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1. INTRODUCTION

Gun systems in use within the military can generally increase lethality and/or survivability when
operating at higher projectile muzzle velocities. Such higher performance will yield longer ranges for
artillery, shorter time-of-flight for antiaircraft guns, and longer standoff or better armor penetration for tank
guns. With current budgetary constraints, it is advantageous to look for performance improvement using
existing weapons. This retrofitting will necessitate using concepts that must operate within certain
constraints imposed by existing systems. For guns, this means operating at or below specified maximum

pressures with a predetermined maximum gun chamber volume and a given gun tube length.

The objective of this report is to examine propulsion options such as high loading densities, high-
energy propellants, and electrothermal-chemical (ETC) propulsion and to determine performance
improvements possible in a 120-mm tank cannon. Although other propellant systems such as liquids and
slurries are also being considered to improve performance (Chiu and King 1993; Juhasz et al. 1993), this
report is confined to the study of solid propellants.

2. IDEAL GUN PERFORMANCE

We will consider here the optimum performance potential of the M256 120-mm tank cannon. The
maximum ideal performance of the gun is achieved when the propellant ignites and generates sufficient
gas to immediately reach the maximum operating pressure. As the projectile moves down bore, the
propellant mass generation rate is such that a constant pressure (CP) is maintained in the breech until the
propellant is consumed. The projectile continues to move down bore to the muzzle exit, driven by an
adiabatic isentropic expansion of the gases. This process imparts the theoretical maximum energy for a
given amount of propellant to the projectile within the constraints of the gun envelope. Such an idealized
pressure-time history is illustrated as (A) in Figure 1. (These calculations were performed with the
IBHVG2 [Anderson and Fickie 1987] interior ballistics code.)

In its essential form, the energy of the burning propellant is converted into the kinetic energy of the
projectile, the kinetic energy of the accelerating gases, and the residual internal energy of the gases in the
gun. Some energy is also lost to heating the gun walls, recoil, rotating projectile, etc., but the sum of
these contributions is negligible compared to the first three. Figure 1 illustrates the calculated pressure-
time histories for a 19-perforation propellant (B) where the mass of propellant (input energy) is the same
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Figure 1. Pressure history calculations; (A) constant pressure, (B) 19-perf.

as utilized in the CP calculation (A). A representative "19-perf" hexagonal grain is illusirated in Figure 1.
The "web" is defined as the distance between the perforations.

Table 1 gives a listing of several different caliber guns and experimental velocities along with
corresponding results from constant pressure calculations (no losses were assumed). It is clear from
Table 1 that existing guns have been designed to perform in a nearly ideal fashion for a given mass of
propellant—that is, the experimental velocities are within 90-95% of this ideal velocity. Thus, if
significant performance improvement is to be realized, a substantial increase in energy input to the gun,
combined with continued nearly ideal operation, must be obtained. Increasing the energy in the chamber
can be achieved by (a) increasing the mass of propellant or loading density (LD) (which is the mass of
propellant/chamber volume), (b) increasing the inherent chemical energy of the propellant, or ©
introducing electrical energy in the form of a plasma. These concepts and their implementation (i.c.,

attempting to operate at ideal conditions in a 120-mm cannon) are discussed in the following sections.
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Table 1. Experimental and Constant Pressure Velocities for Various Cannons

Gun | Caliber | Vel Exp. | Vel. CP | Ve, /Vep
(mm) (m/s) (m/s)

L70 40 1,005 1,079 0.93

IMI 60 1,620 1,781 0.91
M68 105 1,486 1,620 0.92
XM25 | 120 1,739 1,828 0.95
5"/54 127 839 879 0.95
M198 155 826 884 0.93

3. PERFORMANCE CALCULATIONS

3.1 Increased Propellant Mass or Loading Density. Interior ballistic calculations were carried out to

determine the performance improvement by increasing the propellant mass or LD. The performance
change is measured in percent change in projectile energy (1/2 mv2) at the muzzle compared with the
MB829A1 cartridge used in the M256 120-mm tank cannon. The pressure-time history for this cartridge
is shown as (B) in Figure 1. Figure 2 summarizes these calculations for several propellant grain
geometries (1- and 7-perforation cylindrical and 19- and 37-perforation hexagonal). The x-axis represents
the percent increase in total chemical energy obtained by increasing charge mass (i.e., loading density
relative to the baseline M829A1, which is 0.9 g/cm3). The origin of this graph or zero point baseline
represents the reference muzzie energy of the M829A1 cartridge. The calculations were carried out in the
following way: for a given loading density, the perforation diameter was fixed at a nominal practical
value (0.558 mm); a nominal grain length was chosen; and the web (and consequently the grain diameter)
was allowed to vary to achieve the prespecified maximum pressure of 558 MPa. These calculations then
give the maximum velocity consistent with the gun and propellant constraints. The muzzle energy change
for this calculation was then plotted in Figure 2. Results are given for loading density increases of 20,
40, and 50%. The constant pressure calculation that represents the best possible performance is also
shown. It is disappointing to note that not only is the increase in performance with increasing loading

density small (for the granulations shown), but in most cases it actually decreases.
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Figure 2. Potential performance change with increased LD.

