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I. INTRODUCTION

The objective of this paper is to summarize liquid prepellant gun
research in the United States, and thus to provide a guide to further
study. It is not possible to address all LP gun rescarch ufforts over
the past forty years. We have, therefore, severaly limited dis:ussion of
these efforts in many cases. However, wa have attempted to pr-vide a
comprehensive bibliography, which we hope will ptzx*do access to the
large body of literature related to this subject.

Liquid propellants have been the f us of periodic research efiorts
sinrg ;ust afto the Second World Wer. While progress in propel-
lant and gun development have only recently made such weapons appear
practical for Ii%ianry application, the pervasive system advantages of a
fluid propellant”"® have helpud to maintain interest in LP guns for
nearly forty years. In the past, the potential for very high propellant
energy content has been viewed as a primary advantage of liquid propel-
lants.g However, the results of recent system studies point to the fluid
nature of the propellant sa the donin‘nt factor in determining the
military value of liquid propellants.

The interior ballistic process of conventional guns is based on the
rapid generation of gas by the combustion of a solid propellant c:.arge.
The mass generation rate of the charge is controlle¢ through the llnota
burning rate and total burning surface area of the propellant grains,
vhich are functions of propellant formulation and grain geometry respec-
tively. While a fixed initial grain geometry provides a simple, effec-
tive method for contrc' ‘g the ballistic process, it also represents a
conscraint on the syst.' _s a whole. The requirement for a fixed initial
grain geometry directly impacts propellant “ormulation and processing
techniques. The art of charge design is based on the packaging of pro-
pellant grains to insure efficient and raliable ignition and combustion
of the charge. In turn, propelling charge design influences the
packaging, storage, and logistics of ammunition, as well as the design of
guns, avtoloaders, and combat vehicles.

Ir contrast, liquid propellant charges are formed at the gun(ii) by
metering the propsllant into the gun chamber. The surface area required

(1) The BDM Corporat:ion, under contract to DARPA, has generated a
bibliography on Liquid Propellant Gun Technology, which resides at the
Chenical Propulsion lnformation Agency, Columbia, MD.

(11) The exception is the cased LP charge. This approach was inyes-
tigated in the 1950's as a means to field an LPG system rapidly.

However, individually packaged charges negate many of the advantages of
liquid propellants. Recent LP research efforts have not cchiaidered cased
LP charger-
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for combustion of the propellant harge on the time-scale of the
ballistic cycle is generated as the charge burns. The result is an
increase in complexity of the gun itself, but significant advantages for
the system as a whole. Propellant formulation and processing will be
siupler, less coatly, and lass hazardous. Propellant packaging can be
designed to improve efficiency in the logistics chain. Autoloader design
will be simplified, and reduction of personnel through automation will be
more easily achieved. The flexibility permitted in the vehicle design
vill result in weapon systema with increased combat capability, and
reduced vulnerability, both through increased flexibility in ammunition
stovage and reduced vulnerability of the propellant itself. Improvements
in gun performance are also possible. Thus, I‘quld propellant guns offer
improvements throughout the military nyltu.7

There are three basic design approaches to the liquid propellant
gun; bulk-loading, externally powered injection, and regensrative
injection.

In the bulk loaded gun, propellant initially fills the chamber
beliind the projectile. The majority of bulk-loaded investigations have
utilized either nonhypergolic bipropellants (the fuel and an oxidizer are
separated until introduced into the combustion chamber, but do not react
upon mixing), or monopropellants (either a single component liquid, or a
mixture of components to form a homogensous liquid). Both nonhypergolic
bipropellants and monopropellants require an external ignition source to
initiate combustion. The surface area required for propellant combustion
is then generated by the breakup of the gas-liquid interface separating
the bulk of the liquid and the combustion products. Although hypergolic
bipropellants (the fuel and oxidizer are separated until introduced into
the combustion chamber vhere they react upon mixing) are not practical
for bulk-loaded LP guns, .o-hutly small caliber firings were conducted
with encapsulatad materials.

In both injection concepts, the propsllant is pumped from a reser-
voir into the combustion chamber during the combustion cycle. The
combustion process in injeaction typs guns is similar to that in liquid
propellant rocket enginus. In both monopropellant and bipropellant
systems, the rate of ges gensration is controlled primarily by the
injection process. If a bipropallant (either hypergolic or nonhyper-
golic) is used, the injection process provides breakup and mixing of the
fuel and oxidizer. Vaporization of the droplets and diffusion of fuel
and oxidizer vapor then control the combustion process. If a monopro-
pellant is used, breakup of the liquid jet in the combustion chamber
provides the surface area required to burn the propellant. The exter-
nally powsred gun requires a scurce of high pressure external te the
combustion chamber to inject the propellant. The regenerative injection
system utilizes the combustion chamber pressure, which is amplified and
applied to the propellant in a reservoir by a differential area piston to
inject the propellart into the combustion chamber against the high gun
pressure. The externally powered injection system has not played a

2




majoer role in LPG research, since the injoction energy requirements are
"excessive for ultimate service use®.l

A summary of early liquid propellant gun rcncnrih in the United
States, through 1970, has been provided by Haukland.™ This summary
provides an excellent overview of early LPG research, and contains a
compreahensive bibliogruphy from this period.

The initial post war studies were conducted between 1946 and 1950 in
0.50 CIliY.{3UIin‘ a hydratine-hydrogun peroxide, hypergolic bipro-
pellant, three bacic LPG approaches were investigatad.
Velocities up to Igoo ft/s were achieved with the externally powerad
injection device,”” but, as noted previously, the requirement for
external power makes this device impractical for ailitary application.
Bulk-loaded tests were conducted with encapsulated propellants. The
hypergolic mixture was initially separated by encapsulating one compo-
nent. The system was ignited by a squib which ruptured the capulse,
nixing thtlhypotgolic components. Velocities of about 11,300 ft/s were
reported. However, excessive variation in muzzle vulocitxchg chanbcr
pressure were also noted. The regenerative injection study
completed succes:fully1 .Yg an effort to develop a 37-mm RLPG to:t
fixture was initiated. Another important accomplishment of this
period was the introduction of monopropellants (a mixture of hydf’zino.
hydrazine nitrate, and water) for use in liquid propellant guns.

In the period from 1950 to 1957, numerous tnv.cflgations of both
liquid propellants and gun concepts were undsrtaken.” With the intro-
duction oflsosgpropcllanta. bulk-loaded research efforts rapidly
increased. " Several 90-mm tank guns were eventually tested in two
separate programs wvith hydrazine monopropellants. Muszzle v!iocitlel near
5,000 ft/s were achieved at a chltg.-to-llll 5tt10 of 1.06,“" and gun
firings were successfully conducted at -62°F. However, balliltlc
variability in bulk-loaded firings exceeded that of convnntional guns.
Although some investigations of regenerative injection guns using a
monopropellant were made, the main research interest was hypergolic
bipropellants, due to the very high energy content of suc sy tens . 22-26
A 127-nm regenerative injection gun wzs built and tested.
device was designed to operate with twelve radial injection pistons
housed in three separate injection blocka of four pistons aach, but the
complexity of this device and the nature of the propellant severely
limited testing. Follzwing the end of the Korean Conflict, interest in
LPG research began to diminish, and by 1957, with the increasing emphasis
on rockets and missiles, both tactical and strategic, nearly all research
had stopped.

LPG research continued through the 1960's at a relatively low level,
and only in bulk-loaded configurations. At the BRL, monopropellants,
primarily hydraz&9e-8ydrazin¢ nitrate-water mixtures, were fired in 27-mm
and 120-mm guns. The 37-mm tests were conducted over a wide range
of balliscic parameters, but the primary interest was the high velocity

3
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regime. Muzzle velocities of about 7200 ft/s were achieved at a charge-
to-nass ratio of approximately 3.5 in the 120-mm fixture using the hydra-
zine monopropellant. However, ballistic variabilicy, in both 37mm and
120mm, was high. Additional efforts at Frankford Arsenal focused onﬁl\.
slectrical ignition and cook-off of a variety of liquid propellants.

By the late 1960s, the Vietnam War experience had demonatrated the
continued need for gun systems in all applications; air-to-air, air
defense, fire support, etc. The Naval Weapons Center, China Lake, began
developaent of a rapigzt“c. bulk-loaded medium caliber carmon for
aircraft application. A nonhypergolic tipropellant, red fuming
nitric acid and a hydrocarbon fuel, was used in this effort. In
parallel, the Naval Ordnance Station, Indian Head, began development otza
new class of liquid monopropellants based on hydroxyl smmonium nitrate.
These efforts formed the basis for a sharp resurgence of LPG activity in
the 1970s.

LPG research since 1970 can be separated into two distinct periods;
the period prior to 1976 in which bulk-loading was the primary focus of
development efforts. and the period since 1978, in which the focus has
shifted almost exclusively to regenerative injection.

In the 1970-76 period, efforts to develop a rapid '55'33"" bulk-
loaded gun using a nonhypergolic bipropellant continued, ’M
development of both medium and large caliber, bulk-loaded guns® using a
monopropellant was initiated. Twenty-five round bursts were fired at a
rate of 350 rounds per minute using the 25-mm nonhypergolic bipropellant
gun. While the ballistic control required for safe, high rate fire was
achieved, ballistic variability was still large compared to conventional

guns,

The BRL continued ballistic investigations in ;7-- guns, using the
new hydroxyl ammonium nitrate (HAN) monopropellants” developed by the
Naval Ordnance Staticn, Indian Head. This work vas done in support of
the development of large caliber cannons for Naval application. However,
no large caiiber firings were ever conducted in conjunction with this
program, due to problems in controlling very high chamber pressures, and
unacceptable ballistic variability in 37-mm test data.

A separate effort was initiated by the Advanced Research Projects
Agency (ARPA, now DARPA), to develop a high velocity 75-mm LPG cannon for
application in light armored vehicles. The technical results of all
threes efforts remain classified. However, in 1976, two successive
firings in the DARPA 75-mm program resulted in catastrophic failures.
The causes of these failures were never fully determined. In one case,
the failure appears to have been linked to an error in the f£ill
procedurs. In the other, the propellant, which had been changed for the
secoud firing, was implicated. In any case, these failures quickly lead
to the temporary termination of nearly all Government supported LPG
research.




The first invectigations of regenerative moncpropellant systems
since the 19503 were initlaszd“by Graham and Bulman in 1974, i{n 0.30
caliber and 25-mm fixtures. This work lead to renewsd Government
involvement by 1978. zulnan has subsequently developed ard tested a
rapid fire 30-mm RLPG.” In a separate, Government supported effort, a
105-mm RLPG has also been successfully tested, nehiovlgg a muzzle
velocity of 810 m/s at a charge-to-mass ratio of 0.28. The significant
accomplishments in these efforts have bsen the high degree of ballistic
control and the excellent reproducibility in pressure and muzzle
velocity. An effort, based on these results, is now underw.y to develop
and test a 155-mm RLPG (howitzer) monopropellant system.

II. BULK LOADED LIQUID PROPELLANT GUNS
1. GENERAL

In the bulk loaded system the propsllan~ initially fills the chamber
behind the projectile. Thereforg, high loading donlisiol can be
achieved, usually betwsen 1 g/ca” and about 1.45 g/cm” depending on the
density of the LP and the amount of ullage. Ignition sources for most

experimental studies have been either pyrotechnic or submerged electrical
spark.

This review of the BLPG will concentrate on the monopropellant case
due to tha availability of unclassified literature. Althcugh the mixing
cf immiscible fuel and oxidizer components of a bipropellant produces a
quasi-stable surspension in the gun chamber, the basic hydrodynamic
mechanisme controlling the ballistic process are the same for both
monopropellant and bipropellant.

III. INTERIOR BALLIST1CS OF THE BLPG

While the BLPG is mechanically the simplest implementation of the
liquid propellant gun, the interior ballistic process is more complex,
and ultimately the most difficult to control. Many studies have shoim
that the energy and geometry of the igniter influence the shape of the
chamber pressure-time curve. Although many exceptions hava been noted,
the most common chamber pressure-tiae trace is double peaked, the
magnitude of the first peak being influenced by the igniter output.
Factors controlling the second peak pressurs, begides the igniter, are
the complex velocity and acceleration dependent charge break-up
mechanisms inherent in the bulk-loaded process.

If the charge is ignited at the projectile base, the mathematical
description of the interior ballistic process is simplified somewhat,
since combustion takes place in a more or less cigarette fashion.
However, ballistic efficiency is low due to the low nasszsonsumption rate
in this configuration. It has been shown experimentally“” that breech
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ignition results in increased ballistic efficiency in the BLPG apparently
due to the large propellant surface area generated hydrodynamically.
which enhances the propellant consumption rate. In the following
descriptior. of the BLPG interior ballistic process in this section, only
breech ignitizn is considered.

