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INTRODUCTION

The objectives of the present research were to clarify the mechanism of
decomposition of ingredients of solid propellants at combustion zone
temperatures, and relate the decomposition behavior to the controlling processes
in propellant combustion. The high temperature decomposition studies consisted
primarily of design and assembly of a 1200 watt CO2 laser pyrolysis facility,
using equipment provided under a DOD Equipment Grant (Ref. 1). The role of
ingredient decomposition on the overall propellant combustion process was studied
using primarily the "sandwich burning" method (Ref. 2, 3). The present report
summarizes progress in these two areas.

A large part of the high temperature decomposition work was reported
previously in Ref. 1, and will be reviewed here only in summary form. The laser
facility became operational only late in the contract period, so that the actual
pyrolysis testing was primarily a demonstration-of-potential for the method.

The sandwich burning studies involve extension of earlier studies to
determine a) the mechanisms by which ballistic modifiers change the burning rate
of AP composite propellants, and b) the behavior of new binder materials
(BAMO-THF and NMMO) in burning of AP-binder-AP sandwiches. These studies will be
presented in summary form, with a more detailed description in the form of a
Ph.D. thesis in Appendix A.

LASER PYROLYSIS
The goal of the laser pyrolysis facility was to permit a variety of
controlled experiments in which test samples were heated by infrared radiant flux
at levels from 100 to 1000 watts per cm2 (24 to 240 ca]/cm2 sec). This would
permit decomposition at the temperatures and rates typical of propellant
comoustion, with a variety of experimental advantages over combustion:

a) Ingredients can be studied individually.

b) Heating rate can be varied independently of other variables.




c) High heating rate can be achieved with either ingredients or
propellants at low pressures where the gas phase reaction zone is
spread out enough for spatial resolution by various measurement
methods.

d) Decomposition can be started, stopped, or oscillated by controls on the
laser. "Quenched" samples are available for microscopic evaluation.

The principal features desired of the laser facility were

a) A 1200 - 1500 watt continuous output infrared beam, reasonably
homogeneous.

b) A beam conditioner-delivery system that permitted uniform illumination
of a1l cm2 sample surface.

¢) An optical bench for mounting 2 - 3 experiments (test chambers,
instrumentation) in the beam delivery location. A suitable enclosure
to prevent inadvertent exposure to laser illumination.

d) An exhaust system and flushing flows for test chambers.

e) A control system that operates the laser, test instrumentation,
recorders, etc., according to prescribed controls, pre-programmed for
each test and/or controlled in real time by measured variables.

A1l of these features were accomplished during the present contract except
for completion of the control system.

The central features of the facility are summarized in Fig. 1 and 2, which
describe the general layout and the optical paths. The optical bench and
enclosure are shown in Fig. 3. The laser is a Penn Research Corp. 1200 watt
continuous fast axial flow CO2 laser (Fig. 4). This laser can be operated at
levels of 100 - 1200 watts; the beam output can be turned on and off and
oscillated at frequencies up to 3500 Hz by input electronic controls. The beam
has a Gaussian intensity distribution. Various means were used to obtain a
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Fig. 3 Layout of laser facility showing (1) laser and (2) laser
controls. The laser beam (---) leaves the front of the Tlaser and
reflects from 4 gold coated copper mirrors [2 are visible (3)] before
passing through the final 2 beam conditioning lenses (4) and striking
the sampie in the chamber (5). The beam can be positioned at any point
on the optical bench (6) using the motorized (7) traversing system (8)
with remote controls (9). The video recording system (10) is outside
the polycarbonate safety enclosure (11).




laser.

2

Photograph of the 1200 watt CO

Fig. 4




"flat" intensity distribution, with only moderate success. Tests to date have
simply used the relatively flat part of the distribution.

A test chamber was constructed (Fig. 5) for atmospheric pressure testing,
providing for flushing with desired atmospheric gas, an infrared window at the
top for the Tlaser beam, and additional windows for sample illumination,
combustion photography, and other optical measurements.

