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I. INTRODUCTION

Gun concepts utilizing liquid propellants in place of solids have
periodically been investigated in the United States since the late 1940s
without notable success. Currently, a large effort is underway to develop
technology for the fyture development of large caliber regenerative liquid
monopropellant guns. The purpose of this paper is twofold; first to
summarize the data upon.which our current understanding of the regenerative
process is based, and second, to review some recent results of the
regenerative gun propulsion program.

Liquid gqun research in the United States was initiated by the US Army,
Office of the Chief of Ordnance, shortly after the end of the Second World
War. Direct injection, both regenerative and externally powered, and bulk-
loaded propulsion concepts were explored. Only hypergolic bipropellants
were used initially, but hydrazine monopropellants were introduced by
1950. After a brief period of technology development a feasibility
demonstration was conducted, and efforts were redirected toward the
development of prototype hardware. Numerous gun fixtures in calibers up to
127~mm were developed and fired, but no hardware was ever fielded. Support
for this program began to fade by the mid-~1950s, and all work had been
abandoned by the end of the decade. This event can be attributed to; (1)
the slow technical progress at the time due in part to the complexities of
the regenerative system and the hazardous propellants used in testing; (2)
the reduced interest in fielding new gun systems after the end of the Korean
conflict; and (3) the general shift in interest from guns to rockets in the
late 1950s.

In the early 1970s, the Department of Defense initiated dg¢velopment of
liquid propellant guns for a variety of military applications. These
development efforts concentrated solely on the bulk~loaded concept due to
its mechanical simplicity. Therefore, when two 75-mm fixtures were
destroyed in testing in 1976, all Government sponsored liquid propellant gun
R&D was stopped.

After initial participation in bulk~loaded development in the early
1970s, General Electric initiated an independent research program to
investigate the regenerative liquid propellant gun in 1974. Numerous test
firings were conducted in 0.35 inch, 25 mm, gnd 30 mm, and a very limited
series of firings in 105 mm was completed. Recently, General Electric,
under contract to the US my, has conducted initial firings of a 105~mm
regenerative test fixture. The results of these tests, along with other
advances in liquid propellant technology, have led to increased interest in
and support for liquid propellant gun R&D in the United States.

In the first section of this paper, we present a brief description of
the basic regenerative gun and outline the ballistic process. The second
section deals with data obtained in early regenerative research efforts,
which provides the basis for much of what we know about the interior
ballistic process. More recent data, from 30~-mm and 105~-mm test firings are
presented in the third section, and the interior ballistic process is
discussed in more detail in the fourth section. The final section provides
a summary of results and conclusions.



II. THE BASIC REGENERATIVE PROCESS

A simple regenerative liquid monopropellant gun is depicted in Figure
1. It consists of a standard gun tube attached to a chamber which contains
the regenerative piston. The head of the regenerative piston divides the
chamber into two sections, a combustion 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 sealed to prevent leakage of
propellant into the combustion chamber prior to ignition. 2n ignition
train, consisting of a primer, an ignition charge, and in some cases a
booster charge complete the system.
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Figure 1. Schematic of a Simple Inline Regenerative
Test Fixture

A characteristic regenerative combustion chamber pressure versus time
plot showing the five main phases of the interior ballistic process is
presented in Figure 2. 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 injection of the liquid propellant.
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Figure 2. A Typical Regenerative Chamber Pressure vs Time Curve
Showing The Five Phases of the IB Process.

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 does ignite, the accumu=~
lated 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 propel-
lant. Phase four ends at the completion of piston travel and propellant
burning. The final phase is the usual expansion of the combustion gases
after all-~burnt.

