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1. INTRODUCTION

In the Regenerative Liquid Propellant Gun (RLPG) a liquid monopropellant is injected by a

moving piston from a reservoir into the combustion chamber. The resulting combustion gases not

only create a pressure differential between the combustion chamber and liquid reservoir which

perpetuates the injection of the fluid, but, together with unburned propellant, flow into the gun tube

and accelerate the projectile. A number of gun design concepts have been proposed to deliver the

liquid monopropellant to the combustion chamber. The design used as the basis of this report is

shown in Figure 1. In this concept the center bolt is stationary, and the outer piston moves

rearward to inject the propellant as an annular sheet into the combustion chamber.

Currently there are a number of lumped parameter models of the RLPG in use in the United

States. 3 These differ in modeling the details of the delay in energy release due to the finite time

of breakup and combustion of the liquid propellant. However, the structure and spatial extension of

the jet are not considered in any of the models. Moreover, the momentum of the entering liquid

propellant is assumed to be entirely dissipated in the combustion chamber, the contents of which

are presumed to be in a condition of stagnation relative to the gun. As a result, artificially large

pressure drops may be predicted for the gas flowing from the combustion chamber into the tube for

some configurations. From a practical systems point of view this may result in overestimation of

pressures, resulting in inaccurate estimates of required gun tube wall thickness and gun mass.

The assumption of stagnation in the combustion chamber may have been appropriate to early

RLPG designs which involved a large number of small jets. However, current designs make use of

a single annular jet which may well enter the gun tube prior to complete disintegration.

Accordingly, the momentum of the jet may not be dissipated in the combustion chamber, and the

pressure drop between the combustion chamber and the gun tube may be considerably less than is

predicted by current models in the case that the jet extends into the tube. Apart from a theoretical

interest in the jet breakup length as a modeling detail, intuition suggests that there may be a

significant ballistic consequence in the sense that a greater breakup length may permit the

attainment of a given muzzle velocity at a lower maximum chamber pressure due to the flow of

propellant in the tube. However, this study shows that gun performance is not significantly

enhanced with an extended liquid jet.

In this report the details of the first fully one-dimensional continuum model of the RLPG4 in

the United States are presented in which a liquid jet is represented explicitly. Jet structure and
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ballistic performance in terms of pressures, pressure gradients and mvzzle velocity are examined for

\ arying jet breakup conditions. Finally, current areas of investigation such as liquid propellant

accumnulation in the combustion chamber are related to the jet description.

2. I-D MODEL OF JET IN RLPG

The combustion process of the injected liquid propellant in the Rt.PG is most simply

rcpresented in lumped parameter models as instantaneous combustion. The injected propellant is

assumed to atomize so finely and so completely upon injection into the combustion chamber that

the chemical energy is released within a ballistically negligible time interval. Experimental

e\idcncc, however, indicates that for designs of present interest the time delay required to release

the chemical energy is not negligible relative to the overall ballistic time scale.5 7 Accordingly,

lumpcd parameter codes have often includcd options to break up the injected propellant into

droplets of a user defined size which bum at a finite rate. In general, no consideration is given to

the hydrodynamic delay associated with the decomposition of the injected jet into droplcts.

l-p rcimcntal data, however, has indicated that a substantial fraction of the total propellant liquid

propcllant charge may accumulate in unreacted form in the combustion chamber, and the resulting

,c umulation can significantly affect the overall ballistic behavior.5 7

Thus. incorporation of a hydrodynamic delay due to the finite rate of jet breakup is considered

to he necessary to improve simulations of RLPG behavior. Although delayed energy release may

be addressed within a lumped parameter representation, the coupling of the jet breakup length to the

aKxial geometry of the combustion chamber requires a one-dimensional formulation. It is of interest

to examine the possibility that the jet intrudes into the tube and even impacts the base of the

projectile. Since the tube may have a significantly smaller diameter than the combustion chamber,

the release of a given amount of energy in the tube would result in a greater local rate of

prcssuri/ation than it would in the chamber. Energy release in the tube could have a marked effect

on the relationship between the chamber pressure and the tube pressure.

Lumped parameter representations have also assumed a state of stagnation in the combustion

chmnbcr. The stagnation assumption is appropriate if the jet is completely disintegrated within the

coombustion chamber and if the cross-sectional area of the chamber is much larger than that of the

tube. Some simulations have revealed a large pressure drop between the chamber and the tube as

the stagnant gas in the chamber is accelerated to near sonic conditions at the entrance to the tube,

following sufficient motion of the projectile. A quite differcnt result would occur if the jet is

3



represented as retaining a coherent structure throughout the chamber and into the tube, with

implications for both gun performance and estimate of required gun tube thickness. In addition, a

continuum analysis permits the retention of the momentum of the jet and ,f the droplets into which

it disintegrates.

The representation of the distributed jet within a one-dimensional continuum formulation is

shown in Figure 2 for a configuration in which both the inner and outer pistons move rearward.

However, the one-dimensional model is pertinent to all regenerative geometries of current and past

interest including Concepts VI, VIA, VIB, VIC, RAP, Traveling Charge and the "shower-head"

which vary in the details of the piston movement and liquid injection. Other configurations may be

represented as well. The governing equations for the combustion chamber are the same as those of

the tube. When droplets are present, the governing equations consist of one-dimensional balances

of mass, momentum and energy for the mixture of combustion gases and droplets. Slip between

the gas and droplets is not considered, and the mixture is said to be in mechanical equilibrium.

The cross-sectional area of 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 flow area may also be

reduced due to the intrusion of the center bolt.

The representation depicted in Figure 2 permits the jet to be partially reflected from the

chamber face and partially transmitted into the tube, and to be reflected from the projectile base.

The reflected portions of the jet may return to the piston face and reflect again, if their

disintegration is sufficiently slow. The jet increments follow an inertial path and do not interact

with one another. Thus, the jet area, mass addition and momentum addition at any location may

consist of an aggregate of jet increments. The resulting distribution of jet properties may be highly

structured and non-uniform. To avoid the risk of numerical instability, the source terms are

smoothed using a simple numerical filter. However, the statc variables of density, pressure, velocity

and porosity for the mixture result directly from the response of the inite difference equations to

the smoothed source terms.

The two major physical modeling assumptions requiring comment are the fixed rate of

decomposition of the jet and the inertial trajectories of the jet increments. At present there is

insufficient experimental data to adequately characterize the rate of breakup and disintegration of the

liquid jet. The lack of direct exi-rimental data is due in part to the high pressures in the gun and

the difficulty in penetrating combustion products. Thus, the rcprcsentation of the uistributed jet

adopted in this report is intended to allow the study of the influence of the jet on ballistic

4
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performance. A predictive function is not intended and is, in fact, precluded by a lack of

constitutive data.

In addition, the assumption that each jet increment follows a purely inertial path is felt to be a

reasonable first approximation provided that the fraction of the available cross-sectional area

occupied by the jet is not too large. The jet is radially unconfined from a continuum perspective.

Since the jet is much less compressible 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, the radial boundary of the jet is expected to displace to

accommodate the interaction. Only when the jet begins to fill the cross-sectional area does this

assumption break down requiring the consideration of an axial stress field in the jet independent of

that in the mixture. Considering other forces acting on the jet, the gas-dynamic forces are 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 liquid converted to droplets. The buoyancy force is

simply due to gradients of the gas pressure. Although the gas pressure gradient can become large,

especially at the entrance to the tube, the density of the jet is much greater than that of the gas,

and the neglect of its influence on the jet is felt to be justified as a firt approximation.

The finite rate of decomposition is applied to a jet increment introduced into the combustion

chamber as a result of the boundary values of liquid and chamber pressure on each side of the

piston face. The properties of the liquid discharge are averaged over a sample time interval and at

the conclusion of the interval an elementary jet increment is defined. The increment is

characterized by initial values of its mass, velocity and location as well as the time at which it is

formed. In addition, it is assumed that its rate of decomposition is fixed by the conditions which

prevail, on average, during the sampling interval.

The breakup of the jet is governed by Taylor's theory.' Taylor's theory is an aerodynamic

theory for a circular jet which treats the primary atomization of the jet. The theory may be most

applicable to the early ignition phase of the RLPG, and its applicability to the later high pressure

phase is questionable since other mechanisms such as those considered in turbulent theory may

apply.8 The theory provides a jet breakup length which is dependent on local flow conditions and
which assumes asymptotic behavior in two limiting cases depending on the value of a parameter B.

