flight with the skirt folded against the body of the
projectile. Variable gas seepage can cause pressure variations between the skirt and forcing
cone. For a given combustion chamber pressure, these pressure variations can substantially
change the skirt stresses that determine the firing point.

However, the geometry of the skirt has a large impact on the severity of firing point
inconsistency. The greater outer surface area of the skirt results in a larger collapsing force than
the resisting force on the inner surface (because of diameter differences). Different angles of the
inner and outer skirt surfaces relative to the axis will also change the balance of the opposing
radial forces, as will different lengths of these surfaces. Furthermore, a shorter skirt length
reduces the magnitude of these forces and their contribution to skirt stress variations
(independent of combustion chamber pressure). Finally, a force imbalance that tends to collapse
the skirt has a greater impact on firing point variation than forces that push the skirt against the
supporting forcing cone. Present projectiles have relatively short skirt lengths, a slightly shorter
outside than inside skirt length and similar skirt angles. Different projectile designs would
require adjustment of the inner and outer skirt angles, lengths and diameters in order to keep
firing point variations within acceptable limits. Figures 3 -5 illustrate a potential stress variation
of only 3% in a skirt design that uses these methods with FEA optimization and Figure 6 shows
the projectile against the forcing cone.

Figure 1 Left - Projectile skirt prior to firing. Right — skirt folded after firing.
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Figure 2 Projectile in flight with skirt folded against body

Stress
won Mises
Ibin“z)
4429034
30877.00
35965.64
31053.29
26640.94
22278.60
17816.24
1340389
8001544
4579195
166.8456

T

Load Case: 10of1
Maximum Yaluge: 44290 3 lf(in2)

Winimurn Valug: 166,846 If(in2) x

Figure 3 Full pressure between skirt and forcing cone
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Stress
won Mises
Ibfitin'2)

4362475
30242 51
3490028
30553.04
26215.81
2187357
17531.34
13189.1

9845867
4504 632
162.3060

Load Case: 10f 1
Maximum Value: 43584 7 IbfA(in"2)

Minirmurm Yalue: 162.397 lhf/(in2) x

Figure 4 Half pressure between skirt and forcing cone

Stress
won Mises
IbfHin2)

4293088
38053.08
3437528
30097 43
2631060
215418

17269.1

12986.31
8708509
4430712
152.0167

Load Cage: 1of 1
Maximum Yalue: 429309 10f/(in"2)

Minirum Yalue: 152.817 lht/(in2) x

Figure 5 Zero pressure between skirt and forcing cone
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Figure 6 Assembly cross section — half pressure between skirt and forcing cone

Shotl3 Simplified P2 Pressure Curve
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15000 -
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Figure 7 Shot 13 simplified P2 pressure curve used for linear dynamics FEA

The curve in Figure 7 derived from a P2 combustion chamber pressure probe located a few
inches from the projectile and has been simplified to obtain reasonable linear dynamics FEA
solve times while preserving the curve shape to the point of projectile fold. Days long linear
dynamics FEA trials with fast-rise sections of the original data did not produce substantially
different stresses. Longer nonlinear FEA runs yielded a firing point at a pressure of about 24000
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psi while providing rules of thumb for determining firing points with faster linear dynamics

methods.

Psi

MES Rev K Projectile Stress - Abbreviated Shot13 P2 Pressure Curve
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Figure 8 Shot 13 P2 pressure curve vs. linear dynamics FEA projectile folding stress
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Projectile Stress vs Slow Linear Pressure Rise
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Figure 9 Slow linear rise pressure versus linear dynamics folding projectile stress



Page 7 of 44

Figure 8 shows folding skirt projectile stress variations plotted with the Figure 7 pressure curve.
Figure 9 includes the linear curve fit between pressure and linear dynamics FEA projectile stress
for a slow pressure rise.

Static versus Shot13 P2 Pressure Projectile Stresses
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‘—O—PZ Pressure ——ll—— P2 Pressure Projectile Stress — -& — Static Pressure Projectile Stress ‘

Figure 10 Shot 13 P2 pressure curve versus P2 stress and equivalent static stress
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Figure 11 Shot 13 pressures at 0.66 MJ of projectile energy
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The static pressure curve (dotted line) in Figurel0 represents the linear curve fit stress
predictions using the simplified P2 pressure data. The very small deviations between the static
and dynamic analytical data indicate that Shot13 dynamic pressure variations do not have a
major effect on projectile stresses. Comparisons of projectile firing points to FEA predictions
and evaluation of barrel strain gage data support this conclusion. The projectile radar
acceleration curve in the barrel (Figure 12) also shows little impact from the pressure curve
variations.