The control system indicated in Fig. 1 was not yet operational at the
closing date of the contract. Components were on hand and most were in use for
related ongoing research.

Exploratory tests were run on samples of polymers, single crystal and
dry-pressed ammonium perchlorate, and dry-pressed ammonium nitrate. Fig. 6 shows
typical surface features of these materials as revealed by scanning electron
microscope images of the surfaces of samples after beam cut-off-quench (tests
conducted at 1 atmosphere of nitrogen). Tests were also run with sustained
steady state pyrolysis on polymer samples, monitored by video camera to provide
surface regression rate. These were exploratory tests in preparation for
correlation of pyrolysis rate and surface temperature vs heat flux. Work was
suspended before the system for surface temperature measurement was implemented.

In general, the facility met all expectations except for a) Tack of complete
beam uniformity (rejection of about 30% of beam energy in order to achieve
acceptable beam wuniformity), and b) 1lack of fully automated control of
experiments. It is anticipated that these shortfalls will be remedied in future
projects.

SANDWICH BURNING STUDIES

The "sandwich burning" method for study of combustion of heterogeneous
propellants has been highly developed in earlier studies, and now combines

a) A simple (two-dimensional) geometry (Fig. 7)
b) An extensive background of theory and experimental results pertaining
to combustion of such systems
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e)

Ory pressed ammonium nitrate. Suggests extensive melt layer
with Jarge bubbles and in-depth decomposition.

Fig. 6 Typical surfaces of quenched samples.
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QUENCHED SURFACE
OF A SANDWICH

Fig. 7 Flame complex for an edge burning AP/binder/AP sandwich. The
lower portion is a picture of a quenched surface, the upper part a
sketch of the flame (based on theory and results of past studies).
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c) Small, easily fabricated test samples particularly suited to study of
new propellant ingredients that may be available in only small
quantities

Experimental results include sample burning rate, burning surface profiles,
and detailed features of the burning surface. When combined with combustion zone
theory, it is often possible to determine the effect of ingredient variables on
the structure of a flame zone, which is usually too microscopic for direct
observation. In effect, the tests allow determination of the rate-controlling
steps in the combustion by reconciling the measurable features noted above with
flame theory that is made relatively tractable by use of the simple sandwich
geometry. The reader is referred to details and procedure in Ref. 2 and in
Appendix A. In this summary, the principal conclusions of Appendix A are
summarized. This consists of conclusions regarding mechanism of burning rate
catalysts, and unique features of combustion with BAMO-THF and NMMO binders. The
binder studies were somewhat limited because the materials became available only
late in the program.

Figure 8 summarizes the key features of the combustion zone of sandwiches
with laminae of AP and organic binder, and will be used extensively in the
following in explanation of the effect of catalysts and changes in fuel material.
Figure 9 shows the burning rate of uncatalyzed PBAN sandwiches, to which the
effects of catalysts and other binders are compared here.

Iron-containing Catalysts (PBAN Binder)

Several iron compounds have been used effectively to catalyze the burning
rate of AP-HC binder propellants, and some preliminary studies (e.g., Ref. 4)
have shown a similar catalysis of sandwich burning rate. In the present study
the effect of Fe203, Fe304, and catocene was studied with (usually) 10% catalyst
added to the binder lamina (analogous to 1% in a propellant). Tests (combustion
photography and interrupted burning) were run at 300, 500 and 1000 psi (room
temperature). A range of binder lamina thickness from 25 - 150 um were used.
The observable features (burning rate, surface profile and microscopic features)
were documented and interpreted. The results with PBAN binder without, and with
catalyst, included the following (described relative to the features in Fig. 8).

14




Diffusion
Flame

Flame K LEF) @

Oxidizer

1

2.

