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-ABSTRACT

This research deals with the investigation of the processes by which
a solid propellant ignites. A shock tube technique was employed to ex--
perimentally produce ignition by supplying a wel)-defined surface heating
to propellant test specimens. A new theory of ignition is presented which
has proven to be successful in its quantitative predictions of the measured
ignition time lags.

The designer of ignition systems for practical solid propellant rocket
motors currently must perform his task without the fundamental knowledge
of the mechanisms by which solid propellant ignition takes place. In lieu
of this, he is forced to rely on grossly qualitative concepts such as an
arbitrarily defined "ignitability factor", on which to base his design. The
current basic research effort %'as initiated with the objective of revealing
the essential nature of the solid propellant ignition process, thereby laying
the foundation for the development of igniter design criteria. Of the various
means by which the practical igniter can supply the required ignition energy
to an exposed propellant surface, conduction from a hot gas was selected
for detailed study.

Previous elementary studies of the solid propellant ignition process
employed a full spectrum of surface heating techniques (e.g., from embedded
hot wires, to exposure to a detonation wave). Most of these suffered from
imprecisely defined heating exposure conditions. When rational correlations
of these experimental data were attempted, they were based on various
versions of a theory whose essential feature was that ignition occurred due
to a chemical heat generation in the solid phase. However, a great body of
evidence points to gas phase heat evolution as the controlling mechanism
for the steady-state deflagration process of solid propellants. Since the
transition from the solid phase heat release of the ignition process to the
gas phase heat release of the steady-state process is obscure and, in
particular, since there is no known mechanism by which significant solid
phase heating can take place (especially for the composite type propellants
of interest), a new formulation of the ignition problem was proposed, based
on a gas phase chemical heating. Indications of the importance of a gas
phase chemical reaction in the solid propellant ignition process can be
found in the data produced by some of the previous elementary experiments.
Generally, this takes the form of a measured decrease of the ignition tiue
lag with increasing oxygen concentration of the ignition gas. The present
work was centered on the study of this effect in the ignition of ammonium
perchlorate composite propellants.
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The shock tjoe was selected as the basic tool for this research
sin'ce !t o ar beP used to produce a very well-controlled heating exposure
Of cnre(i mujjtejl "e;t Specimens. 'wo different shock tubes were em-
piovred du-rg t.-e prrogram. A large one, (6" 11.D.., 75' long) designed to
pio.!z;ce a -.onven~ivp heating expesu.-e of 5 milliseconds and a small one
4. 6" !.., 18' long) designed to be rapidly and cheaply operated. The
lattZr vras used to develop the necessary instrumentation and phototube
ignition decectin techniques as well as to invest'-gate the previously men-
tioned effect of ignition time lag reduction with increasing chemical
reactivity , cxyqen conrcen~tration) of Vie surrounding atmosphere. All of the
qjar.ttca4.1ve e~xperiments, design~ed to verify the gas phase ignition theory
reported here.-n, %-=?.- execL,,e d by exposing small specimens of propellants
to an ins*:antariprus, ccitrclled, heat input. This was accomplished by
reflecting impiriging sho-A wav~es from their exposed, flat, surfaces When
'J :Y werze mou-.-fd in the end~ wall of the small shock tube. As the igniting
g,--S CcOMpOS10rin waIs Vlttdted with nitiogeni the measured ignition time lags
uirse L~c a e idred mnicrosecon~ds in a mixture of 100% 02, 0 2
to 5 rriisecortds ('Ohe useful tr-stlig duration of the srnall tube) in a mixture
of 4 0% 0-2, 60% N2 . PAre f Uel specimers exhibited about the same ignition
timre .acsq as po:'pellant fonr-mlations wh~roh irncorporated the fuel material as
a bi r~de; Vopcmt.Tis evidence led to an ignition mechanism based on
a gas ph.ase ",--at relrease due, to the reaction betwe:en the vaporized fuel
cor_)none-nt ofI '_ie prr'e~lanit and the oxygen com-ponent of the ignition gas.

