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SUMMARY 

Ignition and transient combustion characteristics of composite 
propellants (AP or HMX types) and double base propellants (NC/NG and 
NC/MTN types) were classified by their responses to strong radiant 
heating (5 to 100 cal/cm^-sec) from laser ar.d arc sources.  These re- 
sults are providing guidelines that permit the designer to maximize 
igniter effectiveness with minimal development testing.  Ignition times 
(go/no-go measurements) are significantly different for the two classes 
of propellant and are affected greatly by addition of carbon powder and/ 
or combustion catalyst.*.  The results reveal several important general- 
izations.  With the arc furnace the opacifiers in the condensed phase 
can lower the ignition times as much as ten-fold.  For double base pro- 
pellants, the time to the IR emission level corresponding to the onset 
of surface decomposition is independent of pressure and O2 concentration, 
whereas the time to sustained flame (go/no-go test) depends on both. 

The dynamic response of a solid propellant to a rapidly decreasing 
radiation flux is representative of the general class of transient res- 
ponses of heterogeneous flames to rapid disturbances.  The response of 
double base propellants to roughly square wave radiation pulses was 
examined.  When such pulses are used to ignite propellants, they may in 
some cases produce a flame which persists for whatever duration the pulse 
persists, but which extinguishes as soon as the pulse stops.  This ten- 
dency to extinction upon deradiaticn was found to be lessened by increas- 
ed pressure, increased deradiation time and addition of carbon powder. 
The effect disappears entirely when burning rate catalysts are added. 
This extinction response upon deradiation is not limited to the ignition 
situation; it was shown experimentally that a steadily burning propellant 
can be extinguished by a radiation pulse of appropriate magnitude, dura- 
tion, and speed of cut-off.  It was shown that this dynamic extinction 
behavior results from an imbalance in the heat fluxes to and from the 
burning surface during deradiation. 

A mathematical model for ignition and the nonsteady burning follow- 
ing ignition, employing the nonsteady hea' feedback function of Zeldovich, 
was solved and shown to predict quite we«. 1 the same type of behavior as 
that found experimentally. 

The problem of relating c-onv~ctive ignition response (needed for 
rocket and other applications) to radiative ignition test results was 
shown to be complicated by the inherent characteristics of radiation 
experiments, i.e., propellant reflectivity and transparency, slow 
kinetics in the cool gas phase, dynamic extinction during deradiation, 
and spatial variation of radiation flux on the target surface. 

Based on research sponsored by the U. S. Army Research office in Durham 
under Grant DA-ARO-D-31-124-72-G119 and monitored by the Ballistic 
Research Laboratories, Aberdeen Froving Ground, Md. 

NOTE:  This material is to be published in a volume on AMC Fundamentals 
of Ignition Task. 
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I.  INTRODUCTION 

This research is elucidating the physical and chemical factors that 
control ignition of double base propellants.  The knowledge gained will 
provide rational guidelines for the interior ballistician in designing 
igniters and for the propellant formulator in tailoring ignition charac- 
teristics to specific applications.  Emphasis is on  (1) detailed experi- 
mental investigations of the processes that occur at and near the pro- 
pellant surface,  (2) the connection between the ignitability of a pro- 
pellant and its other combustion characteristics, and  (3) on quantifying 
the peculiarities of radiative ignition in comparison with convective 
ignition.  As a result of this research the ignition trends of different 
propellant types (e.g., composite vs double base) and of several modi- 
fied propellants (e.g., noncatalyzed vs catalyzed double base and trans- 
parent vs opaque propellants) are being rationalized in terms of basic 
differences in the structure of the deflagration wave in the solid and 
gas phases (see Ref. 1).  The problem of flame retention during the ig- 
nition transient of solid propellants is being investigated both analyt- 
ically and experimentally. Of particular interest are the factors that 
determine whether sustained ignition (stoady burning) or extinction en- 
sues when the ignition stimulus is removed.  In general this extinction 
may result from two types of causes, insufficient flame development 
(premature withdrawal of the ignition stimulus) or dynamic effects at- 
tending the actual withdrawal of the stimulus (despite full flame devel- 
opment) ; one segment of ...e present work is focused on this latter type 
of cause (see Ref. 2). 

A convenient format for presenting and analyzing radiative ignition 
results is a logarithmic plot of heating time vs incident radiant flux 
(called an ignition map).  This is constructed from tests in which a 
propellant sample is sukjected to a cons -nt flux for a fixed time 
(square-wave pulse). Boundaries on such a map define regions of differ- 
ing propellant response (no effect, gasification, flame development, 
etc.) . 

In previous studies, ignition maps with complex boundaries have 
stimulated discussion and analyses of the underlying combustion mechan- 
isms.  For example. Price and co-workers3 developed ignition maps which 
showed interactions between condensed phase reactions, gas phase reac- 
tions, free convection, and dilution of flame zone by chamber gases. 
Also, Lenchitz and co-workers4 discovered several difficult to explain 
ignition trends during their examination of thin nitrocellulose films. 
In the spirit of this research, complex interactions of the ignition 
trends are welcomed because they are often useful in deducing informa- 
tion about the ignition and transient burning processes. 

II.  GENERALIZED IGNITION MAP 

As a means of efficiently presenting and interpreting the experi- 
mental results, we have chosen to describe the expected ignition events 
and limits prior to presenting the data. Figure 1 shows a traverse of 
event limits (boundary points) on an ignition map. The traverse is at 
a fixed value of pressure and radiant flux intensity. The events tra- 
versed on the ignition map are: 

Lla   c^e sur^ace *s heated to the point that it is being gasified 
and a carbonaceous layer may form on the surface but vigorous 
exothermic reactions are not occurring.  For any lesser heat- 
ing time, no visible effect is seen. 

.••'•'••i11 
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Llh  either gas phase or surface reactions begin to accelerate 

rapidly (as indicated by the appearance of a detectable IR 
signal from the gas just above the sample surface). 

L.    incipient flame appears. 

L.,  self-sustaining ignition. 

L2   rapid deradiation (of some propellants) between limits L2 and 
L3 results in dynamic extinguishment. 

L-.   sustained combustion following deradiation (assured by flame 
spreading away from the target area of radiant heating). 

Limits L,,, L2, and L, must be established by go/no-go testing. 

The limits L^ö», L2, and L3 are very specific limits whose positions 
(and even existence) are strongly dependent on propellant type and test 
conditions (i.e., pressure, atmosphere, deradiation time, spatial distri- 
bution of radiant beam, etc.).  Furthermore, as indicated on Fig. 1, the 
limits L^a, L^b» 

Llc» and L]^ may not be detectable as four individual 
limits since two or more of the limits may occur nearly simultaneously, 
depending on pressure, heat flux, and atmosphare.  When all four limits 
occur nearly simultaneously, the limits will be referred to simply as 
the Li limit.  The implication is that a self-sustaining flame develops 
very quickly the moment the propellant begins to gasify. 

