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1. INTRODUCTION

Experimental pressure-time curves from regenerative iiquid propellant gun (RLPG) firings

characteristically show the presence of high amplitude, high frequency pressure fluctuations in the

combustion chamber as demonstrated in Figure 1. The graph in Figure 1 is taken from a combustion

chamber gage for a 155-mm RLPG firing. The gun was built under contract by the General Electric

Company for the U.S. Army. Broadband high-frequency (0-75 kHz), high-amplitude (up to 30% of mean

prvssure) pressure oscillations have occurred in virtually all regenerative liquid propellant gun firings,

including all calibers and diverse injection patterns studied nationally and internationally (Cook 1990;

Klingenberg 1991; Haberl 1991; and Rychanovsky 1991). The origin of these pressure fluctuations, their

propagation, and their influence on gun components are areas of active study in a number of programs

sponsored by the U.S. Army. The oscillations may propagate downtube and cause the pressure at the base

of the projectile to fluctuate as well, a potential source of concern for munitions compatibility (Bannister

et al. 1991).
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Figure 1. Experimental combustion chamber pressure history from a 155-mm
regenerative liquid propellant gun.
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A schematic of the RLPG developed in the United States is shown in Figure 2 and is referred to as

a Concept VIC design. An external solid or liquid propellant igniter (not shown) venting into the

combustion chamber initiates the ballistic cycle. The control (inner) piston moves first in response to the

combustion chamber pressure rise, and its motion is modulated by the pressure in the damper. The

injection (outer) piston follows the control piston in response to the chamber and liquid pressures acting

on the exposed surface areas. The liquid propellant, LGP1846 (now called XM46), flows through the

annulus created between the two moving pistons into the combustion chamber, where it bums, accelerating

the projectile. Liquid propellant gun mean performance (data with oscillations removed by filtering) is

modeled with a mature, predictive, lumped parameter, interior ballistic model which has been compared

extensively to experimental data (Coffee, Wren, and Morrison 1989, 1990; Wren, Coffee and Morrison

1991).

..,Transduce Block L eevi

'•Control Pistont

Figure 2. A Concept VIC regenerative liquid propellant gun.
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The liquid jet encounters a hot, dense, and turbulent high-pressure environment of reacted and partially

reacted products. Subsequently, the injected liquid undergoes an intricate series of processes, including

atomization, heating, vaporizauon, diffusion, turbulent mixing, and chemical reaction. The details of

propellant breakup and combustion are poorly understood at present, although diagnostic research efforts

are ongoing to characterize the jet under gun conditions (Birk 1991). The ensuing combustion process

is characterized by pressure fluctuations which typically initiate at approximately 50 MPa (Figure 1).

Several theories have been advanced for the origin of the pressure oscillations, and several are under

active study. One potential explanation which has been successfully modeled maintains that the pressure

fluctuations result from the combination of a highly pressure-sensitive bum rate of the propellant combined

with a continuous accumulation of unburned propellant near the injector (Oberle and Wren 1991; Coffee

1992; McBratney, Teague, and Vanderhoff 1992). Another explanation advanced is that flow conditions

created by the liquid jet as it emerges from the injector into the combustion chamber form vortical

structures containing propellant which circulate in-phase with pressure waves and periodically release heat

in the combustion chamber (Schadow 1992). A third explanation proposed is that pressure variations

moving over the intact jet core result in enhanced breakup at the jet boundaries, leading to atomization

and local high-energy release rates (Faeth 1992). A fourth possible source is random, impulsive

combustion of ligaments of propellant in localized regions of the combustion chamber (Haberl 1991).

Visualization of the liquid propellant LGP1846 at gun conditions has not precisely determined the

mechanism which initiates pressure oscillations. Diagnostics at pressures up to 30 MPa show a highly

turbulent process in which flame is visible at various locations in the combustion chamber and conditions
which change rapidly with time (Birk 1991). There does not appear to be an identifiable pattern to either

the location or the change of location of burning. Thus, it might be conjectured the pressure fluctuations

are caused by randomness in the jet breakup and energy release, resulting from one, or a combination of

the mechanisms discussed above, together with mechanisms not identified.