Thj-e math-:rratiual theory whi zn was developed to describe the
pron es s dej erds or. ttit? determinatior of the site at which the heat produced
by e3>.ctherrn,: gas praecfemical reaction first overcomes the local heat
'loss. The tiie-rvai. between th, , commencemnent of the heating exposure and
this instart was defirted as the ignition time lag. Experimentally, the
instant -)f ignikion Was defined by the instant of first detectible radiation
fromi t~ie inctpient flit~n~ame, as mieasured by a scanning phototube.
7he trreory predicced thec data ei~narkably well considering the degree of
Lunce:t-lrjtV ir the- vi'ieF of the. chemical kinetic, thermody namic and trans-
port pai= mel-.rs ernplcved in its evaluation.

This nw understarding of the fundamental mechanisms by which a
solid iprcpel.hLnt iqnites si~ggests Improvements that can easily be incor-
pcorated ir. extsting pi-acticai tqnitlori systems and forms a rational basis
Vfr design of f,_t 1 :re systems. The qhock tube technique can be employed
to rves.'..gatFe the ignition of other types of propellants currently being
deve,,--or~ed. The newly proposed gas phase ignition theory should be appli-
cable to th-ese resi.'ts with little, if any, modification. A now shock tube
technique for tie study of chemical ki~netics evolved from this work,
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SECTION I

INTRODUCTION

The current ascendency of solid propellant rockets for military
applications is a direct consequence of their superior reliability compared
to liquid propellant rockets of similar mission capabilities (Reference 1).
Possibly the least reliable aspect of the operation of solid propellant rockets
is that of the ignition process. For example, a mission failure could result
if an uncontrolled ignition delay time introduced a trajectory discrepancy too
large to be corrected by the missile's guidance system. Further, the role of
solid propellants in near space probes might well be limited by the ignition
system's precision and reliability under space conditions (Reference 2).

In general, a correctly designed ignition system should result in
(1) reproducible ignition delays, (2) controlled chamber pressure history
during ignition, (3) suitable ignition of aged propellants, (4) suitable ignition
of propellants at both low and high temperatures, etc. Unfortunately, the
only dependable knowledge available to guide design in this sensitive area is
that a sustained heating of an exposed propellant surface produces ignition.
Consequently, in the absence of any general formulae for designing ignition
systems empirical approaches and past performance records of other igniters
must necessarily be employed.

This approach has led to the evolution of the several systems cur-
rently employed (Reference 3). Typically, they consist of an integral package,
installed at the head end of the loaded rocket, which produces a flame after
receiving an electrical impulse. The flame is directed at the propellant grain
surface and causes ignition in a small fraction of a second. Different igniters
vary in the temperature and pressure level of the igniting gases they produce,
concentration of condensable substances, chemical reactivity, etc. There-
fore, it is possible for the exposed propellant surface to simultaneously re-
ceive energy by: (1) heat transfer by forced convection or simple conduction;
(2) diffusion of condensable metallic vapors or of energetic radicals from the
igniter flame to the cool propellant surface, a process actually joined to (1);
(3) transport of heat by hot refractory particles that impinge on the surface
and create local centers of ignition; (4) thermal radiation absorption;
(5) photochemical absorption. The action of a practical igniter system is
indeed complex.

Quantitative knowledge of the response of the exposed propellant
surface to these stimuli has been unobtainable up to now. In order to arrive
at a rough estimate of a propellant's relative susceptibility to an igniter,
referred to as the propellant's "ignitability factor", some grossly qualitative
techniques have been generated, even though this factor has never properly
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been defined. Obviously, it is a utilitarian rather than scientific concept
since it pertains not to the phenomena of ignition per se, but to some measure
or value which characterizes the ignition of the propellant in such a way that
this value might be used in other connections, such as the design of an igniter
for a rocket. Of the several techniques employed, the most prevalent is the
use of a small closed bomb containing a test sample of propellant and a
measured quantity of specified igniter material. The "ignitability factor" is
generally an assigned value based on the reciprocal of the weight of the
igniter powder needed to reproducibly ignite the propellant test sample.
Recently, to make this work more meaningful, an effort has been made to
standardize on a particular piece of equipment and operating technique
(Reference 4). It seems doubtful that results so obtained could materially
improve the current state of the art of solid propellant igniter design. Cer-
tainly such a blind technique could not reveal the detailed mechanism by
which a solid propellant ignites, but the acquisition of this very knowledge
must necessarily precede the establishment of a scientific basis for igniter
design.

