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I. INTRODUCTION

S"The role of gas-phase chemistry in the ignition of gun propellants is not
a well understood phenomenon. In particular, previous studiesi with a large-
caliber gun simulator have s wn that with base pad-only ignition a cloud of
gases forms and ignites after a delay period; ignition of the solid propellant
follows shortly thereafter. though these tests are deliberately extreme
examples, they are essential t understanding the processes which can take
place during both normal and ano lous ignition cycles. In particular, the IL
further characterization of these nition processes and exploitation of this
understanding requires information a ut convective pyrolysis of propellant
grains, the amount of heat release dur pyrolysis, and the details of the
controlling processes during the onset of 1gnition in the gas phase near the
propellant grain. In this paper we describe'qualitative experiments to show -.-

the flow field and heat generation from single opellant grains during and
convectively supported burning of propellant grain in laminar flows of hot
gases. We also report some gas compositions in the e of convectively
pyrolyzed samples of propellants and related materials. reliminary planar
laser fluorescence studies of NO in the wake of pre-ignition RDX/HTPB binder
propellants have been performed to define the sensitivity and requirements of
this technique for ignition dynamic studies

,-' Q- II. DESCRIPTION OF EXPERIMENT

A schematic diagram of the main apparatus is shown in Figure 1. The
source of hot gas for these studies is a compact electric heat exchanger
constructed from stainless steel flow channels and furnace heating elements.
Flow channels are nominal 9.5 mm i.d. Power requirement for the heating
elements is 25A at 11OV. After preheating the flow channels for approximately
two hours, flows in excess of 900°C with velocities on the order of I m/s have
been obtained with laminar, uniform flow. A series of screens is used in the
flow immediately before exit to provide a uniform velocity profile as
measured with a 1.6 mm diameter pitot tube. Both air and nitrogen have been
used in these studies as the flow gas. For most of the shadowgraph studies
reported here, the samples were injected into the established flow with an air
driven piston which was triggered by the camera when necessary. A water-
cooled shutter was used for pyrolysis studies so that the samples could be
pre-positioned with respect to the gas sampling tube. "

Flow and heat release observations have been made in two manners. The
first was to use a standard video camera and recorder and later a high speed
(12,000 frames/s) camera to record the light emission from ignition or
combustion of the sample. The second method, shown in Figure 1, was to use a
100 mW argon ion laser to generate shadowgraphs which were filmed at 12,000
frames/s. The laser beam diameter was 100 mm in the sample region; a 1.22 m
focal length schlieren grade mirror imaged the light onto the film. L

IT.C. Minor, "Characterization of Ignition Systems for Bagged Artillery
Charges," Proceedings of 17th JANNAF Combustion Meeting, CPIA Publication No.

329, Vol. II, p. 45, 1980.
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Figure 1. Schematic Diagram of Shadowgraph/Pyrolysis Apparatus

Pyrolysis gas products were measured by taking samples from the wake of a
pyrolyzing solid into a 100 cm3 evacuated cell. These gases were then
analyzed by conventional infrared absorption spectroscopy to determine the
major stable species.

Three principal sample types were used. The first was standard seven
L perforation grains of M430 propellant, 4 -m in diameter and 10 mm long. The

second sample type was NOSOL 363 in single pgrforation grains cut in 10 mm
lengths from 8 mm diameter stick propellant.L The HDMC decomposition was
studied with pellets pressed from 100 mg of 150 to 30OP m crystals with
typical dimensions of 6 -m in diameter and 2 mm thick. Observations were also
made with RDX in an HTPB binder; typical samples were 3 mm thick slices from 8
mm diameter 7-perf grains.