Since the theory provides no guidance between the two limiting cases, the jet breakup length is

determined by linear interpolation for values of B between the two limiting cases. The parameter B

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

6
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with g~ the viscosity, o the surface tension, p the density, V the velocity, and D the diameter. In

the case of an annulus, the diameter, D, is taken to be the hydraulic diameter, that is, twice the

gap. The Reynolds number compares the momentum force to the viscous force. Larger values

indicate an increased likelihood of turbulence. The Weber number compares a momentum force to

a surface tension force. Larger Weber numbers indicate an increased likelihood of breakup. Thus,

the parameter B compares forces attempting to hold the jet together with those attempting to pull it

apart. Estimates 9 of the Reynolds number and Weber number for the RLPG are high, that is, >10 4 .

It is noted that the Taylor theory, and, in fact, most theories of jet breakup, apply to cylindrical

orifices rather than the annular orifice of the RLPG. In addition, the regime of pressure in which

the RLPG operates may be supercritical for at least a part of the pressurization cycle 0 suggesting to

some researchers" that the spray should behave like a turbulent jet since capillary forces due to

surface tension would no longer play a role. Thus, the Taylor theory utilized in this model is not

expected to be predictive. However, it does allow the study of ballistic effects of extended jets in

the RLPG.

The constitutive law governing the rate of breakup of the liquid jet gives a jet breakup length,

x,,, determined from the following function.

For
PLB2 > 10PG,

where PL is the liquid density, pc is the gas density, and B is the ratio of the Reynold's number to

the Weber number, the corresponding jet breakup length is

X8 = (JBUC)D cp'

where D is the diameter of the jet, and JBUC is the jet breakup coefficient supplied by the user.

For

0.1 < -B 2 5 10
PG



the corresponding jet breakup length is

(2 - PL B 01.
X8  = (JBUC)D P ) G 9 + (JBUC)D . GB) PC .

For

PL 1' < 0.1

Pr

the corresponding jet breakup length is

xB = (JBUC)D ( 3,' f
In this study, the following options are selected for the jet representation. The jet is fully

admitted into the tube, and the droplets formed by disintegration of the jet are instantaneously

combusted. A value is supplied for JBUC, the jet breakup coefficient in the Taylor theory. In

general for a given geometry, as JBUC increases the jet breakup length incrcases and the jet

disintegrates more slowly. The value of JBUC may be increased until the tube becomes filled with

liquid, terminating gas flow in the tube. The Taylor formulation is also responsive to the thickness

of the jet, with thicker jets corresponding to a larger jet breakup length for a given geometry and

user supplied value of JBUC.

3. MESH INDIFFERENCE

The data set chosen for this study is that of a 25-mm regenerative liquid propellant test fixture

with a projectile mass of 97.3 grams with gun and propellant parameters shown in Appendix A.

The mesh indifference of the solution was assessed by the performance factors of maximum

chamber and liquid pressures as well as muzzle velocity for the 25-mm gun. The jet breakup

coefficient (JBUC) chosen for the mesh indifference study was 0.5, a value which results in a

distinct jet extending into the chamber and at times into the tube. The results appear in the table

below. As can be seen from the table, the range of maximum chamber and liquid pressures is on

the order of 2.9% and 1.8% from highest to lowest, respectively, while the range in muzzle velocity

is about 0.5%.

The numerical solution algorithm uses local conditions of mass and energy balance, and does

not enforce global conservation apriori. Accordingly, the degree to which these differ is a check on

the accuracy of the equations. The differences are reported throughout the calculation. It is the

8



Table 1. Mesh Indifference of Nominal Data Base.

Max Max
Number of Mesh Maximum Chamb Maximum Liquid Muzzle Final Mass Defect Final Energy

Points Pressure Pressure Velocity (%) Defect
Tube, Chamber (MPa) (MPa) (m/s) (%)

0.864
41, 21 336.72 345.32 1486.0 1.278 1.344
41, 11 326.71 349.51 1487.1 1.172 1.756
51, 11 328.37 350.69 1479.2 1.097 1.718
61, 11 331.08 351.82 1479.2 1.734

maximum difference between the total initial mass and the mass at any timestep which is reported

as the maximum final mass defect. Similarly, the maximum difference between the total initial

energy and the energy at any timestep is reported as the maximum final energy defect. The mass

and energy defects are in the 1.5% range for most mesh spacings. Thus, since the results are

similar for all mesh sizes considered, values of 41 mesh points in the tube and 21 points in the

liquid and combustion chambers were chosen for the study due to the lower mass and energy

error

4. JET STRUCTURE

As shown in Figure 2, the jet can extend through the combustion chamber and into the tube.

As the jet breakup coefficient (JBUC) is increased from 0.2 to 0.9 for the given geometry, the jet

disintegrates more slowly and extends further through the combustion chamber, eventually entering

the tube. Figure 3 illustrates the evolution of the jet for a JBUC of 0.9, the jet containing the

most mass for the 25-mm gun which did not fill the tube with liquid. The forward axis represents

axial location where 0.0 is the initial piston position and 1.39 cm is the entrance to the tube. The

vertical axis represents the mass per unit length of the jet. The mass per unit length is chosen for

the representation since the actual size of the numeric spacing varies as the piston moves rearward.

Finally, the horizontal axis displays the time and provides a view of the jet evolution at 1.0 ms,

1.5 ms, 2.0 ms, 2.5 ms, 3.0 ms and 3.5 ms.

At 1.0 ms a portion of the propellant which has been injected is in the chamber in the form of

unburned liquid. As the piston moves rearward, a segment of the jet can be seen at the piston

face. Unburned liquid propellant extends forward through the combustion chamber and into the

tube. In the case of the large JBUC of 0.9 represented in Figure 3, a significant amount of mass

9



U0

090



accumulates in the jet, and the jet is structured and irregular at times. It is noted that the jet

breakup length may vary for each injected mass of propellant, and, thus, the jet consists of mass

which is disintegrating slowly as well as mass which is releasing energy more readily.

The value of the parameter B = 0 is inversely proportional to the jet velocity since the

surface tension and the viscosity of the liquid are taken to be constant. During the startup regime

the jet velocity at the entrance to the combustion chamber is unsteady and varies from 0.0 to

approximately 3500 cm/sec. The value of the Taylor parameter, L B2, for a JBUC of 0.9,
a o aPG
reflects the variation in liquid velocity over the first millisecond and first increases and then

decreases with values between 2 and 10. Between 1.0 and 2.0 milliseconds the value of the Taylor

parameter drops as the jet velocity increases from 2 to approximately 0.1, the transition value for

the jet breakup length constitutive law. The vent does not fully open until approximately 2.0

milliseconds. For the remainder of the ballistic cycle the value of the Taylor parameter is less than

0.1, reflecting the high jet velocity of up to 20000 cm/sec. End of injection occurs at about 3.7 ms

with projectile exit at 4.8 ms.

Thc distribution of mass between liquid propellant in the liquid reservoir booster, the gas in

the combustion chamber and tube, and the jet is shown in Figures 4 and 5 for JBUCs of 0.6 and

0.9, respectively. The distribution of mass is displayed at each ms between 0.0 ms and projectile

exit at about 4.6 ms for JBUC=0.6 and projectile exit at 4.83 ms for JBUC=0.9. The liquid mass

in the droplets which are stripped from the jet is instantaneously combusted in this simulation. As

expected, the larger jet breakup coefficient of 0.9 is associated with greater accumulation of

unburned liquid propellant in the combustion chamber and tube than the JBUC of 0.6. Figure 4 for

JBUC=0.6 shows up to 10% of mass in the jet during the ballistic event, and Figure 5 for

JBUC=0.9 shows up to 20% of the mass in the jet. Thus, a significant amount of mass can

accumulate in the combustion chamber in the form of liquid in the jet. If the jet is represented

with droplets stripped from the jet which bum according to a pressure-dependent bum rate, then

additional accumulation could occur. In general, as the jet breakup coefficient increases, more mass

accumulates in the jet.

In order to provide a framework for the discussion which follows, it is helpful to categorize

the various jet breakup coefficients into three general categories for the 25-mm gun considered here.

"Small" JBUCs will be used to refer to coefficients of 0.1 to 0.4 in which the jet is confined to the

combustion chamber. "Moderate" JBUCs will be used to refer to coefficients of 0.5 to 0.7 in

which the jet stays primarily within the combustion chamber, but intrudes into the tube for a short
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portion of the cycle. "Large" JBUCs, from 0.8 to 0.9, refer to coefficients in which the jet extends

into the tube for much of the ballistic cycle. These categories of JBUCs will vary for different

bore sizes and gun geometries.