8

5
Binder

®

Principal features of the combustion zone microstructure
and processes as suggested by accumulated results: 1) binder lamina;
2) interface plane between binder and oxidizer; 3) oxidizer surface
adjoining binder-smooth band; 4) leading edge of the oxidizing burning
front;5)oxidizer region that regresses at the normal AP self-deflagration
rate; 6) AP flame; 7) leading edge region of AP flame; 8) oxidizer flame,
modified by the animalous decomposition in the smooth band; 9) oxidizer-
fuel diffusion region, with stoichiometric surface indicated by broken
line; 10-11) kinetically limited leading edge flame (KLLEF) (fuel-rich and
oxidizer-rich sides); 12) diffusion flame; 13) tip of diffusion flame

Fig. 8 Details of the flame complex (from Ref. 2).
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a PBAN 300 psi
® PBAN 500 psi
B PBAN 1000 psi

Burning Rate (mm/sec)

2 -
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Binder Thickness (um)

Fig. 9 Burning rate of AP/PBAN/AP sandwiches.
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Surfaces of the AP laminae more than about 100 um from the binder burned in
a manner similar to pure AP self deflagration ((5) in Fig. 8: i.e., the
oxidizer-binder interaction is localized to a region close to the binder).

The sandwich burning rate was higher than the AP self deflagration rate, and
always increased with the iron catalyst present. (300 < p < 1000 psi)

The quenched samples were roughly "V" shaped on the macroscopic scale, with
the angle of the "V" conforming to the relation

rAP/rsandw = cos @
between the sandwich burning rate and the independently determined AP rate
(o is the angle of inclination of the AP surface). However, the microscopic
features of the surface close to the oxidizer-binder contact planes showed
complicated variations indicative of the processes in .the region of
oxidizer-binder interaction, (1) to (4) in Fig. 8.

The burning rate with catalyst in the binder lamina was almost always higher
than with no catalyst. The rate always showed a maximum at a particular
intermediate binder lamina thickness (Fig. 9 shows results for no catalyst,
and Fig. 10 shows typical results for a catalyzed binder.)

Catalyzed samples generally showed concentration of iron oxide on the
binder surfaces (even with catocene). Under certain special conditions
where concentration did not occur, burning rate was not enhanced. The oxide
concentrate was determined to be primarily Fe304 (post-test).

In no case was there evidence of burning down the oxidizer-binder contact
surfaces ahead of adjoining binder (some results with propellants suggest
that interface burning might become important at pressures below 50 psi or
so (Ref. 5)).

In all cases there was a leading edge of the burning profile in the AP

laminae ((4) in Fig. 8) with protrusion of the AP immediately adjacent to
the contact planes ((3) in Fig. 8), accompanied by a region of relatively

17
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Fig. 10 Example of effect of catalyst on burning rate (10% Fe 0

the binder lamina; compare with Fig. 9).
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smooth AP surface between the contact plane and the leading edge. However,
this "smooth band" region became narrower, with less protrusion of the AP
under conditions that yielded high burning rate, degenerating down to a mere
ledge of AP (concave upward) adjoining the contact plane in the fastest
burning samples. '

8. At 1000 psi the AP rate is comparable to the uncatalyzed sandwich rate (Fig.
10) and the macroscopic profile is relatively flat. With catalyst present,
a "V" shaped profile was present, consistent with #3 above.

9. Rate enhancement by the catalysts was always less with thick binder laminae
(Fig. 11 and App. A), a condition where the fuel supply for the KLLEFs is
high but advance of the flame closer to the surface to increase rate is
impeded by high heat loss to the protruding binder lamina.

Interpretation of catalyst effects will be made below as a conclusion, based
on the foregoing general observations of results and more detailed results (and
arguments) in Appendix A. But before presenting the conclusion, it is helpful to
note some features of the catalyst "situation" that have often been neglected in
previous publications on the subject. Most studies have been made using
particulate catalysts, which are ordinarily protected from contact with the

oxidizer in the solid phase by encapsulating binder (i.e., catalytic interaction
with AP is impeded). In addition, the low mobility in the condensed phase limits
catalytic action on the binder as well (except with the liquid catalyst). Thus,

the extent of condensed phase catalysis of binder decomposition is limited

except in locations where concentration of the catalyst occurs (as it did with
all catalysts at the binder surface, even with catocene). The effectiveness of
catocene was not dramatically different from that of Fe,0, and Fe 04, indicating

2°3 3
that homogeneous distribution in the binder did not make possible condensed phase

reactions of importance that might be impeded by heterogeneity with particulate
catalysts. It should be noted that the opportunity for particulate catalysts to
act in the gas phase is also limited, by the low collision probability of gas
phase molecules in the short time between release of a catalyst particle from the
surface and the time the particle has passed the burning rate-controlling parts
of the gas phase flame.