Ullage is another factor whicli can comp'icate the BLPG process., If
the ullage is localized, the system is asymmetric and nonhomogeneous,
raking methematical description more ulfficult, This is also a highly
undesirable configuration due to the potential for secondary ignition,
from the adiabatic compression of the ullage, leading to large pressure
excursions. These piroblems are circumvented if the ullage is assumed to
be uniformly distributed throughout the system and the bubbles are very
small. In this case, the mathematical foruulation reduces to the zero
ullage case, however, the physical characteristics of the liquid become a
function of the amount and distribution of the ullage. Only the zero
ullage configuration is treated here, for simplicity.

Comer et a127-30 36 developed the first phenomenological intaerior
ballistic model of the bulk loaded gun based on detailed experimental
data. In the analysis of gun firing data, it was noted that calculated
projectile acceleration, based on chamber pressure measurements, and
projectiie acceleration obtaiiied from interferometer data, varied by as
much as 50%. This discrepancy was attributed to a portion of the LP
charge moving with the projectile.

Information on the motion of the LP charge was obtained,27 using a
radioactive tracer method. A Cobalt-60 source was encapsulated in
polyethylene, approximating the density of che LP. It was assumed that
the motion of the Cobalt-60 would closely follow that of the LP. A plot
summarizing the test results is presented in Figure 1. When the source
is initially located forward in the chamher, the source moves with the
projectile. When the source is initially located near the center of the
chamber, the source lags behind the projectile, and when the source iz
initially located at the rear of the chamber, the source moves relatively
little. Thsse results indicated that, in fact, a portion of the charge
moves with the projectile.

—




== TRACER POSITION
=== SHOT BASE POSITION

TEST AOUND DISTANCE FROM BREECH, IN.

(TO SCALE)

Figure 1. Irxajectories of Projectile Bage and Radiocactive
Source as a Function of Initial Source Location

The radioactive tracer data were also used to estimate the amount of
charge traveling with the projectile by ccmparing the source displacement
with that of the LP initially located forward of the source. It was
assumed that the "LP slug" forward of the source moved with the
projectile. Representative data are presentad in Figures 2 and 3. The
dotted line is the trajectory of the projectile while the solid line is
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the source trajectory. Figure 2, with the source initialiy at the
forward end of the chamber, shows that the source moved with the "LP
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Figure 2. Projectile Bage and Radioactive Source Trajectories:
Ssurce Initially Located at Forward End of Chamber

siug" for about 380 mm (15 in.). Figure 3, with the source initially
near the center of the chamber, shows that the source lagged well behind
the "LP slug". Hence, only that portion of the LP charge initially
located in the fcrward section of the chamber moves with the projectile
for any significant distance.
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Figure 3. Projectile Base and Radioactive Source Trajectories;
Source Initially Located Near the Centex of Chambex

In developing a description of the BLPG interior ballistic process,
it was necessary to pose a model which was consistent both with the
physical situaf’on, and with the experimental data. The model proposed
by Comer et al“’ is summarized in Figure 4. The ignition proces§7
essentially a small explosion in the liquid, ss treated by Cole,”’ which
creates a bubble, or cavity, of hot combustion products near the breech.
A complex pattern of pressure waves develops in the liquid column as a
result of multiple reflections of the initial pressure pulse generated by
the ignition event. These pressure waves tend to cause the liquid-gas
interface at the cavity to spall, increasing the rate of mixing of
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propellant with the hot combustion products. Anazlyses of experimental
dete indicate that the first peak in chamber pressure occurs prior to
significant projectile travel. Therefore, combustior of only a small
protion (<58%) of the propellant charge is required to produce ti.e
observed chamber pressure. After shot start, the high pressure gases in
the cavity at the breech accelerate both the projectile and the "liquid
slug” between the prejectile and the cavity. This situation is
physically equivalent to that posed by % ylgg &8 his analysis of the
instability of accelerated liquid surfaces. The growth of the
instability at the gas-liquid interface leads to the development of a

"Taylor" cavity which penetrates the liquid columm, eventually overtaking
the projectile.

LP GUN SYSTEM

PROJECTILE

PRIMER
WAVE DYNAMICS TAYLOR HELMHOLTZ
IN A INSTABILITY IN MIXING AT
COMPRESSIBLE ||JAN ACCELERATED|| A GAS-LIQUID
LIQUID LIQUID INTERFACE
it ft RY,
IGNITION COMBUSTION ALL BURNT

Figure 4. Bulk Loaded LP Gun Systenm
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A similar hypothesis, suggesting the formation of a gas core during
the esrly combustion process had been developed previously by Giedt and
Rall*Y at Detroit Controle. Their conclusions were based on the
interpretation of data from thermocouples located in the chamber and a
few inches down tube of the forcing cone of a 40-mm fixture.

The experimental studies of Lewis®? ghow that the velocity at which
the cavity tip penetrates the liquid column is proportional to the square
root of the product of the acceleration of the liquid surface and the
cavity radius. Comer et al proposed a modified relation based on the
linear analysis of the Taylor instability,

- ---‘-—-9
v,=¢C { r a 5 ) ) (1)

vhere v, is the cavity tip velocity, r, the cavity radius, a the
acceleration, and P1 and Pg the liquid and gas densities respectively.

C, is a constant depending on liquid properties and chamber geometry,
which is d.termined from experimental data. After the cavity reaches the
projectile base, an annulus of liquid will remain on the chamber walls.
Combustion gases flowing at high velocity through this annulus will
result in turbulent mixing of the liquid and gas at tE! inner surface of
the liquid annulus, the Kelvin-Helmholtz instability. The rate at
which the liquid surface is eroded has been sngwn to be proportional to
the velocity difference across the interface.

r = - (2)
rc c2 ( vg vl )

The constant C, was also determined from experimental data, and was
found to be in reasonable agreement with theoretical estimates. This
Helmholtz mixing mechanism produces the large burning surface area
required to burn the bulk LP charge during the interior ballistic cycle.
This description is highly idealized, and at the very least some
superpositioning of the component processes is to be expected.

Comer et a127 also estimated the fraction of the charge burnt, , as
a function of time during the ballistic cycle. They greatly simplified
the analysis by assuming that the charge moves with the projectile until
burnout, that the k.netic energy of the gas and therefore the pressure
gradient in the gas can be neglected, and that the total energy loss at
any point is equal to 108 of the projectile kinetic energy. They assumed
a Nobel-Abel equation of state for the gas and the energy equation for
the system. Eliminating the gas temperature, they obtained,
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The values of ¢ were calculated using experimental data for pressure,
displacement and velocity, beginning at the muzzle and working backward
in time. At some point, $ begins to decrease sharply, indicating
propellant burnout. Estimates of fraction of charge burnt and fractig9a1
burning rate averaged over 10 test firings are presented in Figure 5.
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Figure 5. Estimated Fractiopnal Burning Rates Based

on Pata from 10 Firings.
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The subscripts 1,2, and min refer to the tline of first psak pressure,
second peak pressure, and the intermediate minimum. The time at which
the Taylor cavity reached the projectile base was also estimated using
equation (1). It was found that the cavity penetrated the liquid >lumn
near t_: , and correlated well with the rapig increase in fractional
burning rate of the propellant. Comer «t al L argued that the liquid
column would be expected to undergo some breakup as the cavity reached
the projectile base, which would account for a sharp rise in combustion
rate. They also noted that the increase in fractional burning rate after
cavity penetration support the Helmholtz mixing hypoth~ :is. Equation (2)
was utilized to estimate the amount of propellant "mixec” after cavity
penetration. A composite plot of the various measured and estimated
quantities addressed in this model is presented in Figure 6. The amount
vf propellant mixed, calculated from the Helmholtz relation, equation
(2), and the amount burnt, calculated from the energy equation, equation
(3), correlate well.

Additional experimental studies, conducted at much higher pressures
than those of Lewis, have also shown the propagation of an accelerating
gas izgoag denser liquid column. The air-water investigations of Howland
et al were limited to gas pressures of 14 MPa, and accelerations of
200 to 1100 g’'s. High speed pnotographs show the formation of a gas
cavity which penetrated the water column as tne gas-liquid-piston
accelerated down a transparent tube. comparison of the velocity of the
gas cavity with a numerical simulation 3 indicated that the experimental
cavity velocity was higher than the predicted velocity by about a factor
of two. The authors speculated that the discrepancy was due to
acceleration 2ffects not included in the mddel, or to the growth of
secondary instabilities svperimposed on the primary cavity. Additional
studies on the formatiozsof a gas cavity u#der high pressure conditions
were conducted by Irish™” who used an X-ray system and a 37-mm fiber
glass fixture. Photographs of well defined gas cavities were obtained,
however problems with variations i{n igniter output and difficulties with
propellant combustion limited progress on the project.

|

Subsequent interior ballistic models of the BLPG“7'51 have been
based to some degree on the phenomenological model of Comer et al. These
models X’ty in complexity from the simple, zero dimensional model of
Burnett™’ to the tvo-dgsensional solutions of_ the Navier-Stokes equations
of Butler and O'Rourke”" and Phillips et al. However, none of the
models have been utilized to any significant degree in the analysis of
experimental data.
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IV. PHENOMENOLOGICAL STUDIES
1. IGNITION LOCATION AND GEOMETRY

The ignition system of the BLFG, more so than in a solid propellant
gun, is key to safe ballistic operation. The coupling (temporal and
spatial) of igniter encrgy to the LP controls the subsequent evolution of
the ballistic process; indeed, most gun overpressures have been
attributed to improper ignition. Guidelines for development of BLPG
igniters are largely empirical. Analytical guidelines are lsgited to the
one-dinogsional pressure wave models of Comer and McBratney,”  and
Erickson”® which address the response of the combined gas-liquid system
to the early pressure rise from the igniter.

Regan and Shlnbelnr53 used a hydrazine-based -pnopropallant(iil) and
a 15.2-mn gun in a parametric study of pyrotechnic ignition. The
parameters examined included the configuration of the igniter tube,
location of the vent in the igniter tube, the number of vents, and the
total vent area. General conclusions from their work include: (1) An
increase in the number of ignition sites (based on the number of igniter
hole vents) results in an increase in the minimum pressure between tha
first and second peaks; (2) The firat peak pressure decreases as the vent
of an axial igniter is moved forward in the charge, but increases as the
vents of a radial igniter are moved for!trd in the charge (a similar
finding vas reported earlier by Griffin”" in tests with anhydrous
hydrazine in a 7.62-mm fixture); (3) The chamber prossure increases with
increasing igniter vent area.

Extegaivo ignition and gun development work was conducted by De<roit
Controls, A pyrotechuic igniter mounted in the bore of the ptbjociilg
was tested in a 30-mm fixture with a hydrazine-based monopropellant. ‘*V
This approach offers advantages for mechanical simplification during
loading. Satisfactory performance in a five round group with a
propellant charge to mass ratio (C/ll) of 0.31 was reported. The mean
chamber pressure and muzzle velocity were, respectively, 269 HPa with a
maximum deviation of 28 MPa, and 968 m/s with a maximum deviation of 9.1
m/c.

Comer et 11,27 asing a nydrazine-based monoptopollant(v) in a 37-mm
BLPG found, as iv thu ecrlier studies, that the shape of the chamber
pressure-time trace is influenced by the igniter output characteristics.

(iii) 67.5% hydrazinre, 21.5% hydrazine nitrate, 11.08% water.
(iv) 63% hydrazine, 32% hydiazinu nitrate, 5% water.

(v) 65% hydrazine, 3U% hydrazine nitrate, 5% water.
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For example, if the igniter output is too vigorous, or too widely
distributed in the charge, the first peak pressure bacomes excessive.
Xnapton and Stobie using a HAN-based LP in both a 38.8am and a 37mm, also

srcluded that the igniter output characteristics have a dirggt nfluence
on the magnituds of the first chamber peak pressurs. Elmore uaing
various HAN-based LPs in small caliber fixtures, also found that the
output charateristics of a pyrotechnic igniter can be used to modify the
shape of the chamber pressure-time records.

Messina et al®’ have enphasized the importance of controlling the
rate of pressure rise in the bulk liquid. A special vented chamber was
developed, along with a rapid fill system, to study the compression
sensitivity of becth statically and dynamically loaded liquid monopro-
pellants, either neat or containing a measured volume of gas, to various
presaure loading rates. It was shown that for sufficiently high pressure
rise rates the propellant can be ignited. The initiation mechanism is
assumed so Bc the adiabatic compression of ullage in the bulk
liquii. 5839 These data would tend to support arguments attributing some
gun overpressures to the generation of secondary ignition sites by -
compression ignition of ullage bubbles distributed throughout the bulk of
the LP charge.