5. EFFECT ON PERFORMANCE

In the study, jet breakup coefficients from 0.1 to 0.9, in increments of 0.1, were examined to

determine the effect on performance. The results for the various JBUCs show a progression in

pressures and velocity, and, for simplicity, representative values of small, moderate and large

JBUCs, namely, 0.2, 0.6 and 0.9 are discussed here. The maximum liquid and chamber pressures

and muzzle velocity for these JBUCs are shown in Table 2 and Figure 6 together with results from

a lumped parameter simulation using a model developed by Gough.' The lumped parameter

representation is utilized for the liquid reservoir and combustion chamber, however, the model is

one-dimensional in the tube. Instantaneous burning of injected propellant was chosen as a model

option. Since the one-dimensional simulation reports a gradient in the pressures in the liquid

reservoir and combustion chamber, average pressures are reported in Table 2 to allow comparison

with the lumped parameter case. As a general observation the performance is within 12% in tcnis

of maximum chamber pressure, 15% for maximum liquid pressure and within 4% in terms of

muzzle velocity for the three jet lengths and the lumped parameter case shown.

Compared to the lumped parameter simulation, the short jet case has lower maximum chamber

and liquid pressures with approximately the same muzzle velocity. A comparison of Figure 7 for

the chamber pressure-time curves for the lumped parameter case and JBUC=0.2 shows that the short

jet has a slower startup due to the delayed energy release, but that the rise rates of the two curves

are similar. Chamber pressure in the diagram has been taken to correspond to pressure in the first

cell of the combustion chamber near the piston face, and some pressure waves are evident in the

figure. One would expect the short jet solution to be close to the instantaneous combustion

solution. The presence of the jet has simply modulated the energy release which is reflected in the

difference at maximum pressure. Figure 8 shows a comparison of the liquid pressure-time curves

for the lumped parameter and jet cases with end of stroke indicated by the drop in liquid pressure

to zero. Liquid pressure is taken at the rear position of the reservoir. The liquid pressures for the

lumped parameter and short jet case follow the chamber pressure results with the maximum liquid

and chamber pressures occurring at about the same time. The chamber pressure responds to the

end of liquid injection by dropping rapidly as the projectile accelerates and the gas expands.

13
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Table 2. Maximum Liquid and Chamber Pressures, End of Stroke and Muzzle Velocity
for JBUC=0.2, 0.6, 0.9 and for Lumped Parameter Simulation.

Jet Breakup Max Average Chain Max Average Liq Muzzle End of
Length Pressure Pressure Velocity Stroke

(-) (MPa) (MPa) (rn/) (sec)

Lumped Par 323.2 360.2 1499 3.0
0.2 293.6 328.5 1482 3.2
0.6 305.2 322.4 1490 3.5
0.9 328.7 369.4 1535 3.7
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The JBUC of 0.6 represents a moderate jet which extends through the chamber and is

occasionally in the tube. Figure 7 shows the delay in energy release in the longer startup regime.

The chamber pressure curve is flatter near the peak pressure indicating more evenly distributed

energy release than the lumped parameter and short jet cases. The maximum chamber pressure is

also slightly lower. The liquid pressure in Figure 8 again follows the chamber pressure.

As the jet lengthens and extends into the tube for much of the ballistic cycle, as for

JBUC=0.9, maximum pressures and muzzle velocity are higher than any of the other cases. The

large jet breakup coefficient in the model results in slower disintegration of the jet. Since the

longer jet is delivering energy locally in the tube, there is a reduced demand in the tube for gas for

a long jet compared to short and moderate jets confined primarily to the combustion chamber.

Thus, the higher maximum chamber pressure for large JBUCs shown in Figure 7 may reflect the

reduced demand for gas from the combustion chamber. However, since liquid propellant in the

tube is supplying energy, the projectile velocity is increased. The blocking of the tube by liquid is

not felt to influence the pressures since some area for gas flow is available.

Although the predicted chamber and liquid pressures for a long jet are somewhat higher than

the lumped parameter simulation with instantaneous propellant combustion, there is a modest benefit

from the long jet in terms of predicted muzzle velocity. The muzzle velocity predicted by the

lumped parameter simulation is 1499 m/s while that predicted for a JBUC of 0.9 is 1535 m/s, a

2.3% increase. On the other hand, a JBUC of 0.6 has nearly an equivalent muzzle velocity to the

lumped parameter case, 1490 m/s and 1499 m/s, respectively. However, the maximum liquid and

chamber pressures are lower by 11% and 6%, respectively. Hence, on the basis of this data, it

appears that consideration of a liquid jet affects predicted performance in the sense that a given

muzzle velocity may be attained at a lower maximum pressure than predicted by a lumped

parameter simulation.

However, another comparison between the lumped parameter and the one-dimensional models

is pertinent. It may be speculated that delayed combustion in the lumped parameter model in the

form of droplets might yield results similar to the short and moderate jet cases. Shown in Table 3

are the results from lumped parameter simulations assuming that the injected liquid propellant

breaks into droplets of the given size. The results show that the case with small droplets of 8

microns is closest in pressures to the JBUC of 0.2. A comparison of the chamber pressures for ihe

lumped parameter case with droplets and the short jet with JBUC of 0.2 is shown in Figure 9. The

pressure histories are seen to be similar, but the muzzle velocities differ by a maximum of 3 .61(/.
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Table 3. Maximum Liquid and Chamber Pressures, and Muzzle Velocity for Lumped Parameter
Simulations Assuming Droplets.

Lumped Parameter Maximum Chamber Maximum Liquid Muzzle
Droplet Size Pressure Pressure Velocity

(microns) (MPa) (MPa) (m/s)

5 310.8 345.2 1454
8 297.4 330.2 1428

50 208.4 230.1 1239
100 162.6 178.8 1144
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Although the difference is not large, it is on the same order as the difference in velocity between

the lumped parameter representation with instantaneous bur.,ing and the one-dimensional model of

the jet shown in Table 2. Since the gun considered does not have chambrage and the difference in

area between the chamber and the bore is large, geometric considerations in the one-dimensional

model are not expected to be a major contributor to the differences in velocity. The differences

may be due to the consideration of the momentum of the jet in the one-dimensional simulation and

differences in the computed sound speed between the two models. Based on these results, it

appears that a consideration of the liquid jet in the one-dimensional model is not analogous to

delayed combustion in the lumped parameter model in the form of droplets.

In general, although jet breakup length affects the predicted performance of the RLPG

compared to a lumped parameter simulation, at least for the small caliber 25-mm gun under

consideration, its effect does not appear to be significant. In the opinion of the authors, predicted

pressures within 10% in the range of 300 MPa, are not significantly different, especially consicering

a numerical error of I - 3%. For jets confined primarily to the chamber, as the jet lengthens the

maximum liquid and chamber pressures decrease and muzzle velocity increases moderately

compared to the lumped parameter case. As the jet length increases further to permit a slowly

disintegrating jet which extends into the tube, maximum liquid and chamber pressures rise and

muzzle velocity increases. Thus, jets confined primarily to the combustion chamber are associated

with improved performance in terms of pressures (equivalent veloc*ty at lower pressures compared

to a lumped parameter model), while longer jets are associated with improved performance in terms

of muzzle velocity. The results indicate that lumped parameter codes may result in overestimation

of maximum gun pressures for cases with liquid jets in the chamber as a result of the predicted

pressure drop from the chamber to the tube. However, both the lumped parameter and the

one-dimensional model predict gun operation in the same regime of pressure and velocity.

Perhaps contrary to intuition, this result argues against a ballistic advantage of extended liquid

jets in a regenerative liquid propellant gun. The presence of a jet affects the progressivity or

energy release of the propellant. In the case of jets, the jet consists of unburned propellant or
"stored" energy. Compared to instantaneous combustion, the result is a nodulation of the burning

rate. Since the energy release is spread over a longer period of time in the case of extended jets

compared to instantaneous combustion, and the projectile is further downtube, the result is nearly

equivalent performance. It is also noted that even when the jet does extend into the tube, the depth

of nenetration is only several calibers; longer jets result in the tube entrance filling with liquid.
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6. EFFECT ON PRESSURE GRADIENT

Although the consideration of a liquid jet is shown to have only a moderate iaipact on gun

performance, the jct simulation significantly affects the predicted pressure gradient in the gun. The

pressure gradient is described in this discussion as the ratio of breech pressure to projectile base

pressure versus time. Shown in Figures 10, 11, 12 and 13 are plots of the ratio of breech pressure

to projectile base pressure versus time for the lumped parameter simulation and for JBUCs of 0.2,

0.6 and 0.9. For the purposes of this paper, breech pressure in the one-dimensional simulation

rclfrs to the pressure reported in the first cell in the combustion chamber at the face of the piston.

Thus, if breech and base pressure are equal, the ratio is 1.0, with values less than 1.0 indicating

that the base pressure is greater than the breech pressure.