In the past, the more fundamental approach to the ignition problem
has generally been to consider the solid propellant as a substance capable
of producing significant solid phase chemical heating. It was argued that,
if the temperature of the solid could be raised to a certain level, then the
solid phase heating would become sufficiently great to produce ignition.
This physical model has been the basis of several fully developed mathe-
matical analyses leading to the dependence of ignition lag on the physico-
chemical properties of the propellant and the heat exposure conditions.
However, it seems improbable that a significant amount of heat release can
occur by means of a solid phase chemical reaction. Therefore, this solid
phase ignition theory was regarded at the outset of this research with some
degree of suspicion, and an alternate theoretical approach is proposed herein
which depends on a gas phase heat release mechanism. This question, solid
phase vs. gas phase heat release, was at the heart of the present research.

On the experimental side, some basic ignition studies have pre-
viously been performed by subjecting the propellants to a single ignition
stimulus. Usually, these elementary experiments consisted of varying the
rate of energy input to an exposed propellant surface and measuring the
interval (ignition delay time, ignition time lag, or ignition time) between the
start of heating and the subsequent ignition (usually indicated by light evolu-
tion). In some cases environmental conditions such as ambient temperature,
pressure, and chemical reactivity of the surrounding atmosphere were also
varied. Generally, this interval has been found to decrease with increasing
energy input rate, pressure, and reactivity of the surrounding atmosphere.
Most efforts have suffered from imprecisely defined exposure conditions
and/or instant of ignition. Those which do not produce ignition within a
small fraction of a second are not of practical interest.
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The following examples are presented to illustrate the great variety of
techniques employed in these more basic studies. One experimental approach
(Reference 5) was to employ an electnically heated wire as the ignition source.
By virtue of the well defined boundary conditionthe experimental results could
be correlated by a mathematical solution to the linear heat diffusion equation
incorporating the notion of "ignition temperature". In this work no effort was
made to vary the temperature, pressure, or chemical reactivity of the surround-
ing atmosphere (air). For the ammonium perchorate oxidized composite pro-
pellant examined, the "ignition temperature" was found to be about 3900C over
the range of testing times (1 to 20 seconds) observed. Another, used to study
the ignition of homogeneous nitrocellulose-type propellants initially at room
temperature in a flowing stream of hot gas (up to 10000 K) at atmospheric
pressures, produced slightly reduced ignition times (lowest was 100 msec)
(Reference 6). The experimental boundary conditions were rather poorly de-
fined so that it was necessary to rely on dimensional analysis to determine
that the product of a heat transfer term and chemical reaction term sufficiently
described the ignition time decrease with increasing temperature and heat
transfer rate. A mild decrease of ignition time with increasing oxygen concen-
tration was noted. A more precisely controlled exposure situation is possible
by employing radiant energy as the ignition stimulus (Reference 7). A rapid
shuttering system permitted, within a few msec after triggering, the constant
heating of an exposed propellant surface over a 'range of selected initial
temperatures and atmospheric pressures. The presence of oxygen in the sur-
rounding atmosphere was found to reduce the measured ignition times
(Reference 8), which for high energy fluxes, were as short as a few msec.

Hydrodynamic techniques produce a heating exposure which can be
triggered in less than IY sec. This provides an excellent control of the
temporal boundary condition (or initial condition). In a "shot tube" technique
(Reference 9) the heating was due to the hot (up to 40000 K), high-pressure
(up to 10, 000 psi) gases generated at the propellant surface by the arrival of
a hydrogen-oxygen detonation wave. Although the heating was rapidly
initiated it was not well defined. Also, the detonation wave luminosity
obliterated that of the incipient ignition flame with the result that the igni-
tion times were obtained with poor accuracy. They were calculated by the
devious means of measuring, from the start of heating, the total time required
for the igniting propellant surface to burn a measured distance, and then
subtracting the estimated steady-state propellant burning time for this dis-
tance. However, even by this crude technique, it was still possible to
observe a decreased ignition time when excess oxygen was present in the
detonated gas.