In terms of limits shown on Fig. 1, the conditions for ignition may 
be treated as two essential conditions.  The first is the development 
of the initial exothermic reactions, (i.e., limits Lia, Lx0, and Lic) 
partially within the propellant surface reaction layer and partially in 
the adjacent gas phase boundary layer.  Corresponding quantitative the- 
ories have evolved to treat this condition:  one of the earliest was 
the theory of Frazer and Hicks5 which dealt with the condensed pha.se; 
detailed physical modeling of the flame has come from Princeton (e.g., 
Ref. 6 and 8); and there have been other contributions (e.g., Ref. 9- 
14). Several of the models were reviewed in Ref. 14. The second con- 
dition is focused on the final stage of the surface reactions and flame 
development and emphasizes the conditions for flame retention after 
the heat source is removed, i.e., limit L^. We call this second condi- 
tion a late-stage type of theory, in contrast to the first conditions 
which we call the early-stage type of theory.  In the late stage, atten- 
tion is focused on matching of the heat feedback from a quasi-steady 
(fully developed) flame to the heating rate required to prepare the con- 
densed phase for burning.  There are many instances in which the appear- 
ance of visible flame does not insure self-sustaining combustion. 

In our experimental and theoretical studies we have analyzed condi- 
tions under which a nitrocellulose double base (OB) propellant can be 
brought successfully to ignition in terms of the late stage definition 
(self-sustaining combustion following deradiation, i.e.. Lid is crossed), 
but, if the heating time is increased beyond L2. the propellant will fail 
to retain the flame following rapid deradiation and the propellant stops 
burning.  This dynamic extinction occurs because the heat flux from the 
flame is too low to maintain (during the thermal relaxation period) the 
energy required by the condensed phase immediately following the over- 
driven situation of radiation assisted burning.  To our knowledge to 
obtain such a dynamic extinguishment, radiant heating following the Lid 
limit must drive the burning rate above the steady state burning rate. 
The L- limit is discussed in Section V. 

The upper limit, L3, above which dynamic extinction does not occur, 
corresponds to the time required for flame to spread over the irradiated 
surface beyond the target area of direct exposure.  Under these conditions. 
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thc dynamic extinction (following rapid deradiation) is restricted to the 
portion of the propellent surface exposed to the radiant beam; the unper- 
turbed deflagration wave surrounding the target area can reignite the 
entire surface.  Since the long exposure times cause the one-dimensional- 
ity of the ignition process to break down, the subsequent disappearance 
of dynamic extinction is referred to on the ignition maps as "3-D rcig- 
nition". 

Measurement of the time to a prescribed level of IR emission from 
the propeliant surface reveals that the appearance of the (incipient) 
flame corresponds to a well defined boundary, L]_c«  Significantly, the 
beginning (L^) of tue rapidly accelerating infrared (IR) signal from the 
propeliant surface region is independent of pressure and O2 concentration, 
but whether and how rapidly strong surface reactions occur depend on both. 
Therefore, the appearance of initial surface reaction (L^j-, limit) , is 
controlled by condensed phase and .surface processes and can be described 
by simple thermal theory.  However, as previously pointed out, neither 
the appearance of .in incipient flame (L^c limit) nor condensed phase 
thermal theories (Lia or L^ limits) are in general adequate for declar- 
ing that sustained ignition (crossing of L^d limit) will occur.  In 
particular situations (e.g., high pressure and low heat flux), the con- 
densed phase thermal profile is well established and the propeliant is 
able to provide vigorous energy feedback to the surface and rapid flame 
development occurs; the requirements for a self-sustaining flame are 
automatically satisfied when a prescribed surface temperature is achieved. 
In this case, no late-stage theory is needed and the ignition is assured 
by crossing the L]_a limit. 

III.  SUMMARY OF EXPERIMENTAL PROCEDURE 

The two radiative sources used in the study are an arc image furnace 
(Fig. 2a) and a C02 laser (Fig. 2b). The Xenon lamp in the arc inu qe 
apparatus provides the arc whose image is focused at the surface of the 
propeliant sample (2.6 mm in diameter).  The intensity of the radiant 
flux (up to 120 cal/cm^-sec) is controlled in a discontinuous manner by 
inserting attenuation screens (e.g., stainless steel mesh) into the 
optical path.  The CO2 laser (see Ref. 15 for more details) provides a 
continuous emission at 10.6u with a maximum heat flux of 100 cal/cm2- 
sec.  However, the radiant beam is spatially nonuniform (e.g., at 36 
cal/cm2-sec the time for the onset of first gasification may vary by 
10-15% over the 3 by 3 mm target area).  The basic difference in the 
spectral emissions from the Xenon arc lamp and from the CO2 laser is 
shown in Fig. 2b. 

It follows from the discussion in Section II that the appropriate 
experimental method for rating the ignitability of propellants is the go/ 
no-go type of test rather than detecting a flame during the continuous 
radiation type of test, since the appearance of the incipient flame (as 
indicated by either IR or photo detectors) is often only a step in the 
overall ignition transient. 

The duration and rate cf termination of the radiant pulse of known 
intensity arc controlled by two high speed, iris type shutters which 
operate within 1 msec.  The speed of the shutter systems is a very im- 
portant parameter, differences on the order of one msec in the deradiation 
time can shift the time of the L2 boundary 50* (sec- Fig. 3 in Ref. 2). 
The point-by-point nature of the go/no-go data is illustrated on Figs. 
3, 4, 6, 12 and  15 which show a few of the points closest to the bound- 
ary.  Statistical treatments were not applied to the data.  Uncertain- 
ties concerning a boundary were reduced by conducting additional tests 
in the vicinity of the boundary.  Where necessary as many as  3 tests 
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were used to define a boundary. A typical boundary was defined with 20 
tests.  The results are plotted as the log of radiative heating time vs 
log of intensity of the incident radiant flux.  To permit direct compari- 
sons, all of the results are plotted on the same grid. 

Most of the propeilants considered were tested with the arc and the 
laser at 5, 11, and 21 atm (either air or N2) and at radiant flux inten- 
sities up to 100 cal/cm^-sec. The response of the propellant to the 
radiant pulse is observed bot! as a global result of ignition or no ig- 
nition and as detailed processes of gasification, incipient flame, and 
well developed flame. For selected tests, high speed (1000 frame/sec) 
shadowgraph and color movies, and fine thermocouples recorded the igni- 
tion sequence. 

The standard sample geometry is a cylinder 2.6 mm in diameter which 
is smaller than the 3 x 3 mm region heated by the laser. The surfaces 
were freshly cut with a razor blade a few minutes before the test.  The 
propellants for which ignition maps were measured are listed in Table I. 
Propellants 9 and 10 are referred to as catalyzed DB propellants since 
they contain lead and copper salts that produce increased burning rates. 