The basic features of the graphs are similar. Until projectile motion begins at about 1.0 ms

breech pressure is equal to the base pressure. The breech pressure is higher than the base pressure

during injection of the propellant with the maximum value of the ratio occurring near end of stroke

in the lumped parameter case and for JBUCs of 0.2 and 0.6. In the case of the long jet the

maxi num ',,tXie of the ratio occurs at a mid-stroke position. Liquid in the tube then supplies

pressure locally, causing the base pressure, and the ratio of breech to base pressure to fall. After

the injection process is completed, the ratio of breech to base pressure decreases to 1.0, and

rarefaction wave results in a base pressure higher than the breech pressure. The curve terminates at

projectile exit. Although the curves are similar, the pressure gradients differ in the timing of events

since, as the jet lengthens, the energy release is slower. Also, the gradient for a JBUC of 0.6 in

comparison with the chamber pressure curve in Figure 7 indicates that around 3.0 ms the base

pressure rises more than expected. The rise in base pressure can be correlated with the intrusion of

the jet into the tube for a short time.

A comparison of Figures 10 and I I shows that the pressure gradients for the lumped parameter

simulation assuming instantaneous combustion and for the short jet are similar. Since combustion

occurs and chamber pressure rises until end of stroke in both simulations, it is expected that a

rarefaction wave will be launched when the energy supply in the chamber is exhausted,

corresponding to the peak at about 3.0 ms. Consider the sound speed in a non-ideal gas,

aP
C = p(l - bp)

where c is the ratio of specific heats, p is the gas density, b is the covolume, P is pressure and c
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is the sound speed. An estimation of the sound speed near end of stroke for JBUC of 0.2, a case

where the jet disintegration is rapid and, therefore, nearly all gas at end of stroke, is approximately

145,000 cm/s. Recognizing that the sound speed is constantly varying, this value would predict

0.9 ms for a wave to move from the breech to the projectile base for a JBUC of 0.2. The time

lapse from the large peak at 3.1 ms for a JBUC of 0.2 to the minimum of the ratio at 3.9 ms is

0.8 ms. Considering the approximation, the agreement is reasonable.

The major difference between the pressure gradients for the lumped parameter case and for the

short jet is the timing of events. End of stroke, and, hence, of the declining ratio of pressures,

occurs 0.2 ms later for the jet case. Figures 14 and 15 are graphs of the chamber and base

pressures for the lumped parameter case and for JBUC of 0.2. The figures show the difference in

timing, but also the comparability of the base pressures. Thus, altIough the maximum chamber

pressure for JBUC of 0.2 is approximately 9% lower than the lumped parameter case, the muzzle

velocities are within 1%.

Although the pressure gradients for the moderate and long jets in Figures 12 and 13 also show

a rarefaction wave beginning near end of stroke followed by subsequent reflection, the curves have

some essential differences with those of the lumped parameter and short jet cases. The JBUC of

0.6 defines a jet which intrudes into the tube approximately 1.5 cm early in the piston stroke with

about 25% of the liquid propellant injected at 2.6 ms. The predicted slow disintegration rate for

liquid propellant injected early in the injection cycle leads to accumulation which bums off with

about 50% of the propellant injected at 3.0 ms, Thereafter, the jet is confined to the chamber.

The effect of the jet intrusion in the tube is reflected in the pressure gradient in Figure 12 from

2.5 ms to 3.5 ms.

On the other hand, the JBUC of 0.9 defines a jet which intrudes into the tube as a continuous

jet from 1.4 ms with 2% of the liquid propellant injected until 3.5 ms with 82% of the propellant

injected. At 3.6 ms the jet becomes fragmented, with segments of jet in the chamber and tube.

Fragments of the jet continue to exist until 3.8 ms. This continuous local supply of gas in the tube

reduces the demand for gas in the chamber, and the pressure gradient in Figure 13 reflects the slow

disintegration rate both in the timing of events and the steeper pressure gradient, that is, higher

ratio of breech to base pressure, near end of stroke.

A comparison of the chamber and base pressures for the lumped parameter simulation and for

JBUCs of 0.2, 0.6 and 0.9 in Figures 14, 15, 16 and 17 demonstrates the slowing disintegration
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rate and, hence, energy release, of longer jets. The response of the base pressure begins to lag that

of the combustion chamber. As the jet intrudes into the tube for much of the ballistic cycle, mass

addition from the jet in the tube inhibits the local demand for gas. As a result of propellant in the

tube, the base pressure is substantially higher for the long jet in Figure 17 than for the short jet

shown in Figure 15. The higher base pressure results in muzzle velocity improvement of about

3.5% over the short jet.

In general, the consideration of a liquid jet in the regenerative liquid propellant gun introduces

a variety of pressure waves. Although small amplitude waves are observed early in the interior

ballistic cycle, the dominant wave action occurs at the end of stroke when liquid injection ceases.

End of stroke does not necessarily correspond to burnout since ligaments of the jet may persist for

some time. After injection has ceased, the chamber pressure falls below the projectile base

pressure. As the jet breakup coefficient increases, the jet intrudes into the tube. In the case of

long jets, local mass addition in the tube reduces the demand for gas from the combustion chamber.

The jet extension into the tube, however, provides energy deposition closer to the base of the

projectile maintaining the projectile acceleration.

7. EFFECT ON PRESSURE PROFILE

In lumped parameter models of the RLPG it is assumed that the momentum of the entering

liquid propellant is dissipated in the combustion chamber. Early designs utilized a number of small

jets in a shower head arrangement making this assumption reasonable. However, current designs

employ a single, annular jet which may persist for some time in the chamber and possibly in the

tube. Therefore, it is hypothesized that the pressure drop between the combustion chamber and gun

tube may be less than that predicted by lumped parameter models. Thus, the purpose of this

section is to explore the relationship between the breech pressure, defined as above as the pressure

at the rear of the combustion chamber, and the throat pressure for various jet breakup coefficients

and to compare the results to a lumped parameter simulation.

The effect of a representation of a jet on the relationship between breech and throat pressure

can be quantified by the ratio of breech pressure to throat pressure. Figure 18 is a graph of the

ratio of breech pressure to throat pressure (Br/Throat) versus time for a lumped parameter

simulation. The projectile begins moving at about 1.0 ms after which the ratio between breech and

throat pressure increases to approximately 1.45 at maximum breech pressure. A comparison with

Figure 19 for a short jet shows an expected unevenness in the ratio since the energy supply is

uneven, but overall similarity with the lumped parameter case.
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In contrast, as the jet lengthens to extend into the tube, the ratio of breech to throat pressure

does not generally increase over the injection cycle as seen in Figure 20 for a moderate jet and

Figure 21 for a long jet. Although the jet extends only several centimeters into the tube for the

moderate jet during the early injection part of the cycle and almost continuously into the tube for

long jet, the effect at the throat is similar. That is, a large pressure drop is not observed at the

throat while the jet is present from 1.3 to 2.5 ms for JBUC-0.6 and from 1.4 to 3.5 ms for

JBUC=0.9, and the ratio of pressures is nearly one. The spike in the ratio of breech to throat

pressures for both the moderate and long jet around 2.5 ms occurs as the throat becomes nearly

filled with liquid. The flow area is small, and the gas velocity at the throat becomes large with a

corresponding drop in throat pressure. Thus, since the breech pressure is increasing at this point,

the ratio becomes large. However, the system equilibrates again, and a ratio near one is

re-established. Near end of stroke as the supply of liquid propellant is slowed, the throat pressure

drops, and the ratio increases.

The results shown in the preceding figures do not, however, complete the description of the

pressure distribution. A pressure drop does occur in the gun in the case of moderate and long jets.

Howc.cr, i'-, drc1 , in pressure is associated with the leading edge of the liquid jet in the tube.

Shown in Figures 22 and 23 are the pressure and gas velocity gradients in the tube for a lumped

parameter representation at 2.5 ms with approximately 50% of the propellant injected and at a

projectile travel of 34.47 cm. The zero is the entrance to the tube, with the state of the gas in the

combustion chamber indicated to the left of the zero. Since the lumped parameter model assumes

that the gas in the chamber is stagnant, the gas velocity is zero to the left of the tube entrance in

Figure 23. The curves show the Lagrange gradient assumed in the model. By comparison, the

pressure and velocity gradients for a long jet at 3.2 ms, 50% of propellant injected, and projectile

travel of 32.66 cm shown in Figures 24 and 25 show the effect of the presence of the jet. The jet

extends 3.27 cm into the tube, and its presence is reflected by a drop in pressure across the jet to

the leading edge and a corresponding increase in gas velocity.