What is the reason for these results? The primary reason lies in the maximum pressure constraint of
558 MPa and its implications on the mass generation rate, dm/dt, of the propellant. Simplified versions

of the equations describing the pressurization process within the gun chamber are given in equations 1-3.

PV = RT/W) xm , 0y
dm/dt=pxSXr, @
and
r=bxP", (3)
where

P = chamber pressure,
V = free volume in the chamber,

R = gas constant,




T = propellant gas temperature,

W = molecular weight of propellant gas,
m = mass of propellant,

p = solid propellant density,

S = solid propellant total surface area,

r = propellant linear burn rate, and

b,n = propellant specific parameters.

If the propellant loading density is increased, then the free volume, V, in the chamber is decreased. Thus,
for increased loading density, to keep the pressure P in equation 1 from exceeding the maximum allowed,
the mass of propellant m at a given time (found from equation 2) must be decreased (T and W for solid
propellant products remain essentially constant at maximum pressure). Since p and r for a given
propellant at pressure P are fixed, the surface area, S, must be decreased. In practice this is accomplished
by changing the dimensions of the grain such as that shown in Figure 1, specifically by increasing the
web. However, calculations have shown that the buming surface area after the maximum pressure has
been reached is also smaller than for the lower LD case. Consequently, the propellant may not bum out
before the projectile reaches the muzzle. This is illustrated in Table 2. As an example, at a 40% increase
in LD, only 58% of the 19-perf propellant is consumed before the projectile exits the gun. In Figure 3,
a calculation of the pressure-time histories for this condition (B) and the constant pressure condition (A)

is given.

Table 2. Propellant Mass Fraction (Z) Burned at Muzzle Exit for LD Increase

LD
Increase | 37-Perf | 19-Perf | 7-Perf | 1-Perf
(%) @ 2 (2) V4

0 1.00 1.00 1.00 1.00
20 1.00 0.98 0.90 0.69
40 0.79 0.58 0.50 0.42
50 0.51 0.38 0.34 0.31

After the maximum pressure, there is a much steeper pressure drop than for the situation depicted in

Figure 1. The total propellant surface area for this case does not allow all the propellant to burn before

5
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Figure 3. Pressure-time history calculations for 40% increase in LD for (A) constant pressure and
(B) 19-perf hex.

muzzle exit. Examination of Figure 2 shows that for a 40% increase in LD, the constant pressure
calculation yields a 23% increase in muzzle energy, but the 19-perf propellant shows a 32% decrease
compared with the baseline case. To illustrate this quantitatively, calculations were carried out for the
baseline (19-perf) case, with a charge whose increase in loading density was +50%. The resultant

pressure-time and propellant total surface area-time data are plotted in Figure 4.

It is seen that the initial surface area for the entire charge at time t = 0, for the baseline calculation
is 3.2 m?, and for the +50% LD is 2 m2. Just beyond the maximum pressure the baseline surface area
is 5 m2 whereas that of the +50% LD case is 2.5 m?. Note also that pressure-time curve for the baseline
case is much broader than for the +50% case. Figure 5 shows the surface area for the 19-perf grain as
a function of time for a number of cases, starting with the baseline case and going to an increase in LD

of 20%. A systematic decrease in surface area can be observed throughout the ballistic cycle as the

loading density increases.
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Referring to Figure 2, the charges incorporating 37-perf grains geometry performed better than the
19-perf because of the fact that the surface area for this geometry is more progressive-—that is, the surface
area increases more rapidly as the propellant burns, increasing the mass generation rate later in time as
seen in Figure 6 (19-perf [C]; 37-perf [D]). The surface area increase is smaller for the 7-perf grain (B)
as is seen in Figure 6. In the case of the 1-perf geometry (A), the surface area actually decreases as the
propellant burns, resulting in a smaller amount of propellant burned prior to muzzle exit and consequently

a lower velocity.
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Figure 6. Normalized area vs. mass fraction burned; (A) 1-perf, (B) 7-perf, (C) 19-perf, (D) 37-perf.




Nominal practical perf diameters and length/diameter ratios were chosen for these calculations. The
normalized surface area is defined as the total surface area after a given mass fraction has burned divided
by the total surface area of the unburned propellant. The surface area for a 1-perf geometry actually
decreases as the propellant burns. The 37-perf shows the largest increase. Table 2 lists the mass fraction
of the propellant burned at muzzle exit for all of the grain geometries illustrated in Figure 2.

To summarize, although increasing loading density will provide additional energy, current solid
propellant geometries (assuming no change in propellant burn rate) will not permit operation near the
constant pressure profile (Figure 2). Consequently, the potential performance gain from the increased
loading density cannot be realized without burn rate modification, as discussed later in this report.

3.2 Increasing Propellant Energy or Adding Electrical Energy. Calculations were carried out to

examine the percent muzzle energy change when increasing the thermochemical energy density (impetus
increase without a change in ) of the propellant or by introducing electrical energy without changing
propellant mass. The way the latter is accomplished will be discussed in a subsequent section, but for now
it will be treated the same way as an increase in chemical energy—that is to say, the propellant chemical
energy will be increased numerically by the amount of electrical energy added (this assumes a 100%

efficiency of electrical energy to chemical energy conversion).