2. IGNITION ENERGY

The energy required to iniciate sustained combustion of a bulk
loaded charge is strongly system dependent, i.e. the total amount of
igniter energy required for sustained combustion depends not only on the
LP but also on various system factors, such as igniter output character-
istics and projectile shot start pressure.

In a comprehensive study on thgoclgettteal ignition of hydrazine
propellants, Evans, Given and Doran’~ postulated that the energy
transferred to the propellant by ohmic heating during the formative phase
prior to breakdown may be wore efficient for ignition than a similar
quantity of energy delivered after breakdown, during the sgtrk or arc
phases. In a review of earlier work, Kirshner and Stiefel”" concluded
that the electrical conductivity of the liquid propellant has =
significant effect on the electrical ignition requirements of the
propellant. For example, an ignition energy of about 200 J was required
for a 90-mm gun using mixtures of ethyl and n-propyl nitrate. In
comparison, only 32 J was required for a 30-mm gun using a hydrazine
monopropellant which had an electrical conductivity about six orders of
magnitude higher than the ethyl and n-propyl nitrate propellant.

Kirshner and Stiefel also performed open cup electrical igniter studies
on alkyl nitrate and hydrazine type monopropellants. They concluded that
the electrical energy could be transferred to the hydrazine propellants
solely by formative phasc heating, a fing ng similar to the earlier
observations of Evans, Given, and Doran. Formative phase energy
transfer is desirable, since the energy can be transferred at lower

volts es and with less pitting and wear of the electrodes. Kirshner and
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8t1.£0131 also concluded, basead on tests using various additives to
increase the conductivity of the alkyl nitrate propellants, »: well as
resulte of the hydrazine propallants studies, that a propellant with a
high conductivity enhances formative phasc energy transfer. They also
concluded thet in reasing the rate of energy transfer (power transfer)
increases the prcoability gf igniting a liquid monopropellant with
formarive phase. Weinberg’" has made a similar observation after a
revivev Hf data on the electrical ignition of the hydroxyl ammonium
nitrate typu of propellants. Veinberg further postulated that the pover
density should be an {mportant ignition criteria.

A hydrazine-based wonopropellant has been successfully ignited in a
37-n225LPG with 27 Joules of electrical energy delivered across a spark
gap. ¢ In a similar 37-um gun, the hydrazine-based LP was ignited using
either an M38B2 or T9E6 igniter (which is similar to an M32A3B1) plus a
solid propellant booster charge of about 3.9 to 4.5 g of Elmaite (408
nitrocallulose, 27.5% potassium nitrate, 16.7? magnesium, 9.8% sulfur,
and 5.9% rgsorcinol, with an impetus of 511 J/g) for a loading density of
0.216 g/cn”. The energy content of this ignition system was about 10.5
to 12.0 kJ.

HAN-based LPs have been ignited in gun fixtures by various methods
including hot wire, spark, pyrotechnic and laser. Investigitions
involving thess various ignition soxscol have bsen reviewed by
Klingenberg, Knapton, and Morrisonm. For NOS 363, olactréx spark
energies are typically about 20 Joules in a 10-mm fixture. Lower
erergies have produced inconsistent results. In one test, 12.6 Joules
produced reasonable ignition, whereas 15.9 Joules resulted in an under-
ignition in a separate test. Pyrotechnic igniters_bave been used
successfully with the HAN-based LPs in 37-mm ;una.‘ These igniters
consisted of a T9E6 or M32A3Bl igniter and a solid propellant booater
charge of 0.08 to 0.4 g of Unique Powder, giving an ignition energy of
'b°3§ 1.3 to 3.0 kJ. Hot wire igniticn tests porfor-og7by Knapton et
al,”  in a 25-mm blow-out gun and by Klingenberg et al™’ in a closed
chamber have demonstratsd that a HAN-based LP can be ignited wi.h a
fraction of a Joule. However, the initial gas generation rate is too
slow for a practical ignition system.

3. PRESSURIZATION RATE

IBeS’Atly pressurization rate is an important parameter in a
BLPG, which can affect the gas generation rate during the ignition
and combustion cycle. Figures 7 and 8 show the pressure-time curves for
two separate series of 37-mm BLPG firings in which different pyrotechnic
materials were used in the ignition systems. A piston radial primer was
used in both series of tests, however, in one series a rapid burning
pyrotechnic mixture was used (Figure 7) while a slower burning mixture
was used in the other (Figure 8). In other respects, the test
configurations were nearly the same. The resulting pressure-time curves
are distinctly different in character.
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The faster acting igniter results in a 25-308 higher first paak
pressure in about the same elapsed time as the slower igniter. This
implies a higher pressure rise rate in the gun chamber for the more
vigorous igniter. As diccussed earlier, the results of Comer et a127
indicatc that ouly a small portion (ebout 58) of the total propellant
charge is consumed in the rise to first peak pressure. Therefore, a more
vigorous ignition system, interacting with a larger voluame of the LP
charge, would be expected to produce a higher pressure rise rate and a
higher first peak pressure, consistent with the data in Figures 7 and 8.

The more vigorous igniter consistently produced a pressure-tims
trace with a single peak, Figure 7, vhereas the less vigorous igniter
produced a double peaked curve with the two psaks nearly equal. Current
interior ballistic theories are not capable of explaining this result in
detail.

4. CHARGE CONFIGURATION

Regan and Shambelan®3 investigated the effect of chamber geometry on
BLPG ballistics, by varying the breech configuration. It was found that
the first peak chamber pressure is reduced when the shape of the breech
is such thgg the volume of LP in the vicinity of the igniter is reduced.
McBratney, Knapton, and Stobie using HAN-based LPs in 37-mm and 38.8-mm
guns found that the maximum chamber pLressures could be reduced by using
conically shaped inserts mounted in the breech, around the pyrotechnic
igniter. These results again point to the sensitivity of the BLPG to the
amount of propellant interacting with the igniter.

Most investigators have attempted to minimize the amount of ullage
in the bulk propellant charge, to reduce the possibility of secondary
ignition due to adiabatic compression of bubbles. Some investigators,
however, found for the hydrazine-based LPs that a small amount of ullage,
a few percent of the total charge, can be u'.d6§° danpen pressurs vaves
generated durlng the ignition event. Poudrier™® has commented that some
of the early US Navy tests 1ntong&onally involved a small amount of
ullage for this purpose. Elmore”’ also studied thh effects of ullage on
ballistic performance. He used a spark igniter in a 30-mm gun with a
dynamically loaded hydrazine-based LP. The ullage vas varied from 2.2%
to 4.0% without adverse effects on the ballistic perfcrmance.

5. PROJECTILE MASS

The effect of projectile mass on the BLPG process has been
investigated by Knapton and Stobie using a HAN-based monopropellant in a
37-mm fixture. Results from this investigation are presented in Figures
8-10. The ignition system, charge configuration, and expansion ratio
were kept constant throughout the investigation, and only the projectile
mass was varied. Projectile masses of 293 grams (Figure 8), 627 grams
(Figure 9), and 929 grems (Figure 10) were used, giving charge to mass
ratios of 1.20, 0.56, and 0.38 respectively. The igniter used in these
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tests had a relatively low gas generation rate. It was found that the
peak pressure did not vary significantly with C/M. However, the overall
shape of the pressure-time curves did change with the change in
projectile mass.
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6. PRESSURE WAVE SUPPRESSION METHCDS

Comer et al?’ found that the first peak chamber pressure could be
influenced by a pressure wave damper located at the projasctile base.
Lucite disks were attached to the base of the projectile, and it was
found that the thickness is an izgortant variable. Other materials, such
as Neoprene have also been used, - although no optimization studies were
performed. The results of these studies indicate that suppression of
pressure waves in the liquid column could be an important factor in
controlling the maximum pressure in a bulk-loaded LPG.

7. VARIATION OF PPOPELLANT PHYSICAL PROPERTIES

ﬁ“*‘”Th€ physical properties of interest are the propellant viscosity and
sirfdag tension, since these influence the developmeut of the Taylor and
Helnholi™-.instabilities. There have been only limited experimental
inves;ggati»:g_of the effects of propellant physical properties in the
past,”” anc th.ge were severely limited in the range over which the
viscosity and fﬁh&ace tension could be varied.
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It can be shown theoretically that increased viscosity and surface
tension will suppress the shorter wavsbengch Taylor and Helmhotz
instabilities. It has been suggested’'~ that by increasing the propellant
viscosity and/or surface tension in order to suppress wavelengths below a
desired minimum, say the diameter of the chamber or tube, the bulk-loaded
process can be initiated in a more controlled fashion, possibly leading
to improved repeatability. Under gun conditions, the increases in these
properties must be very large (4-5 orders of magnitude) in order to have
the desired effect; however, if the increase is too large, difficulty may
be encountered in the generation of sufficient surface area to burn the
cnarge.

V. SUMMARY OF BULK-LOADED MONOPROPELLANT TESTS

A summary of monopropellant BLPG investigations over the past 30
years is presented in Tables 1-3, Table 1 addresses investigations made
using hydrazine-hydrazine nitrate-water monopropellants. Table 2 deals
with investigations in which organic nitrate monopropellants were used,
and Table 3 with investigations made with hydroxyl ammonium nitrate-based
monopropellants. All gun firings were made at ambient temperature,
except six tests with a HAN-based LP (Table 3) which were part of an
investigation of the effect of temperature on BLPG ballistics. Calibers
range from 6.2 mm to 120 mm; pyrotechnic, spark, and compression ignition
systems are representes, and data obtained with four classes of monopro-
pellants are included. The best muzzle velocity repeatability reported
was about 1/2% - 2/3% in early 15.2-mm tests. Otherwise the variation in
muzzle velocity is 1% or greater.

Figures 11 and 12, from Jones et al’l filustrate the repeatability
problem encountered with BLPG approach. The four pressure-time traces
shown in Figure 11, recorded in the chamber of a 37-mm gun, represent the
four extreme recordings of a 29 round reproducibility group. A hydrazine-
based LP was used for the tests. Figure 12 shows four additional
pressure-time traces from the same reproducibility group that exhibit
completely different characteristics. The poor pressure-time reproduc-
ibility was attributed (based on an analysis of bore surface thermocouple
data) to erratic ignition at the base of the projectile which occurred
for some of the tests almost immediately after projectile start. The
cases where projectile base ignition was believed to have occurred are
shown in Figure 12, which contrasts with the significantly different
pressure-time records shown in Figure 11. The cases in which ignition at
the projectile base may have occurred gave reasonable pressure-time
reproducibility, however the ballistic performance was lower than the
ca9is represented in Figure 11. When no base ignition occurred, Jones et
al’™ speculated (based on an analysis of pressure and projectile
ecceleration data) that a portion of the charge was accel?sated with the
projectile. It was later postulated by Knapton and Stobie’”’ that the poor
reproducibility evident in Figure 11 was associated with poor igniter
reproducibility. This hypothesis, however, was never proven.
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TABLE 1. Summary of Some of the Monopropellant BLPG Tests
Using a Hydrazine-based LP.

; Source Ref Year Gun Ign' Proj C/M® No.of Pwax Muzzle Standard

| Cal Mass Tests Velocity Deviation

| (mm) (g) (MPa) (m/s) (m/s) (%)

) Griffin (54) 1952 15.2 p 73.7 0.54 10 359 963 8.8 0.91
Griffin (54) 1952 15.2 »p 73.7 0.54 11 352 964 6.4 0.66
Griffin (54) 1952 15.2 p 73.7 0.54 10 324 961 6.1 0.63
Foster (72) 1952 15.2 p 12.4 2.95 9 452 2068 61 2.9
Foster (72) 1952 15.2 p 12.4 2.96 11 430 2201 42 1.9
Foster (72) 1952 15.2 p 8.2 4.4¢ 5 514 2299 103 4.4
Foster (72) 1952 15.2 p 5.4 6.76 5 499 2796 122 4.4
Foster (72) 1952 15.2 p 4.4 9.18 5 548 3115 130 4.2
Regan  (53) 1955 15.2 p 75.0 0.69 19 379 1118 5.8 0.52
Miksch (18) 1956 30 p 207 0.31 5 269 968 9.1 0.94
Elmore (73) 1956 90 s 5670 1.07 17 414 1496 30.0 2.0
Elmore (73) 1956 90 s 5670 1.06 6 379 1423 12.2 0.86
Comer  (27) 1963 37 p 2549 0.065 1 421 424 -- --
Comer  (27) 1963 37 p 1708 0.63 1 395 1076 - -
Coner (27) 1963 137 p 219 1.44 1 675 1679 - -
Comer  (27) 1963 37 p 132 2.42 1 323 1853 -- --
Comer  (27) 1963 37 p 70.8 6.51 1 466 2572 -- -
Jones  (71) 1965 37 p 250 1.35 19 280 1505 55 3.7
McBratney(62) 1967 120 p 13580 3.51 8 274 1960 130 6.6
McBratney(62) 1968 37 s 356 0.928 2 285 1448 - --
McBratney(62) 1968 37 s 239 1.37 3 300 1748 -- --
McBratney(62) 1968 37 s 147 2.24 7

292 2088 44 2.1
Elmore (69) 1977 30 s 428 0.63 25 322 1075 16 1.5

NOTES:

1. Igniters: p - pyrotechnic
8 - electric spark

2. Propellant Formulations: N2He N2HsNOs Hz0
References (73) 60 35 5
References (18,69,73) 63 32 5
References (27,62,71) 65 30 5
Reference (53) 66.4 22.7 10.8
References (54,72) 16 16 8

23




Source

Turner
Turner
Turner
Turner
Turawr

Coser
Cocer

Ref

LY
)
(1)
()
(74)

(2n
@n

Table 2. Susaary of Some of the DLPE Tasts Using Otto-I! and
Ronopropellants Containing Ethyl Nitrate.