19
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Fig. 11 Ratio of catalyzed and uncatalyzed burning rates for AP/PBAN/-
AP sandwiches (Fe304 catalyst).

20




It is argued here that under the conditions of this study, the primary
action of the catalyst is in "cracking” large fuel molecules released in the
binder decomposition. This is aided by the formation of a catalyst layer on the
binder surface, through which fuel molecules must pass, thus optimizing the
opportunity for catalysis. This breakdown of the heavy fuel molecules is
necessary to establish an oxidizer-fuel flame, and the catalytic breakdown
enables that high temperature flame to be established closer to the surface with

a corresponding increase in burning rate. This scenario is supported by so many
detailed results (App. A, Ref. 6, 7) that it may be considered to be "proven" as
conciusively as anything ever is in this microscopic propellant flame "world"
where proof by direct measurements of details can't be made. The mechanisms
involved are equally applicable for AP-HC binder propellants (in the same
pressure range), so that the same catalytic effects are observed in propellants
as in sandwiches. Rather different scenarios may be applicable under conditions
where the O/F flame is Tess important to control of burning rate (e.g., at very
Tow pressure where flameless burning occurs without catalysts, or at high
pressures where the AP self deflagration dominates burning).

Sandwiches with Other Binders {Non-catalyzed)

During this study two new binder materials became available that had not yet
been evaluated in propellants, but looked promising in some Navy applications.
While AP was not the optimum oxidizer for use with these binders, use of more
promising oxidizers was compromised by safety considerations, and the extensive
background with AP sandwiches offered a good framework in which to judge the
combustion behavior of the new binders, and at the same time to extend the
sandwich burning theory to new-fuel situations. Accordingly, a limited set of
tests analogous to the AP/PBAN ones were run with BAMO-THF binder and NMMO binder
in place of PBAN. The detailed results are contained in Appendix A.

Before discussing the test results for the new binders, some comments about
binders are in order. Both BAMO-THF and NMMO decomposed at lower temperature than
PBAN. While PBAN decomposition is endothermic, BAMO-THF is slightly exothermic
and NMMO more so. Compared to PBAN, both are dilute fuels, NMMO being the most
dilute. A1l three have about the same stoichiometric flame temperature with AP

21




/NMMO a little "cooler." Upon heating, BAMO-THF loses nitrogen at a temperature
where it is in a melt state, resulting in a bubbling surface. From these
characteristics, one would expect certain changes in details of sandwich burning
with AP. A more dilute fuel causes the stoichiometric surface of the 0-F mixing
fan (Fig. 12a) to be shifted toward the fuel flow (Fig. 12b), causing the KLLEF
to be shifted similarly. Thus the KLLEFs supply more of their heat to the fuel
surface, lessening the lateral heat flow from the oxidizer lamina to the binder
lamina, and hence reducing the usual protrusion of AP near the contact plane.
This effect is further enhanced by low heat requirement for decomposition (due to
binder exothermicity and low decomposition temperature). The binder is expected
to be more recessed, a condition that further decreases lateral heat flow from
the hotter AP surface layer to the binder, further decreasing the protrusion of
AP at the contact plane. If the binder is strongly exothermic, it will heat the
AP instead, leading to an entirely different surface profile (Fig. 12c), in which
heat flow from the binder to the AP retards a rate that is dominated by the
binder; the binder regression will be retarded near the contact plane and have a
concave surface. If the (now fast burning) binder lamina is thick enough, it
will not be retarded at its center by lateral heat loss to the AP and will burn
at its own rate. Under these conditions the KLLEFs cease to be important factors
in the burning rate, but will still affect the details of the surface profile
near the contact plane. However, the KLLEF is relatively less important because
it involves less heat release and is poorly located when more of the heat release
has occurred in the binder decomposition. As will be seen, none of the binders
used was sufficiently exothermic to have the rate dominated by binder heat
release.