As described in the previous section, calculations optimized with respect to velocity were carried out
with a fixed perf diameter and a fixed grain length. The web was varied to achieve the 558 MPa.
Figure 7 shows the results. The 7-, 19-, and 37-perf grain propellants show performance improvement,
but the 1-perf does not. Referring again to equation 1, the mass of the propellant and, hence, the free
volume in the chamber has not changed. However, the energy has increased. The energy is directly
proportional to the temperature T, and (for fixed molecular weight, W) consequently the mass m(t) must
be decreased, just as in the increased loading density case, so as not to exceed the maximum operating
pressure. As previously discussed, this must be accomplished by decreasing the surface area, S, which
leads to a surface area inadequate for complete combustion of the propellant for most grain geometries.
Table 3 shows the mass fraction burned at muzzle exit for all grain geometries shown in Figure 7.
However, as opposed to the LD increase in Figure 2, there are substantial increases in performance

compared to the zeropoint chamber energy for each grain geometry, although, in the 1-perf case, the

performance never matches the baseline.
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Table 3. Propellant Mass Fraction (Z) Burned at Muzzle Exit for Chamber Energy Increase

There is an improvement in the percent muzzle energy increase over the loading density data in
Figure 2 because only the temperature T is increased with an increase in chemical/electrical energy. But
with the increase in loading density, the free volume V is decreased and the mass, m, is increased which
results in a greater reduction requirement in surface area (equations 1-3). Table 4 shows the propellant
web (thickness of propellant between perforations, Figure 1) required for the data shown in Figures 2

and 7.

Energy
Increase | 37 perf | 19 perf | 7 perf | 1 perf
(%) @ @) (2 ¢)
0 1.60 1.00 1.00 1.00
20 1.00 1.60 0.99 0.88
40 1.00 1.00 0.97 0.78
50 1.00 0.99 0.94 0.73

10




As was discussed earlier, as the web is increased, the overall grain size increases, which results in a
decrease in surface-to-volume ratio. Hence, for a given mass of propellant, the total propellant surface
area will decrease as the web is increased. Thus, as either the LD or propellant energy is increased, the
web must also be increased, leading to a decrease in total propellant surface area and a resultant lowering
of gun efficiency. Figure 8 illustrates the data from Table 4 columns 3 and 8, the web change as a
function of percent increase of LD, and energy for a 19-perf grain geometry.

19-PERF

LD INCREASE

ENERGY INCREASE

30
% INCREASE

Figure 8. Web change for 19-perf geomeiry.

Table 4. Propellant Web Requirements for Increased LD and Propellant Energy

Web | Web
LD Energy
Increase | 37-perf | 19-perf | 7-perf | 1-perf § Increase | 37-perf | 19-perf | 7-perf | 1-perf
(%) (mm) (mm) | (mm) | (mm) (%) (mm) | (mm) | (mm) | (mm)
0 1.90 2.01 2.02 2.80 0 1.90 2.01 2.02 2.80
20 2.47 2.76 292 | 444 20 2.15 2.31 2.37 3.39
40 3.35 4.18 4.71 7.93 40 2.40 2.62 2.73 4.03
50 420 5.83 6.90 12.3 50 2.52 2.79 2.90 4.36

It should be noted that the baseline reference point calculation uses a chemical energy of 41.6 MJ.
Suppose that electrical energy in the form of a plasma were used exclusively to increase the muzzle

energy. Examination of Figure 7 indicates that if a 23% increase in muzzle energy were desired, then a

11




50% increase in input energy would be required with a 37-perf grain configuration. A power supply in
excess of 20 MJ would also be required, which would be too large for a mobile tank gun system. Thus,
although increasing propellant energy by using electrical energy input would be beneficial, increasing the
loading density must also be considered for energy enhancement to achieve increased performance.
Additionally, as is shown in section 3.1, to achieve a significant performance increase from high loading

densities, methods to operate at near ideal performance must be developed.

To summarize, at the present and in the foreseeable future, increases in chemical energy density or
impetus will probably not exceed 10-20%. As seen in Figure 7, this would yield at best a 5-10% increase

in muzzle energy.

4. REALIZING PERFORMANCE IMPROVEMENT FOR HIGH LOADING DENSITIES

The key to approaching the ideal (constant pressure) performance is to increase the energy generation
rate after the maximum pressure is attained in the gun. From equations 1 and 2, this can be accomplished
by increasing the surface area S, the temperature T (the propellant chemical energy density), or the bumn
rate 1, after the maximum pressure has been reached. This problem has been addressed from the
propellant surface area and propellant formulation (burn rate differentials) standpoint by Robbins and
Worrell (1992). It is informative to find out what increase in bum rate is required to approach ideal
performance for different grain geometries. The results of the calculations for pressure vs. time for the
7-perf propellant at +20% LD are shown as (1) in Figure 9. The percent muzzle energy changes relative
to the baseline M829A1 charge are also shown. The burning rate coefficient, "b," in equation 3 was
allowed to vary linearly from "b," at peak pressure (2.65 ms), up to "2b" at 4.45 ms. The bum rate
coefficient then remained at "2b" until burnout. The effect of the change in burm rate on the pressure time
history is shown as (2) in Figure 9. All propellant was consumed prior to the projectile exiting the tube.
The muzzle energy increase has substantially improved and is approaching the ideal constant pressure
value (+12.4%) for this LD.