A limited number of observations were made using the planar laser-induced
fluorescence technique. A schematic diagram of this approach is shown in

2S.E. Mitchell, "Selected Properties of Navy Gun Propellants," tHSP, pp. 76-

128, 1976.
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Figure 2. The basic idea is to expand the laser beam in one direction to make
a "sheet of light." The fluorescence is observed normal to the plane of the
laser light. The result is an image of a slice through the event which is ,
species specific and independent of edge effects. For these experiments, the
laser used was a nominal 8 watt argon ion laser. The beam was expanded to
approximately 40 mm (1.5 in) thick at the propellant grain. Two
configurations were tried: two watts of 488 m light with detection of all
light red of 500 m or seven watts multi-line (dominated by 488 and 514.5 mm)
with detection of yellow-green light with an OG 530 filter. Detectors were a
high speed camera with ASA 400 film and a 35 mm camera with an f/2.6 lens
system and ASA 1000 film. For all of these tests, the samples were RDX/HTPB
pyrolyzed in air at temperatures sufficiently high to cause ignition after
pyrolyzing a good fraction of the sample.

GAS

HEATER

AMERA

tI
LASER

CYLINDRICAL
LENS

Figure 2. Schematic of the Planar Laser Fluorescence Apparatus

III. OBSERVATIONS

A. Dynamics

The first measurements were made using the video camera and recorder to
record the naturally occurring luminosity from the ignition/combustion
processes. The limited sensitivity of this camera yielded information only r
under conditions where a flow of air was used and temperatures were
sufficiently high to achieve full ignition (typically above 700*C and

9



* 1 m/s). of particular note was the observation that with grains of MO0
* propellant in a flow of air the first luminosity was frequently downstream

from the grain and appeared to start at a point where the air and propellant
wake gases might well have mixed. This downstream origin of luminosity (and
probably ignition) was not observed on every sample due to the limited framing
rate of the video camera; in many cases the sample went from no light detected
to full combustion between frames. ignition of the solid appeared to proceed
immediately following gas phase ignition in all cases where separate initial
gas phase luminosity was observed.

Using a flow of hot nitrogen under the same conditions, the luminosity
was greatly reduced. Although there was sufficient luminosity to see the
propellant flame once ignition was complete, the emission levels were
insufficient to determine the point of ignition. Similar studies made using

p the high speed camera at 12,000 frames/s and ASA 400 film yielded no further

Flows and heat generation were studied further using the high speed
shadowgraph system to record thermal gradients in the flow field. Although
this technique was not optimized to the point where the point of ignition
could be determined, qualitative observations have been made with M30 and
NOSOL 363 propellant grains. Typical conditions for these observations were a
flo7 of 730*C nitrogen or air at about 1 m/s.

Of particular note with the M30 grains in nitrogen was the generation of
substantial amounts of gas from the solid surface, beginning at least as soon
as the sample reached its equilibrium position in the gas flow, typically

20 mesec. Earlier evolution of gas is possible but would not be detected here
because of the disturbance of the flow during injection of the sample. in

* addition to the surface evolution of gas, the flow of significant quantities
* of hot gas from the grain perforations was also recorded from the earliest

* times.

p With the double base propellant grains in nitrogen, the flow field was
*much as anticipated with a flame (region of heat generation) swept downstream

symmetrically from the leading edge of the cylindrical grain with a turbulent
* wake. No burning chunks were seen leaving the M30 grain until very near

* - consumption of the grain. With a flow of air, the M130 grain observations were
apparently unchanged compared to nitrogen flow.

The most dramatic events were recorded with the NOSOL 363 in a flow of
air. Figure 3 shows shadowgraphs at four times during an event. In these
pictures, the flow is from left to right. The gas evolution was so great
during combustion that flame standoff was several millimeters upstream from
the grain and the plume pushed the boundaries of the hot flow out
substantially. Also obvious are the chunks of burning propellant which break
off and flow away from the grain, moving both downstream and normal to the
flow direction.

