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I. INTRODUCTION

Interest in consolidated charges has persisted for several years due to
the potential advantages of an increase in propellant charge mass to

projectile mass (c/m) ratio in a given volume. Essentially, this would

result in better performance by increasing the amount of propellant energy
available to do work on the projectile. Consolidated charges were initially

studied as candidates for caseless applications. ' Later, interest

developed in their use in high density cased ammunition, 3 with subsequent
investigations into the advantages of increased muzzle velocity, reduced

ammunition size, and possible reduced temperature effects.
4- 6

However, problems such as difficulty in controlling the propellant mass
generation profile resulting in excessive round to round variability have
prevented the use of consolidated charggs in fieled rounds These problem
areas have been investigated by Juhasz,' Forehno, and May.0 The present

effort is a continuation of previous studies and seeks to increase our
knowledge of consolidated charge combustion.

1J.B. Quinlan, E.F. VanArtsdalen, and M.E. Levy, "Combustible Ammunition for
Small Arms I. Development of Self-Contained Propellant Charge (U),"

Frankford Arsenal Report R-1552, May 1960, AD-239 174.

2M.E. Levy and M.S. Silverstein, "Survey of Combustible Cartridge Research

and Development," Frankford Arsenal Report FA-1665, February 1963, AD-342

609.

3M.E. Levy and J.B. Quinlan, "High Loading Density Propellant Charges to

Develop Increased Velocity," Frankford Arsenal Report FA R-1842, March 1967.

4F.E. Fortino, "Improved Ballistic Performance for 30-mm Ammunition Using
Consolidated Charges," Frankford Arsenal TR-76064, September 1976.

5A.A. Milford and J.W. Silva, "25-mnm Fully Telescoped Caseless Cartridge,"

Winchester Group Research, Olin Corporation, New Haven, Connecticut, Report
WGR-72-234, March 1972.

6"Feasibility Demonstration of 30-mm Caseless/Consolidated Ammunition,"
Hercules, Inc., Systems Group, Bacchus Works, Magna, Utah, Report H237-12-4-

1, Contract DAA25-72-0371, 3 October 1972.

7A.A. Juhasz, I.W. May, and L. Scott, "The Effects of Consolidation on the

Burning of Gun Propellants," Proceedings of the 15th JANNAF Combustion
Meeting, Newport, Rhode Island, Sep 1978, CPIA Publication 297, Feb 1979.

8 F.E. Fortino, "Effects of Consolidation Parameters on the Burning of

Consolidated Propellant Charges," 1979 JANNAF Propulsion Meeting, Anaheim,

California, March 1979.
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As mentioned above, the potential advantage of consolidated charges is
the ability to increase the charge to mass ratio. However, for any given
grain geometry there is a limit to the effect of increased charge weights on
muzzle velocity. After a certain point, webs and dimensions can not be
further optimized and muzzle velocity actually decr ases with increased
charge weight due to incomplete propellant burning.1 u Complete burning
would lead to pressures exceeding the allowable maximum. Presently, it is
necessary to use increasingly progressive propellant geometries (Figure 1)
in order to go to higher loading densities. The progressivity of the
propellants yields initially low gasification rates before projectile
motion, followed by increased gasification rates after increased volume is
produced due to projectile motion. In this way, larger amounts of
propellant may be burned without exceeding the maximum pressure rating of
the gun. It has been shown that 19 per orated propellant grains permit
loading densities up to about 0.9 g/cc. However, consolidation of
propellants can result in loading densities up to and exceeding 1.35 g/cc.
Exploitation of such high loading densities will depend upon whether or not
consolidation provides the required increase in progressive burning through
macroscopic progressivity.

The objective of this investigation was to study the effect of
fabrication techniques on the combustion characteristics of consolidated
charges.

2.0-
. 19-PERP L/D a 2.5

w/d - 4

!i7PERF

1.0

UJ o~s- -PERF
u-0.5

* 00 .2 .4 .6 .8 1.0
FRACTION BURNED

Figure 1. Surface Area vs Mass Fraction Burned Plots
for Propellants with Various Geometries.