Shot 36 Radar Projectile Acceleration
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-0.001 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

Seconds

Figure 12 CLGG45 radar projectile acceleration in barrel
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Figure 13 Shear ring projectile cross section at firing point.
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Figure 14 Shear ring cross section at firing point.

Figures 13 and 14 illustrate a shear ring projectile that provides more firing point consistency
than the folding skirt projectile but still uses the folding skirt to reduce combustion gas blow-by.

CLGG 45mm Autoloader FEA

Figure 15 Original autoloader projectile cross section — no leakage between skirt and cartridge
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Figure 16 Autoloader projectile cross section — half pressure between skirt and cartridge

Figure 17 Autoloader projectile cross section — full pressure between skirt and cartridge

The above folding skirt autoloader projectile had a 7.4% lower firing pressure with leakage.
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Stress
von hlizes
b2

4000
F2900
4500
SE700
42600
40500
32400
24300
G200
2100
a

Load Case: 1071

Figure 18 New shear ring autoloader projectile cross section at 21000 psi firing pressure

Stresz
van Mises
Ibtiin~2)

170000
153000
136000
118000
0Z2000
55000
52000
51000
24000
17000
o

|

Figure 19 Shear ring autoloader cartridge cross section at 21000 psi firing pressure

Figure 18 shows the shear ring autoloader cartridge-projectile assembly stresses at 21000 psi of
combustion chamber pressure. The firing point consistently occurs in the 21000 to 22000 psi
pressure range. Figure 19 includes the stress contours for the cartridge, which are well below
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yield. The Lexan rear projectile piece in Figure 20 shifts the center of gravity further forward to
provide more stability than a one-piece titanium projectile. The design had to be adjusted to
prevent the static firing point stresses from breaking this piece in two.

Stress
won Mises
Ibfin"2)

700
830
G600
G090
S220
F350
3480
2610
1740
870
o

X

- H— T
EE=SS I
- —r .
Load Case: 1 of 1 .4

Figure 20 Shear ring autoloader Lexan rear projectile piece cross section at 21000 psi

I

Stress
won Mises
Ibfin"2)

1000
F2o00
Gd4a00
S6700
SEE00
S0S00
32400
24300
G200
100
o

Load Case: 10of 1

Figure 21 Shear ring autoloader titanium front projectile piece cross section at 21000 psi

Figure 22 shows the stress contours in the titanium shear ring at the firing point. This geometry
required FEA optimization to constrain the stresses to a limited area to provide a clean shear



Page 13 of 44

plane for the sealing skirt to pass through, to minimize erosion and debris generation from
ragged shear edges and to shear at the correct pressure. An animation reveals a very focused
progression of shearing stresses through the shear plane.

Figure 22 Close view of shear ring stress on autoloader projectile cross section at 21000 psi

The CLGG45 autoloader structural members in Figure 23 that constrain the sealing forces and
the gear housing in Figure 24 have stresses below the 48000 psi fatigue limit at 2000 shots.
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Stress
van hiises
Ibfin"2)
4204235
37838.12
33033.88
2042085
252254
21021.18
16816 64
12681271
8402.471
4204235
o

Load Case: 1 0of 1

hdaximurn Yalue: 42042 4 [bf/(in*2

Minimum walue: O Ibf{in*2) L I 1 |

Figure 23 Autoloader stresses at 59000 pounds of sealing force

Ibt(in"2)

an0s812
3805050
3204.568
2804043
2403 52
2002.907
1802.472
1201051
2014275
400 8045
03814383

Load Case: 1071

Maximum Yalue: 400561 1bf/(in"2)

Winimum Yalue: 0.381438 1brf(in"2)

Figure 24 Autoloader gear housing stresses at 59000 pounds of sealing force

Poppet FEA for CLGG45 Cryogenic Injection
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00 of 100

Figure 25 First poppet design cross section at 34,000 psi pressure

Figure 26  Final poppet design cross section at 80,000 psi pressure

The initial poppet design in Figure 25 had a stress riser on the seat that would have caused a
failure at 34,000 psi. Adjustments in the seat angle reduced the stresses but did not correct the
uneven stress distribution. The conical top shown in Figure 26 added proportionate stiffness in
the areas of highest deflection, minimizing uneven poppet deformation in the seat area and
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resulting in @ much more even distribution of stresses across the seat. The stress contours in
Figures 27 and 28 illustrate that the final poppet design will handle 2.4 times higher pressures
than the first poppet design while maintaining similar stress levels.