Year Gun Tesp Propellant® ILgn?

1958 7.4
1938 7.4
1958 7.6
1958 7.4
1938 7.4

1943 37
1943 37

NeBratney(62) 1973 37

20 40/740 op
- /e
asbient 80740 o
asbient 20/80 e
asbient 80/20 ob

ashient 40740 op
andient OTT0 11

asbient QTTO II

Lo T o B o B o

Proj
Nasy
(g

‘l’
6.3
6.3
‘.s
‘Is

m
n

3N

Charge®

(0.5a1)
0. 3al)
(1. %1}
(1.0a1)
(1.0n)

C/n No.of
Tests

10
10
10

.20 1
2.9

0.812 §

NOTES:

i. Propellant Forsulationsy ep: ethvinitrate/n-progylnitrate

bt ethylnitrate/butylnitrate

2. Igniters: p - pyrotechnic
¢ - cospression
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3. Only propellant voluse pravided in Reference 74; propellant
fengitity not availadle

Prax

(W)

L

n
164

Jot
32

"3

Muzzle Standard
Velocity Devaition
(n/g) (a/s} ()
43 } (I 9 |
p L - T TR
3 10 i
22 62 1.9
343 14 2.1
™ - ==
1910 - -
1341 17.7 1.3




Source Ref

Elnore(3%,28)
Elsore(53,75)
Elsore(3s,76)
Elnore(35,24)
Elaore(3%,77)
Elnore(33,77)

Elaore (78)
Elaore (78)
Elsore (18)
Elaors (78)

Knapton (62)
Knapton (62)
Knapton (42)
Knapton (62)
Knapton (62)
Knapton (62)
Knapton (42)
Knapton (62)

Table 3. Suseary of Sose of the DLPE Tests Using HAN-Based LPs.

Year

1972
1972
1972
1972
1972
1972

1972
1972
1972
1972

19
197
1977
1977
m
1m
1977
1m

Cal
(na)

tc)

<shient
ambient
asbient
ambient
asbient
asbient

re]
20
~30
40

anbjent
asbient
asbient
asbient
asbient
asbient
ashient
aabient

T P T T W T

D Vv w

1]
ry
14
ry
ry
ry
ry

Rass
(gl
3.0 1LY
3.0 1.3
L L3
.9 L3
N8 L
.80 1.3
3!" ‘.”
.0 LD
30 1L
.0 L
329 1.10
N 1,103
b ] 1.10
7 1.13
190 1.82
194 2.0
191 2.2
9 R

-
- LR N B R~

[

[
Cd Cd oo e L -8 CA LA

(WPa)

408
43
3%
[
366
382

LM
n

sl

24
490
"
07

3%
i

Sun Temperature lgn® Proj C/M? No.of Paax Muzzle Standard
‘ Tests

Velocity Devaition

(a/s)

1104
s
1030
1049
11
1066

e
1047
%
n2

13469
1549
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l. Igniters: ALl igniters pyrotechnicj and vent and radial vent configuratioas noted.

p - pyrotechnic

2, Propellants:

ev - end vent
rv - radial vent

References (35,75,74,77)
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BREECH PRESSURE COMPARISON
FOR HIGHEST AND LOWEST PEAKS

(mPe)
»
8

g 8

BREECH PRESSUKE

g

DATE 1965
GUN 37mm

PROPELLANT: HYDRAZINE (65%), HYDRAZINE NITRATE (30%), WATER {5%)
PRIMER S HOLE RADIAL VENT, M3882 IGNITER ELEMENT WITH BOOSTER CHARGE IN

BAYONET TYPE PRIMER.
SAMPLE SIZE 29
BREECH PRESSURE SUMMARY:
FIRST PEAK (P) 247 MPo, o= 76.4 MPa {31%)

SECOND PEAK (Py) * 280MPa, @ *24.3MPo (8.7%) 20JANT7S8

Figure 11. Bresch Pressure Comparison Showing Tvpical
Cages with Two Pressure Peaks

A number of investigations utilizing HAN-based LPs have focused on
the development of an ignition system that was both reproducible and
controllable. The ability to control the early rate of pressure rise is
important in reducing problems associated with waves in the gas-lgguid
medium, and in eliminating ignition due to adiabatic comprgssion. In
addition to the electric spark ignition studies of E&more, and the65
pyrotechnic ignition sgxdies of Knap§3n3§nd Stobie,”" and McBratney;
Fisher and Sterbutza%. and Liedtke have investigated electical

ignition, and Irish™~ has studied both pyrotechnic and electric ignition
of HAN-based LPs.
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BREECH PRESSURES FOR CLASS B ROUNDS OF GROUP
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Figure 12. pBreech Pressures for Firings when the Propellant was
Likely Ignited at the Base of the Projectile.

HcBratney65 and Knapton and Stobie80 designed various pyrotechnic
tniters which offered some improvements in reproducibility. Perfor-
rce data for two of their igniter configurations, an axial (or end)

anting igniter and a radial venting igniter, are presented in Table 3,
and in Figures 7-10 and 13. Figure 8 shows five breech pressure records
and illustrates the variability associated with the radial type of
ign ter. For the end vent igniter (Figure 13), the pressure-time traces
vere typically either relatively flat, or the first peak was suppressed
a.  wuch lower than the second peak. The sources of this variation are
noglknown; however, it was observed in a separate study by Hartman et
al®" that the flow pattern from the end vent type of igniter was not
consistent on a shot to shot basis. Also, measurements of the igniter
pressure, using a separate closed chamber for recording the pressure
output from the igniters, iggicated poor reproducibility in the
functioning of the igniter. An additional study ggaracterizing the
igniter output was conducted by Klingenberg, et al. In this study the
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igniter pressure was measured and an attempt vas made to measurs the
igniter flame output. This study, however, did not lead to additional

igniter optimization.
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Figure 13. Variability in Pressuxe vs Time for the
End Vent Type of Ignitex
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As noted earlier, the reproducibility in the pressure-time deta
from gun tests using 53. racial veat igniter was better than that with
the end vent igniter. An example of five breech pressure-time records
from firings with a radial igniter and a booster charge with a low gas
generation rate is shown in Figure 8. The variation in the the first
peak pressure was 8.5% for a group of 13 tests, however the over-all
shape of the pressure-time trace was generally the same with the first
peak pressure less than the second peak pressure. In 53 tests with the
radial igniter and a similar booster charge, there were only four tests
in which the first peak pressure was °1t98t equal to the second psak
pressure or slightly (~108) exceeded it. Changing the booster charge
from a slow burning charge, which generated a lower first peak pressure,
to a faster burning booster charge resulted in a much higher first peak
pressure as shown in Figure 7. The faster burning booster charge also
had the effect of eliminating the second poak pressure.

In order to achieve greater control of the start-up process, a
combin98 solid and liquid propellant charge vas also tested by Knapton
et al. The solid propellant booster charge was significantly
increased from less than 1% of the total charge, which was usad with the
end vent and radial type of igniters, to 8.5% of the total charge. The
increased booster charge was ignited first and, based on the faw tests
that were performed, there seemed to be some improved lsvel of contrnl
in the generation of the breech pressure-time records. An example of
the breech pressure-time record generated by the combined solid and
liquid charge is shown in Figure 14.
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TIME (ms)
IGNITER: 805 mg U IGNITER: 330 mg U
14.8g N8 20.5g M8

GUN: 388 mm IDENT NO CHARGE EXPANSION VELOCITY
PROPELLANT: NOS 365 ) RATIO  (m/s)
PROJECTILE: 318¢g 216-67 290 15.4 1514

216-69 272 16.4 1503

232-1 268 16.6 1453

Figure 14. e ined
Solid-Liquid Propellant Charge.
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VI. COMPARISON OF THE PERFORMANCE OF MONOPROPELLANTS
BLPGS AND CONVENTIONAL SOLID PROPELLANT GUNS

It has oftan been suggested that the BLPG offers improved perfor-
mance in comparison to the conventional solid propellant gun. This wa
based on the hypothesis that when ignited at the breech, the bulk of tle
propellant {in a BLPC tu\nlag with the projectile and burned as a
claseical traveling charge.

Figure 15 is a plo&koﬁsmxlo velocity vs char;ozios!au ratio for
105-mm solid propellant and 37-am and 90-mm BLPG
firings. The BLP: firipgs were eondustod with a hydrazine-based
nonoprgscllant iv. 37 m®’ and 90 mm,”” and a HAN-based monopropellant in
37 mm, The ex'sting data would suggest that muxzle velocity is
independent of the charge composition for the systems considered. (V1)
Indeed, from a thermodynamic standpoint, the BLPG appears to be
equivalent to the conventional solid propellant for the C/M range
considered here. Therefore, the data would indicate that enchanced
performance, 1.s. increased ballistic efficiency, at very high velocity
cannot be anticipared.

; g

;

v 1446.8(C/M)°3%

O 37mm BLPG (Reference 27)
© 37 mm BLPS (Reference §2)

MUZZLE VELOCITY (m/s)

1000 | @ 103mm SOLID PROPELLANT (Referenses 84,85
900 == FIT OF EARLY BLPG DATA (Reterences8s )
e00 }
r00 |
e00 |
soo LO. ] i 1 ] ] L

) os .0 8 20 28 30

CHARGE TO MASS RATIO (C/M)

Figure 15. Muzzle Velocity vs Charge to Mass Ratio
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VII. BIPROPELLANT BLPG TESTS

Early BLPG ithleigattonall were conducted with hypergolic
bipropellants. In order to initially separate the fuel and oxidizer,
either one oi both were encapsulated. Ignition was achieved by firing a
pyrotechnic squib, which ruptured the capsule(s), allowing the
components to mix. This technique eliminated many of the advantages of
the LPG concept, was difficult to implement, and presented a safety
hazard due to the potential for leakage. It was not until the
introduction of nonhypergolic bipropellants in the late 1960's that
significant progress was made in bipropellant BLPG research.

Halloty32 33 has described work at the US Naval Weapons Center on a
25-mm nonhypergolic bipropellant BLPG in the only unclassified reports
on this effort. A single shot, modular system designed for use with
various injectors, chambers, and barrels was developed to permit
variation of propellant formulation, injection parameters, and expansion
ratio. A 25-mm dynamically loaded BLPG, designed to fire at rates up to
350 rounds/minute, was also developed. A mixture of red fuming nitric
acid and a hydrocarbon fuel was used in these investigations. Tests
vere performed in the single shot gun under a variety of conditions. It
wvas found that, by controlling the injection parameters, LP combustion
could be varied from one extreme where ignition was difficult, to the
other where detonation was approached. Tests were performed under
various ullage conditions, and it was found that 5% initial ullage
provided the best ballistics. Too much ullage, about 108, resulted in
erratic ignition.

Electric spark ignition was used in these tests, simplifying the
gun mechanism. Duration of the discharge could be varied from 0.4 to
1.0 millisecond. Peak currents of up to 1400 amps (a 50 microfarad
capacitor charged to 2000 volts) were used. Spark energy was varied
from 25 to 150 Joules; 25 Joules was not reliable, whereas 150 Joules
was excessive,

Firing tests were made with a standard 25-mm projectile weighing
194 .4 g. The charge to mass ratio was varied from 0.48 to 2.85. 1In a
total of 106 separate shots over a temperature range from +4 to +43° C,
the mean muzzle velocity was 1186.9 m/s with a standard deviation of
25.9 m/s (2.2%).