III. EARLY EXPERIMENTAL TEST RESULTS

In this section, regenerative gun test data obtained by General
Electric in their independent research program is presented. All data were
recorded in a series of parametric test using 25-mm hardware and a nitrate
ester~based liquid monopropellant, Otto Fuel II. The configuration of the
25~mm hardware was similar to that shown in Figure 1. Photographs of the
test hardware are presented in Figure 3.
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Figure 3. (c) Closeup of Two Regenerative Pistons

Initial test firings demonstrated repeatability in pressure and muzzle
velocity comparable to that of conventional solid propellant guns.
Subsequent tests were performed to investigate the effects of injection
area, injector configuration, charge-to-mass ratio (C/M), and projectile
mass, as well as other ballistic parameters.



The effect of total injection area is shown in gigure 4.3 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
tgsts at a higher charge to mass ratio, muzzle velocities of 1258 m/s, 1346
m/§, 1417 m/ﬁ, and 146§ m/s were obtgined for total injection areas of 2.84
cm , 3.85 cm , 4.40 cm , and 5.14 c¢cm . The pressure curves obtained in
these tests are similar to those shown in Figure 4.
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Figure 4. Effect of Injection Area

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 maximum chamber pressure, and thus reduce the muzzle velocity.

The effect of maximum piston travel, and thus the total charge is shown
in Figure 5. In the three tests, only the piston travel was varied. The
maximum pressure is approximately the same for each test, however, the
length of the plateau region increases with increasing reservoir length.
There~fore, the quasi-stable combustion process, once established, is
maintained for the duration of piston travel.

The results of tests investigating the influence of C/M andg maximum
chamber pressure on muzzle velocity are summarized in Figure 6. The curves
of velocity versus C/M for the three chamber pressures are similar in
character to those for conventional guns. Figure 6 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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The plateau pressure phenomenon wag 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 order to match the net gas accumulation in the
chamber and the chamber pressure when using the sonic barrel flow
aséumption. 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
chamber 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 7. If the flow entering the
bore were choked, the ratio of throat pressure to chamber 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 beginning of the plateau
is 0.9. This pressure ratio corresponds to a Mach Number of 0.4 at the
barrel gage location, well below the choked condition. It is noted that the
pressure measured at the barrel wall is not necessarily that in the core
flow, and, more importantly, the pressure gage would probably not be located
at the minimum area of the vena contracta if one were formed. However, the
barrel pressure decreases steadily after the maximum, indicating an
increasing Mach Nuwmber. This would imply that the 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.

1f 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
were used, 194.4 gm and 97.7 gm. Firings were made with the original
chamber, diameter 4.445 cm, and a larger chamber with a diameter of 5.715
cm, see Figure 3. Finally, two firings were wmade 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%. 1In 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 the lighter
projectile was used.
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Figure 8 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.
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Figure 8. Ratio of Pressure at the First Barrel Gage Location
to Chamber Pressure, and corresponding Mach Number,
vs Time for General Electric Shots 42 and 66.

The insert shows the pressure curves for these firings. As in Shot
143, Figure 7, 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 Wumber 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 very weak 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 Nuwber, and thus pressure
ratio, would indicate a tendency toward a pressure plateau, it cannot
explain the extreme flatness of the regenerative pressure curves.

11



During the parametric test firings, it was found that regenerative
pressure curves are not always flat topped. Figure 9 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
almost 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.

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, propellant 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 into 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. Based on the existing 25~-mm data,
accumulation appears to be a very important factor; however, the physical
processes which control the shape of the pressure~time curve are not yet
fully understood.

12
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IV. RECENT EXPERIMENTAL TEST RESULTS

In this section, we present a summary of data from recent regenerative
test firings. While the work reported in the previous section was conducted
to investigate the regenerative ballistic process, recent efforts have
focused on the development of advanced concepts, and scaling to large
caliber fixtures.

A practical mechanization of the regenerative process must meet several
requirements. There must be a convenient means for projectile loading, and
for achieving a rapid, ullage free propellant fill. For application in an
artillery role, zoning to provide the necessary range coverage, and the
ability to tailor interior ballistics (in order to launch munitions of
widely varying mass and acceleration sensitivity) are required. A critical
aspect of all these issues is the development of seals, with adequate
lifetime and durability, for use at a number of internal locations.