When similar calculations were carried out for the 1-perf granulation propellant, a coefficient of "3b"
was required to improve the performance. The surface area for the 1-perf propellant does not increase
with mass fraction burned as does the 7-perf geometry, requiring a much larger increase in burning rate
to yield the needed gas generation rate. On the basis of Figure 2, it is expected that the increase in bum
rate required for 19- and 37-perf propellants will be less than 2b.

12
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Figure 9. Effect of burn rate increase; 7-perf, LD = +20%.

The conclusion from this study is that performance improvement can be achieved by going to higher
loading densities, but enhanced energy (mass) generation rates are required to realize that improvement
(i.e., to operate near ideal pressure profiles). The next section describes how the ETC concept may be
used to achieve this.

It should be noted that although this work focuses on an effort to use electrical energy to achieve the
burn rate progressivity required to exploit high loading density charges, the burn augmentation has been
addressed by Robbins and Worrell (1992) through a fast core concept wherein two layered propellants
have the required burn rate differential. This problem has also been addressed through the use of deterrent
layers on the outside of ball propellant (Gonzalez et al. 1989), which is used to inhibit the burn rate during
the early stages of combustion. In this way, normalized rates of energy release as a function of weight
fraction bumed (progressivities) that are even in excess of that of the 37-perf propellant have been
achieved (Gonzalez et al. 1989). Although problems have been encountered with this technique in reduced
propellant energy, repeatability of ballistics, and propellant chemistry, further work in this area is being
pursued with new propellant formulations (Olin Ordnance 1994).
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5. ETC PROPULSION

The ETC propulsion concept is shown in the block diagram in Figure 10. Basically, in this example,
a power supply is used to charge a capacitor-based energy storage device that also acts as a pulse-forming
network (PFN). The network is used to generate a high-energy discharge in a plasma tube. The discharge
of the plasma tube deposits the energy in the gun chamber. Over the last few years, a number of alternate
designs have arisen, but the basic concept is to add electrical energy in the form of a plasma to the gun
chamber in a preprogrammed manner. Various investigators have proposed different propellants in the
form of liquids and slurries (Chiu and King 1993; Juhasz et al. 1993). The work discussed here
concentrates on using the ETC concept with conventional solid propellanis. The previous section
demonstrates that to realize the performance improvement at high loading densities, the energy generation
rate must be increased after maximum pressure. Can this be accomplished with eleciric energy by either
directly adding energy after the maximum pressure or by altering the energy generation rate through an

increase in the propellant burmn rate after maximum pressure?

Combustion Chamber

Plasma o
Cartridge 'E{pectule

il ,

\ g /
AN / \
Barrel

Switching
Pulse Forming Intermediate - .
Network (PEN) | & ] Storage <#——  Prime Power

Figure 10. ETC gun concept.

5.1 Direct Addition of Electrical Energy. In Figure 2, one of the calculations carried out was for the

19-perf propellant geometry with a +20% increase in loading density. The pressure-time history for this
calculation is plotted as curve (1) in Figure 11. The muzzle energy was 4% less than the baseline

calculation. The constant pressure calculation for this loading density gave a muzzle energy increase of

16%.
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Figure 11. Effect of adding electrical energy on performance; (1) P-t for 19-perf, +20% LD,
(2) electrical power (4 M), (3) P-t for 19-perf, +20% LD, +4 MIJ electrical energy.

A calculation was now carried out in which electrical energy (4 MJ) was added after the maximum
pressure. The linear power history is shown as (2) in Figure 11. The resultant pressure history is shown
as (3). This calculation yielded a +7.6% increase over the baseline calculation. Compare this to the +16%
for the CP calculation, without electrical energy (see Figure 2). These results are not necessarily optimum,
but it is clear that post-maximum pressure addition of electrical energy shows improvement. Other
calculations using an electrical pulse of 12 MJ and 12 GW yielded a muzzle energy increase of 18%,

which, for current pulse power technology, would require power supply too large for vehicle integration.

5.2 Modification of Propellant Burn Rate With Electrical Energy. As discussed in section 4, a more

efficient use of the propellant energy at the high loading densities can be achieved by increasing the burn
rate after maximum pressure. It is known that propellant bumn rate is affected by the initial ambient
temperature of the propellant. Both theory (Glick 1967) and experiment (Juhasz, Doali, and Bowman
1981) have shown that the bum rate change with grain temperature is anywhere from 0.2 to 0.4 %/K for
M30A1 propellant. In fact, Juhasz, Doali, and Bowman (1981) have indicated that the burning rate change
may be substantially higher at pressures over 200 MPa and 373 K, although reliable data are not available.

