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PREFACE
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SECTION 1
SUMMARY

1.1 BACKGROUND AND SCOPE

In 1973 a concept for obtaining higher performance from two-stage light gas launchers was
proposed by Physics International Company (PI). The method used explosive drivers to shock heat
a light-gas working medium and inject it ahead of a compressor piston. Calculations indicated that
a significant improvement in ballistic performance would result, making possible the lTaunching of
projectiles three to four times more massive than can be done with existing launchers of the same

bore.

From April 1974 through August 1975, PI conducted a program (Reference 1) to demonstrate the
concept with a launcher of 2.54-cm bore. The objective of that program was to launch 86-gm projec-
tiles to velocities in the range of 3 to 6 km/sec. However, the highest velocity obtained in eight

tests was 2.5 km/sec and the compressor chamber and barrel of the launcher were damaged by erosion.

The Aerotherm Division of Acurex Corporation investigated the PI launcher concept for the

Defense Nuclear Agency. Aerotherm's objectives were:
e Evaluate thermodynamic and gasdynamic Timitations of the PI hybrid launcher

o Recommend configuration and materials changes that promise to significantly improve per-

formance

This report presents the results of Aerotherm's investigations.

1.2 CONCLUSIONS

The observed performance shortfall is ascribed to the particular design of the PI apparatus,

and not to the hybrid concept.

Specifically, Aerotherm has concluded:
e The most important factor in performance shortfall observed with the PI.1auncher was
insufficient working medium for the ballistic cycle. The design mass of hydrogen was

too small, and a significant quantity failed to be injected into the compressor tube.

e The maximum attainable kinetic energy of the 75-mm compressor piston is marginal for

achieving 6 km/sec muzzle velocities




The junction block configurations exceeded the maximum angle(s) for favorable injection
of the driver gas, causing reduction of the driver gas injection rate for large driver

to compressor diameter ratios

Driver injection and termination dynamics resulted in a significant fraction of the

driver gases being trapped between the termination flanges and injection ports

The explosive drivers jetted, which may have led to contamination of the driver gas and

particle erosion of internal surfaces

Momentum losses through the boundary layer within the barrel severely limited accelera-
tion of the projectiles beyond 300 barrel diameters. PI's design calculations excluded
viscosity effects, and because of this, the barrel length chosen was much too large (576

diameters)

Heat losses were not a major cause of performance shortfall; they could account for no

more than about one-tenth of the observed reduction of muzzle velocity

Computed heat loads are high enough to cause melting of the steel barrel's inner surface,

particularly near the chambrage plane. Melting was observed in the experiments.

If used in conjunction with properly tailored ballistic cycles, barrel inserts/liners
of tungsten (or possibly an ablative material such as carbon) can protect the barrel

from destructive melting

The thermodynamic description of the hydrogen driver gas must account for molecular co-

volume and vibration as well as dissociation




SECTION 2
INTRODUCTION

The PI projectile launcher is a hybrid design incorporating a shock-heated light-gas working
medium with a conventional two-stage ballistic cycle. In principle, the preheated working medium
leads to substantially higher reservoir energy densities for a given volume of compressor section.
This in turn leads to lower pressure gradients throughout the launcher for any ballistic cycle, in-
cluding a constant base pressure cycle. As a result, substantially higher muzzle velocities for
large mass to diameter projectiles are possible within the pressure limitations of launcher design.

With the PI launcher, however, ballistic performance, gauged by projectile muzzle velocities, was

deficient.
In ar to determine the causes for performance shortfall, the following possible loss
mechanis fied:

erly operating explosive drivers
e Incompatible injection geometry
® Projectile/barrel friction
e Momentum losses to the barrel boundary layer
e Heat losses through the boundary layer and consequent erosion

This report documents the Aerotherm investigation of the feasibility of the PI projectile

Tauncher as follows:

e Hydrogen is characterized as a Van der Waals gas subject to molecular vibration and

dissociation
e Baseline predictions define ideal launcher performance

e Parametric results show performance sensitivities to the amount of working medium avail-

able for ballistic cycles and to various other important ballistic parameters




® The loss mechanisms discussed above are evaluated for impact on ballistic performance
e Material response is determined for the predicted heat loads

On the basis of these considerations, design modifications to achieve desired performance levels are

recommended.