(vi)If chamber pressures are considered, however, the HAN-based
monopropellants typically generated higher chamber pressures than the
hydrazine based monopropellants.
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VII1. REGENERATIVE LIQUID PROPELLANT GUN

1. GENERAL

While the bulk-loaded interior ballistic process is based on
ccaplex, coupled hydrodynamic and combustion (physico-chemical-
hydrodynamic) processes, the RLPG achiees performance equivalent to
that of conventional solid propellant systems through mechanical control
of the interior ballistic process. The introduction of the regenerative
piston provides control necessary to generate repeatable ballistics,
substituting engineering issues for the hydrodynamic problems of the
BLPG.

This review concentrates on developmental results since the sarly
1970s, howsver, results of early RLPG investigations are also discussed.
Following the post Werld War 1I period, no RLPG investigations were
conducted until the early 1970s. Since 1976 the majority of LPG effort
in the USA has been in the RLPG area, and since 1980, the RLPGC has
become the main thrust of LPG investigations in France, Germany, and the
United Kingdom as well.

IX. INTERIOR BALLISTICS OF THE RLPG

It has been found that the RLPG interior ballistic process is
controlled to a large extent by the injection of ﬂ\ca%iq\aid propellant,
and thus the motion of the regenerative piston. Therefore, a
gross simulation of the RLPG reduces to a wodel of the hydraulic
response of the regenerative piston and the liquid propellant reservoir.
The details of propellant hydrodynamics and combustion appear to be of
secondary, though certainly not negligible, importance.

A simple regenerative liquid monopropellant gun is depicted in
Figure 16. It consists of a standard gun tube attached to a chamber
vhich contains the regenerative piston. The head of the regenerative
piston divides the chamber into two sections, a combuation chamber and a
propellant reservoir. The length of the reservoir, and thus the
reservoir volume and maximum piston travel, are defined by a breech
element through which the piston shaft extends. Cylindrical injector
orifices are located in the head of the piston. These orifices are
initially saaled to prevent leakage of propellant into the combustion
chamber prior to ignition. An ignition train, consisting of a primer,
an ignition charge, and in some cases a booster charge complete the
system.
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A characteristic regenerative combustion chamber pressure versus
time plot showing the five main phases of the interior ballistic process
is presented in Figure 17. The process is initiated by the ignition
train, which pressurizes the combustion chamber and forces the piston to
the rear, compressing the liquid propellant in the reservoir. The area
of the chamber face of the piston is greater than that of the reservoir

face, providing the differential pressure required for injectiun of the
liquid propellant.

The second phase is an ignition delay. During this period, the
piston continues to move to the rear, injecting liquid propellant which
accumulates in the combustion chamber. When the cool liquid dees
ignite, the accumulated propellant burns rapidly, phase three, bringing
the chamber to operating pressure and accelerating the regenerative
piston to its maximum velocity. Phase four is usually characterized by a
pressure plateau. This plateau is interpreted as a quasi-stable
equilibrium in which the increase of gas in the chamber (to compensate
for piston motion) and the flow of gas down the barrel are balanced by
the combustion of freshly injected propellant. Phsse four ends at the
completion of piston travel and propellant burning. The final phase is
the usual expansion of the combustion gasses after all-burnt.
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W v e Process,

In developing an interior ballistics model for the RLPG, one must
consider the following;

(1) Piston Motion

(2) Propellant Injection

(3) Propellant Breakup and Droplet Formation

(4) Propellant Accumulation in the Chamber

(5) Propellant Ignition and Combustion

(6) Constituitive Equation for the LP in the Reservoir

(') Constituitive Equation for the Two Phase Mixture of
Propellant and Combustion Gases in the Chamber and
Barrel

(8) Entrance Flow into the Barrel

(9) Barrel Flow or Pressure Gradient in the Barrel

(10) Projectile Motiomn

In general, the furmulation of an interior ballistics model for the
RLPG is straightforward. A set gf equations describing these processes
is presented by Morg’s at abs Other gormulatigss have been 91
developed by Gough, C. :ee, Cushman, Bulman, and Pagen et a%Q
However, the complexity of the spray combustion process in the RLPG”“~
has precluded detailed treatment of the interior ballistic process.
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1. PISTON MOTION

In developing the equations of motion for the regenerative piston,
only the pressure and friction forces are normally consideced. However,
it can be shown that the momentum of the liquid exiting the injection
orifice, and the inertia of the liquid in the reservoir will g%so
influence piston acceleration, and thus propellant injection.

2. PROPELLANT INJECTION

Propellant injection is usually msgeagd by a steady_state
. Bernoulli’s equation. However, Coffee’“” and Edelman®’ have reported
calculated discharge coefficients which exhibit an unexplained
variation, over a wide range (0.2 < Cy < 1.0) during the interior
ballistic cycle. Edelman utilized a two-dimensional, axisymmetric modcl
to simulate orifice flow. The ratio of the computed mass flow rate
through the orifice, and a calsulated mass flow rate based on the square
root of the computed pressure difference across the injector (i.e. a
steady state Bernoulli formulation) provided an estimate of the
discharge coeficient as a function of time. This estimated discharge
coefficient was found to be a monotonically increasing function of time.
In contrast, Coffee has developed an inverse simulation of the RLPG
interior ballistic process, which utilizes experiginSgl gun pressures,
and piston and projectile disvlacements as input.”“” A steady state
Bernoulli equation is utilized to describe propellant injection. The
; mass flow rate into the combustion chamber, discharge coefficient, gas
. generation rate in tl.e combustion chamber, liquid accumulation in the
combustion chamber, and Sauter mean diameter for the propellant in the
combustion chamber are then computed. The calculated discharge
coefficient rises rapidly to near the theoretical value, drops suddenly
to a value of about 0.25, and then rises again to near the theoreticsl
value. The sudden drop in the discharge coefficient coincides with a
sharp change in the injection area. It has been postulated that this
apparent variation of the discharge coefficient is due to the inertia of
the liquid propellant in the reservoir, and that a time dependent
formulation of the in;gction process is required to accurately describe
propellant injection.

3. PROPELLANT COMBUSTION

Breakup of the propellant jet entering the combustion chamber,
accumulation, ignition, and combustion have been addressed in the
majority of existing interior ballistic models; however, little is
actually known about these processes in a gun environment. The
treatment of these processes usually involves an assumption of a
population of spherical droplets (defined either arbitrarily or through
a Weber Number criteria) which decompose according to a pressure
] dependent, linear burning rate. Ignition, when included, is treated as
a time delay. None of these assumptions are theoretically supportable
for the RLPG process, however, accurate "gross simulations" of given
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experimental results are obtainable using these assumptions and
appropriate input parameters.

4. CONSTITUITIVE EQUATIONS

Constituitive equations for the liquid propellant in the reservoir,
and for the two-phase liquid and combustion products mixture in the
combustion chamber are required for closure of the governing equations.
For the HAN-based liquid monopropellants, a modified Tait equation of
state, i.e. pressure is a power function of density, provides an
excellent fit to experimental pressure versus density measurements . 78-99
A Nobel-Abel equation of state is normally used for the combustion
products, as in standard solid propellant interior ballistic models,

5. ENTRANCE AND BARREL FLOW

The entragga flow to the barrel is treated in a variety of ways,
Morrison et al®" have suggested a Bernoulli’s equation, with entrance
loss and the agiumpcion of égentropic flow from the chamber to the
barrel. Gough®’' and Coffee®” have implemented this model and
demonstrated that it provides excellent agreement with the pressure
drop, from the chamber to the barrel, observed in experimental data.

Similarly, a variety of barrel flow models, ranging from a simple
Lagrange approximation to a one-dimensional, two-phase flow formulation,
have been developed. In the casgsof the Lagrange approximation, it has
been suggested by Morrison et al®” that the non-zero gas velocity at the
barrel entrance must be accounted for in the RLPG simulation. This
results in a modified Lagrange approximation of the form,

2
P(y) = P, + (mg/2M) (Pgy =~ Pg) (1~ (y/x) ]
hana

+ (m /20 (5, + (v, [V = v )/x]) [0 - (y/x)12 (4)

where the subscripts B and b rg;er to the projectile base and the barrel
entrance respectively. Coffee”’ has implemented a form of this equation
in his RLPG interior ballistic model, and has shown that it provides
excellent agreement with both one-dimensional barrel flow simulations,
and experimental data.

The assumption that all the liquid propellant burns in the breech,
and the barrel contains only combustion products, leads to an inter-
esting result zt burnout. Using the one-dimensional model of Gough,
Morrison et al” have shown that at burnout a rarefaction wave moves from
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the breech, along zhe barrel to the projectile. In the case considered
by Morrison et al,” the projectile exited the tube before being
overtaken by the rarefaction wave. This result would indicate t'-at there
exists a maximum =2ffective charge for the RLPG, and that propellant
charge in excess of this maximum hzas no effect on the ballistic
performance of the system,

6. SUMMARY

In summary, a variety of RLPG interior ballistic models exist. 1In
general, the formulation of these models is straightforward, but the
unique characteristics of the RLPG system must be accounted for in order
to accurately simulate the interior ballistic process if lumped
parameter models are used. The pressure drop from the chamber to the
barrel, the non-zero gas velocity at the barrel entrance and the inertia
of the liquid in the propellant reservoir are among the unique
characteristics of the RLPG which must be considered.

The status of liquid propellant spray ignition and combustion
models for the RLPG is quite poor. Little is known about these
processes in the gun environment. While this has not proven a
limitation in the simulation of the gross features of RLPG interior
ballistics, detailed simulations are beyond the capability of existing
models. The gross agreement with experimental cata is apparently a
result of the rapid ignition and combustion of the injected liquid
propellant at gun operating pressures (>10 MPa). However, an accurate
description of propellant ignition and combustion is important during
the ignition phase, which can be accumulation driven, and may also prove
important in the simulation of high frequency pressure oscillations
observed in some RLPG firings.

X. PHENOMENOLOGICAL STUDIES

1. REGENERATIVE PISTON CONFIGURATIONS

Unlike the BLPG, in which the geometric configufs&ions are limited,
the RLPG offers a wide variety of design variations. The so-called
simple in-line piston, Figure 16, przvigeiognfogf the simpler
implementations of the RLPG concept. Other piston
configurations which have been imp%eggn%gd and tested in gun fixtures
include; the in-%%ne hollow piston B (Figure 18), theaaggulss
injection piston““ (Figure 19), the in-line annular piston
(Figures 20 and 21), and the reverse annular piston. These piston
configurations have been utilized in a variety of experimental gun
systems,
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Both Experiment Im:.za'26 and General Elactricz have investigated
the in:line hollowzgiigon. Experiment Inc. daveloped and tested
40-mm“? and 127-mm“*"“® hypergolic bipropellant systems using opposing,
simple in-line pistons (alternating gxig&zet and fuel) at 90" intervals
around the periphery of the chamber,“"~ (Figure 22). In the 127-mm
fixture, up to 3 "blocks" of pistons, i.e. a maximum of 12 pistons, were
tested. Th: complexity of these multiple piston systems, as well as the
difficulties involved in handling hypergolic bipropellants, hampered
development and testing in this program. Little data is available from
the Experimei.t Inc. effort, but General Electric found this design to be
mechanically complex and subject to pressure oscillatjons, and
ultimately sbandoned it.

GREECit ASSEMBLY CONNECTING TUBE INJECTOR BANK

Figure 22. -

The annular injection piston was 1nvestigategzby Sxperiment Inc. in
a 40-mm fixture using a hydrazine monopropellant. Again, the
available firing data is limited, but Experiment Inc. concluded that
this particular RLPG configuration was very promising.

IBT in-line annular piston was also suggested by Experiment

Inc., but there is no record of it ever having been tested in gun
hardware. General Electric, however, has tested four variations of this
concept in 25-mm, Zo-gni znf ;OS-mn RLPG fixtures using a HAN-based
liquid propellant. 35104 10 The variants of this particular concept
appear particularly suited for practicle mechanization (i.e. weapon-
ization), and for controlled variation of the interior ballistic
process. General Electric is currently under contract to the US Army to
develop a 155-mm RLPG, utilizing a variation of the in-line annular
piston.
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General Electric has also 'nvestigated the reverse annular piscon“
for high rate of fire applications. A 30-mm regenerative fixture,
capable of firing a 5 round burst at a rate of 500 rounds per minute,
has been developed and tested.

Despite the wide variety of Ri.PG designs which have been tested,
the majority of phenomenological investigations have been conducted with
a simple in-line piston configuration. Therefore, we will concentrate
on this configuration in the remainder of this section. The data is
primarily the result of General Electric independent research, using
25-mm hardware and a nitrate ester liquid monopropellant, OTTO Fuel II.