Overall IR emissions from the propellant surface region were observed 
during continuous radiation assisted ignition experiments carried out in 
the laser apparatus for the same experimental parameters as used for the 
go/no-go type of experiments. For each condition, two times were observed 
during the ignition transient:  (1) the time of appearance of surface 
reactions, at which the IR detector senses a first faint emission of 
radiation somewhere near the surface, and  (2) the time of strong surface 
reactions, at which a given level of IR emission from the surface region 
is reached.  The IR detector is a photoconductor made of gold-doped 
germanium.  It is positioned so that it detects radiation from the sur- 
face region through an optical path consisting of two Irtran 2 windows 
and a front surface aluminum coated mirror. As shown in Fig.2b, the 
spectral range of the overall IR detector system includes the surface 
emissions of interest (i.e., approximates surface temperatures of AP com- 
posite and DB propellants) but responds very weakly to the 10.6u emission 
of the laser.  The IR detector signal level that corresponds to the first 
detectable surface reaction (Llb limit) was established by high speed 
notion pictures ad by examining surfaces of relics from no-go tests. 

IV.  COMPARATIVE ANALYSIS OF IGNITION CHARACTERISTICS 

Propellants ar.u test conditions were selected that emphasized partic- 
ular ignition events and thermal processes. As a means of efficiently 
presenting and interpreting the results, we have related the measured 
boundaries to the limits presented in Fig. 1.  This section consists of 
five subtopics that employ the data to elucidate a range of characteris- 
tics.  The scope of the tests is summarized in Table II .  Since the 
objective of this section is to present and describe data from a wide 
variety of propellants and test conditions, the detailed comparisons re- 
quire that the reader make repeated references to the figures. 

A. Observations by Propellant Class 

A comparison of the relative ignitabilicy (under arc image heating) 
of the several propellant classes is given in Fig. 3.  Under the 21 atm 
conditions shown on Fig. 3, the ignition limits are straight lines over 
the indicated range of heat fluxes. At lower pressures (s.g., 5 atm), 
several of the limit lines are not straight and a direct comparison of 
the propellants is more difficult. Most prominently, the 1LMX/PU propel- 
lants are the most resistant to ignition.  The next most resistant 

— 
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propcllants are the AP composite propellants.  The opacified NC double 
base propellants (i.e., propellants containing particulate carbon) are 
clearly the easiest to ignite.  These trends are consistent with the 
burning surface temperatures of the three propellant types (i.e., 260 to 
340°C for NC16, 700 to 800 for AP composite,17 and 1050 for IIMX compos- 
ite^8) and with the reflectivities and extinction coefficients of Table III 

The very large differences in the ignition times will be used here 
as a means of deducing information concerning the combustion proce,*ces 
of the several propellant classes. 

For tests conducted in N2 at pressures between 5 and 21 atm, each 
propellant class demonstrates distinct characteristics: 

1. AP composite propellants (see Fig. 4) are characterized by a 
single L^ limit (see Fig. 1) between nonignition and sustained 
ignition regions, i.e., the Lia, L^w/ Lic and L^  limits merge 
into one.  The boundary is a straight line whose location and 
slope are independent of pressure but depend to some extent on 
radiation penetration below the surface.  (Below 5 atm, pres- 
sure dependence becomes pronounced,  particularly in the high 
intensity range.)^ 

2. Catalyzed DB propellants (see Fig. 5) are characterized by the 
existence of clearly defined Lia and LJJ limits. As pressure 
increases, the L^ limit becomes a single straight line and the 
non-self-sustaining flame region between the Lja and L^ limits 
decreases until it is eliminated. 

3. Noncatalyzed propellants tested in the laser ignition apparatus 
(Fig. 6) have a single Lia limit between nonignition and sus- 
tained ignition regions. Moreover, noncatalyzed DB propellants 
can be extinguished by rapid removal of the laser radiant beam. 
(Defined by the L, limit.) 

The results obtained from testb of HMX/PU propellants (which are 
known to be resistant to ignition) in the arc image ignition apparatus 
are shown in Fig. 7.  In an N2 atmosphere, propellants 11 and 13 at 5 
and 11 atm could not be ignited using exposure times up to 500 msec; at 
21 atm relatively long exposure times are required to achieve ignition. 
Ignition of propellant 12 which contains 10% oxamide (a burning rate 
suppressant which decomposes endothermically on the surface) was very 
difficult.  For example, at 50 cal/cn\2-sec of radiant flux and at 11 atm 
of N2, exposure times on the order of one second were required.  The 
ignitability of HMX composite propellants in air was explored only for 
propellant 12. The propellant ignited easily in air but a pressure de- 
pendent behavior was observed. 

When propellants 11, 12, and 13 are tested in the laser apparatus 
there is a marked decrease in the ignition time which is probably a 
result of the 10.6u radiation from the laser being absorbed at the sur- 
face, whereas the 0.5 to l«5u radiation from the arc image may be 
partially attenuated by reflection from the surface as well as trans- 
mitted below the propellant surface.  Preliminary results in the laser 
ignition apparatus are:  (1) propellant 11 ignited in nitrogen at 21 atm 
(marqinallv at 10 atm) and in air at 5 atm;  (2) propellant 12 was not 
i<jni table in N2# l*ut door» iqnito at r> alia in air;  (3) propellant 13 is 
KjniL.tbla in Nj at 21 atm; in air, it in ignitablc at 5 atm.  Again, a 
slight pressure dependence is observed in air. 

The very fuel rich, propellant 4, behaved as a conventional AP com- 
posite propellant at 11 and 21 atm (see Fig. 4).  The value of the slope 
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(-2) indicates that the penetration of radiation below the surface is 
negligible.  Thus, for tests conducted at 11 and 21 atm, boron appears 
to act as an inert opacifier with no major effect on the ignition be- 
havior of the propellant. 

The differences in the flame structure of the several propellant 
classes were revealed by high speed shadowgraph movies (16 mm, 1000 frame/ 
sec) taken during propellant ignition by the laser.  For AP based pro- 
pellants (Fig. 8) , the movies 'ihow that first appearance of the incipient 
flame corresponds to the crossing of the go/no-go ignition boundary (L^) 
and that soon afterward a thin flame develops strongly coupled to the 
surface.  As clearly shown in Fig. 8, the incipient flame appears initial- 
ly without the gasification period observed during t.he ignition of DB 
propellant (see Fig. 11).  Movies of noncatalyzed DB propellants ignited 
at high pressure (21 atm) show that a distended visible flame develops, 
loosely coupled to the surface (see Fig. 11); the more closely surface- 
coupled fizz zone reactions emit no visi?ile light. 

A characteristic carbonaceous layer (Fig. 10) is observed when cata- 
lyzed DB propellants are ignited at low pressure (^ 4 atm).  This is 
never observed for AP composite or noncatalyzed DB propellants; also, 
this is less pronounced when catalyzed DB propellants are ignited at high 
pressure (21 atm).  Formation, growing, and emission of carbonaceous 
filaments on the surface occurring prior to the time of self-sustaining 
combustion appear to indicate a strong solid phase activity promoted 
by the catalysts.  In all observed cases, the carbonaceous layer is a 
necessary precursor for self-sustaining combustion. 

