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I. INTRODUCTION

The current demand for high performance weapons of the larger
calibers has centered attention on the development of propelling charges
capable of generating high chamber pressures in a rapid, controlled
manner. Although it has already been demonstrated that porous beds of
granulated propellants can be tailored to provide the ultra high burning
rates necessary to satisfy these demands, the combination of high chamber
pressures and high burning rates immediately raises the spectre of erratic
pressure regimes which affect the muzzle velocity, the velocity vari-
ability and, in extreme cases, may cause failure of the tube.

Unstable or erratic burning of the propelling charge may be (1) an
inherent characteristic of the charge caused by exceeding or failing to
meet some critical value of a design parameter, or (2) due to the failure
of some component in the ignition train giving rise to an undesirable
ignition mode, an ever increasing possibility where performance demands
a reduced ignition time. .A reduced ignition time, in turn, prohibits
usual variations in the ignition train component performance.

This study is confined primarily to the importance of the pro-
pellant bed length as a design parameter, with side excursions into
primer vent geometry, shot start pressure, and primer strength.

IT. BACKGROUND

The complexities of modern weapons coupled with the spiralling cost
of development and testing practically demands that charge design become
less dependent on '"state-of-the-art" techniques and follow a more
rigorous approach. Toward this end much emphasis has been placed on the
development of mathematical models describing the combustion process
from ignition to shot start. Some models are designed to be independent
of the overall interior ballistic model, but will ultimately provide
an additional input to that model.

Such a model has been demonstrated by the work of Kuo, Vichnevetsky,
and Summerfield,! who obtained rough agreement between a mathematical
model of gas flow and flame spreading in short beds (38.5 mm) of porous
propellant, with experimental results obtained by Squire.

1 K.K. Kuo, R. Vichnevetsky, and M. Summergield, "Genenation of an
Accelerated Flame Front in a Porous Propellant," ATAA Paper 71-210.
Presented at the ATAA 9th Aerospace Sciences Meeting, New York,
January 1971.

2 W, H. Squire, Private communication with K. K. Kuo, 1970-1971.



The theoretical considerations led to the conclusion that: (1) the
velocity of the combustion wave accelerates rapidly and continuously in
porous beds, and (2) in beds only slightly longer than already reported
the flame front could easily attain detonation velocities. These pre-
dictions imply the existence of a critical bed length dependent on the
burning rate, bed porosity, and propellant geometry. Such predictions
are of concern since higher chamber pressures are often obtained
by axially increasing the size of the propelling charge.

It was the purpose of this program to: (1) test the general
predictive capabilities of the KVS modell when applied to longer
propellant beds than already reported; (2) test the specific predictions
with respect to the transitions of the flame front velocity from
deflagration to detonation; (3) provide a sorely needed data base
for future comparison between theory and practice; and (4) identify
critical parameters related to ignition and gas flow which may have been
ignored or underestimated.

Toward this end, a parametric study based on the work of Squire
et al.?’3 had as its principle variant the length of the propellant bed.
For comparative purposes, Kitchens"’S employed the method of character-
istics to extend the KVS model over the experimental range of bed lengths.-

The experimental studies were carried out in three chambers - 58.8 mm,
108.4 mm and 201.6 mm in length. All chambers had a 7.62 mm internal
diameter. Due to the large number of variables and the specific char-
acteristics of each chamber, this report will deal largely with the
experimental results obtained in 108.4 mm chamber shown in Figure 1 with
brief reference to the data obtained in the other chambers for compara-
tive purposes. Results obtained from the other chambers will be published
under separate titles.

ITI. EXPERIMENTAL

Pressure measurements were made with four piezo-electric pressure
transducers, Kistler model C-4, axially mounted in a spiral configuration
with a 90° offset. Shot start conditions are simulated by a shear disc
at the forward end of the chamber. A light sensitive diode, mounted in

3 W.H. Squire and M. P. Devine, "The Interface Between Primer and Pro-

pellant," Part 1 and Part 11, Presented 4 June 1969, AOA Papen,
published by Frankford Arsenal, 1969.

“ C. W. Kitchens, Jn., "Flame Spreading in Smafl Arms Ball Propellant,"
Ballistic Research Labonatories Report 1604, August 1972, AD #750567.