SECTION 3

ESTIMATES OF PI LAUNCHER PERFORMANCE

This section describes a method for estimating the performance of the PI launcher under

idealized conditions. This method leads to reasonably accurate estimates of projectile velocity for

representative iduncher conditions and is used to assess the sensitivity of muzzle velocity to vari-
ations of key ballistic parameters. These idealized performance estimates define the framework within

which various loss mechanisms can be evaluated.

The method of estimating performance is based on a simple thermodynamic approach to describe
the shock compression and injection of gas by the explosive drivers, the compression of the gas by
the first stage piston to a reserveir state, and the acceleration of the projectile. Throughout

these calculations, an accurate equation of state for hydrogen is used (see Appendix A).

Performance estimates are made by considering the operation of the launcher system. The

system begins at an ambient state characterized by a mass of gas at initial pressure and temperature.

The explosive drivers are then actuated to process the driver gas, increasing the energy of the gas

by an amount equal to the work done by the collapsing driver, pAV. The driver gas is considered to

be completely injected into the compressor section and the compressor piston then covers the driver

gas injection ports. The compressor piston, having been accelerated into a vacuum prior to reaching

these ports, will add energy to the gas by compression as it decelerates to zero velocity. In this

model, the compressor piston decelerates to rest before the projectile is allowed to accelerate. The

final compressed state is then used to estimate projectile velocity with a preburned-propellant bal- g

listic model.

In reality, the projectile begins to accelerate before the compressor piston decelerates to
rest. Consequently, the method used here somewhat overestimates the reservoir pressures, temperatures,
and sound speeds. However, for a sufficiently long launch tube, the estimated muzzle velocity using

this method is accurate.*

The various steps in the performance calculation are now described in detail.

-
Future performance estimates should be made using a 1-1/2-D finite difference code incorporating
the more accurate equation of state for hydrogen used in this report.




3.1 SHOCKED GAS STATE IN THE EXPLOSIVE DRIVERS

The explosive drivers can be modeled as a constant velocity piston (at the detonation velocity
of the explosive) which drives a shock wave into the driver gas. Knowing the initial driver gas
pressure and temperature and by measuring the shock velocity, the gas conditions behind the shock

can be calculated by solving the conservation equations and the equation of state of the gas.

The conservation equations across the shock, expressed in shock coordinates are:

S e ( ]
o 2 (1)
Pyt Py V" = Py + 0y vy g
2 2
8 Eg i Xg- = El-+ Xl 1
2 02 2 i f 2 1

where p = pressure
p = density
v = particle velocity in shock coordinates

e + p/D
p/o
shock jump relations for a nonideal gas)

, (enthalpy parameter introduced for convenience to preserve the ideal form of the

and e = specific internal energy (see Appendix A)
The equation of state is:

p = p(Tya,0,a,b,8 ) (see Appendix A)

where T = temperature

a = degree of dissociation

1 a = Van der Waal's attraction constant
1 i
b = covolume constant
gv = characteristic vibrational temperature
; These equations are solved by an iterative process to obtain Pos Pps €55 and Vos and trans-

formed back to laboratory coordinates by

where u, = particle velocity behind the shock in laboratory coordinates

observed shock velocity in laboratory coordinates

w
"




The shocked gas states for various shock wave veiocities (6.0 km/sec < s < 10.0 km/sec) into
hydrogen initially at 300°K and 350 psia are summarized in Table 1. Intermolecular attraction and
dissociation are negligible, but covolume and molecular vibration play an important role. Pressure
behind the shock is relatively insensitive to covolume forces, but flow Mach number and density ratio
across the shock are significantly affected by covolume forces. The calculated variation of flow
Mach number and density ratio with shock velocity are shown in Figure 1 with and without covolume
forces. Calculated particle velocity and shocked pressure variation with shock velocity are shown

in Figure 2.

When the explosive driver is operated within its range of ideal performance, the particle
velocity behind the shock is equal to the detonation velocity of the explosive and conditions behind
the shock are constant. PI used nitromethane explosive (D = 6.25 km/sec). For hydrogen initially
at 300°K and 350 psia, the shock velocity should be 7.8 km/sec; thus, in subsequent launcher perfor-
mance estimates, the explosive drivers are assumed to operate ideally and shocked gas conditions cor-

responding to a driver's shock velocity of 7.8 km/sec are used.