2. INJECTION AREA

The effect of total injection area is shown 19 Figure 23. : 36 as
the total injection area is increased from 2.03 cm® to 3.17 cm® (56%),
the maximum chamber pressure increases from 186.0 MPa to 338.0 MPa
(32.5%) and the muzzle velocity increases from 1043 m/s to 1139 m/s
(9.2%). In similar tests at a higher charge to mass ratio, muzzle
velocities of 1258 m/s, 1346 m/s, 1&&7 n/s, ang 1468 n/l were obtai.ned2
for total injection areas of 2.84 cm®, 3.85 cm“, 4.40 P , and 5.14 cm
The pressure curves obtained in these tests are similar to those shown
in Figure 23. Therefore, the maximum chamber pressure is directly
related to the total injection area, which is thus a basic design
parameter. In other tests, it was found that with a given total
injection area, smaller diameter injectors result in less initial
propellant accumulation and less over-shoot in chamber pressure. The
length of the injection orifice was also found to affect the ballistic
process. Doubling the length of the injector was found to reduce the
maximur chamber pressure, and thus reduce the muzzle velocity.

INJECTION

o AREA ,3.17 cm?
$40rcem=08 & ,2.73 cm?

——

: 300 2.45 cm?
S 200 2.03 cm?
m 100

Y A
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Fisire 23, pagect of Injection Area on Chamber Pressure
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3. PISTON TRAVEL

The effect of 2n§tnun piston travel, and thus the total charge is
shown in Figure 24, In the three tests, only the piston travel was
varied. The maximum pressure is approximately the same for each test,
howsver, the length of the plateau region increases with increasing
reservoir length. Therefore, the quasi-stable combustion process, once
established, is maintained for the duration of piston travel.

PISTON
300 ¢/M=20.6 STROKE
200} COMPLETE
100 I~

308

200
100

300
200
o

PRESSURE (MPa)

L1 v 1
0 10 20 30 40 50

TIME (ms)

Figure 24.

or Pressure

4. CHARGE TO MASS RATIO

The results of tests investigating the influence of C/M and mgﬁimum
chamber pressure on muzzle velocity are summarized in Figure 25.%

The curves of velocity versus C/M for the three chamber pressures are
similar in character to those for conventional guns. Figure 25 also
serves to summarize the effects of total injection area and piston
travel (C/M). For any given C/M, both pressure and velocity increase
with increasing injection area, while for any given injection area
(maximum pressure), velocity increases with increasing piston travel.
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5. PRESSURE PLATEAU

The plateau pressure phenomena was initially attributed to choking
of the flow at the entrance to the barrel. However, in computer
simulations of test firings, it was necessary to apply a 20-30%
correction (reduction) to the barrel flow area in orde: to match the net
gas accumulation in the chamber and the chamber pressure when using the
sonic barrel flow assumption. This reduction in effective flow area
could be accounted for by a vena contracta near the entrance to the
bore, which would be favored by the sharp corner at the barrel entrance.
However, many of the data obtained in the parametric test firings cannot
be reconciled with a theoretical picture which incorporates the

hypotheses of a stagnation condition in the thamber and sonic flow in
the barrel entrance.

The barrel pressure gage nearest the chamber was mounted 0.7 cm
from the bore entrance. The pressure measured at this location in Shot
143, along with the corresponding pressures in the combustion chamber
and at other barrel locations are presented in Figure 26. If the flow
entering the bore were choked, the ratio of throat pressure to cha.der
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Figure 26. Pressure vs Time for Shot 143,

pressure would be about 0.55. The plateau in the chamber pressure occurs
at 359 MPa, while the maximum pressure measured by the barrel gage is
324 MPa. Therefore, the ratio of barrel pressure to chamber pressure at
the begining of the plateau is 0.9. This pressure ratio corresponds to
a Mach Nuaber of 0.4 at the barrel gage location, well helov the choked
condition. It is noted that the pressure measured at the barrel wall is
rot necessarily that in the core flow, and, more importantly, the
pPressure gage would probably not be located at the minimum area of the
vVena contracta if one were formed. However, the barrel pressure
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decreases steadily after the maximum, indicating an increasing Mach
Number. This would imply that tho flow is not choked at the beginning
of the plateau. The Mach Number at the barrel gage location at the end
of the plateau is 0.6, still well below the choked condition.

If choked flow at the barrel entrance were responsible for the
plateau, choking must be established by the beginning of the flat top.
Once choking occurs, the chamber is decoupled from the barrel since
information from the bore cannot be propagated upstream through the
sonic region. Therefore, the hypothesis of choked flow at the entrance
to the bore would require that the chamber pressure be independent of
the projectile mass.

As part of the parametric test series, projectile mass was varied
to determine its effect on the regenerative process. Two projectile
masses vere used, 194.4 gm and 97.7 gan. Firings were made with the
original chamber, diameter 4.445 cm, and a larger chamber with a
diameter of 5.715 cm. Finally, two firings were made at each condition
for a total of 8 tests in this portion of the study. In these tests,
the chamber pressure was found to be a function of the projectile mass.
With the lighter projectile and the original chamber diameter, the
average chamber pressure dropped 24%. In tests with the larger chamber,
the average chamber pressure dropped 23% when the lighter projectile was
substituted. In both chambers, the muzzle velocity increased by about
11% when rthe lighter projectile was used.

Figure 27 shows the ratio of the pressure at the first barrel gage
location to the chamber pressure, along with the corresponding Mach
Number, as a function of time for Shot 42 (194.4 gm) and Shot 66
(97.7 gm). The time scale is relative to shot start, and the plateau
region is indicated by a dashed line.

The insert shows the pressure curves for these firings. As in Shot
143, Figure 26, the Mach Number at the barrel gage location increases
steadily after the plateau is reached. Note, however, that the Mach
Number is significantly higher in the case of the light projectile. 1In
both cases the Mach Number approaches unity by the end of the plateau,
indicating a tendency toward choking near the end of the plateau region.
This tendency could be increased in high velocity firings with large
charges and light projectiles. However, choking of the entrance flow to
the barrel would not appear to influence the establishment of the
pressure plateau.

Examination of the barrel entrance Mach Number and the effects of
projectile mass would appear to eliminate choked flow as the cause of
the pressure plateau in regenerative gun firings. In order to explain
the plateau, we consider the relative mass flow rate of an ideal gas
through a constriction as a function of Mach Number. At a Mach Number
of 0.5 the relative mass flow rate is 0,75, and at a Mach Number of 0.7
the relative mass flow rate is about 0.91. The mass flow rate is a weak

45

[VE VY SR AV . Y LT gvE n-nnwm-umrammmn“:mmmmm



function of Mach Number, and, thus, the pressure ratio, for Mach Numbers
above 0.5. While the weak dependence of mass flow rate on Mach Number,
and thus pressure ratio, would indicate a tendency toward a pressure
plateau, it cannot explain the extreme flatness of the regenerative
pressure curves.

(X 1] 1.0p - - —
g% SHOT 42 A ,” A
ol | 09} < 200 sMoTes  SHOT &6 e s e
o & \ 5‘“ My 197gm s L7
Q8p .
Qomr 3 I3 a0 A L .
o o7h TIME {ms) s S
§ i § 06 Rt SHOT 42
o 2 ‘/‘y r Mg *194.4 gm
g g o3 _x
owl G O4p A '
@ 0-3 o ‘
)ot= 0'2 ‘t 1 x 1 _] [ 1 1 ) _}

o

02 04 06 08 1.0 1.2 1.4 1.6 1.8 20
TIME AFTER SHOT START (ms)

Figure 27. Ratio of Pressure at the First Baxrel Gaga Location
to Chamber Pressure. and Corresponding Mach Numbex
vs Time for General Electric Shots 42 and 66,

6. REGENERATIVE PRESSURE CURVE SHAPES

During the parametric test f..ings, it was found that regenerative
pressure curves are not always flat topped. Figure 28 shows four types
of regenerative pressure curves obtained in the parametric series. The
first type, labeled "Natural", occurred most often. In this case, the
pressure peaks early and then declines slowly up to the point of all
burnt. The second type, labeled "Classic", is initially similar to the
"Natural®, however no decline in pressure occurs after the maximum
pressure is reached, up to all burnt. The "Classic" curve occurred
elmost as often as the "Natural". The third type, labeled "Flat Top",
was observed on several occasions. It differs from the previous two
types in the sharpness of the rise to maximum pressure, and a noticeable
break at the plateau. The final type, labeled "Ramp" occurred least
often. It is similar to the "Flat Top" type up to the break at the
beginning of the plateau, but the pressure continues to increase after
the break in slope.
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Figure 28. Regenerative Chamber Pressure Curve Types

The four types of regenerative pressure curves can be explained in
terms of propellant accumulation and combustion in the chamber. It has
been observed that at low pressure during the incubation phase, propel-
lant is injected faster than it burns, leading to the accumulation of
unburned propellant in the chamber. (The amount of propellant injected
up to shot start is determined by the piston travel measurement, and the
amount burned is calculated from the chamber volume and pressure.) As
the pressure rises rapidly to a plateau value, the process accelerates,
and the propellant mass consumption rate exceeds the injection rate.

The plateau pressure is defined by the rates of propellant injection,
propellant combustion and gas flow iato the barrel, which depend on
injection area, reservoir area, chamber area, piston mass, propellant
characteristics, etc. It is noted that other processes are almost
certainly involved in determining the shape of the regenerative pressure
curve. However, based on the existing 25-mm data, accumulation appears
to be a very important factor.

Othzr pressure curve shapes have been obtained in regenerative gun
firings."  These non-flat-top curves are attributable to the design
parameters of the specific regenerative fixture in question, and are
usually related to the maximum injection area or completion of piston
stroke befcre a quasi-steady equilibrium is achieved.

7. IGNITION CRITERIA

The ignition function in hypergoliz bipropellant, and monopro-
pellant or nonhypergolic bipropellant RLPGs (we are aware of no examples

47

LY 3V DV FEIWE LYW P Y VIR PO SRy T Y ) » - Lo




of the latter) are significantly different. In the hypergolic
bipropellant case, the process is initiated by injecting some portion of
the oxidizer and fuel into the chamber, where they react, providing the
energy required to sustain the regenerative process. The mechanism for
initiation of propellant injection can be quite simple in this case,
often involving only pressurized air or nitrogen to initi-lly displace
the piston,

In the monopropellant RLPG, the igniter must perform two functions:
(1) cdisplacement of the regenerative piston to initiate propellant
injection, and (2) generation of hot, high pressure gas to ignite the
cold liquid propellant as it enters the combustion chamber. Thea
parameters of interest are the rate of pressure rise (i.e. mass ard
en. gy fluxes), the maximum pressure, and the duration of the igriter.
The.e parameters must be tailored to the hydraulic characteristics of
the injection piston and the liquid propellant reservoir to insure that
the reservoir pressure is greater than the chamber pressure when the
injector opens. Since the propelilant reservoir is normally
prepressurized to reduce thesshgsces of compression ignition of the
propellant in the reservoir,”’~ the initial pressure level in the
reservoir must be considered in tailoring the igniter.

1t is also necessary to tailor the injection area profile, to
provida sufficient initial propellant injection to sustain the
regenerative process, but also to avoid excess propellant injection
which might result in long ignition delays or quenching of the
regenerative process. In practice, it has been found that the
develcpment of igniters to meet these criteria is not difficult.

8. 1ICNITER DESIGN

Igniter designs for monopropellant RLPGs have historically been
quite simple and robuist. Experiment Inc. has tested an electrical spark
ignition system in a bulk charge initially filling the combustiog
chamber between the regenerative piston and the projectile base. 2 More
recently, investigators have utilized a solid propellant charge burning
at high pressure in a chamber moungzd3§xternal to the RLPG to vent hot
gases into the combustion chamber. Secondary booster charges,
solid or liquid, have been used in scme cases to augment the igniter.
However, such systems would not be prfggical in a fully developed
(weaponized) system. DeSpirito et al have reported investigations of
ignition systems utilizing electrically initiated liquid instead of
solid prspellant ignition charge. Such a system could be automated and
made practical, thus simplifying igniter design and eliminating the need
for separate igniters in the logistic system.

9. TEMPERATURE VARIATICONS

As a part of the effort to develop and demonstrate a brassboard
155-mm RLPG, General Electric has conducted test firings from -55° C to
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+65% C, in a 30- il Sgniagt VIA fixture, using a HAN-based liquid
monoprepellant. 10371 These tests were conducted by cooling or
heating the entire regenerative fixture to the desired temperature
before firing. No mechanical changes were made in the hardware during
the cold low and high temperature test series to compensate for
temperature variation. However, tae maximum injection area was reduced
by about 158 for the high temperature test series.