The simple mechanization shown in Figure 1 proved to be an ideal test
vehicle for studying the regenerative process. Modifications could be made
quickly and cheaply, and the simplicity of a single moving element, together
with constant propellant injection area, greatly simplified analysis of
experimental data. However, this configuration did not appear to be
suitable for practical applications. It is difficult to seal the injector
orifices during propellant fill, and there is no means of programming the
propellant injection area. The first problem makes it difficult to achieve
rapid, ullage~free fill. The latter problem makes it difficult to tailor
the interior ballistics to accommodate different payloads.

Numerous regenerative piston configurations have been conceived to
address these defects. One such concept, designated Concept V, was
presented in reference 1. A second example, which has been designated
Concept VI, is shown schematically in Figure 10. Concept VI consists of an
inline annular piston and a fixed control rod. The injection area is
defined by the opening between the foot of the regenerative piston and the
contoured surface of the control rod, which provides a simple capability for
programming injection area. This piston configuration generates an annular
liquid jet.

The only practical feature embodied in this mechanization is the
initial sealing of the injection orifice. The primary purpose of this
particular concept was the investigation of annular sheet injection in
comparison to multiple cylindrical jets. Derivatives of Concept VI, which
incorporate all necessary practical features such as continuous zoning and
automated propellant fill, are currently being investigated together with
mechanizations based on entirely different operating principles.

Ba%listic data from a typical firing in a 30~mm Concept VI test
fixture are shown in Figure 11. The pressure gage designation refers to a
plane along the length of the chamber and angular placement of the gages
around the circumference of theochamber, e.g. gage J120 is in the J-plane
(chamber) and is located at 120 around the circumference of the chamber
with respect to vertical. Gage LP90 is located in the rear face of the
reservoir at an angle of 90 to the vertical. The gap between the piston
shaft and the chamber wall, see Figure 10, is initially filled with

14
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grease. Gage A90 initially reads grease pressure, but transitions to
chamber pressure as the piston moves to the rear. The propellant used was
LGP 1846, an hydroxylammonium nitrate-based liquid monopropellant. The
high frequency oscillations in all the pressure data are characteristic of
Concept VI, and have been observed in 25-mm and 105~-mm test data as well.
The sourc 9f these oscillations has been the subject of much discussion and
analysis. It was initially suggested that the oscillations were the
result of an acoustic énstability in the combustion chamber, similar to that
observed by Hassenbein in a simple 40~-mm regenerative fixture. However,
the complex structure of the oscillations is not characteristic of an
acoustic instability. Other possible sources for the oscillations are the
response of the pressure gages to stress waves in the tube and chamber,
mechanical vibration of the regenerative piston, and a hydrodynamic
instability in the injection orifice. The source of the oscillations has
not been determined. However, the oscillations have not adversely affected
the ballistic process in any test fixture, and, as will be discussed below,
oscillations have not been observed in the derivatives of Concept VI.

Concept VI was also utilized in a 105~mm test fixture-7 A photograph
of this fixture is presented in Figure 12. Typical pressure vs Time data is
presented in Figure 13 for a 5/8 charge firing. The pressure data are very
similar to the 30~mm data presented in Figure 11. Twenty test firings have
been conducted in this fixture, and it is now being modified prior to
further testing. A summary of ballistic data is presented in Table 1.
Tests were initially conducted at 1/3 charge, 900 cc of propellant, using a
thinner than normal annular liquid sheet. The reduced injection area was
used to test the combustion efficiency of an annular liquid sheet. The
results were satisfactory, and the injection area was increased for
subsequent tests. A similar procedure was utilized in 5/8 charge (1687.5
cc) and full charge (2700 cc) firings. The last 8 full charge firings have
a mean velocity of 810.5 m/s with a standard deviation of 0.33%, which is
comparable to the muzzle velocity repeatibility obtained in the 105~mm
howitzer. The test fixture was completely disassembled after each firing,
and all internal parts were inspected. No indications of wear or damage
were observed.