15




Experience with gun firings has shown that JA2 propellant may have a temperature sensitivity double
that of M30A1 propellant (i.e., up to 0.8 %/K) (Robbins 1994). These numbers indicate the type of bum
rate change that can be expected with propellants burning at elevated initial temperatures. In the ETC gun
concept, the electrical energy is converted into a plasma and enters, mixes, and envelops the propellant
bed. The plasma temperature (>10,000 K) (Beyer and Bunte 1990) is much higher than JA2 propellant
flame temperature of about 3,400 K, which is one of the highest flame temperatures of all common gun
propellants. High-speed films (discussed later) have shown that the hot plasma envelops the propellant
bed. What might be the bulk temperature rise of the propellant due to radiation absorption during the
several-millisecond duration of the plasma pulse? As first suggested by Robbins (1994), could this

temperature rise produce an increased burn rate that could be used to increase the gun efficiency?

Plasmas are optically dense media that behave nearly as a black-body radiator. The total radiation flux
from a black body varies as T4, and for a flame at temperatures of 3,000 K, it has a value of 450 W/em?.
For the plasma at a temperature of 10,000 K, the flux is 56,600 W/ 2. Figure 12 shows the well-known
spectral energy distribution for black-body temperatures of 4,000, 6,000, and 10,000 K. Table 5 shows
a quantitative breakdown of the energy flux over the infrared, visible, and ultraviolet (uv) spectral regions.
Clearly for the plasma temperatures, the visible spectra (0.3-0.8 pm) are dominant. Most of the radiation
energy occurs in this region, although there is also significant energy in the ultraviolet region. It is also
obvious from Table 5 why plasma radiation (10,000 K) may be significantly more important in a ballistic
event than radiation from JA2 propellant (~3,400 K) as the radiation is nearly two orders of magnitude

larger.
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Figure 12. Black-body radiant flux distribution at 4,000, 6,000, and 10,000 K.
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Table 5. Radiation Flux Spectral Distribution for Black Bodies at Various Temperatures for

Infrared, Visible, and Ultraviolet Speciral Intervals

Infrared (near) Visible Ultraviolet

Temp. Total Flux Flux 0.8-2 ym | Flux 0.3-0.8 pm | Flux 0.0-0.3 pm

(K) (W/em?) (W/em®) (W/em?) (W/em?)
3,000 450 270 66 0.05
4,000 1,440 780 460 3.6
6,000 7,300 2,500 4,200 310
10,000 | 56,600 7,200 33,000 16,000
11,000 82,900 8,600 44,000 29,000
15,000 287,000 14,200 106,000 165,000

A radiation transport program (Cohen et al. 1993) was used to calculate the temperature profiles of
a semi-infinite inert slab subjected to the radiation flux of a 10,000-K radiator such as a plasma, as a
function of time and distance into the slab. To carry this out, the optical absorption properties of the
propellant must be known. Cohen et al. (1993) have measured the extinction coefficient for JA2 at
1.06-ym wavelength. The values found varied from 4 to 21 cm™}, mainly due to the uncertainty of
scattering effects. Measurements were also made with an optical densitometer in the visible region and
gave a value of 13 cm™. The results for the transport calculations are shown in Figure 13, with radiation
flux from a plasma of 1-ms duration with an assumed temperature of 10,000 K. After a pulse of 1 ms,
the temperature is calculated to increase by 175 K at a depth of 200 pm. The model assumes that the
radiation is absorbed only in the solid slab. In the case of a buming propellant, it is possible that
combustion products could absorb some of the radiation. Excluding particulate matter, most of the
absorption from the gas-phase combustion products should occur in the infrared region. Approximately
13% of the radiation of a 10,000-K black body occurs between wavelengths of 0.8 and 2 pm (Table 5 and
Figure 12). Absorption of this percentage of radiation by the gas products would not greatly affect the
results. There is further evidence that absorption of visible radiation by combustion products is not
significant. Burning propellants have been examined optically in numerous experiments, and the surface

is clearly visible. Strong optical absorption would make this observation difficult.

The bulk temperature increase due to the plasma coupled with the burn rate temperature sensitivity
range for JA2 (~0.3-0.8 %/K) would lead to buming rate increases of up to 50-140%. As was discussed
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Figure 13. Temperature profiles of a propellant due to radiation flux.

earlier, a factor of 2 change in bum rate after the maximum pressure would significantly improve
performance for a 7-perf grain geometry (Figure 9). In contrast to these calculations, Figure 14(a) shows
the temperature rise of a slab due to radiation from a black body of 3,000 K, radiation that would be
present from a propellant flame. The temperature rises are insi gnificant. Figure 14(b) illustrates the effect
of the propellant absorption coefficient. Here the absorption coefficient has been raised by a factor of
10 to 100 cm™! with a radiation temperature of 10,000 K. The temperature rises very rapidly but mainly
at the surface and not very deeply in the interior of the propellant. Since the objective is to have the
temperature rise gfter the maximum pressure, it is important that the interior of the grain rise in
temperature since this is the region of the grain that will burn after the maximum pressure. In a practical
case, the grain remains "hot" after the maximum pressure. Calculations also show that if the absorption
coefficient is significantly less that 10 cm™! there will be only a small and insignificant temperature rise.
We have seen from Figure 13 that, for a propellant with the appropriate absorption properties, it is
possible to achieve a significant temperature rise within the body of the propellant. This temperature rise
coupled with the propellant combustion rate temperature sensitivity could cause significant changes in bum

rate during the ballistic cycle.
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Figure 14. Temperature profiles: (a) effect of 3,000-K black-body temperature; (b) effect of
propellant optical absorption coefficient X 10.