Thus, even with a liquid jet, there is a pressure drop in the gun. However, the location of the

drop in pressure may not be located at the throat in the case of an extended jet. In the ideal

situation characterized by complete combustion of the injected propellant within the chamber, a

large mass flux will occur at the entrance to the tube in order to compensate for the motion of the

projectile. Since the gas in the combustion chamber will be essentially at rest, the flow into the

tube will be accompanied by a pressure drop. If, instead of the ideal situation, distributed

combustion is allowed due to the finite breakup length of the jet, and if the jet is sufficiently long
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to provide a source of combustion energy within the tube itself, the rate of pressurization within the

tube may be sufficient to compensate for the projectile motion and to maintain equilibrium with the

conditions in the chamber. Clearly, this condition will only apply to the part of the tube into

which the jet intrudes. Forward of the jet, demand for pressurization will occur and the pressure

drop seen ideally at the entrance of the tube is now observed at a location downbore. If the

combustion chamber is visualized as the region of the gun in which the energy is released, then the

jet can be viewed as a mechanism which extends the combustion chamber. Hence, the jet

representation permits a dynamic shape to the chamber, varying with the jet lcngth. The

stagnation of the flow in the chamber which occurs ideally is replaced by a condition of stagnation

over a region of varying geometry which includes part of the tube. The condition of extended

stagnation is a consequence of a continuous exchange of acoustic information throughout the region

occupied by the jet. Some mass exchange occurs during the period when the jet intrudes into the

tube, but it is much smaller than that which would occur under ideal conditions.

The presence of the jet implies, then, that there may not necessarily be a large pressure drop

between the chamber and the tube entrance. The pressure drop from the combustion chamber to

the tu e for the lumped parameter simulation shown in Figure 22 is 60 MPa. The pressure drop

associated with the long jet in Figure 24 is 2 MPa from the chamber to the throat. Thus, the

pressure drop from the combustion chamber to the tube may be overestimated by the lumped

parameter model in cases in which extended jets are present.

The effect of the jet on the pressure and velocity gradients is significant from two perspecties.

First, estimates of tube thickness and resulting gun mass are based upon expected pressures and

temperatures. If the pressure drop between the combustion chamber and gun tube are

over-estimated, estimates of required tube thickness will be inaccurate. On the other hand, in the

case of an extended jet the pressure in the tube will be higher then in the ideal situation. Heat

transfer and wear characteristics will also be affected by the relocation of the region of maximum

convection. Secondly, experimental data from RLPGs should be viewed with consideration given to

the presence of a jet. Analysis of firing data, especially pressure differences between gages, should

be viewed with the concept of a jet in mind. Differences in the tube gages may be reflective of

the intrusion of a jet. On the other hand, if a jet is believed to intrude into the tube, pressure

gages may be located to determine jet length from pressure histories.
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8. EFFECT ON LIQUID ACCUMULATION

An impor.ant factor in RLPG operation is liquid accumulation in the combustion chamber and

possibly in the tube. Estimates of accumulation are usually derived from experimental data by

comparing the amount of liquid propellant injected (determined by the direct measurement of piston

position) to the liquid propellant energy released (as measured by pressure and projectile motion).

Estimates have ranged as high as 40% for some guns and regimes of the RLPG. Accumulation is

usually conceptualized as a cloud of dispersed droplets which may be totally or partially

decomposed. It seems 'ikely that a model of a liquid jet would also exhibit this feature, especially

for longer jet breakup coefficients when the jet is disintegrating slowly. In an effort to quantify

and compare accumulation between various jet lengths, the following data are presented.

One measure of accumulation is the departure from the steady state regime as shown in

Figure 26 for JBUCs of 0.2, 0.6 and 0.9. Figure 26 displays the ratio of the rate of injection to

the rate of disintegration of the liquid propellant versus :;me. The definition of steady state used

here is that the rate of injection of the liquid propellant is equal to the rate of disintegration. That

is, steady state in Figure 26 occurs at a value of 1.0. For values greater that 1.0, the liquid is

being injected faster than it is disintegrating leading to accumulation.

All jet breakup coefficients show the initial injection of liquid as the piston begins to move at

about 0.1 ms. The short jet remains closest to steady state, although some accumulation does

occur. The ratio of injection to disintegration for JBUC of 0.6 shows a rate of injection about 2.5

times the rate of disintegration for the early portion of the injection cycle. As thc JBUC increases

further to 0.9, the rate of injection is substantially higher than the rate of disintegration reaching a

maximum ratio of approximately 4.0. itnplying that a large quantity of unburned liquid propellant

accumulates in the combustion chamber and tube. These results confirm the observations from

Figures 4 and 5 in which up to 10% of the mass was seen to accumulate in the jet for a JBIUC ol

0.6 and 20% for a JBUC of 0.9.

A comparison with the chamber pressure-time curve for the long jet in Figure 17 shows that

the increasing ratio of liquid injection to disintegration corresponds to the relatively long, slow rise

in chamber pressure from 0.0 to 2.5 ms which, for this JBUC, may be categorized as the stan-up

regime. As ,he chamber pressure rapidly increases from approximately 2.5 ms to 3.5 ms in Figure

17, the ratio of injection to disintegration of liquid propellant rapidly falls in Figure 26 with the

endpoint at 3.7 ms mark-nig the end of piston motion. Thus, there is a significant amount of
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Figure 26. Ratio of Rate of Injection of Liquid Propellant to Rate of Disintegration of Liquid
Propellant for JBUC=0.2. 0.6 and 0.9.

accumulation during the start-up region for a large jet breakup coefficient which is dissipated after

piston motion has bccn established.

In general, consideration of a liquid jet can result in significant liquid accumulation in the

combustion chamber and the tube for larger jet breakup coefficients. As the jet length increases,

accumulation also increases. If droplets are assumed to strip from the jet and burn, the quantitative

values of liquid accumulation will change to reflect an even higher liquid accumulation.

9. COMPARISON TO EXPERIMENTAL DATA

This study is intended only as a theoretical study of the predicted influence of liquid jets on

the interior ballistics of regenerative liquid propellant guns. Therefore, no direct comparison with

experimental data has been attempted. There is no correlation of jet breakup coefficients with the

combustion process in the RLPG, and an assessment of the model's validity in the RLPG has not

hccn established. However, it is tempting to conclude with several observations of published

expcrmcntal data and the similarities to the model.

An overview of the RLPG by Morrison et al12 describes data from a 105mm firing of a

Conccpt VI RLPG, a fixture similar in design to that used in the model. Figure 27 shows slightly
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Figure 27. Experimental Combustion Chamber Pressure Data from Three 105-mim Firings
of a Concept VI RLPG.
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Figure 28. Simulation of Combustion Chamber Pressure for at 105-mm Glun With a L0,10 et.

flattened pressure-time curves in experimental data with at distinctive peaking at mximium pressuire.

A simulation of a 105-mm gun shows similar pressure curves for longer jets shown in FicureI- 2S.

TIhe distinctive shape of the pressure-time curve has not been produced by any oilicr 1\1-)e ol,
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simulation. Although the similarities are not a validation of the model, it appears that the model

qualitatively describes some observed characteristics of the regenerative liquid propellant gun.

10. CONCLUSIONS

A fully one-dimensional model of a regenerative liquid propellant gun has been presented in

which the liquid jet is explicitly represented. The usual modeling assumption of stagnation in the

combustion chamber has been replaced by considering a liquid jet which may extend into the tube.

Performance and pressure gradients have been related to the model of the jet and to the jet breakup

coefficient which determines the disintegration rate of the jet. The major observations are:

1) The mass in the system can be divided into four components: booster propellant in the

liquid reservoir, a liquid jet which extends into the combustion chamber and may extend

into the tube, liquid droplets which are stripped from the jet, and gas. In this study only

booster, jet and gas were considered. As the jet breakup coefficient increases, the jet

extends further axially and contains more mass.

2) Perhaps contrary to intuition, results of the one-dimensional modeling argue against a

ballistic advantage of extended liquid jets in a regenerative liquid propellant gun. Although

jet breakup length modestly affects performance of the small caliber 25-mm regenerative

liquid propellant gun under consideration, it is not considered to be a significant factor.

3) Consideration of a jet affects the chamber pressure history in the gun. If the jet intrudes

into the tube for most of the injection cycle, the stamation condition ideally associated with

the chamber is extended into that part of the tube occupied by the jet. As a result, mass

transfer at the entrance to the tube is very small by comparison with that which occurs in

the ideal situation. However, the long jet deposits energy closer to the projectile base,

maintaining the projectile acceleration.

4) The presence of a jet is reflected in the pressure drop between the combustion chamber and

tube. The pressure drop is much less pronounced for jets intruding into the tube,

particularly when compared to a lumped parameter representation. However, the pressure

drop is evident further down the tube at the leading edge of the liquid jet.
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5) Experimental data from RLPGs should be viewed with consideration given to the presence

of a jet. Differences in the tube gages may be reflective of the intrusion of a jet.

6) As jet breakup length increases, liquid accumulation increases. In this study up to 20% of

the total mass accumulates in the combustion chamber and tube as unburned liquid

propellant.