91.W. May and A.A. Juhasz, "Combustion Processes in Consolidated
Propellants," 10. Internationale Jahrestagung, ICT, Karlsruhe,
Deutschland, June 1979.

10A.A. Juhasz, I.W. May, W.P. Aungst, J.O. Doali, and R.E. Bowman,
"Combustion Characteristics of Consolidated Propellants," Proceedings of
the 16th JANNAF Combustion Meeting, Monterey, California, September 1979,
CPIA Publication No. 308, December 1979.
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II. FABRICATION TECHNIQUES

The propellant used in this study was a single perforation, double base
propellant, K5, Lot RAD-64597. The composition, dimensions, and thermo-
chemistry of the propellant are given in Table I. The propellant was
processed using three different procedures by three different organiza-
tions. In all cases, the final product was a wafer or "puck" approximately
25.4 mm thick and 36 mm in diameter. Each of the three procedures also
produced samples in three compaction densities: low (1.10-1.20 g/cc),
medium (1.25-1.28 g/cc), and high (1.35-1.39 g/cc).

TABLE I. COMPOSITION, THERMOCHEMICAL AND GEOMETRY DATA; RAD 64597

Ingredient Percent Geometry Data

Nitrocellulose (13.24) 81.65
Nitroglycerin 15.27 length 0.266"
Ethyl Centralite 0.52 diameter 0.053"
Potassium Nitrate 0.82 perf. 0.016"
Barium Nitrate 1.41 web 0.019"
Graphite 0.33
Moisture 0.30
Volatiles 1.85
Graphite Glaze 0.04

Impetus (ft-lb/lb) 365224.00
Flame Temperature (K) 3380.00
Molecular Weight of Gas 25.72
Co-Volume (in /lb) 27.11
GAMMA (ratio of sp hts) 1.22

A. Hercules Inc., Magna, Utah

The following brief description of the Hercules process is excerpted11
from their contract report.

"The loose, dry propellant is weighed out to the desited weight within
a tolerance of *0.04 gram. The propellant is then placed in a mixer cup
which is then placed on the solvator. In the solvator, acetone vapor is
blown into the cup as the cup is rotated on its side. At a predetermined
time, the cup weight is checked to determine if sufficient acetone has been
absorbed. A weight tolerance of *0.07 gram is applied at this point. The
solvated propellant is transferred to the mold in a press and pressed to the
desired length. The mold is held in the closed position for 60 seconds and
the wafer is removed. The wafer is placed in an air circulating oven at

11L.R. Scott, "Traveling Charge Consolidated Propellant, Volume I - Prepara-
tion of Consolidated Charge Increments," USA AMCCOM, Ballistic Research
Laboratory Contractor Report (ARBRL-CR-00408), November 1979.



680 C ±20. Periodic weighing is used to determine when the wafers are
cured. The cured weight tolerance is ±0.07 gram applied to the initial
propellant nominal weight. The cured wafers are inhibited on the perimeter,
when applicable, with EA-946 epoxy (Hysol Division, Bendix Corp.) applied by
hand with a paint brush. An effort is made at the time of coating to fill
all voids in the perimeter surface with the epoxy. The wafers are then
cured at room temperature."

B. Consolidated Development Inc. (CDI), Marion, Virginia

The information given to us by CDI was meager because the company
considered the process to be proprietary in nature. In general, the process
involved vapor phase solvation of the propellant grains using a mixture of
75% acetone and 25% ethanol. After pressing for a prescribed period of
time, the wafers were forced air dried at 500C for 24 hours. The perimeters
of these charges were also epoxy coated.

1 2

C. SCWSL, Picatinny Arsenal, Dover, New Jersey

This work was performed under the direction of Mr. Ludwig Stiefel. 13

The process involved coating the propellant grains prior to pressing with a
binder (a deterrent) of the following composition:

20 grams. . . .Nitrocellulose (12.6% N)
2 grams. . . Di-n-butyl phthalate

378 grams. . . .Acetone

A total of 0.1 cc of binder solution was used per gram of propellant. The
required amount of binder solution was added to the propellant which was
stirred manually to obtain good distribution. The binder-wet propellant was
then transferred to the mold and pressed. Drying was done in a forced
convection oven at 550 C. Drying was stopped when the desired residual
solvent (acetone) level was achieved. The residual solvent levels for the
high density, medium density, and low density samples were respectively,
0.49%, 0.52%, and 0.64%. The loose coated propellant had a residual solvent
level of 0.36%. The perimeters of these consolidated charges were not
coated with epoxy. In the discussion to follow, these charges will be
referred to as the Dover samples.