However, there are many practical problems in implementing this idea (e.g., introducing the plasma
energy at the correct time in the ballistic cycle and ensuring that the temperature rise penetrates deeply
enough into large grain propellants). Additionally, the temperature rise will be limited by the fact that
the propellant surface is regressing while the heating is taking place and will move into the
radiativelypreheated region of the unreacted propellant. This will depend on the grain geometry and
operating pressure. Thus, although the calculations with this mechanism show the correct order of
magnitude to achieve the necessary bum rate changes, experiments will be required to demonstrate the

practical realization of the phenomenon.

The total electrical energy required to heat up the entire propellant bed should be considered. The
M829A1 charge contains 7.9 kg of propellant. It would require approximately 1 MJ of electrical energy
to raise the temperature of this amount of propellant 100 K. Although all of the parameters of the
problem are of the right order of magnitude, experiments must be carried out to demonstrate the

mechanism’s impact on the burning rate and ballistic performance.

A further application of propellant heating should be mentioned. Because of the burn rate temperature
sensitivity, cartridges are designed to operate under the maximum pressure at the highest operating
temperatures, +50° C. Consequently, when the gun is fired at lower ambient temperatures, the

performance will be reduced. Concepts are being considered for preheating charges in order to recover
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this performance. The heating by the plasma during the ignition phase has shown to beneficially influence
the ballistic temperature coefficient (U.S. Army Space and Strategic Defense Command 1992).

The analysis previously described is based on the assumption that the plasma temperature is
approximately 10,000 K. Table 5 indicates that both the total radiation and the spectra distribution have
a strong dependence on the temperature. At 10,000 K there is twice as much energy in the visible as in
the uv region. However, if the temperature were 15,000 K, there would be significantly more uv radiation
energy than in the visible. Other mechanisms may come into play since uv is known to be absorbed by
combustion products. It is possible that bum rates could be influenced by this interaction. This is not

a subject for study for this present work, but should be examined in future research on the inieraction of

the plasma with the propeliant.

6. EXPERIMENTAL EVIDENCE OF PLASMA MODIFICATION OF BURN RATE

6.1 Direct Interaction of Plasma With a Propellant. Experiments were conducted at North Carolina

State University (Edwards, Bourham, and Gilligan 1995) to study the interaction of plasma with
propellants. Their plasma source is powered by a 17-kJ PFN. It was shown that plasma ignition of JA2
propellant with a 400-ps pulse increased bum rates by a factor of 5 when compared with conventional
ignition and burning. Resulis of these experimenis are shown in Figure 15. The geometry of the
experiment was such that there was a strong flow of the plasma perpendicular to the surface of the

propellant. Although the plasma flow was normal to the buming surface, it is not clear if any erosive

effects were introduced by the plasma flow.

6.2 60-mm ETC Gun Firings. Based on anomalies in attempting to match experimental solid

propellant ETC 60-mm gun firings results with interior ballistic simulations, there is some evidence that
a plasma may affect propellant burn rates. Table 6 gives the gun firing results along with the interior
ballistic calculations. It is seen that the bumn rate coefficient (column 2) had to be increased by over 20%
to approximately match the experimental pressure and velocity (Oberle et al. 1993; Robbins and

Rosenberger 1993).

6.3 30-mm, Disk-Propellant, ETC Gun Firings. Test firings were performed at the U.S. Army

Research Laboratory (ARL) in a 30-mm gun fixture and a 30-mm simulator with chamber volume
(Katulka et al. 1993; Stobie et al. 1993), projectile mass and travel scaled to the 120-mm M256 cannon
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Table 6. Increasing Burn Rate to Effect a Ballistic Match for 60-mm ETC Gun

Burn Rate
Coefficient Exponent Change Velocity Pressure
(m/s) (%) (m/s) (MPa)
Experiment — — —_— 1,040 400
60-mm
0.03612 1.075 0 876 294
Calculation 0.04153 1.075 15 1,002 348
0.04587 1.075 27 1,124 403
0.04696 1.075 30 1,154 420

using plasma augmentation of a JA2 charge of disk propellant (Robbins and Worrel 1992). The propellant
is in the form of disks with axial holes similar to "washers." These are stacked together to form a very
high loading density charge. A photograph of the windowed 30-mm gun simulator with the propelling

charge is shown as (a) in Figure 16. Tests were carried out in this simulator with this charge
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Figure 16. (a) 30-mm simulator; (b) plasma-propellant interaction at 201, 160, and 92 us (top 10

bottom).

configuration 1o study the interaction of the plasma with the propellant. The plasma was injected axially

into the end of the chamber.