3.2 CALCULATION OF RESERVOIR CONDITIONS

The initial state of the PI launcher system is taken as

Initial pressure, P;

Compressor T /Project11e
piston at 1 //// u =0
velocity, > P
U
inj
o A
s /
Initial
pressure, pj
where P; = initial driver pressure
pj = initial compressor pressure

T] = ambient temperature
u_ = projectile velocity
u: . = compressor piston velocity at injection port
From the initial temperature and loading pressures the mass of gas, G, can be determined. The

initial energy of the system is then given by:

E; = 5/2 RT; x 6 (2)

where R = gas constant of molecular hydrogen




TABLE 1. CONDITIONS BEHIND A SHOCK IN HYDROGEN INITIALLY AT 350 PSI AND 300°K

Full Equation of State
(km/ssec) (Ii) (gm%mﬂ Et?; 2 fadiab  Tisent (kmj%ec) (kml/lgec) 2 e
—_— ]
9.0 2699 0.0104 1.31  0.0009 1.410 1.497 4.35 .31 1.68 53l
8.5 2467 0.0101 1.16 0.0004 1.415 1.497 4.15 6.86 1.65 520
8.0 2239 0.0099 1.03 0.0001 1.420 1.501 3.96 6.42 1.62 5.07
Liss 2019 0.0096 0.90 <0.0001 1.424 1.503 3. 75 5.98 1559 4.95
7.0 1810 0.0094 0.78 1.427 1.509 3565 555 1.56 4’.81
6.5 1610 0.0091 0.67 1.431 1.514 3.35 5.11 1.53 4.67
6.0 1422 0.0088 0.57 1.433 859 5119 4.67 1.48 4.5]
Covolume Suppressed
E 9.0 2804 0.0116 1.34 0.0012 1.358 /4306 3.90 7.49 1.92 5.96
8.5 2561 0.0113 119 0.6005 1.364 1232} 3.74 7.04 1.88 5.81
; 8.0 2324 0.0110 1.05 0.0002 1.369 HE4 327 3157 6.59 1.85 5.66
Ei 705 2096 0.0107 0.92 <0.0001 15375 1.334 3.40 6.14 1.81 5.50
7.0 1878 0.0104 0.80 1.380 1.343 322 5.69 17T 5.31
6-5 1671 0.01700 0.69 1.385 1}:352 3.05 5.24 172 b212
6.0 1476 0.0097 0.58 1.388 1.362 2.88 4.79 1.66 4.94




o]
: (1]
p)
2
]l <
s
%
s
!
] 1.
300°K
i = 350 psi
1.4 , : |
6 7 8 9 10
s (km/sec)
6. '%
a
=2
<
o
53 5.
. 1 300°K
l}
= 350 psi
4.0 , ' |
N 7 8 9 10
s (km/sec)

Figure 1. Mach number and density ratio dependence on shock velocity,
with and without covolume effects.
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When the explosive drivers are actuated, the volume of the system changes and the explosively
formed "pistons™ do work at constant pressure. After driver operation is complete, the system has

a total energy of:

where AV = change in volume for both drivers resulting from pressure tube collapse

Py = pressure behind the driver shock

A1l gas processed by the explosive drivers is now assumed to be carried by its own momentum into the

compressor section and trapped there when the compressor piston just covers the injection ports.

The compressor piston, separated from the rest of the system by a diaphragm, is accelerated
into a vacuum. In moving from the diaphragm position just upstream of the injection ports to the
point where it just covers the injection ports, trapping the injected gas, the compressor piston

does negligible work on the system. System energy is still accurately given by Equation (3).

At this point, the system is considered to be in a state shown by:

5
where €3 = §
Py = density of the 2as, G/Vinj
(Vini = volume of the compressor section at injection port closure)

These two state variables are sufficient to determine all other state variables in the system using

Figures A-1 thrcugh A-5 in Appendix A, or numerically using relations (A-1) to (A-7), also in Appendix A.

Compression is assumed to take place isentropically. and work is done on the system by the
compressor piston as it decelerates and gives up its kinetic energy to the gas. Compression begins
at piston velocities of 3,500 fps (1.1 km/sec) or less, so that the kinetic energy of the gas is
always much less than its internal energy. Compression can be modeled as a series of equilibrium

states.




Pressures and densities at constant entropy are determined graphically from Figures A-1 to A-5,

or numerically from relations (A-1) through (A-7).