A further observation which is more apparent in viewing the films, but
* which can be seen in Figure 3, is the movement with time of the crescent-
ir shaped flame front upstream from the propellant. At the first time shown this

flame is apparently attached to the grain. In the second two frames it is

10



T =300 msec T =460 msec

T =640 msec T =800 msec

Figure 3. Shadowgraphs of NOSOL 363 Propellant Grain in Flow of Air at Four
Times, Showing (a) The Flame Front, (b) The Wire Holder, (c) Pieces of

Burning Propellant, and (d) Heat Release Neair Surface of Grain.
Zero time is entry of grain into the hot flow.
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seen to move upstream away from the grain, in the fourth frame the original
front has moved upstream 5 mm or more and is partially obscured; a second
"flame" has by this time appeared near the grain surface. When viewed by the
naked eye these two stages of heat release were not apparent. However, the
total luminosity was so great under these conditions that the outer flame
easily could mask that nearer the solid surface.

B. Evolved Gas Analysis

Gas was sampled in the wake of pyrolyzing samples of M30, HMX and
developmental RDX/HTPB binder propellant. Sampling probe position was
typically 5 mm downstream and centered on the sample. Nitrogen flows at less
than 1 m/s with temperatures of 310 to 580 0 C were used to obtain rapid
pyrolysis without any visible flame. Under these conditions a sample would
typically heat for a few seconds with no visible reactions and then fizz burn
in the flow for up to several seconds. Figure 4 shows a typical infrared
absorption spectrum from M30 pyrolysis. As can be seen in the figure, there
are no major unassigned peaks. As the sample was configured, the gases taken
should be dominated by gases from the exterior (front) surface and have minor
input from perforation generated gases.

Ii too

60

40. CN CI NO Hcp,

t oN 2 0 ., .

10,C0 2  N 0 ".

0.0010 3000 2000 '6s0 '200 000 400

ENERGY (cm -)

Figure 4. Infrared Absorption Spectrum of Gases Collected in the Wake
of M30 Propellant Grain Pyrolyzed by Flow of 390 "C Nitrogen

The HM and RDX-binder samples yielded similar spectra under these
conditions. With the binder, the RDX was stripped from the grain leaving a
carcass of partially decomposed binder which was recognizable as a propellant
grain with some aerodynamic modification. Spectra from lower and higher
temperature pyrolysis of HM pellets are shown in Figure 5. The main
distinguishing features are the large quantities of NO2 (vs. NO with M30),
reduced amounts of C02 , and additional peaks at the higher temperature.

12



It was found after these and similar spectra were taken that the small
amount of room air in the sampling tube was affecting the NO/NO2 balance.
Because of equipment problems, it was not feasible to repeat the HM pellet
experiments. However, for the RDX/HTPB pyrolysis series, a slow purge flow of
nitrogen was maintained in the non-evacuated portion of the sampling system
until the time of sampling. A typical spectrum from this series is shown in
Figure 6. It is clear in this figure that there are substantial amounts of NO
present under these conditions. However, the N02 remains even under
conditions where none can be seen from 30 pyrolysis. L

(A) r

60 Co2

414M(C.O

40 No0

COO

S N2 0

20

4000 3000 2000 6400 1200 goo 400

ENERGY (=nr 1)

Figure 5. Infrared Absorption Spectrum of Gases Collected
in the Wake of HMX Pellet Pyrolyzed by Flow of

(a) 5600C and (b) 390*C Nitrogen
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Figure 6. Infrared Absorption Spectrum of Gases From

Pyrolysis of RDX/HTPB by 3600C Nitrogen

C. Planar Fluorescence

With the 35 mm camera setup, good signals were recorded at shutter speeds
up to about 1/60 s. At faster shutter speeds, the NO2 fluorescence is visible
but weak in good quality prints made from the negatives. The high speed films
shot at 400 frames/s through the 500 nm cut off filter showed weak
fluorescence that is just visible when projected in a dark room. The level of
signal is clearly not sufficient for even qualitative observations. As a test
of the amount of increased light that might be needed to make useable films, a
roll of film was exposed at 300 frames/s with the laser beam unexpanded and
directed just downstream of the grain. In this case the bright green
fluorescence of the NO2 is clearly present as a line and readily distinguished
from even the sodium emission when the pyrolysis gases are burning downstream
of the laser beam. Thus it appears that the possibility of making useable
films at 500 frames/s or faster requires only slight (on the order of factor H
of two) improvements in laser power or sensitivity of detection (e.g., image
intensifiers). The additional usefulness of such high repetition rate lasers
as the copper vapor laser is clearly possible if coincidences exist between
their lines and molecules such as C2 and, of course, NO2.