7) Although no direct comparison with experiments is made, some observed characteristics of

experimental data are reflected by the model.
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APPENDIX A:
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SIMULATION OF INTERIOR BALLISTICS OF HYBRID LIQUID PROPELLANT GUN

VERSION OF JUNE 20, 1985

25MM, INLINE, OTTO II, LUMPED PARAMETER

OPTION SWITCHES

NRGEN(O=CONVENTIONAL RLPG,I=REVERSE ANNULAR) 2
(2=CONV. COMPOUND,3=RAP COMPOUND)

KINI(0=INFINITE HELMHOLTZ MIXING RATE,
1=FINITE RATE
2=FINITE RATE,FINITE BOOSTER JET ) 0

KIN2(0=INSTANTANEOUS DROPLET COMBUSTION,
I=FINITE RATE) 0

ICP (0 - USE VENT AREA)
(1 - COMPUTE VENT AREA FOR CONST. PRES.)
(2 - COMPUTE VENT AREA FOR CONST. ACC.) 0

IPAR (0 - NORMAL INPUT)
(1 - COMPUTE LIQUID & COMBUSTION VOLUMES)
(2 - COMPUTE LIQUID VOLUME FROM C/M) 0

NHTW (0 - WALL TEMP. NOT UPDATED
(1 - WALL TEMP. UPDATED) 0

JHTW (0 - NO HEAT LOSS)
(1 - HEAT LOSS TO TUBE) I

NTF\M (Nn OF TUBE INITIAL TEMP. PROFILE ENTRIES 0
NENV (NO. OF TUBE INTERVALS FOR PRESS ENVELOPE) 0
NPISR (0 - NO PISTON RESISTANCE

(I - PISTON RESISTANCE FUNCTION OF TRAVEL
(2 - PISTON RESISTANCE FUNCTION OF VELOCITY 0

NCD (0 - CD IS CONSTANT)
(1 - CD IS FUNCTION OF PISTON TRAVEL) 0

NORVS (0 - NO BACKFLOW TO LP BOOSTER CHAMBER)
(I - BACKFLOW IS ALLOWED) 0

IGNITR (0 - BOOSTER IGNITER NOT MODELED)
(I - BOOSTER IGNITER IS MODELED) 0

IGNLOC (0 - BOOSTER IGNITER NOT ON SIDEWALL)
(1 - BOOSTER IGNITER IS ON SIDEWALL) 0

NXPEL (0 - TC EXPULSION CHARGE NOT PRESENT)
(1 - TC EXPULSION CHARGE IS PRESENT) 0

NARB (0 - VENT GEOMETRY NOT PRESCRIBED BY ARBV 0)
(1 - VENT GEOMETRY SPECIFIED BY ARBVEN)

LOGOUT PARAMETERS

SAVE ON UNIT 8(0=NO,I=YES) 0
START FROM UNIT 8(0=NO,>0=STEP TO START) 0
PLOITING ON LOGOUT(0=NO,I=YES) I
NUMBER OF STEPS BEFORE LOGOUT 9999
TIME INTERVAL BEFORE LOGOUT(MSEC) 0.100
DEBUG PRINT REQUIRED (0=NO, I=YES) 0
INPUT DATA PRINTED (Y=0,N=I) 0
TRAJECTORY DATA PRINTED (Y=0,N=I) 0
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EXTRA TRAJECTORY DATA PRINTED (Y=O,N=I) 0
MASS BAL. REG 1>4 DATA PRINTED (Y=0,N=I) 0
MASS BAL. REG 5>8 DATA PRINTED (Y=0,N=I) 0
ENERGY BAL. REG 1>4 DATA PRINTED (Y=0,N=I) 0
ENERGY BAL. REG 1>4 (CONT) DATA PRINTED (Y=0,N=I) 0
ENERGY BAL. REG 5>8 DATA PRINTED (Y=0,N=I) 0
PROFILE AND PLOT DATA PRINTED (Y=0,N=I) 0

TERMINATION PARAMETERS

NUMBER OF INTEGRATION STEPS 99999
TIME INTERVAL(MSEC) 100.000
PROJECTILE TRAVEL(CM) 213.300

INTEGRATION PARAMETERS

NUMBER OF POINTS ASSIGNED TO TRAVELING CHARGE 0
MAXIMUM NUMBER OF POINTS ASSIGNED TO TUBE 41
MINIMUM MESH SPACING IN TRAVELING CHARGE(CM) 0.500
MINIMUM MESH SPACING IN TUBE(CM) 0.100
C-F-L SAFETY FACTOR(-) 2.000
FLUX CONVERGENCE TOLERANCE(GM**2/SEC**2) 0.010
SOURCE TERM STABILITY FACTOR(-) 0.050

DESCRIPTION OF TUBE

NUMBER OF PAIRS OF OBTURATOR RESISTANCE DATA 3
AIR SHOCK RESISTANCE(0=-NO,I=YES) 1
TUBE DIAMETER(CM) 2.500
TUBE ENTRANCE COEFFICIENT(-) 1.000

OBTURATOR RESISTANCE

PROJECTILE TRAVEL(CM) RESISTANCE(MPA)

0.000 10.000
0.010 5.500

213.300 5.500

PROPERTIES OF GAS IN FRONT OF PROJECTILE

INITIAL PRESSURE(MPA) 0.100
INITIAL TEMPERATURE(DEG.K) 300.000
RATIO OF SPECIFIC HEATS(-) 1.400
MOLECULAR WEIGHT(GM/GMOL) 28.960

PROPERTIES OF PROJECTILE
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MASS(GM) 97.300
LOCATION OF BASE WITH RESPECT TO TUBE

ENTRANCE(CM) 0.000
TRAVEL REQUIRED TO INITIATE VENTING OF

TRAVELING LIQUID CHARGE(CM) 0.000
DENSITY OF AFTERBODY MATERIAL(GM/CC) 0.000
PRESSURE FOR SEPARATION OF TLC FROM BASE OF

PROJECTILE(MPA) 0.000

PROPERTIES OF COMPOUND RLPG BOOSTER

INITIAL VOLUME OF FUEL CHAMBER(CC) 95.061
INITIAL VOLUME OF COMBUSTION CHAMBER(CC) 35.400
INJECTION HOLE AREA(CM**2) 4.897
NUMBER OF INJECTION HOLES(-) 1.000
INJECTION HOLE DISCHARGE COEFFICIENT(-) 0.900

PROPERTIES OF FORWARD CYLINDER

MASS OF PISTON(GM) 685.000
INITIAL VOLUME OF DAMPING LIQUID CHAMBER(CC) 0.000
VO, ". F D.L. RECEIVER CHAMBER(CC) 0.000
FUEL SIDE PISTON AREA(CM**2) 16.504
COMBUSTION CHAMBER SIDE PISTON AREA(CM**2) 18.613
DAMPING CHAMBER SIDE PISTON AREA(CM**2) 0.000
MAXIMUM PISTON DISPLACEMENT(CM) 4.442
% OF MAXIMUM PISTON DISPLACEMENT 0.980

PROPERTIES OF CENTER CYLINDER

MASS OF PISTON(GM) 0.000
INITIAL VOLUME OF DAMPING LIQUID CHAMBER(CC) 0.000
VOLUME OF D.L. RECEIVER CHAMBER(CC) 0.000
FUEL SIDE PISTON AREA(CM**2) 0.000
COMBUSTION CHAMBER SIDE PISTON AREA(CM**2) 0.000
DAMPING CHAMBER SIDE PISTON AREA(CM**2) 0.000
MAXIMUM PISTON DISPLACEMENT(CM) 0.000
% OF MAXIMUM PISTON DISPLACEMENT 0.000

PROPERTIES OF REAR CYLINDER

MASS OF PISTON(GM) 0.000
INITIAL VOLUME OF DAMPING LIQUID CHAMBER(CC) 0.000
VOLUME OF D.L. RECEIVER CHAMBER(CC) 0.000
FUEL SIDE PISTON AREA(CM**2) 0.000
COMBUSTION CHAMBER SIDE PISTON AREA(CM**2) 0.000
DAMPING CHAMBER SIDE PISTON AREA(CM**2) 0.000
MAXIMUM PISTON DISPLACEMENT(CM) 0.000
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% OF MAXIMUM PISTON DISPLACEMENT 0.000

PROPERTIES OF DAMPING LIQUID

DENSITY AT ONE ATMOSPHERE(GM/CC) 1.460
BULK MODULUS AT ONE ATMOSPHERE(MPA) 5103.500
DERIVATIVE OF MODULUS W.R.T PRESSURE(-) 8.217

COMPOUND BOOSTER CONTROL DATA

NPXSGN (0 - FUEL INJECTION AREA GIVEN AS FUNCTION OF
Z-FWD MINUS Z-CENTER) 0

(1 - FUEL INJECTION AREA GIVEN AS FUNCTION OF
Z-CENTER MINUS Z-FWD)