As the compressor piston decelerates, the gas density increases as the volume of the compressor

section decreases. The relation between gas density and compressor section geometry is

G
p= = (4)
[vinj Ax
where A = cross sectional area of compressor section
x = distance measured from downstream edge of injection port

The pressures and densities at constant entropy are fitted to a power relation of the form*
P=np' (5)

Using (4) and (5), the deceleration of the piston is calculated by integrating the expression

Pg 2
M . Ui s
/ pdx = (1/2) B2l (6)
5

where Py = Pressure when compressor piston stops
Py = pressure after injection but before compression

M = compressor piston mass

pist

Performing the indicated integration to the position where the piston comes to a stop:

: 1
Cr=T) Mo o U (1-y) |+—
Vinj [ pist “inj 4, 1-y

Y inj
Xog = 2nG (7)
p A

where ps indicates "piston stop."

This equation gives the distance from the downstream edge of the injection port to the point
at which the piston stops, assuming full injection, no losses, and no projectile motion. However,
in reality, complete injection never happens, losses occur, and the projectile begins to move before
the compressor piston stops. As a result, the piston will stop further downstream than indicated by

(7).

*
This equation gives an accurate representation of pressure variation with density for calculating
the deceleration of the compressor piston. This is the only place it is used in this procedure.

16




be] as =0
AT = 1°K
Vi = fBY |22
isent p Ap 4S =0
AT = 1°K
where C = sound speed
Yisent = isentropic index
AS = change in entropy

Once xpS is determined, reservoir density, Py is determined from (4). Since compression was
assumed to be isentropic, S4 = S3 (where S = entropy) and the reservoir state is completely determined
from the two state variables 04 54, and Equations (A-1) through (A-7). Alternately, the reservoir state

can be determined graphically from Figures (A-1) through (A-5).

Dimensions and volumes for various configurations used by PI are given in Figure 3 and Table 2. 1
Calculated reservoir states are given in Table 3 for several configurations and initial conditions

of the PI launcher.

Since the hydrogen is partially dissociated and influenced by covolume forces and molecular

vibration, the sound speeds and isentropic indices were computed numerically from relations (A-1),

(A-2), and (A-5) using

8]

Reservoir temperature, T4, is shown in Figure 4 as a function of reservoir density, for
ceveral pressures and scaled sound speeds, C4/y4. Figure 4 is used later in estimating heat loss

from the reservoir.

3.3 CALCULATION OF BALLISTIC CYCLE PERFORMANCE

The calculation of projectile velocity is made by isentropically expanding the gas from the
reservoir state using the preburned-propellant gun model and curves of Seigel (Reference 2). In
this model, the compressor piston is assumed to have decelerated to rest permanently, prior to pro-
jectile acceleration, hence the reservoir geometry is constant. In using Seigel's preburned-propel-
lant gun results, the reservoir is characterized by pressure, Pgs sound speed, C4; gas mass, G;
isentropic index, Vg5 and compressor to barrel diameter ratio, 021. The launch tube has length L and

the projectile is characterized by its mass, Mp.

Typical performance curves are shown in Figures 5 to 7. These curves were derived by computer
solution of the characteristic equations for various gas to projectile mass ratios, G/Mp, and the

reservoir to launch tube diameter ratio, 02]. The curves are displayed with the dimensionless pro-
P AL

jectile velocity u = up/c4 plotted against the ballistic parameter x = TRos
p4

i
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Figure 3. PI hybrid two stage launcher geometry (see Table 2




TABLE 2. DIMENSIONS AND VOLUMES FOR PI LAUNCHER TESTS (SEE FIGURE 3)
L'f'c‘r?lgh Test 1 Test 2 Test 3 Test4 Test5 Test6 Test7 Test8
A 417.83 417,83 417.83 @ 417.83
B 20.32 20.32 20. 32 38.74
G 394.97 394.97 394.97 394.97 394.97 394.97 394.97 394.97
D 35.56 35.56 35.56 35.56 35.56 35.56 35.56 45.72
E 240.94 240.94 240.94 240.94
B 18.03 18.03 18.03 18.03 18.03 18.03 18.03 18.03
G 19.69 19.69 19.69
H 5.08 5.08 5.08
J 1143 11.43 11.43
ki 22.86 22.86 50.80 50.80 50.80 50.80 57.15 67.15
v 400.05 400.05 400.05
8 (degrees) 45° 45° 45° 45° 45° 45° 24°
Volume
(cm?)
Driverip}é;;ﬁ;e 77777777 N S B
tubes to flange 25,963 25,963 25,963 12,982
Driver flange to
compressor port 1:s287 1,287 1,287 1227
Compressor
between diaphragm
and projectile 13,304 13,304 13,304 13,780
Compressor after
port closure 125352 12,5352 124352 710
AV due to
driver operation 25,232 25,242 @ 25,242 12,621
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Figure 4. Loci of possible reservoir states.
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These curves are available for v,