> C. W. Kitchens, Jn., and N. J. Gernd, "Numerical and Experimental
Investigation of Flame Spreading and Gas FLow <in Gun Propellants,"
Proceedings of the 9th JANNAF Combustion Conference, Monterey,
Califonnia, Vok. 1, September 1971. CPIA Pubfication No. 231,
December 1972, pp. 115-125.
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the hold down plug, signals the rupture of the shear disc. The chamber
is fired by the solenoid arrangement shown in Figure 2 fitted with a
"make" circuit to signal when the firing pin strikes the primer.

All data channels including the firing pin and diode are recorded
on 1 inch analog tape at 120 ips. Characteristic frequency response
is 80 kHz (v 3 us rise time). The analog data is digitized at a 400 kHz
sampling rate and replotted in MKS units. Time marks included on the
records are measured from a common fiducial placed simultaneously across
all channels prior to the initiation of the firing sequence. Variations
in the position of the record along the time axis is a function of the
mechanical devices in the firing lines such as safety interlocks and
solenoids.

Due to the number of parameters it is convenient to arbitrarily
define, for comparative purposes, a standard set of run conditions for
all chambers. Following Kuo et al.! and Squire,? a standard run consists
of a 7.62 mm diameter chamber, 100 percent volumetrically loaded with
WC-846 (Winchester Cartridge - Olin Matheson Designation), a surface
coated, deterred ball propellant. The chamber is fired in the vertical
position by a FA-41 (Frankford Arsenal) primer located at the base of
the propellant bed and mounted in the primer vent hole configuration
shown in Figure 3(F), which is the normal vent configuration. Other
configurations shown in Figure 3 will be described later. Venting is
provided by a #304 stainless steel shear disc 0.79 mm thick and 19.0 mm
in diameter. During the loading process, care is taken to eliminate
voids and packing so that the average loading density (1.03 g/cc3)
closely approximates the bulk density.

The pressure-time (P-t) records presented in the main body of the
report are representative samples of the parametric studies carried
out in the 108.4 mm chamber. A complete tabulation of all runs and
the experimental results plotted in three formats [pressure-time (P-t),
pressure-distance (P-x), and differential pressure-time (AP-t)], is
given in Appendix A. Appendix B gives the propellant, primer, gage,
diode and shear disc specifications.

IV. RESULTS

The typical set of pressure records shown in Figure 4 were obtained
under standard conditions in the 108.4 mm chamber. The baseline pres-
sure at each gage position has been displaced vertically and scaled
according to the gage locations shown in Figure 1. This format will be
used in the main body of the report when space permits.

The first set of arrows (+) indicate the passage of the primer
pulse, while the second set (+) the initial pressure rise arbitrarily
defined as the first distinct, continuous pressure rise after the primer
pulse. The first major peak at each gage position will be designated
as the primary (1°) peak and the second major peak as the gsecondary

10
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PRESSURE (100 MPa/DIV)

T T 1 T T T T
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=
—
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o i i
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] ] 1 ] 1 I l
4.50 4.75 500 5.25
TIME (ms)
Figure 4., P-t Records Obtained Under Standard Conditions in the

108.4 mm Chamber.
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(2°) peak. This nomenclature will be used whenever the peaks are well
defined and unambiguous.

Occasionally (2 of 7 runs), a run performed under standard conditions
yielded pressure-time curves at variance with the data shown in Figure 4,
The results of such a run are shown in Figure 5.

'Experimental studies of the propellant primer-interface were
carried out by substituting a conical primer vent, Figure 6, lengthening
the primer vent, Figure 7, and increasing the primer charge, Figure 8.

The effects of varying the shot start pressure were studied by
halving the thickness of a standard shear disc, Figure 9, while the
records shown in Figure 10 were obtained with a plate glass shear dicc.

To complete the study, a different propellant, WC-844, was sub-
stituted for the WC-846, Figure 11.

All the firings listed above were carried out under standard
conditions except for the specific changes noted.

V. DISCUSSION

As the P-t records shown in Figure 4 will be used as a standard of
comparison for the experimental parametric study, the degree of repro-
ducibility is of some importance. Figures 12 and 13 are composites of
seven standard runs carried out over a one year time span with two lots
of WC-846. 1In order to present this data on a common time scale the
firing pin time is set at ty. This choice of a reference point
automatically includes all fluctuations in primer performance and pro-
pellant ignition. The reproducibility of the significant features
could be improved by choosing a well defined reference point directly
on the P-t records, i.e., the primary peak at gage 4. This procedure
would place the major variations in the pressure records where they
obviously belong, in the initiation sequence.