In order to more clearly show the basic structure and overall behavior
of the pressure data, the high frequency oscillations have been removed with
a 2500 Hz, low pass filter. Figure 14 shows a comparison of the chamber
pressure for a 1/3, 5/8, and full charge firing. The 5/8 and full charge
pressure vs time curves are nearly identical up to maximum pressure. This
is not suprising since the injection area profiles are the same, but the
piston travel is longer for full charge. The maximum pressures are also
approximately the same, but maximum pressure is maintained longer in the
full charge firing.

A comparison of the chamber pressure from two full charge firings with
different sheet thicknesses is presented in Figure 15. The initial start-~up
conditions are identical for the two sheet thicknesses. However, the
subsequent rise to maximum pressure is significantly slower in the thin
sheet case.

17



Figure 12. 105-mm Regenerative Test Fixture
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TABLE 1. Summary of 105~mm Ballistic Test Data

MAXIMUM
, CHAMBER MUZZLE
PROJECTILE PRESSURE  VELOCITY
TEST NO. CHARGE MASS (kg) C/M (MPa ) (m/sec)
1* 1/3 11.2 0.086 117 502.9
2% 1/3 11.2 0.086 103 499.0
3 1/3 11.2 0.086 110 NA
4 1/3 ' 11;2 0.086 103 504.7
5 1/3 11.2 0.086 124 517.2
6* 5/8 12.5 0.14 193 665.1
7* 5/8 12.5 0.14 200 659.9
8 5/8 12.5 0.14 262 662.6
9 5/8 12.5 0.14 269 658.4
10%* FULL 12.5 0.23 221 762.6
11* FULL 12.5 0.23 172 747.7
12 FULL 11.2 0.24 124 660.0%*"
13 ' FULL 11.6 0.25 234 808.9
14 FULL 1.6 0.25 221 805.0
15 FULL 1.6 0.25 255 807.7
16 FULL 1.6 0.25 248 810.1
17 FULL 11.6 0.25 255 814.1
18 FULL 11.6 0.25 255 811.4
19 FULL 11.6 0.25 248 811.0

20 FULL 11.6 0.25 241 810.0

*THIN SHEET INJECTION

**PROJECTILE FAILED IN~BORE
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An overlay of chamber pressures for three full charge firings at
maximum sheet thickness is presented in Figure 16. The basic similarity of
the pressure vs time data is excellent, despite the presence of large
amplitude, high frequency oscillations in the unfiltered test data.

As discussed previously, high frequency oscillations were observed in
Concept VI test firings in all calibers. In the 105~mm test data, the peak-
to-peak amplitude of the oscillations is up to 50% of the mean pressure.

The amplitude tends to be largest close to the head of the piston. The
frequencies observed in the combustion chamber are in the 10~50 kHz range,
while the frequencies in the propellant reservoir are about twice as high.
No structural regularity or correlation between the oscillations observed at
different locations has been identified in the 105-mm data.

The primary determinant of the presence or absence of oscillations
appears to be the internal geometry of the particular mechanization. The
simple inline piston configuration, Figure 1, was virtually free of
oscillation. Some of the more advanced configurations currently under
investigation also appear to be oscillation free. Typical chamber pressure
vs time data from one such configuration, Concept VIA, is presented in
Figure 17. This configuration is very similar to Concept VI shown in Figure
10; however, the tapered bolt has been replaced by a straight bolt and a
hydraulic damper added to rear of the piston shaft to control piston
motion. Additionally, the design has been modified to permit low ullage and
automatic propellant fill.
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Investigation and development of an automatic regenerative gun concept
is also underway in an independent research program at General Electric
Armament & Electrical Systems Department. A 30-mm reverse annular
configuration, in which the piston is wrapped around the barrel entrance and
moves toward the muzzle, has been utilized in this effort. A photograph of
the test hardware is shown in Figure 18. Automatic firing tests have been
conducted in bursts of up to five rounds at a rate of 500 rounds per minute,
demonstrating the basic concept and the hardware design. The fixture also
incorporates automatic misfire control hardware, which has been successfully
demonstrated in burst firing tests. In three round bursts, in which the
second rounds were intentional misfires, the fixture correctly downloaded
the liquid propellant and extracted the projectile, and then successfully
fired the third round. An important result of this effort has been the
development and testing of advanced seal concepts. Seal lifetimes of up to
forty rounds have been demonstrated thus far. More significantly, seal
failure has not been the primary cause of hardware failures encountered in
routine testing.
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Figure 18. 30-mm Automated Regenerative Test Fixture
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V. INTERIOR BALLISTIC SIMULATIONS