In:;~

qriFs of 17 tiass, a total of 12 firings were conducted

5 S and 0° C The data from this test series is presented

in Table' ﬁase data show only minor velocity variation from ambient
¥ this temperature, the muzzle velocity drops rapidly

with decreasing?t rperature, but even at -55° C, there was no indication

of any safety 1:. 5-in the test results.

TABLE 4.{5Low Temperature Regenerative Gun Firings

;

i
-
v

(,‘est Muzzle

. Number T Velocity
: (°c) (m/s)
[ 1 16 968.6
\ o2 16 966.8
.3 1€ 950.1
' 4 16 975.1
5 0 944.9
6 -20 969.9
7 -37 960.1
8 -46 944.9
9 -50 879.9
10 -49 850.1
11 -47 947.3
12 -26 967.7
" 13 -10 961.6.
14 -11 949.4
' 15 -50 904.9
16 -55 644.6
17 16 969.9

Subsequently, a seriei 8f 13 test firings were conducted at
temperatures up to +65° C 08 The data from this series of tests are
presented in Table 5. The muzzle velocity was reasonably uniform over
the temperature range, and again there were no indications of safety
1ssues in the test data.
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TABLE 5. High Temperature Regenerative Gun Firings

Test Muzzle
Number T Velocity
(°c) (n/s)

1 15 965.0

2 32 975.1

3 35 969.9

4 42 '979.9

5 20 959.8

6 45 949.8

7 50 940.0

8 55 1000.0

9 60 960.1
10 64 96C.1
11 65 985.1
12 65 975.1
13 65 965.0

In Table 6, a summary of average velocities and standard deviations
for the cold and hot series are presented. Although the statistics are
limited, tentative conclusions can be drawn from analysis of this data.
The decrease in injection area in the hot series would be expected to
produce a drop in muzzle velocity. Indeed, this appears to be the case;
however, the

TABLE 6. Summary of Data from Low and High
Temperature Test Firings.

Temperature Number Average Stariard
Range of Tests Velocity Deviacion
(m/s) (m/8) (%)
Cold Series:
16° C 5 966.1 8.46 0.88
-47° c to 0° C 8 955.7 9.64 1.01
-47° ¢ to 16° ¢C 13 959.7 10.50 1.09
Hot Serjes:
15% ¢ to 20° ¢ 2 962.4 2.60 0.27
32° ¢ to 65° ¢ 11 969.1 15.95 1.65
15° C to 65° C 13 968.. 14.90 1.54
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number of tests at ambient temperature in the hot series is too limited
to support such a conclusion. As one might expect, the average muzzle
velocity in these tests does show a definite increase with increasing
temperature. The increase in muzzle energy from -47° C to +65° C is
about 6.2%, while the increase expected from the temperature change
alone is about 4.2%., The difference would be attributable to variations
in the mechanical systems and/or propellant ignition and combustion with
temperature. However, the change in muzzle velocity from -47° C to

+65° C ic suprisingly small. Finally, the variation in muzzle velocity
over the temperature range is reasonable. At ambient temperature, the
standard deviation in the cold series was about 0.9%, comparable to
previous values obtained in similar Concept VIA hardware. The standard
deviation for the tests from -47° C to 0° C is not substantially
different from that for the ambient tests, despite the wide temperature
range. The hot tests do show an increased standard deviation, but
again, the variation in muzzle velocity is not unreasonable given the
variation in temperature.

10. PRESSURE OSCILLATIONS

Some early RLPG test data show indications of Bgessure oscillations
above thelggiisglevel in the pressure-time records. More recently,
Hasenbein has reported the investigation of high amplitude, high
frequency pressure oscillations in a 40-mm simple in-line RLPG using
OTTO Fuel II monopropellant. The oscillations were regular, with a
frequency of about 10-12 kHz over the interior ballistic cycle.
Hasenbein, therefore, concluded that the oscillation could not be a
longitudinal mode. The observed frequency correlates well with the 1st
tangential mode for the combustion chamber; therefore, it was identified
as a combustion instability, analogous to that observed in liquid
propellant rocket engines. The oscillation began when the piston had
displaced to a point where the length of the combustion chamber was
approximately equal to the chamber diameter. Baffles were introduced
into the piston face, and the injectors were modified, similar to
techniques developed to control combustion instabilities in rocket
engines. The modifications significantly reduced the oscillations in
this fixture, as can be seen in the before and after pressure-time
curves in Figure 29,

- General Electric, in testing of a 105-mm RLPG using Concept VI
hardware (see Figure 202, gaf glii encountered high amplitude, high
frequency oscillations. 3> 10 0 Typical pressure vs time data from
these tests are presented in Figure 30, in which the pressure
oscillations as measured in the combustion chamber at gages GO and KO,
in the 1liquid propellant reservoir, gage LP350, and in the grease column
between the piston and the chamber wall, gage M60, which 1s separate
- from both the combustion chamber and the LP reservoir, can be seen.

Fourier ang%yisg to determine the frequency content of these data were
conducted, At gage KO, the primary frequencies ave in the 17-20
p kHz range, with secondary peaks at 10, 14, 26, 34-36, and 50 kHz, with

" 51

A e e e et i e Ak A A A A Rt A P E R R FL AR MY R TR M M -—ar - - s ——




numerous minor peaks over this range. Above 50 kHz, the relative
amplitude falls off rapidly. At gage LP350, the power spectral density
shows a broad, complex, almost continuous structure out to about 60 kHz,
tapering off in intensity Y{ 75 kHz. Similar oscillations have been
reported by Watson et al 1l jna 30-mm, Concept VI RLPG fixture.
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‘ .
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@
s .
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Figure 29  Copbustion Chamber Pressure vs Time for g 40-mm
Regenerative Liquid Propellant Gun.

These data do not exhibit the characteristics of a classical
combustion instability, although it doeiltppear that scme acoustical 111
modes in the chamber are heing excited. In addition, Watson et al
have found, in his 30-mm {nvestigations, that the high frequency
oscillations are transmitted through the chamber walls and the tube, and
that the resulting stress waves in the steel are detected by the
plezoelectric pressure gage, Figure 31, located at the muzzle. A
similar observation had been made in the 105-mm investigations at
General Electric.

More detailed study of the Concept VI design .nd the test set up
yields ofssr potential sources for the observed pressure oscil-
lations. These include;

1. Flow separation and reattachment in the injector
2. Mechanical oscillation of the regenerative piston
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3. Coupling between 1 and 2

4, Acoustic oscillations in the chamber and reservoir

5. Excitation of stress waves in the chamber walls by
interaction with the moving piston

6. Electronic noise
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The first three potential sources of the pressure oscillations are
depicted in Figure 32, If either of the first two oscillations occur,
the coupled mode could be excited. For example, as the pressure
increases in the propellant reservoir the regenerative piston is forced
outward toward the chamber wall. This would increase the preasure in
the grease dike, and also reduce the area for flow of grease into the
chamber. This increase in pressure in the grease column would then
force the piston wall inward, increasing the flow area of the grease.
Such a mechanical vibration is applied directly to the injector, i.e.
the vibration of the piston would result in a time dependent radial
boundary condition on the flow in the orifice, potentially generating
separation if the flow cannot follow the motion of the boundary.
Similarly, it can be argued that a hydraulic instability in the
injection orifice would excite the vibrational modes of the regenerative
piston.
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Recent ballistic investigations by General Electric have focused
attention on the desfign of the injection orifice and the chamber wall
boundary condition on the piston. It has been found that elimination of
the grease dike, reduction of the radial clearance between the piston
and the chamber wall, and redesign of the injector to suppress flow
separation result in a significant reduction in pressure oscillations.
The combination of these factors has been utilized to eliminate pressure
oscillations in three 30-mm Concept VI variants, and to significantly
reduce oscillations in a 105-mm Concept VIA test fixture.

An adequate understanding of these pressure oscillations has not
beea developed, and the oscillations have not been eliminated in the
10S-mm RLPG. Although the oscillations have not been liinked to any
structural or ballistic problews in the RLPG, the sevarity of the
oscillations does increase in sculing from 30 mm to 105 mm. It would
seem reasonable to expect a similar effect in scaling to 155 m.
However, current experimental evidence suggests that the pressure
oscillations are not completely a classical combustion instability, and
that RLPG hardware designs can be modified to control or eliminate the
oscillations.

11. HIGH VELOCITY RLPG FIRINGS

A limited series of high velocity RLPG firings have been conducted
by Bulman using a 25-mm simple in-line fixture and OTTO Fuel II.
Approximately 11 tests were conducted in this series, 3 tests yielding
velocities in excess of 1500 m/s. The maximum velocity for this series
was about 1700 m/s at a charge to mass ratio of 2.2. A 25-mm fixture
similar to that used in other ballistic investigations was modified to
provide increased propellant injection area, i.e. increased chamber
pressure, and a lighter projectile was used to increase the charge to
mass ratio. Based on the RLPG ballistic parameters, the calculated
muzzle velocity for a comparable solid propellant gun, using a Mayer-
Hart simulation, is 1735 m/s. The excellent agreement between the
experimental and Mayer Hart velocities would tend to indicate that the
efficiency of the regenerative process at high velocities, at least up
to 1700 m/s, is comparable to that of conventional solid propellant
guns.

XI. SUMMARY OF REGENERATIVE MONOPROPELLANT TESTS

1. 25-MM TEST RESULTS

Inif&allsgsting of Concept VI was conducted in & 25-mm

fixture. Chamber pressure £nd velocity, for an eight round
reproducibility series, are summarized in Table 7. The rear and forward
chamber pressure gages are located, respectively, 3.72 cm to the rear
and 1.33 cm forward of the initial position of the piston face, or 5.05
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cm apart. The propellant used for the tests was Otto-lI.

TABLE 7. Summary of Reproducibility Tests
for 25-mm, Concept VI.

Test No. Chanmber Pressure Velocity
Rear Forward
(MPa) (MPa) (n/s)
202093912 190 157 950.3
202132204 188 166 963.7
202162833 177 161 935.4
203091315 185 159 948.2
203120125 176 161 940.6
203155953 177 154 945.4
204085344 190 162 941.8
204132842 - - 941.8
Mecan 183 160 945.9
Std Deviation (3.5%) (2.4%) (0.91%)

The mean charge weight was 115.7 g with a standard deviation of
0.29 g (0.25%), and the charge to mass ratio was 0.634. The velocity
was obtained using a 15 GHz radar, and th: accuracy of the data
reduction technique is estimated to be no better than 0.5 - 1.0%.

In the 25-mm firings, there vas no evidence of oscillations below a
pressure of 130-140 MPa. The maximum amplitude of the oscillations in
the forward zection of the chamber is about $-12% of the maximum
pressura, while the maximum amplitude of the oscillations in the rear of
the chamber is about twice as large. The dominant frejuency of the
pressure oscillations in the chamber is in the 50 to 60 kHz range.

Additional 25-mm tests yere performed to investigate the effect of
increasing sheet thickness.l For these tests the total injection area
was the same as that for the preceding reproducibility test series,
however, the sheet thickness was no longer uniform. The non-uniform
sheet thickness was achieved by scalloping the center bolt. The
amplitude of the pressure oscillaticns in these tests is larger than
observed in the reproducibility group. One test group was particularly
interesting, and involved the firing of a projectile with twice the
nominal projectile mass. During the decay of the pressure after
completion of piston motion, there is an apparent excitation of the
acoustical modes in the chamber, as suggested by the occurrence of the
higher order harmonics. The first peak in the frequency spectrum occurs
at 23.5 kHz and the approximate interval between the peaks is also about
23 kHz. The first radial mode in the chamber, agsuming a uniform center
bolt and a sound speed of 701 m/s, would be 23.9 kHz. The second radial

57




mode would occur at 44.7 klz, compared with an observed doublet at

41-44 kHz. Assuning a somewhat lower sound speed, of course, would
improve the agreement. The observed frequencies occuring during the .
pressure decay suggests that some energy is released in the system
beyond completion of the piston motion, or that the damping mechanisas
in the chamber are negligible.

2. 30-MM TEST RESULTS

Test firings were cond¥8£ef1in a 30-mme Concept VI fixture with Otto
II, LGP 1845, and LGP 1846, The results of these tests are
sunnarized in Tables 8a, 8b, and 8c. The prcjectile mass was nominally
287 g for these tests, all of which were fired at 2/3 the maximum
propellant charge or 160 cc. The initial free volume in the combustion
chanber was approximately 95 cc. The maximum pressure at three chamber
locations and in the liquid reservoir is presented. The rear most
gages, A90 and C30, are located 3.6 cm and 2.1 cm to the rear of the
initial position of the piston face, while gage J120 is located 1.2 ca
forward of the piston face. As in the 25-mm firings, the data would
indicate a pressure gradient between the face of the piston and the
forward end of the chamber.