Thus, the objective of this work is to (1) develop a physically supportable model of random energy

release in the RLPG using experimental data to suggest needed parameter values in a one-dimensional
(I-D) model; (2) determine to what extent the experimental pressure history can be explained by

randomness in the energy release of the liquid propellant in the jet; and (3) examine the propagation of

chamber pressure fluctuations from the combustion chamber to the projectiles's base in a one-dimensional

(I-D) model. In addition, the model is used to suggest methods of reduction of pressure fluctuations.
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2. DESCRIPTION OF MODEL

As reported previously (Wren and Gough 1990), the model is a fully 1-D continuum model of the

RLPG, including treatment of the liquid reservoir, damper, combustion chamber, and tube. The governing

equations for the combustion chamber are the same as those of the tube. In the general case when

droplets are present, they consist of 1-D balances of mass, momentum, and energy for the mixture of

combustion gases and droplets. The cross-sectional area of the flow in each of the regions of the

combustion chamber or tube is that of the chamber or tube reduced by the cross-sectional area of the jet.

The change in area is also considered due to the intrusion of the center bolt.

The liquid jet in the RLPG is "thick" (up to a hydraulic diameter of 1.5 cm as calculated by

simulation). Breakup of the jet entails finite rate processes, and there appears to be a "conditioning time"

before combustion involving atomization, heating, kinetics, etc. (Birk and Reeves 1987; Klein 1990;

Bracco 1986). Attempts to apply sensitive time lag theory to the jet breakup (Coffee et al. 1991) have

been successful. Sensitive time lag theory was developed as a description of the delay in energy release

in liquid propellant rockets (Crocco and Cheng 1956). Sensitive time lag theory is essentially a model

of energy release as a two-part step function. The first step is a conditioning time, which is related to

pressure, for an injected packet of liquid. The second step is an instantaneous release of energy in the

packet of liquid. Thus, it is implicitly assumed that all delay processes can be related to pressure.

The model described in this report develops a description of the jet breakup based on a ccnditioning

time, a randomness associated with the condition of "packets" of liquid, and a Taylor theory (Birk and

Bliesener 1991) which has been used to describe the energy release of liquid propellant (LP) in a limited

regime.

The conditions under which the jet is injected change with time during the interior ballistic (IB)

process in terms of pressures, jet velocity, etc. Physically, these changes do not take place instantaneously

but occur over a finite time interval. Therefore, injection conditions would be expected to be similar over

some time interval. The "coherence interval" is therefore defined in the model as the time interval over

which injection conditions are expected to be similar.

However, injected propellant cannot persist indefinitely in the combustion chamber. This implies a

maximum "conditioning time" before the propellant begins to release energy. The "conditioning time"

4



is defined as the delay time after injection before which an increment of propellant begins to release

energy. The "maximum conditioning time" and the "coherence interval" are parameters which are input

(fixed) at the beginning of a calculation and are illustrated in Figure 3. Since, physically, randomness in

the injection of propellant is introduced into the gun by mechanical motion of the pistons, a constantly

varying area for propellant flow between the tw,) pistons, and pressure fluctuations in the liquid reservoir,

as well as the breakup process, the conditioning time for the increments of propellant contained in a given

coherence interval is randomly chosen to be between zero and the maximum conditioning time.

Once mature, the energy release rate of each packet of liquid is modeled with a Taylor formulation

in which the breakup time is determined from entrance conditions at the interface between the liquid

reservoir and the combustion chamber (Birk and Bliesener 1991). Taylor's theory is an aerodynamic

theory which treats the primary atomization of the jet. The theory utilizes a parameter B which is the ratio

of the Reynold's number to the Weber number, that is,

B-= Re pVDIp = ;
We pV 2 D/a TV

with pi the viscosity, a the surface tension, p the density, V the velocity, and D the diameter of the

injector. In the case of an annulus, the diameter D is taken to be twice the gap or the thickness.

Thus, it is assumed that the rate of decomposition of a jet increment, once begun, is fixed by the

conditions which prevail on average during the sampling interval. Each elementary increment follows an

inertial trajectory which is uncoupled from that of any other increment. If the increment impacts the face

of the chamber, it is partially reflected and partially transmitted to the tube according to a fixed value of

admittance which is set by the user. Similarly, the velocity achieved following reflection from either the

chamber face or the projectile base is related to the incident velocity by means of a user-defined

coefficient of restitution. Thus, as the solution evolves, there is an aggregate of elementary jet increments,

each moving inertially, except as modified by reflections from the chamber face, the projectile base and

the piston face.