NO. OF DATA TO DESCRIBE FWD CYL DAMPER VENT AREA 0
NO. OF DATA TO DESCRIBE CENTER CYL DAMPER VENT AREA 0
NO. OF DATA TO DESCRIBE REAR CYL DAMPER VENT AREA 0
NO. OF DATA TO DESCRIBE FWD CYL DAMPER DISCHARGE COEFF 0
NO. OF DATA TO DESCRIBE CENTER CYL DAMPER DISCHARGE COEFF 0
NO. OF DATA TO DESCRIBE REAR CYL DAMPER DISCHARGE COEFF 0
NPISRC(I) (0 - NO RESISTANCE FOR FWD CYL) 0

(1 - RES. DEPENDS ON DISP.)
(2 - RES. DEPENDS ON VEL. AND PRES.)
(3 - COMBINATION OF I AND 2)

NPISRC(2) - RESISTANCE LAW FOR CENTER CYL 0
NPISRC(3) - RESISTANCE LAW FOR REAR CYL 0
NSIDEV (0 - RAP INJECTION AS ABOVE) 0

(>0 - NUMBER OF SIDEWALL VENTING DATA)

PROPERTIES OF LIQUID FUEL

DENSITY AT ONE ATMOSPHERE(GM/CC) 1.230
BULK MODULUS AT ONE ATMOSPHERE(MPA) 1206.500
DERIVATIVE OF MODULUS W.R.T PRESSURE(-) 2.500
CHEMICAL ENERGY(J/GM) 3240.807
RATIO OF SPECIFIC HEATS OF PRODUCTS(-) 1.267
MOLECULAR WEIGHT OF PRODUCTS(GM/GMOLI 19.062
COVOLUME OF PRODUCTS(CC/GM) 1.257

INITIAL DATA

PRESSURE OF GAS(MPA) 3.400
PRESSURE OF LIQUID BOOSTER CHARGE(MPA) 2.000
PRESSURE OF LIQUID TRAVELING CHARGE(MPA) 0.000
TEMPERATURE(DEG.K) 1986.000
PRESSURE OF DAMPING LIQUID(MPA) 0.000

DESCRIPTION OF INITIAL CAVITY
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NUMBER OF PAIRS OF DTA TO DESCRIBE CAVITY 0
CAVITY MECHANICALLY STABILIZED(0=NO, I =YES) I

CROSS-SECTIONAL AREA COMBUSTION CHAMBER(CM**2) 25.5200
PISTON TRAVEL - INJECTION AREA TABLE

F. PISTON TRAVEL PISTON TRAVEL(CM) VENT AREA (CM**2)
0.0000 0.000 0.1OOOOOE-01
0.1000 0.449 4.89676
1.0000 4.488 4.89676

THERMAL PROPERTIES OF TUBE

INITIAL TUBE TEMPERATURE (DEG.K) 300.000
THERMAL CONDUCTIVITY (J/CM-SEC-DEG.K) 0.622100
THERMAL DIFFUSIVITY (CM**2/SEC) 0.147100
EMISIVITY FACTOR (-) 1.00000
HEAT LOSS MULTIPLIER FACTOR (-) 1.00000

TOTAL PROPELLANT WEIGHT (GM) 117.2470
TOTAL CHEMICAL ENERGY (KJ) 379.9750
BOOSTER 'WEIGHT (GM) 117.1088
TRAVELING CHARGE WEIGHT (GM) 0.0000000
IGNITER WEIGHT (GM) 0.1382631
LOADENG DENSITY (GM/CC) 0.8987136
C/M 1.205006

45



IN-1 FN'IIONAI LY lul- BlAN-K.

4,o~



APPENDIX B:
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I SIMULATION OF INTERIOR BALLISTICS OF HYBRID LIQUID PROPELLANT GUN
VERSION OF JUNE 20, 1985

25MM, INLINE, OTTO II, JET

OPTION SWITCHES

NRGEN(0=CONVENTIONAL RLPG,I=REVERSE ANNULAR) 2
(2=CONV. COMPOUND,3=RAP COMPOUND)

KIN I(0=INFINITE HELMHOLTZ MIXING RATE,
I=FINITE RATE
2=FINITE RATE,FINITE BOOSTER JET ) 2

KIN2(0=INSTANTANEOUS DROPLET COMBUSTION,
1=FINITE RATE) 0

ICP (0 - USE VENT AREA)
(I - COMPUTE VENT AREA FOR CONST. PRES.)
(2 - COMPUTE VENT AREA FOR CONST. ACC.) 0

IPAR (0 - NORMAL INPUT)
(1 - COMPUTE LIQUID & COMBUSTION VOLUMES)
(2 - COMPUTE LIQUID VOLUME FROM C/M) 0

NIiTW (0 - WALL TEMP. NOT UPDATED
(I - WALL TEMP. UPDATED) 0

JHTW (0 - NO HEAT LOSS)
'I - I >!AT LOSS TO TUBE) 1

NTEM (NO. OF TUBE INITIAL TEMP. PROFILE ENTRIES 0
NENV (NO. OF TUBE INTERVALS FOR PRESS ENVELOPE) 0
NPISR (0 - NO PISTON RESISTANCE

(I - PISTON RESISTANCE FUNCTION OF TRAVEL
(2 - PISTON RESISTANCE FUNCTION OF VELOCITY 0

NCD (0 - CD IS CONSTANT)
(1 - CD IS FUNCTION OF PISTON TRAVEL) 0

NORVS (0 - NO BACKFLOW TO LP BOOSTER CHAMBER)
(1 - BACKFLOW IS ALLOWED) 0

IGNITR (0 - BOOSTER IGNITER NOT MODELED)
(1 -BOOSTER IGNITER IS MODELED) 0

IGNLOC (0 - BOOSTER IGNITER NOT ON SIDEWALL)
(1 - BOOSTER IGNITER IS ON SIDEWALL) 0

NXPEL (0 - TC EXPULSION CHARGE NOT PRESENT)
(I - TC EXPULSION CHARGE IS PRESENT) 0

NARB (0 - VENT GEOMETRY NOT PRESCRIBED BY ARBV 0)
(I - VENT GEOMETRY SPECIFIED BY ARBVEN)

LOGOUT PARAMETERS

SAVE ON UNIT 8(0=NO,I=YES) 0
START FROM UNIT 8(0=NO,>O=STEP TO START) 0
PLOTTING ON LOGOUT(0=NO,I=YES) I
NUMBER OF STEPS BEFORE LOGOUT 9999
TIME INTERVAL. BEFORE LOGOUT(MSEC) 0. 100

DEBUG PRINT REQUIRED (0=NO,I=YES) (
INPUT DATA PRINTED (Y=0,N=I) 0
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TRAJECTORY DATA PRINTED (Y=0,N=I) 0
EXTRA TRAJECTORY DATA PRINTED (Y=O,N=I) 0
MASS BAL. REG 1>4 DATA PRINTED (Y=0,N=I) 0
MASS BAL. REG 5>8 DATA PRINTED (Y=O,N=I) 0
ENERGY BAL. REG 1>4 DATA PRINTED (Y=0,N=I) 0
ENERGY BAL. REG 1>4 (CONT) DATA PRINTED (Y=0,N=I) 0
ENERGY BAL. REG 5>8 DATA PRINTED (Y=0,N=I) 0
PROFILE AND PLOT DATA PRINTED (Y=O,N=I) 0

TERMINATION PARAMETERS

NUMBER OF INTEGRATION STEPS 99999
TIME INTERVAL(MSEC) 100.000
PROJECTILE TRAVEL(CM) 213.300

INTEGRATION PARAMETERS

NUMBER OF POINTS ASSIGNED TO TRAVELING CHARGE 0
MAXIMUM NUMBER OF POINTS ASSIGNED TO TUBE 41
MINIMUM MESH SPACING IN TRAVELING CHARGE(CM) 0.500
MINIMUM MESH SPACING IN TUBE(CM) 0.100
C-F-L SAFETY FACTOR(-) 2.000
FLUX CONVERGENCE TOLERANCE(GM**2/SEC**2) 0.010
SOURCE TERM STABILITY FACTOR(-) 0.050

MAXIMUM NUMBER OF MESH POINTS ASSIGNED TO EACH CHAMBER 21
MINIMUM MESH SPACING IN RESERVOIR(CM) 0.200

DESCRIPTION OF TUBE

NUMBER OF PAIRS OF OBTURATOR RESISTANCE DATA 3
AIR SHOCK RESISTANCE(0=NO, I=YES) I
TUBE DIAMETER(CM) 2.500
TUBE ENTRANCE COEFFICIENT(-) 1.000

OBTURATOR RESISTANCE

PROJECTILE TRAVEL(CM) RESISTANCE(MPA)

0.000 10.000
0.010 5.500

213.300 5.500

PROPERTIES OF GAS IN FRONT OF PROJECTILE

INITIAL PRESSURE(MPA) 0.100
INITIAL TEMPERATURE(DEG.K) 300.000
RATIO OF SPECIFIC HEATS(-) 1.400
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MOLECULAR WEIGHT(GM/GMOL) 28.960