B.  Effect of Catalyst in Double Base Propellants 

Pressure sensitive L^ boundaries (i.e., self-sustaining ignition) 
that are characteristic of catalyzed DB propellants are shown in Figs. 
5 and 12 for propellants 9 and 10.  Note that the behavior for arc image 
and laser heating is similar (see Fig. 5) and that dynamic extinction is 
not observed at any pressure (compare Figs. 5 and 11 with Figs. 6 and 
14).  The reproducibility of the strong IR signal from the surface region 
is better for the noncatalyzed DB propellants (Fig. 13) than for the 
catalyzed DB propellants (Fig. 14).  The varied quantity, shape, and 
behavior of the hot carbonaceous residue that forms and sheds off of the 
catalyzed propellant surface (see Fig. 10) produces an irregular IR 
signal. 

When catalysts are added, ignition by the laser is more easily 
achieved at 5 atm (compare propellant 10 results on Fig. 5 with propellant 
7 results on Fig. 15). 

The large difference in the arc image ignition boundaries of propel- 
lants 7 and 10 on Fig. 3 suggests two possibilities  (1) under arc image 
heating the burning rate catalysts promote surface reactions at lower 
temperatures or  (2) the finely divided PbSa and CuSa particles act as 
opacifiers to concentrate the arc image radiation at the propellant sur- 
face.  Evidence for the former action is lacking.  Indeed, under laser 
radiation, at 21 atm the Lj. limit for propellant 7 (Fig. 12) and propel- 
lant 10 (Fig. 11) almost coincide, which indicates that the catalysts do 
not accelerate the surface decomposition processes.  Thus, the ©pacifying 
action (with respect to the arc image radiation) of the finely divided 
PhSa and CuSa as t_he explanation of the differences in the Lj^ boundaries 
of propellants 7 and 10 (Fig. 3) appears to be reasonable (see Table III) . 

k! 
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C. Effect of Atmosphere in Chamber 

In general, the L^a limits (i.e., first gasification) are not sen- 
sitive to pressure. The L13 limits (i.e., self-sustaining ignition) of 
the nonmetallized AP composite propellants (Fig. 4) show no pressure 
sensitivity. The Lid limits of the noncatalyzed DB propel1 nts are not 
pressure sensitive in the laser but are pressure sensitive /hen tested 
in the arc-image (compare Figs. 6 and 12 with Fig. 15). The Lj^ limits 
of catalyzed DB propellants have very similar pressure sensitivities in 
both the arc-image and the laser (see Fig. 5). 

Most of the discussions presented so far concern experiments per- 
formed in N2.  Ignition results when air is the pressurizing gas in the 
laser ignition apparatus are presented in Figs. 13,14 and 16.  Replacing 
N2 with air has the following effects:  (1) within the range of parameters 
investigated, pressure dependence is eliminated (e.g., the pressure de- 
pendencies of Figs. 11 and 15),  (2) the dynamic extinction typical of 
the laser experiments (Fig. 8) is eliminated, and  (3) the L^a limits 
are essentially the same as found in tests performed in high pressure 
N2, i.e., 21 atm. 

The presence of atmospheric oxygen creates a vigorous secondary 
diffusion flame surrounding and overlapping the primary (and possibly) 
weak self-flame of the propellant.  The total flame is therefore suffi- 
ciently energetic to assure a successful ignition whenever the runaway 
exothermic processes at the propellant surface are triggered. According- 
ly, self-sustaining ignition is predictable by a simple thermal theory 
which is capable of predicting surface temperature at ignition. 

The IR signal thresholds obtained with a noncatalyzed DB propellant 
(Fig. 13) and a catalyzed DB propellant (Fig. 14) indicate the extent 
that atmospheric oxygen and increased pressure accelerate the reactions 
near the propellant surface.  The important features are:  (1) as indi- 
cated on Figs. 13 and 14, the appearance of the faint surface region 
reactions (L^,) depends neither on the pressure level nor on the nature 
of the pressurizing gas;  (2) as shown on Fig. 13, the development in 
time of strong surface region reactions depends both on the pressure 
level and on the nature of the pressurizing gas;  (3) the appearance of 
the faint surface region reaction (Lib) *s nearly coincident with the 
separation line between ignition and no ignition regions (Li^) in air 
(see Figs. 16 and 13) and in N2 at the high pressure region (see Figs. 
6 and 11). 

D. Effect of Radiation Source 

The results obtained with noncatalyzed DB propellants containing 
different amounts of carbon powder evaluated in the arc irr.age ignition 
apparatus (Fig. 15) show L^ limit (i.e., self-sustaining ignition) 
pressure sensitivities not obtained in the laser ignition apparatus (Figs. 
6 and 12).  Thus the magnitude of the pressure sensitivity is a function 
of the apparatus. 

The behavior of nonmetallized AP composite propellants is similar 
in the laser and arc image ignition apparatus (see Fig. 4), in that no 
pressure dependence is found, but the radiative heating of the solid 
phase is markedly different, due to the different reflection, absorption, 
and scattering in depth of the radiant energy.  Note that the ignition 
boundaries are all essentially parallel.  Neither the addition of 1% 
carbon (propellant 2) nor the simultaneous change of AP particle granular- 
ity and mixture ratio (propellant 3) affect the ignitability of the AP 
composite propellants in the laser apparatus. 
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The ignition characteristics of catalyzed DB propellants are very 
similar in the laser and arc image ignition apparatus (see Fig. 5) .  The 
Li limit is achieved faster with the laser indicating that more of the 
laser radiation is concentrated at the propellant surface.  The dynamic 
extinction of noncatalyzed propellants (the L2 limit) observed in the 
laser ignition tests do not occur in the arc image test (compare Figs. 6 
and 12 with Fig. 15). 

E.  Effect of Carbon Powder 

Ail of the unmodified propellants transmit a large faction of the 
incident panchromatic (0.2 to 1.6u) radiation from the xenon lamp but 
are relatively opaque to the 10.6y radiation of the laser.  From all in- 
dications, both the composite propellants and the DB propellants concen- 
trate the laser radiation at their surfaces and the addition of carbon 
has no effect on laser ignition times.  This can be seen by contrasting 
laser and arc image data on Fig. 4 and by contrasting the laser data of 
Figs. 6 and 12 with the arc image data of Fig. 15.  The laser radiation 
ignites the materials in l/10th of the time required by xenon lamp.  To 
quantify the effects of reflection and penetration of radiation, propel- 
lants 7 and 8, with 0.2 and 1.0% submicron carbon powder respectively, 
were tested. Arc image ignition tests of propellant 8 with 1.0% carbon 
powder produced ignition times comparable to the ignition times obtained 
using the laser. This suggested that the small amount of carbon opaci- 
ties the propellant in the 0.2 to 1.6y range. The Ballistics Research 
Laboratories measured reflectivity and absorptivity of the propellants 
over the wavelength region from 0.2 to 2.0y (see Table III).  In all 
cases, the 0.2% carbon effectively reduces the reflectivity to zero. 
However, the in-depth extinction coefficient is very dependent on wave- 
length and carbon percentage. 