The charge weights and sample compaction densities of the charges
resulting from the three different procedures are given in Table II.

12Mr. David Cary, Consolidated Development, Inc., Marion, Virginia,
Personal Communication.

1 3Mr. Ludwig Stiefel, SCWSL, Picatinny Arsenal, Dover, New Jersey,
Personal Communication.
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TABLE II. CONSOLIDATED CHARGE SAMPLES

Density Weight

Manufacturer Lot (g/cc) (g)

Hercules HI-1-20 1.20 29.35

HI-1-22 1.25 31.97
HI-1-24 1.35 34.51

CDI 0982-02 1.10 29.24

0982-01 1.25 32.99

0982.03 1.35 35.64

Dover Low density 1.12 29.35
medium density 1.28 31.87
high density 1.39 34.60

III. EXPERIMENTAL

Closed chamber tests were performed on samples using the test fixture

described in Figure 2. The chamber cavity was 40 mm in diameter and 177 mm
long. Experimental loading densities ranged from 0.17 to 0.41 grams per

cubic centimeter depending on propellant compaction density and whether a

single or a two-increment sample was fired. Single-increment charges were
cemented into stainless steel tubes 25 mm long, 39.9 m outer diameter, and

36.4 mm inner diameter by coating the perimeter of the charges with epoxy.
The steel sleeve was then coated with epoxy and cemented in the end of the
chamber opposite the firing head. The same procedure was followed with the
two-increment charges except that the steel sleeve was 50 mm long. Samples
were ignited using 1.2 grams of black powder pellets and an Atlas M-100

electric match. In addition to standard closed bomb studies, interrupted

burning experiments were performed in order to better understand the

deconsolidation process. These required modification of the firing head to
contain a blow-out device. Numerous types of blow-out devices were tried
including various metal discs and even rubber stoppers. One problem was
that if the blow-out pressure was too low, the propellant was not

extinquished. Another was that the blow-out pressures varied according to
the loading density, with the higher loading densities producing higher

blow-out pressures. The most consistent success was obtained using 0.63 mm
thick tempered aluminum discs. In these experiments, a drop cloth was
spread out in front of the chamber to catch unburned propellant for

inspection. Pressure measurements were made with Kistler 607C3 transducers
and Kistler model 504E charge amplifiers. Data acquisition was performed
using a Nicolet Explorer III digital uscilloscope followed by data reduction

on a PDP 11/34 minicomputer using the CBRED2 program.1
4

14 C.F. Price, T.L. Boggs, R. Gould, J.L. Eisel, and D.E. Zurn, "CBRED II

Program as Used With Closed Bomb Testing of Damaged Propellant From LAM
and Shotgun Tests," 15th JANNAF Combustion Meeting, 11-15 September 1978,
Newport, Rhode Island, CPIA Publication 297, Feb 1979, pp. 143-158.
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Figure 2. Test Fixture for Consolidated Charge Firings.

IV. RESULTS AND DISCUSSION

A. Burning Rate Comparisons

Initially, the data were compared by computing the burning rates of the

granular propellant and the effective burning rates of the consolidated

charges assuming loose propellant geometries. It is important to note that

the Dover data were reduced using slightly different thermochemical
parameters in an attempt to compensate for the deterred surface of the

grains. As a result, comparison among Dover samples is valid but there may

be some degree of uncertainty when Dover burning rates and those of other

samples are compared. The typical burning rate curves of granular M5

propellant and the Dover deterred propellant are compared in Figure 3. The

deterred propellant exhibits an overall lower burning rate above 12 MPa.
Further, a break in the slope of the deterred propellant occurs at about 48

MPa. The overall lower burning rate of the deterred propellant may be due

to the diffusion of the deterrent into the interior of the grains.