The foregoing scenario is based on physical reasoning, but was constructed
under the stimulus of emerging experimental results with the new binders and
comparison with earlier results with PBAN binder. This is illustrated by Fig. 13
and 14, which show the burning rate for the three binders (NMMO was tested at
only 2 pressures). Referring to Fig. 13, the opposing effects of mild
exothermicity of BAMO-THF and its Tower fuel content result in only small change
in burning rate relative to PBAN under most conditions. With thick binder
laminae, the rate with BAMO-THF was higher because the effect of the low fuel

22
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12a
Endothermic binder,
high fuel value

12b

Easily pyrolized,
slightly exothermic
binder, intermediate
fuel value

12c

Easily pyrolized,
exothermic binder,
relatively low
fuel value

Fig. 12 Sketch indicating the expected effect of fuel value of the
binder material on the flame complex (e.g., PBAN is a concentrated
fuel, BAMO-THF a relatively dilute fuel).
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Fig. 13 Burning rate of AP/BAMO-THF/AP sandwiches.
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value is compensated for by an excess of fuel present.* At lower pressures,
where rate is particularly dependent on the 0-F flame, the dilute fuel effect of
BAMO/THF led to lower rate under fuel-deficient thin binder conditions (thin
binder samples would not burn at all at 300 psi). The observations of quenched
samples and flame photography support the above interpretations. In general, the
burning rate is strongly affected by the leading edge of the 0-F flame with
BAMO-THF as in the case of PBAN binder, with the fuel exothermicity playing an
important role only under conditions of low pressure and thick binder where the
AP deflagration is marginal, the fuel supply for the KLLEF is plentiful, and the
mild binder exothermicity is relatively more important. The burning rate was
conspicuously higher than with PBAN under these low pressure conditions, to a

degree that remains unexplained. The shift in the maximum of the rate curve to
greater lamina thickness with BAMO-THF probably reflects the Tlower fuel value
compared to PBAN (the maximum results from an optimum in a trade-off between heat
loss to the binder lamina (Jow with thin laminae) and fuel deficiency (severe
with thin laminae).

From the comparison of burning rates with PBAN and NMMO binder in Fig. 14,
the rate with NMMO is conspicuously lower. Further, the sandwich rates with NMMO
are nearly independent of lamina thickness and equal to the rate of the AP
lamina, a result that suggests that the rate is not appreciably affected by
either the KLLEFs or the exothermicity of the NMMO decomposition. The apparently
negligible contribution of the KLLEFs implies large standoff distance, which in
turn implies low reaction rates between the initial oxidizer and binder
decomposition products. The exothermicity of the binder decomposition was not
enough to affect the sandwich rate, although it might be important in a
conventional propellant where rate is determined in part by the time required to
burn through binder membranes between AP particles. The results would suggest
that such a propellant might not burn below the AP self deflagration limit (just
below 300 psi) because of the limited contribution of the KLLEFs to the surface
heat balance.

* This effect was particularly conspicuous at Tow pressure, suggesting that
fuel exothermicity was an important factor under these marginal burning
conditions.
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Iron-containing Catalysts (BAMO-THF and NMMO binders)

In general, the effect of the catalysts on burning rate was the same with
BAMO-THF as with PBAN, with a large rate enhancement at Tow binder thicknesses
(notably in the domain where the KLLEFs are coupled, fuel supply is less than
optimum and heat loss to the binder lamina is recovered in the coupled KLLEFs
(Fig. 15). Under these conditions, catalytic breakdown of the fuel can be
accompanied by positioning of the KLLEFs closer to the surface, and
correspondingly increasing burning rate. As noted above, this is impeded at high
binder thicknesses by the presence of a protruding binder lamina and separation
of the KLLEFs, with heat losses to the excess binder that does not support the
KLLEFs (Fig. 16).