In this section we discuss certain aspects of the interior ballistic
process in the regenerative liquid propellant gqun. A general discussion of
the interior ballisgiqi of the regenerative guns has been presented by a
number of authors and will not be repeated here. Our principal
emphasis will be the combustion model, but we will also discuss barrel flow
and pressure gradients in the barrel. Additionally we present a comparison
of model predictions and experimental results.

As mentioned earlier, piston motion compresses the liquid propellant,
injecting it through orifices into the combustion chamber as a jet. The
breakup of the ligquid jet into droplets and subseguent combustion of these
droplets in the chamber and barrel are not well understood. It has been
suggested that the accumulation of unburnt liquid droplets in the chamber
and barrel has a significant influence on the ballistic cycle, and that the

basic shapes of the pressure~time curves can be explained in terms of
accumulation.

At low pressure, propellant is injected more rapidly than it is
consumed, and, therefore, accumulates in the chamber. It is probable that
the jet will impact the forward end of the chamber and the projectile base,
enhancing breakup. Based on this scenario, substantial propellant
combustion would be expected to occur near the projectile base, during early
projectile motion.

However, later in the cycle, the increased chamber pressure, and piston
and projectile motion would modify this picture. First, the rate of jet
breakup and propellant combustion are expected to increase with increasing
pressure. Second, as the piston moves toward the breech, the distance which
the liquid must travel to reach the barrel entrance increases. The jet
velocity also increases, but this would tend to enhance jet breakup, and,
therefore, combustion. Thus, it can be argued that the portion of
propellant burned in the chamber increases during the ballistic cycle, that
the amount of propellant burned in the barrel decreases, and that little or
no propellant combustion takes place near the base of the projectile during
much of projectile travel.

We can distinguish two major classes of combustion models used in
interior ballistic codes. In the simpler case, it is assumed that
combustion occurs instantaneously upon injection of the liquid propellant
into the chamber. 1In the other case, it is assumed that the liguid jet is
atomized as it enters the chamber. The resulting droplets may either ignite
and burn, or undergo further breakup before combustion occurs. The
literature contains numerous studies addressing jet breakup and droplet
spray formation for both combusting anq4non—combustiqg liquids. Much of
this work has been summarized by Faeth and Harrje. The majority of
these studies deal with injection and spray formation either in liquid
propellant rockets or internal combustion engines and, therefore, the
resulting models, correlations, etc. are not necessarily applicable over
most of the gun ballistic cycle. Such models could be applied during the
ignition and initial iq'ection phase, when the chamber pressure is low.
However, existing data indicates that the liquid jet probably impacts the
forward end of the chamber, particularly at low pressure early in the
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cycle. In this case, jet breakup is due to spall which is not treated in
the usual spray models. Therefore, the use of existing breakup models
cannot be rigorously justified in the case of the regenerative gun. At
best, such models provide adjustable parameters in the form of a time lag
for droplet formation and an initial droplet size, or droplet size
distribution. The simplest description of the breakup phenomena is the
Weber Number correlation, from which a stable, initial droplet size is
obtained.

Heating, igqit%gn and combustion of monopropellant droplets have been
treated by Faeth in some detail. However, in view of the uncertainty
in the initial droplet size, a rigorous treatment of droplet ignition and
combustion is not warranted. Droplet combustion in most models is treated
by defining a linear regression rate which is proportional to the local
pressure raised to a power, as in the case of solid propellant combustion.