A transient heat conduction formulation with wavelength-dependent 
radiation penetration in depth was solved to study the influence of rad- 
iation penetration on ignition time.  Particular attention was given to 
the difference between the extinction coefficient and the absorption 
coefficient.  The solution is being used to define conditions under which 
in-depth penetration of radiation dominates the ignition delay. 

V.  DYNAMIC RESPONSE TO RAPID DERADIATION 

A. Experimental Results 

The experimental situation in which double base propellants are sub- 
jected to varied radiant heat fluxes provides a controlled method of 
creating transient flames of either increasing or diminishing intensity. 
The results, in addition to providing insights into the nature of pro- 
pellant flammability limits, permit testing of flame theories and, further, 
have broad implications in the continuing search for a quantitative meas- 
ure of the susceptibility of propellants to various forms of combustion 
instability.  The companion analytical studies have yielded a mathemati- 
cal model that successfully correlates many of the observed trends. 

Extensive tests of this nature in which propellants have been sub- 
jected to varied radiant pulses show that noncatalyzed double base pro- 
pellant compositions exhibit an apparently paradoxical behavior.  The 
flux-time domain of ignitability has, in addition to the usual lower 
bound (i.e., the L]^ limit), an upper bound (i.e., the L2 limit) above 
which irradiation leading to flame development is invariably followed by 
extinction, not steady burning.  The existence of the L2 limit implies 
that too much ignition stimulus yields no ignition just as does too 
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littlo stimulus.  This unexpected behavior has thus far been observed 
with five quite normal double base formulations, propel.'.ants 5, 6, 7, 
8 and a plastisol NC/NG (see Table I in Ref. 2).  This behavior is not 
seen in nitrate ester propellants containing platonizing catalysts (lead 
or copper salts). 

Diagnostic tests indicate that L2 limits are due Lo dynamic insta- 
bility brought on by rapid removal of the ignition stimulus (referred to 
as deradiation; one must distinguish between the time at which deradia- 
tion begins and the interval of time which it requires).  The effect is 
quite analogous to depressurization extinction; in both cases, an extern- 
ally imposed rapid disturbance upsets the balance of energy fluxes at 
the propellant surface to such a degree that the surface temperature and 
hence the burning rate decay drastically and extinction ensues. 

Evidence for this dynamic character of the L2 limit comes from sev- 
eral types of results.  High speed shadowgraph movies (as well as thermo- 
couple and IR detector results) clearly show that gaseous flame develop- 
ment begins at approximately the time the minimum (lower) ignition bound- 
ary is crossed.  The flame continues to develop and persists even when 
the irradiation crosses the upper ignition boundary; however, as soon as 
(and only when) the radiant flux is terminated, extinction of the flame 
follows.  Figure 9 shows several frames from a high speed shadowgraph 
movie which illustrate this sequence of events. 

The hypothesis implies that lessening the perturbation severity or 
stabilizing the flame should push the L2 limit upward (broaden the ignit- 
able domain).  These implications of the proposed mechanism were verified 
experimentally; the results are shown in Fig. 2 and Fig. 3 of Ref. 2. 
Increased pressure stabilizes the flame in two ways, first, it increases 
the conductive heat fluxes in the surface region thereby making the 
external radiant flux relatively smaller (and its removal less disturb- 
ing); second, increased pressure increases the propellant burning rate 
and thereby decreases the propellant relaxation time (making it smaller 
relative to the flux removal time).  For propellant 5, the broadening of 
the ignitable domain is substantial when the pressure is increased from 
10 atm to 20 atm; when the pressure is further increased to 34 atm, the 
upper ignition bound disappears completely for the range of fluxes and 
times shown in Fig. 2 of Ref. 2. 

Increasing the deradiation interval (time to decrease the radiant 
flux from its maximum value to zero) represents a lessening of the per- 
turbation severity because it allows the propellant more time to adjust 
its temperature profile while the radiant flux is being removed.  Figure 
3 of Ref. 2 illustrates the experimentally observed effect of increased 
deradiation interval on the extent of the ignitable domain for M-9 at 
a fixed pressure.  The deradiation intervals given are the total times 
to terminate the flux.  As predicted, increasing the deradiation interval 
from 1 to 2 msec increases the extent of the ignitable domain by raising 
the upper ignition boundary; the L2 limit disappears when the deradiation 
interval is increased to 10 msec. 

Further evidence for the dynamic character of the extinction phenom- 
enon comes from steady burning experiments.  Propellants were ignited 
with a hot wire and allowed to achieve a steady burning condition.  They 
were then subjected to a radiant pulse of fixed time of termination (2 
msec), but variable intensity and duration.  The final effect of the dis- 
turbance associated with this external energy stimulus (i.e., continua- 
tion of combustion or extinction) was recorded.  Three different propel- 
lants were tested:  two non-platonized compositions (propellant 5 and a 
similar NC/NG plastisol composition) and one platonized (propellant 9). 
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Tlie range of pressures examined goes from 1 to 10 atm.  The results ob- 
tained arc shown in Pig. 17; the minimum duration pulse required to 
extinguish a steadily burning sample is plotted versus intensity of the 
radiant flux.  In the range of parameters examined, the catalyzed pro- 
pellant could not be extinguished by a radiation pulse.  Note that for 
a fixed intensity of the pulse, the minimum duration of the pulse required 
for extinction (when it occurs) increases as the pressure increases (see 
propellant 5 at 6.8 and 10 atm). 

We explored those chemical-physical changes that either eliminate 
the L2 limit or increase the ignition domain, i.e., (1) using arc image 
rather than laser radiation (compare Fig. 15 with Figs. 6 and 12), 
(2) adding catalysts (compare propellant 10 of Fig. .M with propellant 7 
of Fig. 12),  (3) adding relatively large amounts of carbon powder (Fig. 
12),  (4) replacing N2 with air (Fig. 16),  (5) very long deradiation 
times (Fig. 3 of Ref. 2), and  (6) increasing pressure (21 versus 11 
atm for propellant 6 on Fig. 6 and for propellant 5 of Fig. 3 in Ref.2). 

Figure 12 illustrates the importance of understanding the conditions 
that produce an L3 boundary.  Tests of propellant 8 with 1.0% carbon at 
11 atm produced a boundary between the no-ignition and ignition regions 
that on first examination appears to be a L^ limit with a very peculiar 
slope.  However, once it is realized that the limit is a L3 limit, it 
becomes apparent that decreasing the test pressure decreases the width 
of the ignition corridor between the Lia and L2 limits (see Fig. 
2 of Ref. 2).  Indeed, at 11 atm the L^ and L2 limits merge and the 
ignition corridor does not exist. 

Comparison with Figs. 6 and 12 shows that the addition of 0.2 carbon 
(propellant 7) has no sensible influence on the L2 and L3 limits, whereas 
the addition of 1% C (propellant 8) has a profound influence on the dynam- 
ic response (especially the L3 limits).  The ignition corridor at 21 atm 
is reduced by the addition of 1% C and completely eliminated at 11 atm. 
Apparently, the added carbon somehow accelerates the previously described 
flame spreading away from the target area. 