To obtain a comparison between granular consolidated propellants, it

was necessary to extract effective burning rates fromthe combustion of

consolidated charges. This was done by performing normal closed bomb data

reductions assuming that the original geometry of the propellant has not
changed. This lumps the geometric change into the "linear burning rate" of

the propellant. As a result, the greater the change in sample geometry, the

greater the difference between the loose propellant burning rate and the

effective burning rates of the consolidated grains. Grain collapse or



incomplete deconsolidation will lower the effective burning rate while
essentially complete deconsolidation or grain fracture will result in no
change or even an increase,

let

mA
a
EU - -

-- Loom M (Standard)
-Deterred M5 (Dover)

lel

P-MME3UFRE C(MF3'

Figure 3. Burning Rate Data for Standard Loose M5 vs Loose Deterred M5.

The reproducibility of the effective burning rates obtained from the
consolidated changes was as good as the data obtained from granular
propellant combustion. For all compaction densities, the Dover samples
exhibited the best reproducibility down to approximately 28 MPa. Figure 4
compares the burning rate curves obtained from granular R5 combustion and
the effective burning rate curves extracted from the three different high
density consolidated charges. The anomalous behavior which we observe in
the low pressure region of these curves and the following burning rate
curves may be due to the influence of delayed gas phase kinetics and/or
hydrodynamic effects. An in-depth investigation of this region is needed.
Of the three sources, the charges fabricated by CDI produced the highest
effective burning rates. Therefore, the high density CDI charges apparently
deconsolidate producing fewer aggregates and/or more fractured grains. Note
that the Dover curve exhibits an overall higher slope in comparison with the
other curves indicating a somewhat greater degree of progressivity. The
effects of compaction density and processing techniques within each group of
samples upon the effective burning rates are shown in Figures 5, 6, and 7.
Examination of the curves obtained from the Hercules samples (Figure 5)
indicates that all charges are deconsolidating in a similar manner
regardless of compaction density, implying that the Hercules process is well
controlled. The CDI charges (Figure 6) produced similar low medium density
burning rate curves but the high density sample yielded a curve with a

13



slightly higher burning rate. The greatest disparity in effective burning
rate curves (Figure 7) resulted from the reduction of the Dover data.
Obviously, the medium density charges are deconsolidating in the more

desired manner. Judging by the procedure described for the preparation of
these samples, it is not clear why there should be such a difference in
effective burning rates.

let

hi

L-- I (Standard)DaterraI m5 tDover)
r~"-High Density

.- S-- Narcul ms

~-- CDI
IOs I i

1lot  193 i~

Figure 4. Comparison of Burning Rate Data from Standard Loose M5,
Deterred M5, High Density Dover, High Density Hercules,

and High Density CDI Consolidated Charges.
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Figure 6. Effect of Compaction Density on Effective burning
Rate Data from CDI Consolfdated Chiarges.
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Figure 7. Effect of Compaction Density on Effective Burning
Rate Data from Dover Consolidated Charges.

A comparison of the compaction densities of each fabrication technique
with the resulting effective burning rates proves informative. Reexam-
ination of Figure 4 shows the large difference in effective burning rates
obtained from the three high density samples. In contrast, as seen in
Figure 8, the three medium density samples show little difference in
effective burning rates. The results may be strictly fortuitous, in that at
this compaction density, the mechanical strength of the grains, applied
pressures, and solvent retention combined uniquely to produce a more uniform
product. Additionally, agreement between the effective burning rates of the
three different low density samples was nearly as good as that obtained for
the medium density charges. Clearly, the greatest effect of processing
techniques is in the high density charges where it is probable that grain
collapse and variability in solvent retention may play a major role.

Finally, all of the effective burning rate curves, of the consolidated
charges result in higher burning rate exponents than found for the loose
propellant. This indicates that some macroscopic progressivity expected
from charge breakup is indeed occurring.

16
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Figure 8. Effective Burning Rate Data from Medium Density

Dover, Hercules, and CDI Consolidated Charges.