A. The Standard Configuration

The experimental results, Figure 4, suggest that the initial
primer blast creates a void space at the primer end of the chamber
and axially varying compaction of the bed. This void space combined with
the low initial pressure provided by the primer and the reduced burning
rate due to the deterrent coating results in the slow initial pressure
rise at gage 1, Figure 4. As the flame front advances into the bed the
pressure generated by the burning propellant drives gas into the bed
ahead of the front as well as toward the low pressure reservoir created
by the primer blast at the rear of the chamber.

14
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PRESSURE (100 MPa/div)
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Figure 7. P-t Record Obtained by Lengthening the Primer Vent,
Configuration D, Figure 3. Run 138-39.
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PRESSURE (100 MPa /div)
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Figure 9. P-t Records Obtained With a Thin (.38 mm) Shear Disc.

Run 139-17.
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Figure 10. P-t Records Obtained With Glass Shear Disc (1.5 mm).
Run 138-60.
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Figure 12. Composite of 7 Standard Runs Compared to Theoretical
Calculations (Kitchens, BRL) (Gage Positions 1 and 2).
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As the pressure increases, the bed is further compacted, reducing
the degree of penetration of the bed by hot gases ahead of the front.
At the rear of the chamber the pPressure has risen to a point where
there is but a small differential. Under these conditions, the forward
edge of the combustion (compression) wave develops the increasingly
sharp gradient shown at the successive gage positions. When the pressure
is sufficient to rupture the shear disc the resulting expansion (rare-
fraction) wave propagates back through the chamber, relieving the pressure
of the primary peaks. The naturally decreasing amplitude of the expansion
wave, which is further attenuated by the burning propellant, causes the
primary peaks to be successively less well defined as the wave approaches
the rear of the chamber. By the time the expansion wave reaches the
primer end of the chamber, the two phase choked flow condition established
at the shear disc vent allows the pressure in the chamber to build up
again, particularly at the base. As the' choked condition relieves itself,
the secondary (2°) compression wave propagates through the bed and com-
pletes the venting of the chamber. Since the expansion wave has had
little effect in relieving the pressure at the primer end of the chamber,
the propellant has continued to burn during the entire sequence of
events, accounting for the high chamber pressure at gage 1 and the
origin of the secondary compression wave. It should be noted that at
the time of rupture of the shear disc, the highest pressure is at, or in
the vicinity of, the shear disc and would tend to hold the bed in place
until the pressure is relieved by the expansion wave, allowing the
pressure at the breech to become dominant.

The chronological order of appearance of specific events and
relevant pressures have been summarized for run no. 127-48, Figure 4
in Table I and plotted in Figure 14. The even spaced dashed lines
are smooth extensions of the data points to the extremities of the
chamber.

To gain a clearer picture of the pressure regimes over the
length of the 108.4 mm chamber, the data shown in Figure 4 have been
replotted in a P-x format. The time span in Figure 15a covers the
passage of the primary combination wave, Figure 15b, the returning
expansion wave, and Figure léa, the secondary compression wave. The
AP-t plot shown in Figure 16b again employs the same data to show wave
propagation in the chamber over the entire combustion process.

B. Venting

The sequence of events immediately prior and subsequent to the
rupture of the shear disc is not well defined.

The 25 us interval from initial pressure rise to peak pressure
at gage 4 practically prohibits passage of the combustion wave to the
shear disc and the return of the expansion wave. Apparently, rupture
occurs before the pressure wave reaches the shear disc, probably while
in the vicinity of gage 4. Should this be the case, pressure relief

24
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would be almost immediate due to movement of the bed, whereas the rest
of the unburnt propellant would have to clear the chamber before the
diode could be triggered. This interpretation is at least partially
reinforced by the long time delay from initial pressure rise at gage 4
to the diode signal.

If, as suggested by Figure 14, the compression wave accelerates
rapidly between gage 4 and the shear disc, and does in fact directly
load and rupture the disc, the diode signal would appear prior to the
peak pressure at gage 4 created by the returning expansion wave. It
has been estimated that under the loading conditions which exist at gage
4, the fracture time of the shear disc is 10 to 20 usec.