As indicated on Fig. 6, the dynamic extinction pressure dependence 
of propellant 6 is accentuated in such a way that at 11 atm the L2 limit 
(which exists for propellant 52) merges with the Lj^ limit and the igni- 
tion corridor is completely wiped out. 

B. Fiame Theory Interpretation 

To obtain an understanding of how compositional changes can lead to 
the instabilities associated with dynamic extinction, the kinetics and 
the energetics at the surface and in the gas phase must be considered. 
Unfortunately, for DB propellants only approximate information is avail- 
able on the reactions and on the relative proportions of the heat of com- 
bustion liberated in the surface reaction layer and in the closely adja- 
cent region of the gas phase flame.  In what follows, we necessarily re- 
sort to speculation. The energy feedback to the condensed phase, qfb, 
may be considered in two parts 

is the contribution within the surface reaction layer and qf 
. feedback from the gas phase.  Previous studies*7'i9'2u ex- 

where qs 
is the heat 
plained that the approximate function dependencies of qs and q* with 
burning rate are 

qs % °sr   and qf * f(P}/r (2), (3) 
where Qs is the heat released at the surface per unit volume.  Equa- 
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tion (3) was developed for the small perturbations associated with intrin- 
sic stability analyses.  However, it has been shown19 that its simple 
form is useful when considering the larger forced perturbations, such as 
those caused by rapid deradiation and rapid pressure changes.  Experi- 
ment and theory have shown that formulation changes that increase qs 
with respect to qfb increase the sensitivity to instability (and thus, 
dynamic extinction).  For convenience, a parameter H is defined as 
cisAlfb« Tne statements in Refs. 19 and 21 that lowering the value of H 
tends to stabilize the burning rate against a disturbance is explained 
by the inverse dependence of qf on r, which tends to oppose any dis- 
turbance that changes r.  Conversely, the proportional dependence of 
qs on r tends to reinforce disturbances that change r.  It has been 
shown16 that adding Pb and Cu salts to DD propellants increases the burn- 
ing rate by increasing the heat feedback from the flame zone rather than 
by increasing Qs at the surface, i.e.,  H is lower than for the non- 
catalyzed DB propellants.  The data clearly indicate that catalyzed DB 
propellants do not experience dynamic extinction (Figs. 5 and 11) and 
that noncatalyzed DB propellants do (Figs. 6 and 12). Thus there is 
consistency between the studies that explain the effects of catalysts 
and the studies that explain dynamic extinction. 

Another contributing factor is that the thermal inertia of the car- 
bonaceous layer on the catalyzed DB propellants acts to damp the rapid 
changes in the flame zone that are required for dynamic extinction. 

The fact that AP composite propellants do not experience dynamic 
extinction by deradiation (at least at the pressures and deradiation 
times considered in this paper) is also explained by their relatively 
low II values, as compared to what are believed to be the higher H 
values of noncatalyzed DB propellants. An approximate ranking of H 
can be obtained without directly measuring qf or qs from one of the 
analytical expressions for temperature sensitivity of burning rate, 

P/ op V [2(Ts - T0)(l - H)]
-1 (4) 

which shows that increased values of H correspond to increased values 
of Op.  Indeed, the ap values of noncatalyzed DB propellants are 
generally twice as high as the ap values for composite propellants. 
Consistent with the theories, the noncatalyzed DB propellants are easily 
extinguished (both by depressurization^ and deradiation^) and should 
have relatively high H values. Also, the Op values of PbSa and CuSa 
catalyzed DB propellants tend to be lower than those of noncatalyzed 
propellants.15»22 

VI.  PRECAUTIONARY ASPECTS OF RADIATION EXPERIMENTS 

Ignition boundaries obtained with radiative apparatus differ from 
those obtained using other ignition sources.  Indeed, in this study we 
are using these differences to elucidate the processes that occur during 
ignition. 

The distorting effects of solid propel1ant transparency have been 
shown clearly by the addition of small amounts of finely dispersed carbon 
black to AP composite and double base propellants (see Figs. 4 and 15). 

The slow chemical kinetics in the cool gas phase near the surface 
during radiative ignition may produce results that are contradictory to 
the conductive ignition results obtained by end-wall testing in shock 
tubes.  For one thing, ignition times in radiative igi.ition tests are 
much longer than in equivalent convective or conductive tests.  This was 
demonstrated by comparative testing of propellants 5 and 9 by the laser 
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and by end-wall shock tube using air as the driven gas.  In the laser, 
radiative ignition of propellant 9 is possible in a low pressure range 
whore propellant 5 is not ignitable.  Conversely, in the end-wall shock 
tube under 60 atm test conditions, conductive ignition of propellant 5 
(at high pressure, at least) requires a heating time of approximately 
3 msec while propellant 9 requires a heating time greater than 15 msec 
which is much longer than the time of expansion wave return. 

A comparison of radiative ignition with ignition by convective 
heating (from hot combustion gases flowing parallel to the propellant sur- 
face) was shov/n in Ref. 23.  In general, the convective ignition requires 
significantly less energy than radiative ignition. Aluminum as a fuel 
additive decreases the energy required for radiation ignition by concen- 
trating near the propellant surface the effects of radiant heating.  In 
the case of convective heating, aluminum increases the energy required 
for ignition; this increase is expected as a result of increased propel- 
lant thermal conductivity. 

The combustion dynamics leading to possible extinction during the 
deradiation interval may alter the location of the. Lid boundary in go/ 
no-go testing of a propellant under radiation by creating an artificial 
nonignition region.  In Figs. 6 and 12, this is demonstrated for a non- 
catalyzed DB propellant; it may occur for other propellants depending 
on the pressure and deradiation interval. This is a unique consequence 
of radiative stimuli, since the abrupt termination of heating required 
for dynamic extinguishment is improbable using either conductive or 
convective sources. 

The spatial distribution of the impinging radiation on th*- target 
surface involves 3-dimensional heating effects at the edges wl ch may 
influence the ignitability of propellants examined either by arc image 
or laser.  For example, the dynamic extinction boundary is not observed 
in arc image tests for any of the propellants since the weaker heat flux 
surrounding the target spot provides a region where the flame is less 
sensitive to the disruption in the energy balance necessary for deradia- 
tion extinction. Also, the spatial structure of a radiation beam is 
never uniform and therefore gasification and development of the flame are 
triggered nonuniformly on the sample surface. For a laser with an inter- 
face pattern (resulting from the laser beam interacting with the mirror 
and kaleidoscope), hot spots can be significant.  The successive spread- 
ing of the flamelets (Fig. 8) also depends on the structure of the laser 
beam.  In the case of AP composite propellants, the nonhomogeneous 
matrix of the sample may further affect the local ignition behavior of 
the propellant when subjected to radiant heating. 