Stress
won Mises
Ibtiin*2)
137250.1
123543.4
109936 6
9812080
82423 18
£6715.43
£5000.7
41302.08
27595.23
138805
1627682

r 4

Figure 27 First poppet at 34,000 psi pressure

nnnnnnnn
Ibfiin2)

139028.2
125125.4
1112226
ar319.7a
23416 .96
60514.12
55611.31
41708 .48
27805 65
13902 82
5.410222e-007

Figure 28 Final poppet at 80,000 psi pressure
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Initial linear dynamics FEA on the first poppet applied pressure loads according to the 34000 psi
pressure curve in Figure 29 while the final design used the 80000 psi pressure curve in Figure 30.
Additional FEA trials on the first poppet with the Figure 30 curve scaled to 34000 psi provided
stress versus pressure results almost identical to results for the Figure 29 curve.

P1 Shot13 Poppet Curve
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Figure 29 First poppet design combustion pressure curve
Poppet P1 Pressure Curve - 80000 psi max
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Time (seconds)

Figure 30 Final poppet design combustion pressure curve
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CLGG155 FEA

Moedal Displacement
Magnitude
in
427464
2.846748

2419321
2891915
2.564438
2137082
1. 709666
1.282240
0.8542328
0.4274164
a

Load Case: 10f 1 x

Maximum ‘alue: 4.27416 I%.DDD 150,418 in 300.837 451.255

Minimurm Yalue: 0in

Figure 31 CLGG155 static recoil deflections at 63MJ projectile energy

Modal Displacement

hagnitude
in

0.02255007
0.07429557
0.06604077
0.05773568
0.04253058
0.04927542
0.02202029
0.02476529
0.01651019
0.002255007
u}

Load Case: 1 af 1 Lx

Maximum Yalue: 0.082551 jf,g 71264 in 142 520 213703

Minimurn Walue: 0 in

Figure 32 CLGG155 static recoil deflections at 63MJ projectile energy
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Stress
von Mizes
Ibfin"2)

12280 .24
11960 .26
10631.87
0202287
7972.003
G544.82
5315836
2086052
2657 062
1328 884
o

Load Case: 10f 1 Lx

Maximurn value: 13289.8 |byg&n2) 145.005 in 292,009 435.014

Minimurn Walue: 0 Ibf{in"2)

Figure 33 CLGG155 static recoil von Mises stresses at 63MJ projectile energy

Stress
Tresca ™ 2
Ibtin"2)

14602
121418
116216
10221.4
2761.192
7200999
5240.799
4280.599
2920299
1460.2

o

Load Case: 1 of 1 x
Maximum value: 14602 Ib7gse) 142 G35 in 255.372 425058

Minimurm Yalue: O 1bioin®2)

Figure 34 CLGG155 63MJ static recoil Tresca (twice shear) stresses
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Stress
Tresca ™ 2
]

, 14602
1244484
11621.62
10221.44
2761.2492

7301.061
5840874

, 4380626
2020.409

1460.212

, 0.12464732

Load Case: 1 of 1 Lx

hMaximumm Yalue: 14602 Ibfignia) GRS i SEE B
[ ]
Minimum alue: 0124647 Ibffiptay—— | 0 ]

Figure 35 Static recoil 4340 mounting bolt Tresca — 3.2 factor of safety (fs) 1000 shot HCF

Stress
von Mises
Ibtiine2)
12220.89
11960.94
A0G32.05
92032151
7974285

66495 250
5316 4963
3087 567
2658 671
1320775
E ' 0.87887

Load Case: 1 of 1 Lx

Maximum walue: 132898 Ifiin"2) L - SR SETE
Minirmum Yalue: 0.87887 |t|f,."(i

Figure 36 Static 63MJ recoil 4340 mounting bolt von Mises — 3.5 fs 1000 shot HCF
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Stress
Tresca™ 2
Ibfiin®2)

