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ABSTRACT

PROPELLING HIGH MASS PROJECTILES USING THE
LOCKHEED FORT WORTH COMPANY
COMPRESSED GAS GUN

Publication No.

John Marshall Dodson II, M.S.

The University of Texas at Arlington, 1994

Supervising Professor: Frank K. Lu

The Lockheed Fort Worth Company Compressed Gas Gun has been proposed for
use as a means to propel large masses to simulate deployment of parachute suspension
lines. A series of test firings with abnormally large masses were conducted to validate
the system and establish a calibration record. In addition, to minimize these expensive
experimental test firings, two numerical methods of predicting projectile velocity were
developed. These numerical methods involve the analysis of unsteady wave motion, the
method of characteristics, and shock tube theory in an attempt to accurately predict final

projectile velocities given the initial tank pressure, temperature, and projectile mass.
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At

Au

NOMENCLATURE
ratio of specific heats (= 1.4 for air)
pressure differential across the projectile (psid)
calculation time step (sec)
local flow velocity change for time step At
local speed of sound (ft/sec)
projectile acceleration (g)
cross-sectional area of projecﬂe (in%)
Riemann invariant for a right-running (positive) wave (ft/sec)
Riemann invariant for a left-running (negative) wave (ft/sec)
mass of projectile (Ib,)
reflected shock Mach number
incident shock Mach number
pressure ahead of initial shock wave (psia)
pressure behind initial shock wave but downstream of contact surface (psia)
pressure upstream of contact surface (psia)
pressure upstream of expansion fan (psia)
pressure behind reflected shock wave (psia)
barometric or station ambient pressure (psia)

initial gun barrel pressure (psia)
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P'

P"

pressure corresponding to volume V; (psia)
pressure ahead of a finite compression wave (psia)
pressure behind a finite compression wave (psia)
time at calculation iteration i (sec)

local flow velocity (ft/sec)

projectile velocity at time t; (ft/sec)

volume at time t, (ft’)

projectile position at time t; (ft)




1. INTRODUCTION
1.1 Background
During development of the Improved Recovery Parachute for the F-111 Crew
Escape Module (CEM), severe damage to the parachute suspension lines was revealed
through air drop testing. Figure 1 shows an illustration of the F-111 CEM recovery
parachute being deployed during the ejecﬁon sequence. It appeared that this damage was
caused by burning of the suspension lines during parachute deployment as the lines were

stripped from and over the edge of the parachute pack.

Problem Area

Suspension Lines

Parachute Pock

F-111 CEM

N
\)
\

Figure 1: Recovery Parachute Deployment from ¥-111 CEM
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Lockheed Fort Worth Company (LFWC) was tasked by the United States Air Force

to develop a system to rapidly deploy the suspension lines at a known velocity in a
ground test environment. In order to simulate in-air parachute deployment, suspension
line deployment velocities in the range of 250 to 450 feet/second would be required. In
addition, a high energy level was required to accurately simulate the condition of a full
parachute pack traveling in the airstream after pack deployment. The LFWC Engineering
Test Laboratory pursued the concept of using the LFWC Compressed Gas Gun, currently
in use for bird impact testing (Ref. 1), to propel large masses to a sufficient velocity to
simulate parachute pack deployment (Ref. 2). It was envisioned that the projectile be
éaught in a Kevlar® bag mounted over the muzzle of the gun barrel. This bag would be
attached to the suspension lines, thus pulling the suspension lines from the parachute
pack at a speed roughly eéluivalent to the projectile velocity. Figure 2 is an illustration

of this proposed suspension line deployment test setup.

1.2 Purpose of Research

When the LFWC Compressed Gas Gun was proposed as a means to propel large
masses to simulate deployment of parachute suspension lines, it became necessary to
conduct a series of calibration test firings with unusually large masses to validate the
system. In addition, it was also beneficial to develop a numerical method of predicting
projectile velocity given tank pressure and projectile mass to minimize expensive test

firings in future calibrations with nonstandard masses.
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The research described herein involved the use of experimental techniques as well
as numerical analyses of unsteady wave motion and shock tube theory in an attempt to
accurately predict final projectile velocities given the initial tank pressure and projectile
mass. Two computer programs were written to implement the numerical analyses and the
outputs of these programs were subsequently compared to experimental data. The two
methods were compared in an attempt to reconcile their differences and draw some

conclusions on their validity and usefulness in determining projectile velocity.