C. Velocity of the Combustion Wave

There are at least three criteria to consider when estimating the
velocity of the combustion wave: the initial pressure rise, the rate
of pressure rise, and the flame front. Of these, the initial pressure
rise is a poor choice as it is a function of the sensitivity of the
measuring device and is often complicated by the primer pulse and low
pressure transients. The KVS model locates the flame front at the
point of inflection on the axial pressure gradient and uses this
criteria to predict a rapidly accelerating flame front as the wave
propagates through the bed. It is clear from Figure 15 that there are
insufficient data points to use the KVS criteria. Implied, however, in
the KVS model, is a close associlation between the maximum rate of
pressure rise, and the inflection point on the computed gradient curves.
Accepting the maximum rate of pressure rise as a criteria and referring
to the AP-t plot, Figure 16b, it is evident that by either criteria,
significant initial pressure rise, or maximum rate of pressure rise,
there is little evidence of more than a nominal acceleration of the
combustion wave through the bed. The average velocity between gage 2
and gage 4 is ~ 0.46 mm/usec. The lack of an appreciable acceleration
is attributed to the continuous bed compaction ahead of the flame front.

D. 30° Conical Primer Vent

The use of a 30° conical primer vent was a rough attempt to
distribute the primer output evenly over the face of the propellant
bed. The results, Figure 6, were among the most interesting and
informative of the entire study.

The time interval from the firing pin to the initial pressure rise
at gage 1 was more than twice that of a standard run, Table A-1. A
distinct primer pulse proceeding the initial pressure rise is not dis-
tinguishable and a long, slow, initial pressure rise is observed at
each gage position., The rate of pressure rise, the magnitude of the
pressure rise and the double peak at gage 3 also differ from a standard
run.
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The experimental results suggest that the initial primer blast is
almost completely absorbed in the uniform axial compaction of the bed
for a few chamber diameters and that ignition occurs only at the face of
the bed. The flame front must now burn its way through the compacted
region, at best a slow process due to the reduced surface area, the
deterrent coating, and the adjacent void space. Once through the
compacted zone, the combustion wave is confronted by a bed whose porosity
is little changed from the initial loading density. The combination of
a relatively high pressure behind the flame front, and the uncompacted
bed allows rapid gas penetration of the bed. The pressure relief afforded
is reflected in the decreased rate of pPressure rise at gage 1.

The first peak of the doublet at gage 3 is attributed to a sudden
movement of the bed in the vicinity of the flame front; probably due to
bed compaction by the rapidly advancing pressure wave. The low peak
pPressure at gage 4 and the slower pressure rise than that encountered in
the standard run are consistent with the creation of a void space in the
vicinity of gage 3. This temporary pause in the development of the
combustion wave results in the long time from the initial pressure rise
at gage 4 to the diode signal.

The acceleration of the combustion wave obtained with the conical
primer vent, shown in Run Nos. 138-41 and 138-43, Appendix A, is the
closest approach to the theoretical considerations obtained in this study.

E. The Elongated Primer Vent

In contrast to the 30° conical primer vent the elongated vent
provides a more coherent, but reduced primer output, resulting in deeper
penetration of bed, compaction within the bed, and localized ignition,
also within the bed.

The results, Figure 7, are in many respects similar to the
"abnormal" standard run, Figure 5, particularly with respect to the low
initial pressure rise at gage 1 followed by the plateau or weak peak
Propagation through the chamber. The origin of the plateau can be
accounted for if the assumptions are made that: (1) the initial primer
blast forms a compact "plug" of propellant fixed in place by frictional
forces at the wall, and (2) ignition occurs within, or downstream of the
plug. Now the flame front must propagate toward the primer end of the
chamber as well as downstream. 1If the pressure in the chamber overcomes
the forces holding the plug before the burn through occurs, the plug
and part of the burning bed will be thrown to the rear of the chamber
creating the almost simultaneous plateaus at gages 1 and 2. If on the
other hand burn-through occurs first, the gases will flow toward the
rear of the chamber causing the more orderly propagation of the resulting
expansion wave as observed in the "abnormal" standard run, Figure 5.
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F. The 0.38 mm Stainless Steel (SS) Shear Disc

To estimate the degree of pressure transmission through the propellant
bed, the shot start pressure was lowered by reducing the thickness of the
shear disc. Substituting a 0.38 mm disc for the standard 0.79 mm disc
yielded the complex results reproduced in Figure 9.

Note in particular (1) the reversed order of appearance of the
primary peaks as compared to the standard run, (2) the rapid fall in the
rate of pressure rise after the initial surge, (3) the weak expansion
wave, (4) the lower maximum pressure in the chamber, and (5) the long
delay from the initial pressure rise at gage 4 to the diode signal.
Another factor is that the recovered shear disc had an uneven appearance
around the perimeter of the vent hole, in marked contrast to the smooth,
cleanly punched out hole found in the standard run.