IV. DISCUSSION/ANALYSIS

Several points can be learned from the emission and shadowgraph
observations. The first is that with a flow of air (and presumably any other
oxidizer-rich gas) ignition of the system begins in the wake and propagates
back to the solid propellant. Whether this phenomenon also occurs in the case
of inert flows is not clear from these observations. However, considering the 7-7
gas products sampled in the pyrolysis of M30, it seems likely that these gases

14.-'4
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would neither ignite as easily as with N02 present nor would they propagate
with as great a flame velocity. Thus the air flow may well be re-oxidizing
the NO to form NO2 (for example) to provide gases which ignite and burn
rapidly enough to produce the events as observed, or the oxygen may be
participating directly in the ignition chemistry. If this is the case, one
might expect nitramine propellants to exhibit much different behavior due to
the greater reactivity of the gases evolved from them. However, our
preliminary observations with RDX-binder grains suggests that these gases are
released slowly enough that there is substantial dilution by the inert flowing
gas; no attempts were made to ignite RDX pellets.

The full significance of the gas generation from grain perforations is
not clear for M30, since the chemistry appears to be proceeding to a
significant extent at the surface even though the inert heating gas should be
diluting the evolved gases with convective flow. Under some conditions it is L
possible that more gas phase reactions might take place inside the
perforations; no careful separation of the gases has been done on the basis of
their origin (front surface vs. perforation).

The implications of the large gas generation rate of the NOSOL propellant
are not clear. The obvious breaking off of pieces of the grain throughout the
sequence suggests that the observed phenomenon is merely a surface area
effect; smaller particles may be generated at a substantial rate on the
upstream side of the grain. Also of considerable interest with the NOSOL is
the apparent development of a two-stage flame. A reasonable interpretation of
the observed phenomenon is that the flame most distant from the grain
(upstream) is a gas phase premixed flame of RCN, H2CO, N20, NO, or other
typical gases which might survive to that point. The area of heat release
near the grain clearly extends sufficiently away from the surface to suggest a
process beyond simple heat release at the surface of the grain. Because of

the extent of this region, the most likely explanation once again appears to
be that the observed heat release is the exothermic decomposition and reaction
of a cloud of small propellant particles which are moving away from the
surface. It does not appear likely that a mechanism of deconsolidation on the
scale of that of pressed HHX under some conditions3 is operating here due to
the differences in the physical makeup of the propellants. Whether this
effect may be related to the nature of these particular experiments is not
clear. The M30 samples, which have similar burning rates and impetus, show no
similar effects. It is unlikely that this limited grain deconsolidation would
be very apparent in a standard strand burner at elevated pressure; persons .
with extensive experience with this propellant in strand burners have noticed
no unusual behavior and certainly nothing suggesting deconsolidation on a
scale similar to that of pressed HMX.

As noted above there is a considerable difference in the gas phase
products noted for MO and the nitramines. In particular, it is quite clear
that the reactions have progressed to a greater extent at or near the surface
of the double base propellant. Supporting this conclusion are the relative

3R.A. Fifer and J.E. Cole, "Burning Rate for Steel-Cased, Pressed Binderless
HMX," Proceedings of the 17th JANNAF Combustion Meeting, CPIA Publication No.
329, Vol. II, p. 413, 1980.
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amount of N0 and NO (even after correction of air contamination), and the
appearance of CO, CO2 and 120 as reaction products. our earlier low pressure

studies indicate that the principal reactant with N02 is formaldehyde (HCHO),
which is likely present but would not be readily detected by this sampling
technique. For all pyrolysis cases here, the major gas phage products appear
to be virtually the same as reported in our earlier studies of heating with
hot filaments or by laser radiation. Thus there appears to be no decrease in
surface or near surface reactions due to a dilution or transport effect of the
pyrolyzing gas under the conditions of these observations.