Seant 1.1, 1.4, and 1.67. In the range of conditions in

which the PI launcher operates, the reservoir gas is vibrationally excited, partially dissociated,
and is in a density range where covolume forces are significant. These reservoir conditions must be

converted into equivalent conditions compatible with Siegel's curves.

Glass (Reference 3) has shown that muzzle velocities are nearly invariant for reservoir gases
of the same scaled sound speed, C4/Y4 where the condition uy <2 C4/Y4 is satisfied. For conditions

typical of the PI launcher, this condition is always met.

Thus, for a reservoir with a calculated C4 and Yq» N equivalent reservoir with CA and Y& =

1.1, 1.4, or 1.67 can be specified where C4/Y4 = CA/YI4‘

The Seigel curves assume ya is constant throughout the projectile acceleration. When covolume
forces are not present, this assumption is valid over the range of operating conditions characteris-
tic of the PI launcher (Reference 4). When covolume forces are important, this assumption leads to

slightly lower calculated muzzle velocities.

Based on the calculation procedure illustrated in Appendix B, performance estimates for the

initial conditions of Table 3 are presented in Table 4. Some conclusions are worth noting:

e Evacuating the compressor section results in a smaller G/Mp but a higher reservoir

specific energy. Projectile velocity is only slightly higher.
e Substantial performance increases result if piston energy is increased

e Optimum performance is achieved if the compressor section is evacuated, piston energy

is maximized, and if the G/Mp ratio is greater than 1

The upper limit on muzzle velocity for the present configuration of the PI launcher can be es-
timated by this method. As poted previously, this estimate assumes ideal driver operation, full in-
jection, and no loss mechanisms. To estimate the upper 1imit, the following initial conditions are

used:
e Initial driver pressure is doubled to 700 psia to increase the G/Mp ratio
e The compressor chamber is evacuated to maximize reservoir specific energy
e The 75 mm gun is operated at its performance limit to maximize compressor piston energy

The state variables and conditions which are achieved through these modifications are pre-

sented in Tables 3 and 4 (Table Index T8). The calculated muzzle velocity for the 86 gram projectile
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TABLE 3. CALCULATED? DRIVER, COMPRESSOR, AND RESERVOIR STATES FOR SEVERAL DRIVER/COMPRESSOR CONDITIONS

700 < 199

Driver Compressor Reservoir
Initial Shock Piston Piston Initial Max piston stop Py Ts g oy Cq Table
Pressure Pressure Mass Velocity Pressure from transition : 5 3 e Y
Toet) (kilobars) ) Cknfsec) (psi) (e (kilcbars) (°k) (gm/cm®) (%) isent (km/sec) Index
350 0.974 2724 0.91 350 101.35 2.98 3715 0.0159 1.0 1.52 5.34 m
Test 7
350 0.953 2724 0.91 350 84.58 2.89 3715 0.0187 .0 1.26 4.43 12
Test 7, covolume
suppressed
350 0.974 2724 0.91 3.7 81.79 2.94 4785 0.0124 5.5 1.40 B.75 13
350 0.974 3450 0.91 3.7 63.25 4.07 5050 0.0156 5.0 1.43 6.12 T4
350 0.974 2724 0.91 350 52.32 3.88 3613 0.0201 1.0 1.64 5.66 T5
Test 8 1 driver
700 1:99 4540 0.91 350 118.36 5.20 4155 0.0226 1.8 1.66 6.18 T6
700 1.99 4540 0.91 37 105.92 5.05 4803 0.0196 4.5 1.52 6.29 17
700 1.99 4540 1.07 3.7 81.03 7.40 5120 0.0250 5.5 1.61 6.95 T8
700 1.99 4540 0.76 3.7 134.87 3.61 4534 0.0156 3.5 1.45 5.80 T9
4540 .22 3.7 64.01 10.47 5425  0.0308 6.5 1.7 7.63 Tio

dcalculation procedure

7

is described in Appendix B.