These observations suggest that rupture occurs early in the run
as a direct result of the primer blast. Should this occur, it is likely
that the major portion of the bed, burning at the primer end, will move
out of the chamber much in the manner of a traveling charge. The small,
sharp primary spikes which indicate the passage of the flame front at
the rear of the moving bed, are consistent with the hypotheses of early
shear disc rupture. The secondary compression wave is due to the venting
of the remainder of the bed as the dominant pressure shifts to the primer
end of the chamber. The uneven edges of the shear disc may be caused
by distortion of the disc prior to rupture, indicative of some resistance
to the primer blast.

Apparently, there is an interaction between the primer output and
the shear disc coupled by the porous bed which is rapidly attenuated,
provided the disc can withstand the initial stress. If the force of
the primer and subsequent pressure wave were transmitted continuously,
the pressure in the standard run could not reach the 500 MPa level,
shown in Figure 4.

The relatively noisy gage outputs and multiple pressure spikes in
these runs have been attributed to (1) pressure wave reflection from
the ragged edges of the shear disc, (2) uneven resistance to movement
of the bed by these edges, and (3) vibration of the disc.

G. The Glass Shear Disc

The use of a plate glass shear disc, Figure 10, was intended to
lower the shot start pressure without introducing complications due to
distortion prior to rupture and to use the diode signal to estimate the
proximity of the flame front to the shear disc at rupture.

As with the thin (0.38 mm) steel disc, the primary peaks are in

reverse order, the expansion wave is weak, the pressure rise at gage 1
is slow, and maximum pressures developed in the chamber are low when
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compared to a standard run. Exclusive to the glass disc is the relatively
weak pressure rise at gage 4 and the very short delay from the primary
peak at gage 4 to the diode signal. Another factor to consider is the
short delay between the initial pressure rise at gages 3 and 4.

Although there is too little information available to evaluate the
results, it is interesting to speculate that most of the events can
be accounted for if the assumptions are made that (1) the primer blast
breaks the shear disc but ejects only a small portion of the bed,
creating a larger void space and accounting for the slow pressure rise
at gage 1, (2) as the combustion wave propagates through the bed, the
pressure buildup overcomes the weak frictional forces at the wall and
causes the bed to move out of the chamber starting in the vicinity of
gage 2, (3) as the bed moves, the combustion wave propagates rapidly
through the bed, forming a thick burning zone, as suggested by Kuo, (4)
by the time the moving, burning bed passes gage 4, affording a small
pressure relief, the flame front downstream of gage 4 has triggered the
diode, and (5) the pressure buildup at the primer end of the chamber forces
the rest of the bed, originally left behind, out of the chamber causing
the secondary peak. At the time of pressure relief at gage 4, the
pressure at gage 4 is the lowest in the chamber, Table II.

Table II. Chamber Pressure at Venting

t = 3.2525 GL G2 G3 G4

P(MPa) 316 289 267 233

Of interest are the '"clean" gage outputs and uncomplicated
structuring of the pressure records, offering some support to the idea
that distortion, vibration, and uneven rupture contributed to the records
obtained with the 0.38 mm shear disc.

H. The FA-34 Primer

The FA-34 primer contains about 50 percent more charge than the
FA-41 primer; yet surprisingly, the results in Figure 8 were almost
identical to those under standard conditions. At gage 1, the difference
from a standard run are: (1) shorter times from primer delivery (firing
Pin plus action time) to the appearance of the primer pulse, (2) shorter
time from primer pulse to initial pressure rise, (3) slightly steeper
initial pressure rise, and (4) a broader plateau at the end of the
initial pressure rise. At subsequent gage positions the records are
almost identical to Figure 4.

The differences, apparently confined to the initial stages, are
consistent with the expected creation of a larger void space and increased
bed compaction.
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A conclusion to be drawn from these results is that above a certain
primer output, additional output becomes decreasingly effective beyond
the first few diameters of bed length.