TABLE 8a. Summary of Reproducibility Tests for
30-um, Concept VI with Otto II.

Test LP Pressure Velocity
No. A90 Cc30 J120 LP
(MPa) (MPa) (MPa) (MPa) (n/3)
335:14 Otto-I1 174 192 164 939
336:15 Otto-I1 - . - - 950
342:13 Otto-1I 179 180 144 930
343:12 Otto-II 168 197 179 965
Mean 174 190 162 946
Standard Deviation (2.6%) (3.8%) (8.8%) (1.6%)

In the test firings with Otto II, Table 8a, the technique for
seating the projectile and the initial projectile position at the origin
of rifling was varied. This variation might contribute to the poor
repeatability in this test series. However, the reproducibility i
obtained in the LGP 1845 series, Table 8b, was about the same. In this ‘
series, the projectile was seated in nominally the same position in each
firing. If the apparent outlier (Test No. 364-046) is omitted, the
standard deviation in muzzle velocity becomes 0.80%. Furthermore,
inspection of the data suggests that it may be divided Into two distinct
groups with mean velocities of 1005 m/s and 1015 m/s, for which the
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standard deviations are 0.05% and 0.24% reapectively. Currently, there
is no satisfactory explanation for this apparent grouping of data.

LGP 1846 testing is still underway, and the number of firings is
limited as indicated in Table 8c. Although the statistics are not
significant, there would appear to be an improvement in reproducibility.

TABLE 8b. Summary of Reproducibility Tests for
30-mm, Concept VI with LGP 1845,

Test LP Pressure Velocity
No. A90 c30 J120 LP

(MPa) (MPa) (MPa) (MPa) (n/s)
364-032 1845 197 190 177 - 1020
364-033 1845 181 181 167 - 1005
364-034 1845 191 190 177 . 1005
364-035 1845 194 186 182 - 1020
364-041 1845 192 189 171 227 1018
364-042 1845 195 181 182 202 1021
364-043 1845 184 177 166 - 1005
364-044 1845 - - - - 1004

364.-046 1845 186 178 169 - 973.5
Moean 190 184 174 215 1008

Standard Deviation (3.08) (2.9%) (3.73) - (1.5%)

TABLE 8c. Summary of Reproducibility Tests for
30-mm, Concept VI with LGP 1846.

Test LP Pressure Velocity
No. A90 Cc30 J120 LP
(MPa) (MPa) (MPa) (MPa) (n/s)
364-16 1846 205 195 190 - 1023
364-17 1846 190 184 184 285 1009
364-31 1846 231 205 213 - 1011
Mean 209 195 196 - 1014
Standard Deviation (8.18) (4.48) (6.4%) (0.6%)

The mean velocity for the eight tests with LGP 1845 (omitting the
apparent outlier) and the three tests with LGP 1846 are, respectively,
1012 m/s and 1014 m/s. This close agreement is initially surprising in
view of the differences in impetus of the two propellants. The
impetuses for LGP 1845 and LGP 1646 are, respectively, 934 and 898 J/g.
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Despite the 4% difference in impetus, the test firings yleld approx-
imately the same performance. 1t is significant, however, that the
maximum chamber pressures for the LGP 1846 series are uniformly higher
than those for the LGP 1845 series. LGP 1846 contains approximately 3%
more water than LGP 1845, and closed bomb tests have shown that the
decomposition rate of LGP 1846 is somewhat slower than that of LGP 1845,
particularly at low pressurse. Thus it may be hypothesized that during
the ignition porticn of the ballistic cycle, more propellant accumulates
in the combustion chamber in the case of LGP 1846 (due to its lower
decomposition rate), leading to a higher maximum pressure and, there-
fore, a slightly higher muzzle velocity despite its lower energy
content.

The pressure data contains high frequency oscillations for all
three propellants. The amplitude of the oscillations is larger than in
the case of the 25-mm reproducibility series. The dominant frequencies
occur around 34-35 kHz; however, spectral analysis of this data shows a
broad band of frequencies between 32 and 42 kHz. In general, there are
no significant differences in these frequencies for Otto-II, LGP 1845,
or LGP 1846. The frequency components in the 34-35 kHz range suggest
the excitation of the second radial mode in the combustion chamber. The
calculated frequency for the second radial mode is between 32.2 kHz and
42.1 kHz for sound speeds between 701 m/s and 914 m/s. However, the
data does not contain frequancy components corresponding to the first
radial mode of the chamber. The anplitude of the oscillations was about
128 of the maximum chamber pressure in the forward section of the
chamber and about 20% towards the rear of the chamber. The oscillations
began when the chamber pressure reached approximately 90 MPa.

3. 105-MM TEST RESULTS

Testbrgguisz f8§ the 105-mm Concept VI firings have been previously
reported. A summary of these results is presented in Table
9. Tests were initially conducted at 1/3 charge, about 900 cc of
propellant, using a thinner than normal annular liquid sheet, i.e. a
thinner injection gap. The reduced injection area was used to test the
combustion efficiency of the annular liquid sheet. The results were
satisfactory, and the injection area was increased for subsequeat tests.
A similar procedure was utilized in 5/8 charge and full charge firings.
As indicated in Table 9, the projectile mass varied slightly during the
test series. The last 8 full charge firings were conducted under
nominally the same conditions. These tests resulted in a mean velocity
of 810.5 m/s with a standard deviation of 0.33%, which is comparable to
the muzzle velocity repeatability obtained in the 105-mm howitzer.
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TABLE 9. Summary of Test Firings 105-mm,
Concept VI with Otto IIX.

Projectile Chamber Muzzle
Test No. Charge Mass c/M Pressure Velocity
(kg) (MPa) (m/8)
1 1/3 11.2 0.092 117 502.9
2* 1/3 11.2 0.092 103 499.0
3 1/3 11.2 0.092 110 .
4 1/3 11.2 0.096 103 504.7
5* 1/3 11.2 0.096 124 517.2
6* 5/8 12.5 0.157 193 665.1
7 5/8 12.5 0.157 200 659.9
8 5/8 12.5 0.161 262 662.6
9* 5/8 12.5 0.161 269 658.4
10* Full 12.5 0.250 221 762.6
11** Full 12.5 0.250 172 747.7
12 Full 11.2 0.292 124 660.0
13 Full 11.6 0.278 234 808.9
14 Full 11.6 0.278 221 805.0
15 Full 11.6 0.278 255 807.7
16 Full 11.6 0.278 248 810.1
17 Full 11.6 0.278 255 814.1
18 Full 11.6 0.278 255 8l11.4
19 Full 11.6 0.278 248 811.0
20 Full 11.6 0.278 241 810.0

* Thin Sheet Injection
Projectile Failed Inbore

XII. RLPG BALLISTIC PERFORMANCE

The Concept VI test firing results are summarized in Table 10,
along with the ballistic efficiencies for the various test series. The
energy of the igniter has been included in the calculation of the
efficiencies, but represents only a small correction to the ballistic
efficiencies, 1-3% for the 105 mm and less than 1% for the 25 mm and 30
mm.
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TABLE 10. Summary of Test Results 25-mm,
30-mm and 105-mm, Concept VI.

Fixture LP No.of Charge Proj Expansion Ballistic Efficiency
Tests Mass C/M Travel Ratio Velocity Prossure Experiment Calculated

(kg) (m) (m/s) (MPe) (%) (x)
25mm Otto II 8 0.116 0.834 2.13 7.65 9468 183 21.1 24.0
30mm Otto II 4 0.197 0.683 2.44 8.50 248 119 19.6 23.9
LGP 1845 & 0.234% 0.812 2.44 8.50 1019 185 13.89 17.5
LGP 1848 3 0.227 U,787 2.44 8.50 1014 196 15.0 18.0
10%m Otto II 3 1.03 0.092 5.18 15.90 501 110 36.2 39.8
Otto ITI = 1.08 0.096 S5.18 15,90 511 114 37.7 41.5
Otto II 2 1.96 0.157 5.18 12.80 662 198 40.4 41.9
Otto IT 2 2.01 0.161 5.18 12.80 661 266 39.5 45.1
Otto II 2 3.1 0.250 5.18 10.40 755 186 33.9 38.3
Otto II 8 3.22 0.278 5.18 10.40 810 245 35.0 37.7

The low ballistic efficiencies for the 25-mm and 30-mm test series
are due primarily to the small injection gap used with the annular
piston. The small injection gap corresponds to a large web for a solid
oropellant, i.e. the larger the web, the smaller the solid propellant
burning surface area. Thus, even for a relatively high charge mass
ratios, 0.63-0.81, the prcpellant injection area remains relatively
small, and the rate of pressure rise and the maximum pressure in the
chamber are correspondingly low. In the case of the 105 mm, however, the
expansion ratios are greater than for the smaller calibers. The greater
expansion ratio results in increased ballistic efficiencies 6 despite the
low maximum chamber pressures.

These data also illustrate one of the ballistic characteristics cf
the regenerative gun, variable chamber volume. In a conventional solid
propellant gun, the chamber volume, and thus the expansion ratio, is
fixed. This can lead to difficulties when designing artillery charges
for shorter ranges, particularly for long range cannons with large
chanbers. In the 105-mm RLPG, the initial free volume in the combustion
chamber was fixed, and only the volume of the pr::ellant reservoir
changed with the charge. The ignition characteristics of the system
were, therefore, independent of tbh charge. Alse, as the charge
decreased, the expansion ratio of the system increased, maintaining the
ballistic efficiency of the system.

Finally, the calculated ballistic efficiencies for analogous solid
propellant systems are provided in Table 10 for comparison. A simple
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Mayer Hart simulation was used, with the assumption of optimum initial
free volume in the combustion chamber. Since no attempt was made to
optimize the various RLPGs, it is not suprising that the experimental
ballistic efficiency always falls below the calculated value. However,
the differences in the ballistic efficiencies is for the most part small,
1.5% to 5.6%.

XIII. SUMMARY

Since 1946, various liquid propellant gun systems involving both
bulk-loaded and regenerative hardware, using both monopropellants and
bipropellants, have been investigated. However, over the past 15 years,
the primary focus of research efforts has been the regenerative gun
concept utilizing a hydroxl ammonium nitrate based liquid monopropellant.

It has been demonstrated repeatedly that the RLPG provides the
ballistic control necessary for a practical weapon system, and that
hydraulic and combustion issues which arise in testing are readily
amenahle to correction through mechanical design changes to the
regenerative hardware. The key technical issue assocliated with the RLPG
is not ballistic in nature, but involves the reliability and durability
of the regenerative system in the field environment. This issue is
related to the reliability of the high pressure seals inherent in the
regenerative concept, and to the lifetime of the regenerative piston,
seals, and other internal components which are exposed to the
regenerative gun environment.

In contrast, the bulk-loaded LPG is mechanically simple, but lacks
the ballistic control necessary for practical implementation. Under
controlled laboratory conditions, the best repeatability in muzzle
velocity which has been reported is about a 1% standard deviation. This
performance would be acceptable in direct fire applications, however, the
repeated occurrence of very high pressure and catastrophic gun failures
has severely limited the investigation of the BLPG. The concern over the
catastrophic failures in the BLPG is not simply that they have occurred;
catastrophic failures occur regularly in solid propellant development
programs and even occur oun occasion in fielded systems. The primary
concern is the inability of existing theories to adequately explain the
cause such that corrective actions can be taken to prevent future
failures.

With the rapid development of regenerative gun technology over the

past several years, general interest in liquid propellant gun technology
has increased significantly.

In addition to the investigation of new regenerative gun designs, a
variety of related efforts have been initiated. These include renewed
investigations of the bulk-loaded concept and a liquid propellant
traveling charge, as well as alternate propellant formulations. These
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efforts represent only the initial wave of innovative research projects
vhich will continue to emerge, if liquid propellant guns indeed prove
practical for military application.
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NOMENCLATURE

Cross-sectional area of tube
Accsleration

Mass of propelling charge
Taylor cavity constant
Kalvin-Halmholtz constant

Mags of projective

Mass of gas in the barrel
Prasgure

Space mean pressure

Breech pressure

Bore rasistance preassure

Radius of Taylor cavity

Initial chamber volume
Projectile velocity

Gas velocity at barrel entrance
Tayloxr cavity tip velocity

Gas velocity parallel to gas - liquid ianterface
Liquid velocity parallel to gas - liquid interface
Projectile travel

Ratio of specific heats
Propellant force constant
Propellant co-volume

Fraction of charge burnt

Gas density

Liquid density
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