A slotted polyethylene centercore tube, coaxial with the chamber, was used (o guide the plasma down
the axis of the charge and, subsequently, radially into the propellant bed. A high-speed clectronic camera
was usced to record the interaction of the plasma with the propellant bed. The results at three different
times arc shown as (b) in Figure 16; clearly the plasma envelops the entire propeliant bed. Plasma can
be seen entering between the propellant disks, a requirement discussed in section 3.2. Having cstablished

that a substantial portion of the propellant bed has been exposed to the plasma radiation, 2 similar charge

[ S
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configuration was set up in a 30-mm gun fixture. The gun chamber and tube pressures were recorded
along with muzzle velocities. The charge configuration was the same as that shown as (a) in Figure 16.
For some tests, a chemical centercore igniter was used in place of the plasma centercore tube. The
purpose of these tests was to have a direct comparison of a chemically- and ETC-ignited charge of the
same configuration and composition. The experimental results were compared with interior ballistic
calculations. The chemical igniter tests were used to establish baseline conditions for the calculations such
as propellant bum rates, projectile shot start, and resistance profiles and heat losses. The ETC firings used
the same parameters with the addition of electrical energy. If the calculations did not agree with the
experiments, a parametric variation of ballistic conditions was carried out to fit the data. For the ETC
tests, the configuration shown as (a) in Figure 16 was used. The results of the test firing and the interior
ballistic calculations carried out to simulate the tests are shown in Table 7 and Figure 17.

Table 7. 30-mm ETC and Conventional Gun Firings and IB Calculations

Electrical
Test, ID Energy Pressure | Velocity
kJ) (MPa) (m/s)
Conventional Ignition 30-mm Firings
Experiment, 0330941 — 84 677
Experiment, 0330942 — 86 682
Calculation, 03309410 — 87 667

D R A N e TR SRR

ETC 30-mm Firings
Experiment, 032594 41 117 741
Experiment, 032894 40 119 751
Calculation, 03259410 36.8 147 797
Calculation, 03259413 18.4 117 736
Calculation, 03259419 36.8 120 743

For the conventional igniter tests, the calculations used burn rates for JA2 with the exception that the
low pressure (<70 MPa) bumn rate coefficient (Calculation 03309410) had to be lowered from 3.589 to
3,30 mm/s to match the experimental results. This is not unreasonable as the bumn rate derived from

closed chamber results is not very well determined at pressures below 100 MPa. This burn rate and all
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Figure 17. Comparison of experimental and caiculated P-t histories for (a) conventional ignition
(exp., 0330941; cal., 03309410) and (b) ETC ignition (exp., 032594; cal., 03259419): P1I,
chamber gauge, P3 tube gauge.

other parameters were then held fixed for the ETC calculations shown in Table 7 (Calculation 03259410)
which, of course, included the electrical energy input. The calculated pressure and velocity were too high
compared with the experiment. Many calculations were carried out in an effort to match the data.
Calculation 03259413, shown in Table 7, used 1/2 the measured input power. The agreement with the
experiment was good. The assumption made in ETC firings is that all the measured electrical energy goes
into the propellant product working fluid. This calculation may be indicating that this is not the case and
that there are losses (higher than normal convective or radiative) not considered. For the final calculation
(03259419, Figure 17[b]), 30% of the propellant was delayed in ignition until after Pmax. The calculated
results are in reasonable agreement with experiment. This computation suggests some kind of delayed
ignition of the propellant due to a nonuniform plasma distribution within the propellant bed.

Summarizing, the results for this plasma/disk propellant gun firings are too ambiguous to determine
the effect of the plasma on buming of the propellant. It may be that the disk propellant configuration is
exhibiting some unusual flow or combustion effect. Anomalous behavior of the disk propellant has been
observed in 120-mm gun firings carried out by Robbins (1994). More tests will be required at higher
energy and longer plasma pulses to test the concept. Meanwhile, current efforts will be concentrated in
further closed chamber fests to be discussed in section 6.5.
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6.4 30-mm, Monolithic-Grain, ETC Gun Firings. Very high loading densities can be achieved by
using monolithic propellant grains. Some tests were carried out (Harris et al. 1993) using a monolithic
grain configuration in a 30-mm gun test fixture. The grain was in the form of a right circular cylinder
with an outside diameter of 28 mm and an inside diameter of 6.1 mm. It was mounted in the chamber,
and the plasma energy was introduced axially down the 6.1-mm hole that ran the length of the propellant
cylinder. With this configuration, the entire inner surface of the grain was subjected to the high velocity
flow and radiation from the plasma. Chamber pressures, projectile muzzle velocities, and electrical power
input were recorded. Interior ballistic calculations were carried out using the IBHVG-ETC code in an
effort to simulate the ballistic results.