I. Abnormal Standard Run

The primer vent studies tend to support the obvious implication
that the slow development of the combustion wave is caused by a poor
ignition within the bed. The orderly sequential progression of the -
plateau, which appears before the 1° peak at gage positions 1, 2, and 3,
indicates an event which occurs between the primer vent and gage 1,
probably due to burn through of densely compacted region of the bed
caused by the primer blast. It should be noted that despite the successful
attempts to artificially reproduce the slow initial pressure rise, the
long delay from the initial pressure rise, and the plateau prior to the
primary peaks, the abnormally high peak pressure at gage 1 was not
duplicated. This failure is attributed to the inability of the substituted
primer vents to cause the same bed response as the standard primer.

J. The 58.8 mm and 201.6 mm Chambers

Figures 17 and 18 are typical results obtained under standard :
conditions in the 58.8 mm (Figure 19a) and 201.6 mm (Figure 19b) chambers,
respectively.* The wave velocity in the 58.8 mm chamber between the
last two gage positions is v 0.26 mm/usec, the decreasing peak pressure
starting at gage 1 coupled with the weak expansion wave and the short
delay between the peak pressure at gage 3 and the diode signal are all
indications of shear disc rupture prior to the arrival of the combustion
wave at the shear disc location.

On the other hand the data from the 201.6 mm chamber yields a wave
velocity of 0.9 mm/usec and extremely high pressure rise at gage 4,
estimated at > than 900 MPa (130 kpsi). The implication is that
excessive bed compaction occurs in the vicinity of the last gage
position.

The results obtained under standard conditions for all three
chambers is summarized in Figure 20. For this plot to is the firing
pin time. '

The most striking feature of the plot is the tendency of the
combustion wave velocity, measured by the initial pressure rise, to
approach a constant value in the neighborhood of 1.0 mm/usec at long
bed lengths, a situation not predicted by current models.

* A5 each o4 these chamberns will be the subject of separate reports
cwrently in preparation, these results are presented for comparative
puwiposes with only general comments.
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VI. EXPERIMENT DIFFICULTIES

A. Shear Disc as a Venting Device

There have been few attempts to compare absolute pressure magnitude
from run to run due to the unknown fracture mechanics of the shear disc.
At the loading rates encountered in these experiments, it is possible
for the burst rating, measured under static conditions, to be exbeeded
by a factor of two or three under dynamic conditions. In any case, small
variations in the rupture time of the shear disc of a few microseconds
can easily lead to large pressure fluctuations.

There is the added problem that thin metallic shear discs are
easily distorted and drum-like vibrations can cause an elastic

compression-rarefraction wave in the chamber.

A rigid shear disc, or better yet, a heavy slug would have been a
more suitable choice.

B. The Firing Mechanism

Early in the program it was found that the action time of the primer,
defined as the delay between the time of impact by the firing pin to
light emission at the vent hole, was dependent on the voltage supplied
to the solenoid. The problem was overcome by increasing the voltage
until the results were consistent. Still there is some doubt that the
solenoid will always provide a consistent stroke. A spring loaded firing
pin or ball drop technique would have been better.

C. Compaction Studies

Interpretation of the experimental results suffers from the lack
of an inert material, not only of the same size and shape and density
of the propellant, but also with similar mechanical, cohesive and
adhesive properties. Such a material is not only crucial to the studies
of bed compaction and ignition modes at the propellant primer interface,
but also to pressure transmission, mobility, elastic, and inelastic
deformation studies.

A few crude experiments with starchy substances (macaroni, tapioca)
as a mechanical property analog, yielded, under standard conditions in
a 58.8 mm chamber, approximately 12.0 mm of void space, adjacent to the
primer, followed by 5 mm of loose material, 20.0 mm of a dense fixed plug,
and 13.5 mm loose grain. The 20.0 mm plug was so firmly fixed in place it
had to be drilled out.

In the 108.4 mm chamber, the void space and depth of loose material
was v 20.0 mm and 5.0 mm, respectively.
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VII. THEORETICAL CONSIDERATIONS

While an in-depth discussion of mathematical models used to predict
the pressure regimes in porous beds is beyond the scope of this report,
some brief observations on the KVS model are in order.

This model assumes a void space adjacent to the primer vent and a
fixed bed ahead of the combustion wave (i.e., no compaction allowed by
the primer or subsequent pressure buildup). These conditions permit the
hot product gases ahead of the ignition front to penetrate the bed,
thermally preconditioning the bed to a depth and magnitude depending on
the pressure and the loading density. At the same time the product
gases behind the flame front are permitted access to the void space
giving rise to the "continental divide' and a continuously accelerated
flame front with increasing pressure.