Figure 17 shows the burning rates of uncatalyzed and Fe304 catalyzed
BAMO-THF sandwiches, and Fig. 18 shows the results as ratio of catalyzed rate to
uncatalyzed rate. A similar graph for PBAN sandwiches is shown in Fig. 11 for
comparison. Note that the catalyst enhances the rate of the BAMO-THF sandwiches
more than the PBAN sandwiches. This was true under most conditions tested for
all three of the catalysts, a point of some practical importance. The reason for
greater catalyst effect with BAMO-THF is not unambiguously established. However,
it is notable that the catalyzed PBAN rate curves in Fezo3 and Fe304 (e.g., Fig.
19a) peak at a much Tlower binder lamina thickness than the catalyzed BAMO-THF
rate curves (Fig. 19b) (roughly 25 uym vs 70 um). The drop-off in rate at higher
lamina thickness has to this point been attributed to the increasing heat "loss"
from the KLLEF to the thick (and protruding) binder lamina. In the case of
BAMO-THF, this effect is less significant because the binder is more easily
pyrolized and doesn't protrude under most conditions. Thus the decline in rate
due to heat loss is reached at a greater lamina thickness. This contrast between
PBAN and BAMO-THF sandwich rate was less conspicuous for uncatalyzed sandwiches
(Fig. 20).

The greatef rate enhancement by catalysts with BAMO-THF binder is presumably
at least in part due to reduced heat requirement to pyrolize the binder, which
causes it to be more recessed than with PBAN, with correspondingly less lateral
heat drain from the rate controlling region in the AP into the binder. However,
there are other relevant factors whose importance is still unknown. There is not
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Fig. 18 Ratio of burning rates for BAMO-THF with and without catalyst
(Fe304) (compare with Fig. 11 for PBAN).
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PCat 500 psi
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Fig. 19 Comparison of effect of catalysts on burning rate for PBAN
and BAMO-THF sandwiches at 500 psi.

a) PBAN with three different catalysts.
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Fig. 19 Comparison of effect of catalysts on burning rate for PBAN
and BAMO-THF sandwiches at 500 psi.

b)  BAMO-THF with three different catalysts.
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Fig. 20 Comparison of burning rates of uncatalyzed sandwiches.
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sufficient data on the extent of the catalyst concentration on the surface, and
little dinformation about the nature of the fuel vapors or the catalyst
interaction with them. These aspects of the process may differ with kind of
binder, kind of catalyst, pressure, and binder lamina thickness. However, all of
the catalysts formed surface concentrations of iron oxide on the binder and
enhanced burning rate, under all conditions, except under isolated conditions
when no surface concentration was evident.

The tests with NMMO + catalyst were limited by available time to one
pressure and one catalyst. The burning rate data are included in Fig. 14.
Noting there the result described earlier for uncatalyzed NMMO, the effect of the
catalyst was dramatic. This result is consistent with the earlier speculation
that with pure NMMO binder, the KLLEFs are remote from the surface due to "slow
kinetics" of the reactions in the mixing fan, but that the binder vapor
decomposition is catalyzed by the concentrated catalyst layer on the surface,
enabling the KLLEFs to be established close to the surface. The effect is more
dramatic in the case of NMMO because the rate was so low without catalyst. In
terms of an NMMO/AP propellant, a catalyst may be very important to
achievement of favorable ballistics.
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Figure 1-7. Analytical Sandwich Combustion Model

Figure 1-6. Mcchanisms Influencing Sandwich Regression
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Figure 4-43: Buming Rate vs. Pressure: Thick BAMO-THF case

4-44 Quenched Surface Details of: a) A Composite Solid Propellant

b) An AP/Binder+AP filled Sandwich.
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