B. Surface Area Profiles

To determine to what degree progressivity was achieved by the

consolidated charges, it was necessary to develop surface area vs mass

fraction burned plots. The procedure and assumptions involved in this task

are discussed in detail in the report by A. Juhasz, et al. 1 0  The process

involves a "inverse" closed bomb data reduction. The rate of propellant gas
mass generation (dm/dt) in the closed bomb is governed by the expression:

dm/dt = p s r

where p is the propellant density, s is the instantaneous surface area, and
r is the linear burning rate. As a result, knowing dm/dt and the propellant
density, either the surface area or the burning rate can be found if one or
the other is known. In this case the burning rate for loose M5 propellant
was used as an input in CBRED2 to obtain the corresponding surface area
profile (S/So vs mass fraction burned). The ratio, S/So, is determined by
dividing the instantaneous surface area by the initial surface area of the
propellant. The result of a typical run using standard loose M5 propellant
is given in Figure 9. The dotted line represents the ideal surface area vs
mass fraction burned for the propellant grains while the solid line
represents the calculated experimental surface area vs charge mass fraction
burned. We see that there is good agreement between the ideal and the
experimental curves over the 0.1 to 0.8 mass fraction range. The influence

17



of ignition effects flamespread in the loose propellant bed, early low level
pressure waves, and heat loss effects are expected to cause deviations
outside this range.

0

4

.G.

u 0.4.

0. 2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

FRACTION BURNED

Figure 9. Surface Area vs Mass Fraction Plot
for Standard Loose M5 Propellant.

To obtain the surface area profiles for the consolidated charges, the
surface area ratio (S/So) was computed by dividing the experimentally
calculated surface area by the initial surface area of an equivalent charge
weight of loose propellant. The exceptional reproducibility shown in
Figures 10, 11, and 12 for the CDI charges was also typical of the other
charges. I hese results are a major improvement over those previously
reported. Obviously, the black powder pellet ignition system used in the
study has resulted in a more controlled charge breakup regardless of
compaction density and fabrication procedure. The black powder pellet
ignition system was chosen on. he basis of an earlier ignition sensitivity
study of the base propellant.' The improvement in round to round
reproducibility via a tailored ignition system is an important breakthrough
in the development of consolidated charges.

The effects of compaction density upon the surface area profiles are
shown in Figures 3 and 14. The results obtained from the CDI samples
(Figure 13) are similar to those produced by the Hercules charges. As the

1 5A.A. Juhasz and I.W. May, "Igniter Effects on M5 Closed Bomb Burning
Rates," Proceedings of the 18th JANNAF Combustion Meeting, Pasadena,
California, October 1981, CPIA Publication 347, October 1981.

18



compaction density increased, the surface area became more enhanced.
However, the surface area profile curves from the Hercules charges were very

close together which correlates well with the apparently more consistant

charge breakup as evidenced by the effective burning rate curves. As seen

in Figure 14, the trend in surface area profiles is not repeated in the
Dover data. The medium density charges produced a more enhanced surface
area than the high density charges. This difference might be better
understood by an investigation of the mechanical properties of the various

charges and the determination of residual solvent content. Examination of
the above surface area profiles reveals that in all cases, there is some

degree of progressivity compared to the base grain. However, there is no

evidence that one fabrication technique is substantially better than another
in enhancing this effect. As mentioned previously there is anomalous
behavior in the surface area profiles below 0.1 mass fraction burned. This
is not suprising since these data are derived from the burning rate data
which also exhibit anomalous behavior in the low pressure region. Chemical,
optical, and x-ray diagnostic experiments need to be performed to better
understand the combustion phenomena in the low pressure region.