9790 924
2811.002
7833062
G854 127
S875.191
596 255
3917 .32

2038384
1952 443
980.5128
157F117

Loatt
Maxirmurn Yalue: 9780.83 Igriint2) 20019 n 55095 a7 087

winimurn Yalue: 1.57712 (i

Figure 37 Static 63MJ recoil A490 mounting stud Tresca stresses — 4.0 fs HCF

Stress
wvon Mises
Ibfin®2)

8654571
7780526
GaZ4.181

T

Rnnonn

Maximum */alue: 8654.87 Iq;%HEInQ) 21 867 in 43733 65600

e
L
V&.
[ ]
Minium Value: 141993 Iof(legy ]

Figure 38 Static 63MJ recoil A490 mounting stud von Mises stresses — 4.6 fs HCF
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Stress
Tresca ™ 2
Ibfin"2)

5642632
5070.527
4515.42

2051.214
3387207
2822101
2252005
1604.222
1130782
566.6753
2.5620032

Load Case: 1 of 1 x

Miaimumn Yalle: 564363 15" 2) - i e 20,508

Winirmurn Yalue: 2.5689 1bf/(in

Figure 39 Static 63MJ recoil sleigh beam 4340 tie-down stud Tresca — 8.4 fs 1000 shot HCF

Stress
wvon Mises
Ibfin2)

S0Z2.113
4519.913
4017713
3515.513
3013312
2511112
2003912
1506712
1004512
S02.3117
0.11154324

Load Case: 1 of 1
Maximumn Yalue: 502211 Inf1in"2) s eon n 11303 17 o0

tdinirnurn Yalue: 0.111543 1o/

Figure 40 Static 63MJ recoil beam 4340 tie-down stud von Mises — 9.5 fs 1000 shot HCF
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Stress
Tresea™ 2
IbH#in"2)

1770128
1601.313
14232 402
12495 622
1067 865
200.0521
712228
34423
256 602

R

Load Case: 10f 1
X

Maximum ‘alue: 1779.13 Ifijig*2) 2a04 o 25,002 72 138

I
Minimurm value: 0.977965 bl I L ]

Figure 41 CLGG155 63MJ static recoil barrel support 4340 stud Tresca stresses

Stress
wvon Mises
Ibfifin™2)

AG73.ATS
1505 944
1338715
171,485
10042566
237 0264
G659.7959
S0Z. 5674
3353379
163, 1084
0578587

Load Case: 1 of 1

MBI YE0E: 187817 lbl;“"éHEl"?) 19.950 in 38.900 59.850

[
winirmurn Value: 0.87887 Ibf/(in2) [ I |

Figure 42 CLGG155 63MJ static recoil barrel support 4340 stud von Mises stresses
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Stress
Tresca ™ 2
IbHin"2)

125258 27
127292
1002057
8765222
7515873
262524
S011.475
3752826
2506 477
1254128
1.773394

Load Case: 1 of 1

Masimum ‘/alue: 12325 .3 Igfiin'2) 103716 in 207 432 311.148

I
hinirnm Yalue: 1. 77839 10 I z

Figure 43  Static 63MJ recoil barrel von Mises stresses — 3.8 fs 1000 shot HCF

Stress
wvon Mises
Ibfin2)

MB2T .13
069444
2461.749
S279.061
F095.372
59132 634
30 096
25423208
236562
1182931
0.2431661

Load Case: 1 of 1

haximum Yalue: 11827 .1 Iq{{&Ha"?) 0 GE
Minirmum Yalue: 0.243166 |hbf)

Figure 44  Static 63MJ recoil preexisting mount von Mises stresses
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Stress
wvon Mises
Ibfin2)

107933

97 16.409
2639.52

TE62.631
G435 742
5408 8453
4331 964
3255075
2172.185
1101296
24490713

Load Case: 1 of 1

Maximum Yalue: 10793.3 IigH"2) 33078 in fi5.156 00234

Minirmurn value: 24 4071 [

Figure 45 Static 63MJ recoil preexisting sleigh beam-tie down von Mises stresses

Stresz
won Mises
Ibfiin"z)
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544065

4553500
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Load Case: 1 0f 1
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Minimum Value: 68,0898 MR ]

Figure 46 Static 63MJ recoil preexisting sleigh von Mises stresses



Page 26 of 44

Stress
wvon Mises
Ibtin~2)

955.3783
221.2358
FAT.0933
7029508
60328052
5146657
4205232
326.3807
2322381
138.0056
4305308

Load Case: 1 of 1

haxirnurm Yalug: 985.378 Ibgf&%"?)