Recently, a "shock tube" technique has been developed which has
proven to be a most useful tool for solid propellant ignition research
(References 10, 11, lla, 12). It also generates hot gas at the propellant
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surface within a fraction of a , sec. Here, however, the heating gas is
produced by an aerodynamic compression to a precisely controlled, constant
level of temperature (up to a few thousand 0 K) and pressure (1000 psi or more,
depending on tube strength). When the aerodynamic shock wave is reflected
from the end wall of the shock tube it is possible to allow the doubly com-
pre'ssed gas to flow at a pre-selected velocity to produce (for periods up to
50 msec) controlled convective heating of a propellant sample positioned in
the flow (Reference 11, Ila). Using this technique, numerous, experiments
were performed on several composite propellants over a wide range of expo-
sure conditions. The experimental ignition time lags could be correlated by
a semi-theoretical method based on the surface temperature of the solid sur-
face being heated to an "ignition temperature" (about 6000 K) at which time a
solid phase heat generation rapidly carrie s the propellant to full scale burn-
ing. Although the presence of oxygen in the heating gas resulted in an order
of magnitude decrease of the ignition time, it was impossible for this effect
to be explained within the framework of a method depending on solid phase
reaction only. Further, this entire theoretical approach t5 the ignition
problem was originally developed for a double-base-type propellant
(Reference 13), which might be capable of significant solid phase heat
generation (Reference 14), but is, in general, inappropriate for the compo-
site type which is not (Reference 15).

Two different shock tubes were employed during the present program.
One, designed to produce ignition by convectively heating a propellant sample
during the short duration (5 msec) flow (2000 ft/sec) of hot (8000 K),high pres-
sure (150 psi), shocked gas following the incident shock wave was, neces-
sarily, quite large (6 in. I.D., 75' long). The other, used to produce a
conductive heating of a propellant sample mounted in the end wall of the
shock tube from the very hot (1400 0 K), high pressure (750 psi), stagnant gas
behind the reflected shock wave could be much smaller and was therefore
more simply and rapidly operated. Instrumentation nr:cLssary to measure
the precise heating exposure and to detect the instant of ignition (by measur-
ing the radiation from the incipient ignition flame) was developed on the
small tube.

Even without instrumentation, the small shock tube was used to
produce valuable qualitative information about propellant ignitability. The
effect of chemical reactivity on ignitability was also studied in this way.

The instrumented shock tube produced quantitative ignition data
which could be correlated on the basis of a new theory of composite solid
propellant ignition. The theory focusses attention on the gas phase nature
of the ignition reaction, and consequently can explain the effect of chemical
reactivity of the surrounding atmosphere, on the ignition time, a phenomenon
which has been so vexing to previous investigators. It also explains the
apparent dependence of "ignition temperature" on exposure conditions
(e.g., exposure to conductive heating in the shock tube produces ignition
with a surface temperature of 425 0 K or so. This is about 2000 C below any

-4-



value previously reported in the literature). It explains the observed nature
of the propellant ignitability threshold exposure conditions in the shock
tube.

A new concept of propellant ignitability can be evolved from this.
Also, a means of improving practical igniters, enhancing the ignitability
of propellants, and establishing scientific design criterion for ignition
systems are suggested on the basis of the new understanding of the solid
propellant ignition mechanism evolved during the present fundamental
study.

-5-



SECTION II

SHOCK TUBE PERFORMANCE

1. Introduction

The shock tube is a device which generates gas flows for very short
periods of time. It was first employed by Vilille in France (Reference 50) at
the end of the last century, but then neglected for a period of 40 years until
resurrected for a study of the flew process by Payman and Shepherd in
England (Reference 5]),and calibration of crystal pressure gauges by
Professor Bleakney and his associates at Princeton University (Reference 52).
The'latter also used it for the study of the shock reflection process and other
fluid dynamic phenomena (References 53. 70). Lately, the tool has been used
in a seemingly unending variety of studies. These include the driving of
intermittent wind tunnels, the study of wave phenomena, shock loading of
structures, relaxation and imperfect gas phenomena, chemical reaction
kinetics studies of very fast reactions, combustion and flame propagation,
condensation effects, unsteady boundary laver studies, dissociation,
ionization, electrical conductivity, radiation, heat transfer, spectra,
magneto-hydrodynamic studies, and many others. This research has led to
the publication of a great volume of literature, but since most of it does not
directly apply to the present study, only a few recent review articles are
cited (References 54-57) as background literature. Recently, it has proven
to be a useful tool for solid propellant ignition research (References 10, 11,
lla, 12). The principles of simple shock tube operation necessary to under-
stand its application to this rather limited task are described below.