The assumption that each jet increment follows a purely inertial path is thought to be a reasonable first

approximation, provided that the fraction of the available cross section occupied by the jet is not too large.
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Considering the jet flram a zontinuum perspective, i, is radially unconfined. Accordingly, since the jet is

much less compiessible than the surrounding mixture, it is expected that the axial pressure distribution

within the jet is controlled by the dynamics of the mixture. As one portion of the jet presses against

another, it is expected that the radial boundary will displace to accommodate the interaction. Only when

the jet begins to fill the cross section does this assumption break down, making it necessary to consider

an axial stress field in the jet independently of that in the mixture. As for the gas dynamic forces, there

are two kinds-namely, drag and buoyancy. Drag forces are expected to exert a negligible influence on

the momentum of the jet; the associated shear is accommodated by the material which is converted to

droplets. The buoyancy force is simply that due to gradients of the gas pressure. Although the gas

pressure gradient can become large, especially at the entrance to the tube, neglect of its influence on the

jet is thought to be justified at this stage of the development of the model since the density of the jet is

much greater than that of the gas. The effects of buoyancy and of the stresses due to interactions between

jet increments can be modeled when future applications of the code so demand.

3. MESH INDIFFERENCE

A Macormack scheme is utilized to numnerically solve the governing equations. A comparison of the

chamber pressure and base pressu'e histories for two mesh spacings are shown in Figures 4 and 5. The

pressures are taken et the breech, considered to be the face of the outer piston in the combustion chamber.

The solid line in Figures 4 and 5 is the solution using 33 mesh points, while the dotted line utilizes

69 mesh points in the chamber. In both cases, 21 mesh points are used in the barrel. The initial axial

distance in the chamber from the piston face in the combustion chamber to the projectile base is

15.808 cm, and the final axial distance in the combustion chamber is 25.9 cm. Thus, 33 mesh points

correspond to an initial spacing of 0.49 cm and a final spacing of 0.81 cm. Similarly, 69 mesh points

correspond to an initial spacing of 0.23 cm and a final spacing of 0.38 cm. As can be seen from

Figures 4 and 5, the solutions show some expected variation with mesh spacing. However, the details of

the fluctuations from mean pressure are almost identical for either mesh spacing, and the solutions in

Figures 4 and 5 demonstrate acceptable mesh indifference.

A second numeric parameter is the ratio of an elementary jet increment to the mesh spacing in the

combustion chamber, referred to as BUKLEN. The solutions in terms of chamber pressure history at the

breech for BUKLEN values of 0.2 (line) and 1.0 (dot) are shown in Figure 6. As can be seen in Figure 6,

the solution also demonstrates reasonable insensitivity to the value of BUKLEN. Thus, the solution is felt

to have demonstrated the required numeric insensitivity.

7



400.0-

350.0-

300.0-

( 250.0-
L

o 200.0-
L
L>• 150.0- j

0 5

a. 100.0-
C o-

50.0-

0.0-
0.0 2.0 1.0 6.0 8.0 16.0 12LO 11.0 16.0 18.0

ILme (me)
Mesh - 33 (LLne)

Mesh - 69 (dot)
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4. APPLICATION

The model is applied to a 155-mm gun geometry. A typical experimental pressure history in the

combustion chamber for a 5-liter shot, Round 81, from the first-generation gun is shown in Figure 1. An

inverse analysis of the experimental data based on an energy balance yields an approximation of the liquid

accumulation (liquid propellant which has been injected into the chamber but has not apparently released

energy) in the combustion chamber as a function of time (Coffee, private communication 1991) as shown

in Figure 7. The maximum amount of accumulated liquid propellant is estimated to be 200-400 g,

depending upon the bum rate law used for the propellant (Coffee et al. 1991). The percentage of

accumulation is defined as .the mass of accumulated liquid propellant divided by the amount of mass

injected by that time step. Accumulation has been as high as 30% in some fixtures, implying a substantial

amount of unburned liquid in the combustion chamber, particularly during early times in the ballistic

cycle.

In the model, the value of maximum conditioning time is chosen such that the model agrees with the

approximation of the mass of accumulated liquid as shown in Figure 7. The maximum conditioning timt
used is 0.2 ins, the coherence interval is 0.1 ms, and the user-specified coefficient in the Taylor theory

is 0.2. The resultant pressure-time simulation in the combustion chamber is shown in Figure 8. At 3 ms,
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Figure 8. Simulation of chamber pressure with random breakup of liquid jet
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the injection rate is 951,692 g/s in the simulation. The coherence interval of 0.1 ms implies that

approximately 95 g of liquid act as a body of fluid which translates to a distance equal to approximately

the injection velocity times the coherence interval before releasing energy. The choice of the Taylor

parameter is such as to induce very rapid decomposition of the fluid element once it is "mature". It is the

combination of localization and rapid energy release which drives the oscillations in the present model.