1.0

0.8

- 0.6

b 0.4

U.Uj

u. 0.2 0.4 -0.6 0.8 T.o
FRACTION BURNED

Figure 10. Reproducibility of Surface Area vs Mass Fraction
Plots for Low Density CDI Consolidated Charges.
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Figure 12. Reproducibility of Surface Area vs Mass Fraction
Plots for Meium Density CDI Cosolidated Charges.
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Figure 13. Effect of Compaction Density on Surface Area
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C. Int.rrupted Burning Comparisons

To obtain a better understanding of the deconsolidation process during
combustion, a series of interrupted burning studies were performed as
described in the experimental section. The first experiments involved
duplicate firings of the three different high density single-increment
charges. It was found that the blow-out discs ruptured in the pressure
range of 28 MPa to 35 MPa. Under these conditions, approximately 30% of the
original propellant weight remained within the steel sleeve in a consoli-
dated state. The unburned loose grains and aggregates remaining in the
chamber and those ejected from the chamber were examined microscopically.
In all cases, there were varying degrees of grain collapse with perforation
dimensions ranging from nonexistent to the original state but there were
very few fractured grains. In some cases, there was a reddish exudate on
the surface of the grains which may indicate a pre-ignition pyrolysis
condition. Additionally, most of the grains were sticky and easily adhered
to one another. The number of aggregates were few in comparison to
individual grains. It was not possible to conclude whether there was a
different distribution of individual grains, aggregates, or fractured grains
among the three charges. The most interesting information obtained from
these experiments is shown in Figure 15. We see that the CDI and the
Hercules charges apparently deconsolidated and burned from the center toward
the steel sleeve. However, the Dover charge deconsolidated and burned in
"cigarette fashion" leaving a disc-shaped portion of consolidated propellant
in the rear of the steel sleeve. Obviously, the deterred coating and/or
binder effects produced the desired flamespread through the charge.
Ideally, this is the type of burning that is needed in a consolidated
charge. To determine whether the flamespread characteristics of the Dover
charges held true for two-increment samples, interrupted burning experiments
were performed at approximately 9 MPa. Figure 16 shows that, indeed the
two-increment charge deconsolidated in the same mode as the single-increment
charges. Another series of interrupted burning experiments involving single
and double-increment charges indicated that all charges completely
deconsolidated within the pressure range of 42 MPa to 70 MPa. Since
consolidated charges are expected to function at much higher pressures then
those produced in these closed bomb firings, these charges are breeking up
too low a pressure to produce the needed progressivity.
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Figure 15. Results of Interrupted Burning Experiments Using
Single-Increment Consolidated Charges.

Figure 16. Result of Interrupted Burning Experiment Using

a Two-Increment Dover Consolidated Charge.
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V. CONCLUSIONS

The reproducibility of effective burning rates for all samples was much
better than expected, with the Dover charges showing the best reproduc-
ibility. Additionally, the effective burning rate curves of the high
density Dover samples indicated increased progressivity relative to the
other samples. Furthermore, all charges yielded effective burning rates
with higher exponents than the base grains. The CDI high density samples
produced the highest effective burning rates. This was probably caused by a
weaker binding effect due to the acetone/ethanol solvent system used in
their process. The Hercules process was found to give more consistent
results regardless of compaction densities. The surface area profiles of
all samples also showed very good reproducibility which we feel demonstrates
the improved ignition characteristics due to the use of black powder
pellets. Though the surface area profiles showed some difference in surface
area enhancement due to fabrication techniques, there was no obvious
difference in progressivity due to processing. Most importantly, the high
density Dover charges were the only charges which deconsolidated in the
desired "cigarette fashion". Finally, it is disappointing to note that all
charges deconsolidated at too low a pressure to achieve the macroscopic
progressivity that is needed.

As a result of these observations, several areas of investigation are
indicated. There is a need for a thorough study of the mechanical
properties of candidate propellant grains and the consolidated charges
resulting from varying processing techniques. A relatively strong base
grain with a length to diameter ratio of about one appears desirable. This
results in less grain distortion and collapse. There is also the need to
assess various binders in order to increase the pressures at which
deconsolidation occurs. The binders may also have a desired deterring
effect, helping to moderate charge breakup, flamespread, and initial mass
generation from the deconsolidated grains. The results obtained from the
Dover samples corroborate this idea. An in-depth investigation into the
early stages of combustion using chemical, optical, and x-ray methods is
also needed to better understand the anomalous results obtained in the low
pressure region. One or more of these areas will constitute the next phase
in our investigations.
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