VII.  ANALYTICAL MODEL OF TRANSIENT RESPONSES DURING IGNITION SEQUENCE 

A properly posed analytical model must account for the interdepend- 
ence of the heat feedback from the flame on burning rate. A flame model 
for solid propellant combustion could have been used.  However, the key 
parameters (in even the simplest global formulations) such as the gas 
phase activation energy, reaction order, and fraction of heat release 
that occurs on the surface are only crude approximations.  In our analyt- 
ical development, we started with basic premises of Zeldovich24 since 
this method offers important advantages when considering the burning rate 
transients of propellants for which the details of the reaction mechanisms 
have not been established.  The method starts with measured steady-state 
burning rate data and pyrolysis data as functions of pressure and ambient 
temperature and deduces a heat feedback function from the gas to the 
solid in the proper form for application to nonsteady burning situations. 
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The important assumptions are: 

1. The rate processes in the gas phase and in the surface reaction 
zone can be considered quasi-steady in the sense that their 
characteristic times are short compared to condensed phase 
characteristic times. 

2. No kinetic heat release occurs in the condensed phase below the 
surface reaction zone. Although the surface reactions occur in 
a zone of finite thickness, the zone is sufficiently thin that 
it can be considered as quasi-steady. 

3. The propellant is homogeneous and isotropic. 

The justifications for the assumptions follow Ref. 21. Assumption one 
is valid for our conditions as can be shown by comparing the magnitude 
of the characteristic times (e.g., at typical noncatalyzed NC composition 
at 10 atm): 

2 
condensed phase,  T - a /r ä

 0.020 sec (5) 

surface,  T -(RT.P/E)T < 0.002 sec (6) 

flame zone,  Tf = [A.c pf/(A cfp )]T  - O.OIT  < 0.0001 sec   (7) 

Accordingly,  T  and T- are small compared to T  and the heating 
times.        s      r c 

The energy equation in the condensed phase (~»<x<0) has the follow- 
ing eigenvalue dependence on <f>(0,t) - 4>if(t) 

Pccc[8T/at + r«M = AO+/3X) (8) 

The initial condition is       T(x,0) = TQ (9) 

The first boundary condition is  3T/8x -•• 0  as  x •* - -        (10) 

The second boundary condition is a series of sequential conditions: 

1) heatup to gasification 

V*T/3x,c,if = q(t)   for  0+ < t < ty (11) 

2) gasification prior to establishment of flame 

= q(t) - rpcAh  for  ty < t <_ tf     (12) 

3) combined heating from ignition stimulus and from flame zone 
reactions 

Ä q(t) • Ac$.f (r,p) for tf < t <^ tQff  (13) 

where q(t) varies in a prescribed manner, e.g., a linear de- 
crease from maximum q to zero in 0.001 sec corresponding to 
the deradiation interval. 

4) adiabatic combustion without external stimulus 

= Ac*if(r,p)  for  t > tQff (14) 

5) optionally, after steady state burning is achieved, an exter- 
nally imposed heat flux as an arbitrary function of time, e.g., 
a pulse. 
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Thc nonstoady heat feedback function,  <f>if/  is developed in Ref. 

21 except that it is based on  T^f  rather than a so-called burning- 
surface* temperature (i.e., the temperature at the gas/burning surface 
interface).  Once it is realized that in the case of double base propel- 
lants the surface temperature observations are complicated by items such 
as filigree, carbonaceous residues glowing in the flame zone, it is more 
meaningful to use a T^f which corresponds to the interface between the 
zone of important exothermic reactions and the nonreacting condensed 
phase.  As explained in Ref. 21, the aonsteady heat feedback function, 
<f>,  is deduced from measured burning rates as functions of pressure and 
initial temperature. 

Equation 8 along with its conditions, Eqs. 9-14, were solved using 
the methods of explicit finite differences.  The model was used to gener- 
ate several series of calculated results that simulated the laser igni- 
tion experiments.  The calculations were carried out using the properties 
of the NC/NG composition listed in Table II of Ref. 2.  We selected this 
propellant because its combustion characteristics, particularly r(p,Tn)# 
have been evaluated most thoroughly in the range of interest. 22 Figure 
18 shows burning rate versus time histories for situations where deradia- 
tion begins  (1) before the requirements for sustained ignition are a- 
chieved;  (2) during the interval which sustained ignition will result; 
and  (3) after the propellant has been driven to the point that deradia- 
tion results in extinguishment; the correspondence of this behavior with 
that found experimentally is evident.  Note that increasing the deradia- 
tion interval from 0.001 to 0.003 sec softens the perturbation caused 
by deradiation and, thereby, extends the interval of ignition.  Similar 
calculations were performed for situations corresponding to propellant 9 
where the combustion characteristics decrease the tendency for deradia- 
tion extinguishment.  By repeating the calculations in a go/no-go fashion, 
calculated combustion limits (with pressure as a parameter) are found 
which agree with the observed trends for N-5 as shown in Fig. 11.  By 
using the mathematical model to also simulate the pulse experiments, we 
have demonstrated extinctions similar to those of Fig. 11.  Generally, 
the laser pulse must be of sufficient duration that the preheated region 
corresponding to the slower burning rate prior to the pulse has been 
burned away. 

VIII.  IGNITION OF SINGLE CRYSTALS 

The ignition and transient combustion of IIMX crystals, AP crystals, 
NC propellants, and AP composite propellants are being studied using re- 
sults from high speed (5000 frames/sec) shadowgraphs and color movies. 
The ignition source is the laser.  The tests are carried out in N2 and 
CH^.  The CUA  atmosphere is used to promote gas phase reactions between 
the decomposition vapors (e.g., HMX and AP) and the surrounding gar.es. 
The film sequences illustrate that three of the systems differ greatly: 
(1) the AP monopropellant flame is relatively cool (1200-1400*K) and re- 
acts with surrounding fuel vapors to produce an intense flame close to 
the surface;  (2) IIMX burns as a monopropellant with a very hot flame 
(>3000°K) and its nearly balanced flame is cooled by interactions with 
fuel vapors; and  (3)  NC burns with a moderately hot flame that is 
several mm from the surface and undergoes a small temperature change when 
it interacts with other ingredients. 

The films indicate that HMX crystals fracture during rapid ignition. 
This fracture is important evidence that supports the theory that thermal 
stress contributes to the exponent shift of »MX composite propellants. 
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Tho nearly parallel plumes from AP surface indicate that AP gas phase 
reactions are completed at the surface.  Expansion of gas above the IIMX 
crystal indicates that a large portion of the IIMX gas phase reactions 
occur above the surface.  Ignition of IIMX and AP is not accelerated by 
replacing N2 with CII4 (at 21 atm and 67 cal/sec-cm2).  Highly loaded AP 
composite propellants exhibit ignition delays comparable to neat AP, but 
their flame development times are relatively short. 

IX.  CONCLUSIONS 

The ignition trends of different propellant types (e.g., AP compos-* 
itc vs double base) and of several modified propellants (e.g., noncata- 
lyzod vs catalyzed double base and transparent vs opaque propellants) 
have been rationaized in terms of basic differences in the structure of 
the deflagration wave in the solid and gas phases.  In addition, for 
each propellant the data clearly isolate the domains (pressure, ignition 
stimulus, and propellant type) where simple thermal theories fail and 
those domains wh^re theories taking into account the interaction of the 
incipient gas phase with the solid phase are required. 