Of note in the two HM spectra is the increase in the two peaks near 1100
c=71 and 1750 cm-I as the temperature of the pyrolyzing gas increases.
Comparison with spectra recorded on various neat gases suggests that these are
the C - 0 and C - 0 vibrations of formic acid (H2CO2 ). This would be an
intermediate product in the oxidation of formaldehyde by N02 via the following
scheme:

HH 0
+ No2  - o + NO

H H 0

C- 0 (formic acid)

0'
H'

Such a scheme is analogo s to 0 + H2CO reaction pathways previously
proposed by Chang and Barker.? In the present case the formic acid could be
formed in the ground electronic state and probably with sufficiently low
excess energy to allow collisional stabilization. Because the formic acid
would normally be consumed in any reaction or flame going to equilibrium, this
observation may demonstrate the presence of an important reaction intermediate
using a relatively unsophisticated experimental technique. The gas flow
temperature here, in excess of 5000C cannot be duplicated in conventional
pyrolysis at atmospheric pressure without the reaction approaching
completion. f course, the possibility that the formic acid is formed during
sampling has not been discounted. It is considered unlikely that it is
related to any contamination of the samples. It appears in other samples,
although not always as well defined as in those spectra shown in Figure 5.

4 R.A. Beyer, "Molecular Beam Sampling Mass Spectroscopy of High Heating Rate
Pyrolysis," ARBRL-MR-02816, 1978 (A054328).

5J.S. Chang and J.R. Barker, "Reaction Rate and Products for the Reaction

0(3p) + H2CO," J. Phys. Chem., Vol. 33, p. 3059, 1979.
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Figure 7. The Ratios of Four Major Species to N20 at a Constant Flow
Velocity Near I m/s as a Function of the Nitrogen Temperature

at the Position of the Grain

A plot of the ratios of the five readily identifiable major species
observed in the pyrolysis of RDX/HTPB is shown in Figure 7 as a function of
temperature. Although the data are somewhat noisy, several trends appear to
be present. Three of the species, HCN, NO, and C0, appear to be constant
with respect to N20 as the temperature is increased. Although the trend is
not dramatic, the N02/N20 ratio appears to increase as the temperature of the
pyrolyzing gas increases. A possible interpretation of these observations is
that the decompostion mechanism is changing as a function of temperature.
However, it appears to be equally likely that the change in NO0 may be due to
the more rapid breakdown of the binder matrix, allowing this highly reactive
gas to escape further reactions more readily at the higher temperatures.
Hence it is probably not wise to draw conclusions about decomposition
mechanisms before measurements are completed on pressed samples of pure RDX
and HIIX.

17
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SUMMARY

The major observations and conclusions of this study are the following:

Ignition in the wake of a double base propellant grain is common when
a flow of air is used at 1 m/s.

The apparent gas generation rate near the surface for NOSOL 363 is
much greater than M30 under these conditions; this may indicate small
scale deconsolidation of NOSOL.

NOSOL 363 propellant grains have a much greater tendency than M30 to

break off chunks which burn downstream in a convective flow even at
flows of I m/s.

The infrared analysis of convective pyrolysis products for 130 and
EM are similar to those produced by more conventional heating in
earlier experiments.

The reactivity of gases evolved from RDX is much greater than those
from double base propellants under these conditions.

Planar laser induced fluorescence of NO should provide sufficient
signal levels for diagnostics of nitram ne propellant ignition at
rates up to 500 frames/s with commercially available cw argon ion
lasers.

oI .
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