The flow in the barrel consists of burning liquid droplets mixed with
combustion gases. Most regenerative ballistic models assume that burning
occurs in the combustion chamber only. This is in contrast to the solid
propellant gun models which assume a distribution of burning solid
propellant grains between the breech end of the chamber and the base of the
projectile. If the flow in the barrel can be assumed to be single phase,
consisting only of combustion gases, then the pressure gradient in the
barrel can be described by standard interior ballistic approximations. The
alternative is the numerical solution to the one~dimensional mass and
momentum conservation equations in the barrel.

The standard solid propellant gun interior ballistic approximations for
the pressure gradient (Lagrange, Pidduck-Kent, etc) are developed with the
assumptions that all the propellant charge is in gaseous form at the time
considered and that the gas velocity at the breech is zero. These
approximations have been routinely applied to gun interior ballistic
problems in which solid propellant burns during most of the projectile
travel. For regenerative ballistic models these approximations must be
modified to account for a non-zero mass flow rate at the barrel ,entrance.

Th?ﬁe modified equations have been presented by Morrison et al, Pagan et
al '“ and by Smith and Dorsey. 18

A comparison of experimental data and two computer simulations are
presented in Figure 19 for Shot 6 of the first General Electric, 25-mm gun
test series. Interior ballistic models developed by Gough and Bulman were
used in the simulations. Both models treat the combustion chamber as two-
phase, lumped parameter region while a 1-D formulation is used in the
barrel. 1In Bulman's code, REGENBAL, droplet burning is confined to the
chamber, while the Gough model permits droplets to burn both in the chamber
and in the barrel. Bulman utilizes the Weber number criteria to determine
the size of droplets resulting from liquid jet breakup at any given time,
resulting in a size distribution of burning droplets in the chamber. Gough
permits only one size of droplets to exist in any one simulation. (A more
detailed combustion model is currently being developed.) This code also
permits the assumption of an infinite liquid consumption rate, i.e. the
propellant burns immediately as it enters the combustion chamber. This
option was selected for the simulation presented here. The only "adjustable
parameter” used in the simulation is the discharge coefficient for the
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injection orifices, which was varied to match the maximum pressure obtained
in the experimental firing, 255 MPa. With a discharge coefficient of 0.58,
a computed maximum pressure of 262.4 MPa was obtained with the Gough code
and 257.6 MPa with REGENBAL. The experimental muzzle velocity was 1106 m/s,
while the computed muzzle velocity was 1107 m/s with the Gough code and 1106
m/s-with REGENBAL.

The experimental curve in Figure 19a is of the "Classic" variety, with
a smooth transition to the plateau. The calculated curve from the Gough
code is a "Natural" with a steadily decreasing pressure after the plateau is
reached. This calculated result is consistent with the choice of the
infinite burn rate option, since the possibility of accumulation of liquid
droplets is eliminated. The curve calculated with REGENBAL is also a
"Natural”, but the rise in pressure and the plateau region closely match the
experimental curve. Only in the region close to burnout and during the.
expansion phase do the model results divergé from the experimental result.
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Figure 19. (a) Comparison of Experimental and Calculated

Chamber Pressure vs Time for Shot 6.

Figures 19b and 19c show the computed pressure~time curves at various
locations in the gun obtained with the Bulman and Gough codes
respectively. The Bulman model predicts an oscillatory pressure in the
combustion chamber and at the base of the projectile shortly after the start
of projectile motion. The origin of these oscillations has not been fully
determined, but it is believed to be related to shot start. The pressure in
the liquid reservoir, the combustion chamber, the barrel entrance, and at
the projectile base, obtained using the Gough code, are presented in Figure
19c. In both simulations, peak pressure at the base of the projectile
occurs earlier in time than does peak pressure in the combustion chamber or
the liquid reservoir, reflecting time lag between events at projectile base
and events in the combustion chamber due to a finite sound velocity.