The ignition boundaries obtained with radiative ignition apparatus 
differ from those obtained using other energy sources.  However, radiative 
ignition tests are very valuable because they permit a relatively uncom- 
plicated diagnosis of combustion properties. 

Compared to the arc image, using the laser greatly reduces the short- 
comings of radiation ignition experiments since  (1) reflectivities at 
10.6p are relatively .low,  (2) absorbtivities at 10.6p are relatively 
high, and  (3) the parallel beam reduces questions about effects of 
incidence angle. 

The observed ignition processes and ignitability limits have been 
explained and correlated by the mathematical model which is an extension 
of the approach taken by Zeldovich.  The significance of these studies 
goes beyond an explanation of observed ignition and extinguishment limits. 
By developing the capability of correlating the trends observed in the 
relatively uncomplicated go/no-go ignition test, the analytical method 
simultaneously qualifies as being suitable for considering more complex 
practical situati<-as that involve nonuniform heating, transient pressure 
fields, complex geometries, etc. 
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NOMENCLATURE 

c Specific heat, cal/g°K 
E Activation energy in pyrolysis law, cal/g-mole 
H Ratio of heat feedback from surface reactions to total 

heat feedback 
IQ Incident radiant flux intensity, cal/cm2-sec 
p Pressure, atm 
q Radiative ignition stimulus, cal/cm^-sec 
Qs Heat released at the burning surface, cal/cm^ 
r Burning rate, cm/sec 
R Universal gas constant, 1.98, cal/g-mole°K 
t Time, sec 
T Temperature, °K 
x Distance, cm 
a Thermal Jiffusivity, cm2/sec 
S Radiation extinction coefficient, cm"** 
Ah Heat of gasification before flame formation, cal/g 
X Thermal conductivity, cal/cm-°K-sec 
p Density, g/cm-> 
Op Temperature sensitivity of burning rate at constant 

pressure (31n r/3Tn)p, °K 
T Characteristic time, sec 
$ Temperature gradient in condensed phase, *K/cm 

Value is on the order of 

Subscripts 

0  Ambient conditions 
c  Condensed phase 
eq Steady state condition 
f  Flame zone 
fb Feedback to propollant 
if  Interface between the very thin surface reaction zone and 

and nonreacting condensed phase 
off Radiant flux removed 
s  Surface reaction zone 
v  Surface gasification before flame 
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Table III Reflectivities and extinction coefficients 
of the propellants at the 10.6\i wavelength 
of the CO2 laser.          ^_^_____ 

0 AP/HYDROCARBON BINDER 
COMPOSITE PROPELLANTS: 

1. 75% AP (45y) WITHOUT C 

2. SAME AS 1 BUT WITH 1% C 

0.013 

0.038 

0 DOUBLE BASE PROPELLANTS: 

6. NC PLASTISOL (53.7% NC, 
39.2% MTN, 7.1% TEGDN) 

7. OPACIFIED NC PLASTISOL, 
No. 6 with 0.2% C 

8. OPACIFIED NC PLASTISOL, 
NO. 6 WITH 1.0% C 

10. CATALYZED NC PLASTISOL, 
NO. 6 WITH 2.0% Pb and 
Cu SALTS, 0.2% C 

0 HMX/POLYURETHANE (PU) 

1L 85% HMX, 15% PU 

12. 75% HMX, 15% PU, 
10% OXAMIDE 

0.003 

0.026 

0.016 

0.025 

0.063 

0.033 

0.40 

0.05 

0.70 

0.055 

0.050 

0.060 

0.86 

0.41 

0.2 
to 

r2»QlL. 

0.01 

0.04 

0.59 

0.06 

0.05 

0.06 

0.81 

0.40 

CM-1 

950 

1500 

1900 

1900 

*From data of I. W. May and R. Wires at BRL. 
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Fig. 1  Generalized ignition map showing 
event limits or signals that occur 
during radiant heating of solid 
propellents. 
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Fig. 2a Schematic diagram of arc image 
ignition apparatus. 
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Fig. 2D   Schematic diagram of laser igni- 
tion apparatus showing spectral 
range of energy sources. 
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Fig. 3  Arc image ignition limits of 
several propellant classes. 
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Fig. 4  Ignition of AP composite propellants 
1, 2, 3, and 4 demonstrating inde- 
pendence of pressure (Contrast with 
Fig. 11) and demonstrating that 
absorbed laser radiation is not 
affected by carbon powder added to 
the propellant. 
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Fig. 5 Catalyzed DB propellant 10 tested 
in the arc image and laser igni- 
tion apparatus showing that pres- 
sure sensitivity is characteristic 
of the propellant not the ignition 
apparatus. 
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Fig. b  Dynamic extinction of noncatalyzed 
DB propelIants 5 and 6 tested in 
the laser ignition apparatus. (No 
such boundaries noted in arc 
image tests). 
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Fig. 7  Arc image ignition data for UMX 
composite propellents 11, 12, and 
13 in nitrogen and in air shoving 
resistance to ignition. 
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PROPELLANT 1; PRESSU»E, 11 ATM N~; 
HEAT FLUX, 30 CAL/CM - SEC 

Fig. 8  High speed shadowgraph movie 
illustrating flame development on 
AP composite prope11ants and 
closely coupled flame. 
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Fig. o  High speed shadowgraph movie 
illustrating flame development 
on noncatalyzed DB propelIant 
showing flame with large stand- 
off distance. 
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Fig. 10  High speed shadowgraph movie 
showing carbonaceous layer form- 
ation on the surface of catalyzed 
DB prope11ant. 
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Fig. 11 Catalyzed DB propellants 9 and 
10 tested in the laser ignition 
apparatus showing pressure de- 
pendence of ignition boundaries 
is a property of catalyzed DB 
propellants. 
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Fig. 12  Addition of carbon reducing 
dynamic extinction of noncata- 
lyzed DB prope11ants 7 and 8. 
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Fig. 13  Pressure dependence of strong 
surface region IR signal for 
noncatalyzed DB propellant 6. 
(Weak signal is independent of 
pressure and atmosphere.) 
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Fig. 15   Arc image ignition data showing 
decrease of ignition delay with 
increase of carbon content and 
absence of dynamic extinction 
for noncatalyzed DB propellants 
6, 7, and 8.  (Contrast with 
Figs. 6 and 12 .) 
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Fig. 16  Noncatalyzed DB propellants 6, 7, 
and 8, and catalyzed propellant 
10 ignited in air showing elimi- 
nation of pressure dependence. 
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Fig.   17    Measured  flux-time extinction 
boundaries   for steadily burning 
propellant  subjected  to radiation 
pulses   (deradiation  interval 
0.002  sec). 
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Fig. 18 Calculated burning rate transients 
with deradiation time and deradia- 
tion interval as parameters showing 
that rapid burning rate transients 
ülways follow deradiation. 
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