Selected experimental data and calculations are given in Table 8. It is seen that the calculations
underpredict the muzzle velocity measured experimenia]ly. This is very evident for Test 22. Lieb and
Gillich (1994) have conducted a post-mortem analysis on propellant grain fragments recovered from the
30-mm gun firings. The scanning electron microscopy technique was applied to various surfaces of the
fragments, and the resulting micrographs provided considerable insight into the possible combustion
mechanisms. Analysis of the photographs indicated the presence of erosive burning, microdeconsolidation,
and in-depth combustion, each of which could augment propellant mass generation rate. Although other
interpretations are possible (Leib and Gillich 1994), the in-depth combustion can be interpreted as coming
from in-depth radiation absorption that raised the temperature at which chemical reactions occurred and

caused an increase in bumn rate.

These interpretations lend some support to the radiation heating model proposed in section 52. It
should also be mentioned that propellant discs recovered from the 30-mm gun firings described in

section 6.3 also showed similar effects as those described previously.

6.5 Closed Chamber Tests. Closed chamber tests were carried out (Oberle and DelGuercio 1994) on

the JA2 disk propellant, with the plasma injection and propellant configuration similar to that described
in section 6.3. The important difference between the closed chamber and the gun tests is that in the closed
chamber, there is no down-bore motion; hence the propellant will not move out of the plasma plume. This
propellant movement could possibly happen in the gun configuration, reducing the effectiveness of the
plasma interacting with the entire propellant bed during the duration of the pulse. The closed chamber
pressure time-data along with the electrical power input have been reduced to the characteristic log of bum

rate vs. log of pressure data shown in Figure 18. The solid straight line is a representation of the
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Table 8. Monolithic Grain ETC Results, Experiment and Calculation

1/2-length charge, 90 g Experiment Calculations
Test | EE | EE Den | Pmax v Pmax v
No. | (k) | (ki/fg) | (MPa) | (m/s) | (MPa) | (m/s)
21 30 0.36 34 245 40 178
22 57 0.69 110 617 58 249
23 45 0.53 110 596 — —_
24 18 0.21 27 173 — —
25 30 0.36 34 240 — —
26 15 0.18 40 310 — —
27 27 0.32 120 520 -— —
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Figure 18. Burn rate of JA2 with plasma interaction.
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conventional JA2 burn rate. Two ETC tests are illustrated, 0315451 (triangles) and 03154S2 (solid). The
pressure at which the electrical pulse was terminated is also shown. The results are ambiguous; S2
indicates a 30% increase in bum rate, but S1 does not show a significant difference. Closed chamber tests
are continuing using a variety of electrical pulses designed to resolve this ambiguity.

7. SUMMARY AND CONCLUSIONS

The analysis presented here indicates that two factors are necessary to increase performance within
a given gun envelope—increased propellant energy and operating at or pear the ideal constant pressure
gun conditions. Increased energy can be attained using increased loading density, new, higher energy
propellant formulations, or additional electric energy, in the form of a plasma, during the interior ballistic
cycle. For the near term, using solid propellants, the last two of these methods by themselves are
impractical, either because developing new, significantly more energetic solid propellants is a difficult task

or because electric power supply sizing issues are expected to remain with us for some time to come.

What remains, therefore, is to increase the energy in the chamber using high loading density charges
of well-characterized, solid propellants. To make practical use of these, however, requires a high degree
of bumning progressivity to make use of the extra energy and to approach the ideal gun performance.
While progressive grain design (19- or 37-perf grains) will permit the use of higher propellant loading
densities, additional burning rate enhancement after maximum pressure is necessary to realize the near
ideal performance. This could be attained by using chemical formulation methods such as deterrents or
other layered propellant formulation techniques. It could also be accomplished by direct influence of

plasma heating on the bumning characteristics of the propellant.

The experimental demonstration of the effect of electrical energy on combustion is somewhat
ambiguous at this time. If, however, further tests confirm the effect of plasma enhancement of bum rate
then it may be possible to couple this effect to high grain progressivity and with the use of deterrents.
This should permit effective use of high-density solid propellant charges in ETC propulsion concepts.

Finally, though only briefly discussed in this report, recent results obtained under an U.S. Army Space
and Strategic Defense Command contract (Propulsion Physics Laboratory, Soreq Nuclear Research Center,
Yavne, Israel) (U.S. Army Space and Strategic Defense Command 1992) indicate that plasma-augmented
ballistics appear to be an effective way of reducing the ballistic temperature coefficient and possibly
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operating the gun at its highest operating pressure at all temperatures. (At these higher pressures, it should
be possible to take further advantage of progressivity increases in high-density charges.)

In summary, a combination of all the approaches discussed in this report will be required to give
significant increases in performance (i.e., increases in loading density, propellant energy density, and
electric energy input for energy augmentation; propellant burn rate control either chemically or through
plasma effects; and elimination of temperature sensitivity). Assuming a loading density of 1.25 g/cm3
(Koszoru 1994), specific energy of 1,380 J/g (20% increase for JA2), 4 MJ of electrical energy, and an
operating pressure of 700 MPa under all ambient conditions—reasonable expectations for future values—a
muzzle energy of 17.2 MJ, 56% above the baseline, could be expected if operation at near ideal (constant
pressure) gun operation could be obtained. This will require not only innovative use of the elecirical
plasma but also substantial gains in propellant chemistry to aid in the necessary tailoring of propellant

bum rates.
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