236932 in 47387 741.080

Minimum Value: 439531 DIl e

Figure 47  Static 63MJ recoil 4340 chamber von Mises stresses

Stress
von Mizes
Ibtin"2)

8432028
750.125

574.9472
500.7694
5065916
4224132
3382368

254.0582
169.2204
§5.70264
1.524845

Load Case: 1 of 1

Maximum Value: 843.303 I5i4H"2) 26.016 in 53832 80748

Minirmurm Yalue: 1 52485 |bff(im

Figure 48 Static 63MJ recoil chamber support von Mises stresses
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Stress
Tresca™ 2
Ibfiin®2)

7T ET

7805 554
7018838
G142 122
5265 406
4385 .62

3511974
2635.258
1758 592
881.8265
5.110603

Figure 49 Static 63MJ recoil A36 transition beams Tresca — 2.4 fs 1000 shot HCF

Stress
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IbHin"2)

TE3IT 296
6274024
G6110.752
5347 42

4554.203
2820036
3057 664
2204392
153112

TET 2483
4. 57E3T1

Figure 50 Static 63MJ recoil A36 transition beams von Mises — 2.8 fs 1000 shot HCF
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Modal Displacement

hagnitude
in

0.00918394
0.002265545
0.007347152
0.006428758
0.005510364
0.00459197
0.003673576
0.002755182
0.001236728
0.000212394
u}

Load Case: 1of 1
haximum Yalue: 0.00818354.10 5 i 5 e i

winirurn Yalue: 01n

Figure 51 Static 63MJ recoil A36 transition beam deflections

Stress
wvon Mises
Ibfiin"2z)

1642 .87

19454562
1320.254
1155045
0916382
227.231

6632.02332
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3324.4072
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Load Case: 1af 1

Waximum Walue: 1648 .87 Ifiin*2) e i 1 S - =

Minimum Value: 5.79239 It e ]

Figure 52  Static 63MJ recoil A36 barrel support von Mises stresses
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Stress
von Mizes
]

2840022
2556.025
2272022
1922.019
1704017
1420014
1135.011
252.0083
562.0055
254.0028
o

Y

vV

117.374 176061

ue: O Ibfiint2)

Figure 53  Static 63MJ recoil concrete foundation von Mises stresses

Stress
Tresca ™ 2
IbHin"2)

221554
28032026
2572432
2250872
1920224
AG0T. 7T
1286216
064 6621
G210
321.554
1]

Load Case: 1of 1
Maximum value: 3215.54 IRffg"2] 60.723 in 1214496 182,169

Minimurn value: 0 [hfin"2)

Figure 54  Static 63MJ recoil concrete foundation Tresca stresses
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Stress
von Mises
|bHin"2)

00,022
4581512
407 2205
3564007
305.539
254 6682
2037974
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102 0559
118513
0.2142705

Y

Load Case: 107 1 vl

Maximurn ‘alug: 503.022 ”3%99“2) 52677 in 05353 158,030

[ ]
kinimum YYalue: 0.31437 |bf,n'(i I

Figure 55 Static 63MJ recoil sleigh tie down & barrel support concrete von Mises

Stress
Tresca ™ 2
]

S57.5809
5108581
454.1264
207 .26
340.6202
2832.967
227.29443
170.5215
113.7987
57.07505
0.3521751

Load Case: 1 of 1 i

Waxirmum Yalue: 567581 Itgg&ra"?) 5 a5 - SEEED ey
[ ]
Minimum Yalue: 03583175 Ibffiipt2y | 0 ]

Figure 56 Static 63MJ recoil sleigh tie down & barrel support concrete Tresca stresses
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Fatigue Strength (psi)

Minimum Machined ASTM490 Bolt High Cycle Fatigue Strength

45000

4000