It can be seen that significant excursions from mean pressure can result from randomness in the jet

breakup length. Since analysis of experimental data suggest radial modes in the combustion chamber, it

is not expected that a 1-D model will duplicate experimental pressure histories. However, the model

suggests that randomness in the jet breakup may be implicated in the production of pressure fluctuations.

A characterization of the jet at various time steps is shown in Figure 9, where 0.0 cia represents the

tube origin and -15.8 cm represents the initial piston position. At each timestep shown, the location and

amount of mass in the jet is shown, with the right-most boundary representing the face of the piston.

Since the piston is moving rearward to inject liquid propellant, the right-most boundary recedes with time.

It is noted that, consistent with the derived accumulation from experiment, the jet is short. Even with .'tk

penetration into the combustion chamber, the liquid jet provides an energy source for substantial pressur

fluctuations. The base pressure history for this simulation is shown in Figure 10. It can be seen that. the

fluctuations in chamber pressure propagate acoustically to the base of the projectile and that substantial

fluctuations in the base pressure result The model, thernfore, validates observations of downbore pressure

histories which exhibit oscillations of similar amplitude to those measured in the combustion chamber.

Since the modeled jet is quite short and the chemical energy release is confined to the combustion

chamber, the pressure oscillations at the projectile base are shown to be a consequence of 1-D wave

propagation rather than local energy release at the projectile base. However, it is noted that a I -D model

is not capable of describing possible three-dimensional effects which could randomize the pressure

fluctuations on the base of the projectile, an issue of interest to the munitions community.
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5. REDUCTION OF PRESSURE OSCILLATIONS

In this theoretical study, pressure fluctuations can be reduced by decreasing th. maximum conditioning

time or decreasing the coherence interval or both. However, since the initial conditions are not changed,

it is more physically meaningful to utilize the same value of the coherence interval. Thus, the maximum

conditioning time is decreased. In Figure 11, the jet breakup is random, but the maximum conditioning

time is 1/10 the previous value used in Figure 8. The maximum conditioning time used is 0.02 ms, the

coherence interval is 0.1 ms, and the user-specified coefficient in the Taylor theory is 0.2. At a similar

injection velocity at 3 ms, compared to the previous simulation, a maximum conditioning time of 0.02 ms

implies that the jet increment will begin releasing energy almost immediately upon introduction into the

combustion chamber.

The results suggest that injection patterns which break the liquid propellant into small packets, such:

as finely atomized sprays or jet splitters, may result in quieter combustion. Jet splitters have been

successfilly utilized in a diagnostic LP fixture (Rychanovsky 1991) and in a 30-mm gun (Despirito 1991).

Jet splitters are mountd downstream of the injector and are intended to disrupt the liquid jet. Currently

13
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they have achieved only limited success in reducing pressure oscillations. However, the model suggests

that mechanisms which shorten the time from injection to the beginning of energy release may reduce

pressure oscillations.

6. SUMMARY

A one-dimensional model of the regenerative liquid propellant gun has been presented which uses a

Taylor theory for the breakup and energy release of the liquid jet and treats the axial extension of the jet

in the combustion chamber. The model allows for randomness in the jet breakup to mimic the physical

conditions of randomness in conditioning time which may be associated with propellant combustion. The

model suggests that:

(1) significant fluctuations in chamber pressure can be produced with a random jet breakup length,

even with short jets;

14



(2) if pressure oscillations are due to rough combustion, energy can be radiated acoustically to the

base of the projectile;

(3) downbore pressure fluctuations are physically plausible, even with short jets confined to the

combustion chamber,

(4) pressure fluctuations can be potentially reduced by decreasing the conditioning time before the

liquid propellant begins to release energy.

One interpretation of conclusion (4) is to finely atomize the liquid or break it apart upon introduction

into the chamber. This analysis suggests that designs which utilize thicker jets in order to increase the

mass flow into the combustion chamber may be expected to experience even larger magnitudes in the

amplitude of pressure oscillations due to the potential for more coherence in the structure of the jet.
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