27



350

3001

250

5

150

PRESSURE (MPa)

100

50

LIQUID

| CHAMBER

1 l 1 ] I 1 I

0.5 10 1.5 20 2.5 3.0 3.5
TIME (ms)

Figure 19. (b) Pressure vs Time at Various Positions

350

300}

© 950
200

150

PRESSURE (MP

100

50

Calculated Using REGENBAL.,

E LIQUID

\_CHAMBER

/ FRDJECTILE-J\ \
N

BASE “a

Figure 19. (c) Pressure vs Time at Various Positions

Calculated Using Gough's Code

28



Figure 20 shows gas pressure versus position in the barrel at four
times during the ballistic cycle for Shot 6, computed using Gough's code.
The first curve shows the pressure profile in the barrel just before
propellant burnout, 2.5 ms. The three subsequent profiles illustrate the
drop in pressure at barrel entrance caused by burnout, and the propagation
of the resulting rarefaction wave down the barrel toward the base of the
projectile. In this case, the rarefaction wave does not reach the base of
the projectile before muzzle exit. Therefore, the projectile does not
"know" that burnout had occurred, and the muzzle velocity was not influenced
by all~burnt. These curves illustrate communication of events occurring in
the combustion chamber by either compression or expansion pressure waves to
the base of the projectile at the local velocity of sound in the barrel.

A similar comparison between experiment and simulation is presented in
Figure 21. The experimental results are from a full~charge 105~mm
regenerative tegt firing. An engineering model developed for hardware
design studies was used in this simulation. This code incorporates jet
breakup and droplet combustion models which have been calibrated through
comparisons with experimental gun data. The experimental and simulated
pressure curves are grossly similar, but the shortcomings of the model are:
apparent in the ignition and plateau regions. The agreement between the
experimental and simulated piston travel is much better, indicating that the
details of the pressure curve do not significantly influence the motion of
the regenerative piston. While this type of code does not contribute to a
detailed understanding of the interior ballistic process, it has proven
valuable in the design of several regenerative text fixtures.

The description of the combustion process, where and how the propellant
burns, is the most significant shortcoming in current regenerative interior
ballistic simulations. The effects should be most evident during the low
pressure ignition phase when propellant is expected to accumulate in the
combustion chamber. However, as noted, the overall shape of the pressure~
time curve is also affected. Detailed experimental investigation of the jet
breakup and combustion processes is required for the development of improved
interior ballistic simulations.

VI. SUMMARY

Experimental test firings of regenerative liquid monopropellant guns
have been conducted in a variety of mechanizations ranging from 0.35 inch to
105~mm. The 25~mm parametric tests conducted by General Electric in the
mid~1970s helped to elucidate the fundamental characteristics of the
regenerative process. The influence of injection area, charge length,
charge to mass ratio, maximum pressure and projectile mass were
demonstrated. More recently, efforts have focused on the development of
practical mechanizations of the regenerative concept. A fully automatic
regenerative fixture has been developed and tested at 500 rounds per minute
in bursts of limited duration. Scaling of the concept to 105~mm has also
been successfully demonstrated. Several interior ballistic simulations of
the regenerative process have been developed. These models describe the
basic process, and accurately reproduce the experimental maximum pressure
and muzzle velocity. However, they do not adequately treat the details of
the combustion process. Detailed experimental investigations are required
in support of the development of improved interior ballistic simulations.
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VII. FUTURE EFFORTS

Liquid propellant gun technology is being aggressively pursued in the
United States, Future efforts will address the development of improved
mechanizations and component technologies, a more detailed understanding of
the regenerative process, and a further scaling demonstration. Gun firing
investigations in 30-mm and 105-mm caliber will continue. However,
specially designed ignition and combustion test fixtures are being developed
to. study the regenerative combustion process in more detail. Advanced,
large caliber regenerative mechanizations, capable of automatic operation,
are under development. Significant effort will center on the development of
seal technology and the evaluation of new seal concepts. The focus of these

efforts is the development and testing of a 155-mm, technology demonstration
fixture.
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