2. EXPERIMENTAL METHODS

2.1 LFWC Compressed Gas Gun and Bird Impact Facility

The LFWC Bird Impact Facility consists of a compressed gas gun, backstop,
speedtrap, lighting, and high speed film cameras. The facility is currently used for bird
impact testing of aircraft components such as inlet structures and transparencies. Figure
3 and Figure 4 are photographs of the facility as it is was configured for this research.

The compressed gas gun is made up of a 43.5-foot, 6-inch internal diameter
stainless steel barrel attached to a 43 cubic foot, 36-inch diameter cylindrical pressure
tank. Figure 5 shows the LFWC Bird Impact Facility in a scaled drawing. The tank is
rated to a working pressure of 250 psig; however, because of plant air limitations and
volume considerations, it is rarely used above 100 psig. The barrel is horizontal and
fixed at a height of 4 ft above ground level. The transition between the tank and barrel
is a conical nozzle with a 32° half angle. The pressure tank and barrel are separated by a
diaphragm made up of multiple thicknesses of 3 mil Mylar®. The diaphragm is located
30 inches downstream of the conical contraction at a set of flanges which function as the
gun breech. The pressure tank can be filled with either compressed plant air or helium,
depending upon the projectile velocity required. Only plant air was used in this research.
Plant air is plumbed through a dehydrator prior to entering the tank while helium is
available through 2,000 psig compressed gas cylinders. The number of diaphragms to be

used is dependent upon the final tank pressure desired immediately prior to diaphragm
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rupture. Experimentation has shown that each thickness of Mylar® can withstand
approximately 27 psid before bursting. A pneumatically driven steel dart is used to
pierce the diaphragms and thus initiate the test process. The gun also has a stripper
which can be placed on the muzzle to separate the projectile carrier apparatus (or sabot)
from the payload. During these experiments, the stripper was not utilized and the
projectile weights quoted are for payload and sabot together.

The backstop structure used to contain impact debris is located approximately 15
feet from the muzzle of the compressed gas gun. It is a steel structure having a
horseshoe-shaped planform with the gun pointing into the open end of the horseshoe.
The backstop's internal dimensions are 12 feet deep (along the projectile path), 10 feet
wide, and 10 feet high. The side walls have ports cut in &em for camera placement and
the rear wall is a screen of fine steel mesh angled downward. The ceiling is one inch
steel plate also angled to deflect projectile debris down toward the ground. For the high
mass projectile tests, a special backstop insert was fabricated from one inch steel plate
and six inch square steel tubing. This insert was then placed against the back wall of the
backstop to halt the projectiles. The insert features a sliding face plate which translates
to attenuate projectile impact energy. To augment the face plate, a 2-foot square, 0.25-
inch thick steel disposable striker plate was mounted 2 inches in front of the face plate.
The void between the striker plate and face plate was filled with energy absorbing
aluminum honeycomb to help protect the face plate from permanent deformation.
The facility speedtrap is a device that measures the velocity of the projectile in a non-

intrusive manner. This apparatus consists of four photoelectric diode/lightbeam pairs
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(two upstream and two downstream) located 90 inches apart along the flight path of the

projectile. Each set of lightbeams is separated vertically by 8 inches to ensure that the
passage of any projectiles that might stray off the intended flightpath is recorded. The
lightbeams are interrupted as the projectile passes through the speedtrap producing a
voltage change. The photodiode output is amplified, recorded on high speed magnetic
tape (60 inches per second), and played back on an oscillograph. A 1 kHz frequency
square wave is also recorded as a time reference. -.

The interior of the backstop has several fixed lighting placement locations. Other
lights mounted on wheeled stands are available and may be placed for optimum test
specimen illumination. The facility also has up to five high speed cameras (adjustable
from 1,000 to 5,000 frames per second) which are mounted on portable tripods and can
be placed anywhere around the backstop to provide complete coverage of test events.
Camera coverage was minimized for the experimental work discussed here and was used

only as a safety measure to document backstop insert behavior after having been struck

by the largest projectiles.