TABLE 4. CALCULATED?® LAUNCHER PERFORMANCEb FOR SEVERAL DPIVER/COMPRESSOR
CONDITIONS (RESERVOIR CONDITIONS OF TABLE 3)

Driver Compressor Reservoir Launch Cycle

Initial Piston Piston Initial Py C4/{4 M u Table

Pressure  Mass  Velocity Pressure : Pl G/M K P
(psi) fors) (knfsecy  tosi) (Kilobars) (km/sec) (gms) p (km/sec) Index

= S ssEasos s e -:—*—:—*»*'**--*“v':{

350 2724 0.91 350 2.98 3.51 8  0.95 3.70 i
Like Test 7¢

350 2724 0.91 350 2.89 3.52 86 0.96 3.67 T2
Covolume suppressed

350 2724 0.91 3.7 2.94 4.11 86 0.62 3.80 13
350 3450 0.91 3.7 4.07 4.28 86 0.62 4.28 T4
350 2724 0.91 350 3.88 3.45 87.4 0.64 3.74 T5

Like Test 8°

700 4540 0.91 350 5.20 3.72 86 1.57 4.65 T6
700 4540 0.91 3o 7 5.05 4.14 86 1.23 4.81 T7
700 4540 1.07 3.7 7.40 4.32 86 1223 5.39 T8
700 4540 0.76 3.7 3.61 4.00 86 1.23 4.28 T9
700 4540 i1l.22 357 10.47 4.46 86 123 6.12 T10

4Calculation procedure is described in Appendix B

®for L/D = 300

(- ; e
Experimental velocities were about 70 percent of these ideal results




is 5.39 km/sec. Thus in the present configuration (75 mm gun, 2 drivers), the upper performance

limit under ideal conditions appears to be about 5.5 km/sec (18,000 fps).

Reconfiguration of the system, such as addition of another driver and use of a larger first
stage, is necessary to increase the performance limit to the design goal of 6.1 km/sec. In fact, the
performance limit calculated under the above idealized conditions should be somewhat greater than
6.1 km/sec to provide some margin for loss mechcnisms such as incomplete gas injection, reservoir

heat loss, and boundary layer effects.

3.4 SENSITIVITY OF MUZZLE VELOCITY TO RESERVOIR AND LAUNCHER PARAMETERS
The sensitivity of muzzle velocity to the following parameters has been evaluated:
e Barrel length to diameter ratio, L/D
e Hydroaen gas to projectile mass ratio, G/Mp
e Compressor piston energy

® Reservoir pressure, Py and scaled sound speed c4/Yisent

Figures 8 and 9 show the variation of muzzle velocity with barrel L/D for conditions typical
of the PI tests. As will be discussed in Section 4, projectile velocity is not expected to increase
significantly beyond a barrel L/D of about 300 because of boundary layer effects. The performance
predicted by PI, however, depends on the velocity calculated for a barrel L/D of 576. For conditions
representative of the PI tests, the last half of the barrel would contribute an additional 15 to 20
percent to projectile velocity, if boundary layer effects did not exist. It is therefore important
in future work to use barrel lengths no greater than about 300 L/D's in preliminary performance
estimates.* In assessing the sensitivity of muzzle velocity to varying G/Mp, Pgs and C4/y4, the

barrel length is henceforth considered fixed at 300 L/D's.

Figures 10 and 11 cover the range of Py and C4/y4 of the PI tests; they show that muzzle velocity
is quite sensitive to the G/Mp ratio for the range of design G/Mp values in the PI tests (0.62 <
G/Mp < 0.92 without any losses). From these results it can be concluded that any loss of driver gas
during driver operation, injection, compression, or initial projectile acceleration in the PI tescs
would seriously degrade anticipated performance. A G/Mp ratio of 1.5 to 2.0 would seem to be a good

design goal since small gas losses could be incurred without seriously degrading performance.

*However. no performance penalty should result from experimenting with a large L/D launcher to derive
experimental data on the benefits of incremental lengths. Similarly, larger L/D's could be con-
sidered when boundary layer effects are adequately accounted for in the evaluation procedure.
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Further increases in the G/Mp ratio would not lead to substantially better performance, but would

provide a larger margin against the inevitable gas losses.