In the experiment, the initial primer blast causes about a 20 percent
decrease in the average porosity followed by the continuous compaction
by the advancing combustion wave. On the one hand, compaction tends to
decrease penetration of the bed, reduce the available surface area, and
encourage heat transfer by conduction - all factors which inhibit the
progress of the wave. On the other hand, bed compaction provides steeper -
pressure gradients, increased pressure rise times, and higher pressures,
factors which, through the dynamic burning rates, assist the propagation
of the flame front. The comparison between experiment and model prediction
implies that the second set of factors tend to become predominant in
longer beds.

Although comprehensive definitive mathematical models must await
the future, it is perhags in this area parametric studies of the type
carried out by Kitchens® can be of immediate use.

VIII. CONCLUSIONS

The complex interrelationship between the variables in this study,
both induced and naturally occurring, render definitive interpretation,
at best, a difficult task. However, some conclusions are readily drawn
from the experimental results.

In dealing with either operational systems or mathematical models,
two factors are of the utmost importance for base ignited charges with
higher L/D ratios than normally considered: (1) the propellant-primer
interface, a complex function of the primer charge, manner of delivery,
and the primary ignition mode, has been shown to exert an immediate and
fundamental influence over subsequent events; (2) the degree of bed

6 C.W. Kitchens, Jn., "Parametric Sensitivity Study of a Numerical
Model §on FLame Spreading”, BRL Memorandum Report No. 2546, October
1975. (AD #A018135)
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compaction provided by the initial primer blast and subsequent progress

of the combustion wave through the bed. Although compaction is a

partial function of the primer action and chamber length, the bed itself
influences the combustion mechanism through the size and shape of the
particles, the degree of elastic and inelastic deformation and the
magnitude of the friction forces with the walls of the chamber - important

factors when estimating contribution to shot start pressure by inter-
granular forces.

With regard to the other objectives of this study there is little
doubt that the bed length is a critical parameter. Under standard
conditions, the combustion wave rapidly establishes a velocity level
dependent on the chamber length and shows little tendency toward rapid
acceleration, which is in some disagreement with the theoretical pre-
diction. Of more importance, in a practical sense, is the development
of high pressures at the extremities of the chamber. The sharp pressure
rise in the vicinity of the shear disc, although disturbing in appearance,
amounts to a fast transient if venting occurs soon after the rise. At
the breech end of the chamber, however, pressure buildup occurs at a high
rate for some time after venting occurs. Consequently, small delays
in venting or partial venting which may relieve the pressure buildup
at the vent will result in catastrophic pressure regimes of long duration
at the breech. '

Some criticism has been made that the studies carried out in the
108.4 mm chamber were unrealistic as no weapon exists today nor is there
much likelihood of one being designed to accommodate long beds of ball
propellant. It should be pointed out that the experiments were designed
to create extreme conditions in order to identify areas of importance
which might be obscured under ordinary conditions. Secondly, most of
the characteristic features of wave propagation through porous beds
found in these studies, have been shown to exist in detonation studies’
and in large caliber rounds®.

7 D. Price and R.R. Bewecken, "Sensitivity of Porous Explosives to
Transition grom Deglagration to Detonation", Combustion & Feame,
Volume 25, page 91, 1975,

8 W.G. Soper, "Ignition Waves in Gun Chambers", Combustion & Flame,
Volume 20, page 157, 1973.
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APPENDIX A. SUMMARY OF EXPERIMENTAL PARAMETERS, PEAK PRESSURES,
CHARACTERISTIC TIMES P-t, P-x, AND AP-t CURVES FOR ALL RUNS
CARRIED OUT IN THE 108.4 MM CHAMBER

Table A-1, Appendix A, lists each run carried out in the 108.4 mm
chamber by run number. The adjacent columns identify respectively,
the primer, primer vent configuration, propellant and shear disc, used
in each run. For all runs the chamber was 1007% volumetrically loaded
and fired in the upright position with the primer dowm.

The remaining columns give the firing pin time (ty), diode signal
time, and the highest pressure recorded at each gage position during
the passage of the primary (1°) and secondary (2°) compression waves.*
All times were measured from the start of the firing sequence timer.

For each run listed in Table A-1, and in the same order as the
listing, the analog pressure data accumulated at each gage position was
digitized, normalized and replotted in three different formats: pressure
vs, time (two plots, two gages each), pressure vs. distance (at pre-
selected times) and differential pressure vs. time.

*  See page 10.
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