2.2 _Test Procedure

In preparation for a gun firing, the following procedure was followed. The breech
flanges were unbolted and the barrel of the gun was translated with a hand-operated
hydraulic pump. The inside surface of the gun barrel was swabbed with oil (MIL-L-
7808). The projectile package was also coated with a layer of oil and then placed in the

barrel such that the rear edge was four inches from the diaphragm section. This distance
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must be consistent as it was shown previously to significantly affect gun calibration. The
diaphragms were placed across the breech, the barrel translated back to a closed‘ position,
and the breech bolted together. The pressure in the tank was slowly raised to the target
value by regulating the air flow into the reservoir. Tank pressure was monitored with a
pressure gauge' and was aiso recorded to magnetic tape via a pressure transducer to
provide a record of tank pressure throughout the test. Once the pressure stabilized, the
firing sequence was initiated. An initial firing command triggered high speed cameras to
begin filming. Approximately one second later another signal opened a solenoid valve
located in the high pressure (400 psig) nitrogen line leading to the dart. This pressure
source propelled the dart forward, piercing the diaphragm.

When the diaphragm burst, a shock wave propagated into the region between the
diaphragm and projectile. The shock wave reflected off the projectile and propagated
back into the tank. At that moment, there existed a differential pressure across the
projectile equal to the difference between the pressure behind the reflected shock wave
and the pressure in the gun barrel, which was initially ambient (approximately 14.4 psia).
This pressure differential accelerated the projectile. down the barrel. As the projectile
began to move, the air behind the projectile expanded while the air in front was
compressed. The expansion and compression were manifested through continuous
expansion waves and finite compression waves respectively. The air in front was
compressed until the lead compression wave travelled to the end of the barrel and was
reflected back as an expansion wave. Each successive compression wave was then

.modified by expansion waves returning from the end of the gun barrel. Thus the
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pressure behind the projectile continuously decreased while that in front increased for a
period and then began to decrease. Figure 6 is a typical x-t diagram of this process. The
time history of the tank pressure as recorded by the pressure transducer has shown the
system to be underexpanded so the projectile continued to accelerate through the
complete length of the barrel.

Once the projectile left the barrel it passed through the speedtrap located
approximately seven feet from the muzzle. The trace from the oscillograph was then
used to calculate a time of flight for the known distance between lightbeams, thus

velocity was computed directly. Figure 7 shows a typical oscillograph output trace used

to calculate the projectile time of flight.
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Figure 6: Typical x-f Diagram of LFWC Compressed Gas Gun Test Process
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2.3 Projectile and Sabot Design

Figures 8 and 9 are scaled drawings of a regular sabot and lead core. The
composition of the projectiles used in these experiments varied with the weight to be
tested. For projectiles up to 10 pounds total weight, Duxseal®, a commercially available
clay-like caulking compound, was the primary projectile core. Above 10 pounds, a
combination of lead and Duxseal® was used. Lead was chosen as the projectile material
to achieve the required mass and to maximize the energy dissipated at impact. Duxseal®
was used to augment the total package weight, attenuate the impact energy, and maintain
proper positioning of the lead core. To fabricate the lead slugs, a form was built and
lead projectiles were cast. Each projectile was five inches in diameter and five inches in
length. The nose of the projectile was rounded with a 2.5-inch radius manufactured into
the mold. Each lead slug weighed a total of 30 pounds after casting. To achieve the
required total package weight, a lead core was cut to the required height and combined
with Duxseal® and a sabot into a projectile package. The complete package was then
weighed. A final package consisted of the sabot, weighing 1.3 pounds, a lead core, .and
Duxseal®.

The projectile cores were housed in a plastic-and-cardboard sabot to provide an
airtight seal with the barrel and maintain projectile orientation during firing. The sabot
consisted of a low density polyethylene plastic bottle which encased a cardboard tube
held in place with four felt strips. The plastic was slotted (four long slots and four half
slots) around its circumference to allow more flexibility and a better seal in the gun

barrel. The sabots had an overall length of approximately 11 inches, of which 2.5 inches
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formed the base (intended to provide the seal between sabot and barrel) and 8.5 inches

encased the projectile core. The overall sabot diameter was six inches, with the inner
cardboard tube having a diameter of five inches. This sabot design was originally
developed to carry chicken carcasses for bird impact testing but turned out to be ideally

suited for housing the projectile payloads required for this research.
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