Another important design goal would be to maximize the compressor piston energy, since piston
energy has a strong effect on muzzle velocity. (For example, piston energy controls final reservoir
density and adds substantial energy to the reservoir.) Figure 12 shows that under typical operating
conditions, a 40-percent increase in piston velocity results in a 26-percent increase in muzzle

velocity.

The method used herein is accurate for estimating muzzle velocities and assessing the sensi-
tivity of performance to variations in G/Mp ratio, scaled sound speed, C4/Y4, etc. In these calcula-
tions, it is assumed that the projectile is restrained until the compressor piston has come to rest.
Actually, the projectile is well into the launch cycle before the compressor piston comes to rest,
so that peak reservoir pressures and sound speeds are considerably lower than those calculated. The
calculated pressure levels shown in Figure 13 are thus unrealistically high, but the figure does
illustrate the sensitivity of muzzle velocity to peak pressure. If the G/Mp ratio is adequate (i.e.,
G/Mp > 1), the failure to develop full design pressures will not seriously affect muzzle velocity,
provided that the scaled sound speed remains high. At G/Mp levels much less than 1.0, as in some of

the PI experiments, performance is quite sensitive to reservoir pressure levels.

Figures 14 and 15 illustrate the sensitivity of muzzle velocity to scaled sound speed, C4/Y4

in the reservoir. The combination of high sound speed, C, and low isentropic index, Yg» leads to

4
the highest muzzle velocities. The scaled reservoir sound speed is an important parameter. It can
be substantially lowered by heat transfer losses during the launch cycle and lowered further if heat

transfer is severe enough to trigger erosion and ablation.

In a gas where covolume effects are important, both sound speed, C4, and isentropic index,
‘4 increase rapidly with further increases in density. However, the scaled sound speed, C4/y4 in-

creases gradually and closely follows the rise in internal energy, e,

In summary, these studies show that projectile velocity increases with barrel length, gas-to-
mass ratio, compressor piston velocity, reservoir pressure, and scaled speed of sound in the reser-
voir. The L/D effect is small beyond 300 even when boundary layer effects are ignored. On the other
hand, performance is quite sensitive to gas-to-mass ratio below unity, which was typical of the PI

experiments.
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Substantial gains in performance can be expected by utilizing the maximum capability of the
75 mm gun to benefit from increased peak chamber pressure and scaled speed of sound. However, the
capability of the 75 mm gun is marginal in terms of achieving the desired 6.1 km/sec muzzle velocity

for an 86 gm projectile in a 2.54-cm (1~inch) diameter launch tube.
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SECTION 4
FACTORS DEGRADING PERFORMANCE

This section will deal with the difficulties in obtaining the desired chamber conditions in
the launcher, based on the driver and injection processes. Losses accrued during the ballistic cycle

after completion of injection will also be evaluated.

4.1 GAS CONDITIONS GENERATED BY THE EXPLOSIVE DRIVERS

In the ideal mode of explosive driver operation shown in Figure 16 (no jetting, no gas Tloss,
no radial expansion), the particle velocity behind the shock is equal to the explosive driver detona-

tion velocity. The shockec :as density and pressure remain constant behind the shock.

In practice, this mode of operation can be maintained up to approximately 10 pressure tube
diameters of shocked gas. Thereafter, the momentum of boundary layer gases is sufficient to prevent
complete collapse of the pressure tube. The system then begins to lose driver gas, with an accompany-

ing decrease in shock velocity after a suitable communication time.

During ideal operation, the volume of shocked gas compressed by the shock wave is equal to
the total volume processed by the shock, divided by the compression ratio across the shock. Also,
to properly determine the position of the shock relative to the detonation wave, the volume of the
collapse cone must be included. This is true because with a typical collapse half-angle of 9°, the
volume of the collapse cone is about 10 percent of the total volume for the maximum length of shocked

gas in ideal drivers.

It can be shown that the distance between the shock and the detonation wave, should be

X D
= t
Cots (3‘2] = 6 tan o (8)

"

where X distance shock has travelled in unshocked gas

= compression ratio

F2)
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Figure 16. Ideal explosive driver operation.
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D, = pressure tube inside diameter

collapse half-angle

a
"

A driver will jet when the collapse process is overdriven. Under these conditions, the maxi-

mum amount of jet material possible is determined from<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>