PROPERTIES OF PROJECTILE

MASS(GM) 97.300
LOCATION OF BASE WITH RESPECT TO TUBE

ENTRANCE(CM) 0.000
TRAVEL REQUIRED TO INITIATE VENTING OF

TRAVELING LIQUID CHARGE(CM) 0.000
DENSITY OF AFTERBODY MATERIAL(GM/CC) 0.000
PRESSURE FOR SEPARATION OF TLC FROM BASE OF

PROJECTILE(MPA) 0.000

PROPERTIES OF COMPOUND RLPG BOOSTER

INITIAL VOLUME OF FUEL CHAMBER(CC) 95.061
INITIAL VOLUME OF COMBUSTION CHAMBER(CC) 35.400
INJECTION HOLE AREA(CM**2) 4.897
NUMBER OF INJECTION HOLES(-) 1.000
INJECTION HOLE DISCHARGE COEFFICIENT(-) 0.900

P 'OPERTIES OF FORWARD CYLINDER

MASS OF PISTON(GM) 685.000
INITIAL VOLUME OF DAMPING LIQUID CHAMBER(CC) 0.000
VOLUME OF D.L. RECEIVER CHAMBER(CC) 0.000
FUEL SIDE PISTON AREA(CM**2) 16.504
COMBUSTION CHAMBER SIDE PISTON AREA(CM**2) 18.613
DAMPING CHAMBER SIDE PISTON AREA(CM**2) 0.00
MAXIMUM PISTON DISPLACEMENT(CM) 4.442
% OF MAXIMUM PISTON DISPLACEMENT 0.980

PROPERTIES OF CENTER CYLINDER

MASS OF PISTON(GM) 0.000
INITIAL VOLUME OF DAMPING LIQUID CHAMBER(CC) 0.000
VOLUME OF D.L. RECEIVER CHAMBER(CC) 0.000
FUEL SIDE PISTON AREA(CM**2) 0.000
COMBUSTION CHAMBER SIDE PISTON AREA(CM**2) 0.000
DAMPING CHAMBER SIDE PISTON AREA(CM**2) 0.000
MAXIMUM PISTON DISPLACEMENT(CM) 0.000
% OF MAXIMUM PISTON DISPLACEMENT 0.000

PROPERTIES OF REAR CYLINDER

MASS OF PISTON(GM) 0.000
INITIAL VOLUME OF DAMPING LIQUID CHAMBER(CC) 0.000
VOLUME OF D.L. RECEIVER CHAMBER(CC) 0.000
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FUEL SIDE PISTON AREA(CM**2) 0.000
COMBUSTION CHAMBER SIDE PISTON AREA(CM**2) 0.000
DAMPING CHAMBER SIDE PISTON AREA(CM**2) 0.000
MAXIMUM PISTON DISPLACEMENT(CM) 0.000
% OF MAXIMUM PISTON DISPLACEMENT 0.000

GEOMETRIC DATA FOR CONTINUUM ANALYSIS OF CHAMBERS

DIST. FROM TUBE TO FORWARD CYLINDER(CM) 1.387
DIST. FROM TUBE TO CENTER CYLINDER(CM) 1.387
DIST. FROM TUBE TO REAR CYLINDER(CM) 5.829
DIST. FROM TUBE TO REAR OF INT. CHAMBER(CM) 0.000
DIST. FROM TUBE TO BREECH(CM) 0.000
LENGTH OF INJECTION HOLES IN FWD. CYL.(CM) 0.000

DIST. FROM TUBE(CM) RADIUS OF C.C.(CM)

0.00000 2.8500

30.000 2.8500

DIST. FROM FRONT(CM) RADIUS OF FWD. CYL.(CM)

0.00000 2.7300
30.000 2.7300

DIST. FROM FRONT(CM) RADIUS OF CENT. CYL.(CM)

0.00000 0.80000
30.000 0.80000

PROPERTIES OF DAMPING LIQUID

DENSITY AT ONE ATMOSPHERE(GM/CC) 1.460
BULK MODULUS AT ONE ATMOSPHERE(MPA) 5103.500
DERIVATIVE OF MODULUS W.R.T PRESSURE(-) 8.217

COMPOUND BOOSTER CONTROL DATA

NPXSGN (0 - FUEL INJECTION AREA GIVEN AS FUNCTION OF
Z-FWD MINUS Z-CENTER) 0

(1 - FUEL INJECTION AREA GIVEN AS FUNCTION OF
Z-CENTER MINUS Z-FWD)

NO. OF DATA TO DESCRIBE FWD CYL DAMPER VENT AREA 0
NO. OF DATA TO DESCRIBE CENTER CYL DAMPER VENT AREA 0
NO. OF DATA TO DESCRIBE REAR CYL DAMPER VENT AREA 0
NO. OF DATA TO DESCRIBE FWD CYL DAMPER DISCHARGE COEFF 0
NO. OF DATA TO DESCRIBE CENTER CYL DAMPER DISCHARGE COEFF 0
NO. OF DATA TO DESCRIBE REAR CYL DAMPER DISCHARGE COEFF 0
NPISRC(1) (0 - NO RESISTANCE FOR FWD CYL) 0

(I - RES. DEPENDS ON DISP.)
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(2 - RES. DEPENDS ON VEL. AND PRES.)
(3 - COMBINATION OF I AND 2)

NPISRC(2) - RESISTANCE LAW FOR CENTER CYL 0
NPISRC(3) - RESISTANCE LAW FOR REAR CYL 0
NSIDEV (0 - RAP INJECTION AS ABOVE) 0

(>0 - NUMBER OF SIDEWALL VENTING DATA)

PROPERTIES OF LIQUID FUEL

DENSITY AT ONE ATMOSPHERE(GM/CC) 1.230
BULK MODULUS AT ONE ATMOSPHERE(MPA) 1206.500
DERIVATIVE OF MODULUS W.R.T PRESSURE(-) 2.500
CHEMICAL ENERGY(J/GM) 3240.807
RATIO OF SPECIFIC HEATS OF PRODUCTS(-) 1.267
MOLECULAR WEIGHT OF PRODUCTS(GM/GMOL) 19.062
COVOLUME OF PRODUCTS(CC/GM) 1.257

FINITE RATE HELMHOLTZ MIXING DATA

DROPLET DIAMETER(CM) 0.001
HELMHOLTZ MIXING COEFFICIENT(GM/CM) 0.000

BOOSTER JET PROPERTIES

BREAKUP LENGTH COEFFICIENT(-) 0.200
SURFACE TENSION(GMISEC**2) 20.000
V ISCOSITY(GM/CM-SEC) 0.710OOE-01
NOZZLE INVERSE AREA INTEGRAL(I/CM) 0.000
COEFFICIENT OF RESTITUTION FOR JET IMPACT(-) 1.000
TUBE ADMITTANCE(-) 1.000
INCREMENTLENGTH/MESH SPACING(-) 1.000

INITIAL DATA

PRESSURE OF GAS(MPA) 3.400
PRESSURE OF LIQUID BOOSTER CHARGE(MPA) 2.000
PRESSURE OF LIQUID TRAVELING CHARGE(MPA) 0.000
TEMPERATURE(DEG. K) 1986.000
PRESSURE OF DAMPING LIQUID(MPA) 0.000

DESCRIPTION OF INITIAL CAVITY

NUMBER OF PAIRS OF DATA TO DESCRIBE CAVITY 0
CAVITY MECHANICALLY STAB ILIZED(0=NO, I =YES) I

CROSS-SECTIONAL AREA COMBUSTION CHAMBER(CM**2) 25.5200
PISTON TRAVEL - INJECTION AREA TABLE
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F. PISTON TRAVEL PISTON TRAVEL(CM) VENT AREA (CM**2)
0.0000 0.000 0. IO0000E-01
0.1000 0.449 4.89676
1.0000 4.488 4.89676

THERMAL PROPERTIES OF TUBE
INITIAL TUBE TEMPERATURE (DEG.K) 300.000
THERMAL CONDUCTIVITY (J/CM-SEC-DEG.K) 0.622100
THERMAL DIFFUSIVITY (CM**2/SEC) 0.147100
EMISIVITY FACTOR (-) 1.00000
HEAT LOSS MULTIPLIER FACTOR (-) 1.00000

TOTAL PROPELLANT WEIGHT (GM) 117.2489
TOTAL CHEMICAL ENERGY (KJ) 379.9811
BOOSTER WEIGHT (GM) 117.1216
TRAVELING CHARGE WEIGHT (GM) 0.0000000
IGNITER WEIGHT (GM) 0.1382631
LOADING DENSITY (GM/CC) 0.8987280
C/M 1.205025
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