The simple shock tube consists of two constant area sections of pipe
separated by a burst diaphragm (Figure 1). Generally the test section is
filled with a test gas at or below atmospheric pressure (P1) and the other is
pressurized with a driving (or working) gas to a predetermined level (P4 ).
When the driving gas pressure exceeds the failure pressure of the burst
diaphragm it rapidly ruptures (1/10 msec), and the high pressure driving gas
rushes into the test section, compressing and producing a shock wave in
the test gas, while a rarefaction wave propagates into the driving gas.
Actually the shock wave is not fully developed until it reaches a point about
10 diameters from the diaphragm section (Reference 57), but to facilitate
theoretical description both the shock wave and a centered rarefaction fan
are usually assumed fully established immediately after the diaphragm
ruptures.

The flow situation produced in a shock tube during its operation has
classically been represented by means of a "wave diagram". This is a
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diagram whose abscissa represents the distance along the length of the
shock tube while the ordinate is time following rupture of the diaphragm.
Therefore, wave phenomena of constant propagation velocity are represented
by straight lines on such a plot (Figure 2). For example, the line separating
the unshocked (region 1) and shocked (region 2) gas is identified as the
initial shock wave, S. Similarly, the dot-dash lines separating regions (3)
and (4) represent the expansion fan of the centered rarefaction wave, the
head of the wave is designated by R, the foot by F. The dashed line sepa-
rating the shocked test gas (2) and fully expanded driving gas (3) is defined
as the contact surface, (the interface between expanded driving gas and
shocked test gas which supports no pressure or velocity discontinuity).
When the initial shock wave reaches the end of the tube it reflects and pro-
pagates back up the tube, re-compressing the once compressed gas of
region (2) to a still higher level of temperature and pressure, region (5).
Ideally, all of these numbered regions are of a quasi-steady uniform state.

The pressure profiles drawn above the "wave diagram" depict the
state of the gas within the tube at three successive times. Before the dia-
phragm is ruptured (t = 0), it supports a large pressure difference. Following
its rupture (t . tl), the shock wave produces a step increase of test gas
pressure and temperature while impulsively imparting to it a certain velocity;
the high pressure driving gas expands through the rarefaction wave to match
this pressure and velocity condition at the contact surface. Eventually, at
(t = -t2 ), the initial shock runs into the end of the tube and the onrushing
shocked gas "piles up" against the end wall.. This results in another sharp
compression by means of a reflected shock wave which propagates back up-
stream. At still later times, more complicated interactions between the
reflected shock waves, contact surface, rarefaction wave, etc., will take
place. The theory governing these events is well established (58 and 59), and
provides a useful guide for the design of a particular shock tube to perform
a given experimental task (Reference 60).

2. The Ideal Shock Tube

When the shock tube gases are assumed ideal and perfect, with
constant specific heat values, it is possible to obtain an algebraic relation-
ship between the initial pressure ratio across the diaphragm (P4 /P 1 ) and the
flow quantities in the two sections after the diaphragm ruptures (References
58-65). This results from matching the velocities, U2 = U3, and pressures,
P2 = P3 , at the contact surface; the state of region (3) is given by an isen-
tropic expansion from condition (4) and that of region (2) can be computed
from the conditions in region (1) by the Rankine - Hugoniot shock wave rela-
tions. The resulting equation, relating the diaphragm pressure ratio (P4 /P 1 )
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to the pressure ratio across the shock wave (P2 /PI), as developed in
Reference 65, where it is referred to as equation 1.66, is

This relation suggests that for a fixed level (P 4/PI) an increase of shock
strength (P2/P) is possible if the internal energy per unit mass of the driving
gas is greater than .lat of the driven gas. Since e = CvT. and it would be
both expensive and complicated to create a temperature difference across the
diaphragm, then gases with favorable values of specific heat per unit mass
must be employed to exr.ract this advantage. In the present work the test gas
is generally a mixture of oxygen and hitrogen, Cv 0.172 (cal/gm0 C), so a
very light driving gas is required if this gain is to be achieved. Unfortunately,
if the lightest gas, hydrogen Cv -- 2.42 (cal/gm°C). were employed, a
detonation might occir at the contact surface where it is in contact with the
oxygen of the test gas. Therefore, helium C v - 0.746 (cal/gm°C) was
selected as the standard driving gas and was used exclusively in the present
study. Figure 13 is a plot of the above expression (re-plots of Figures 18
and 19 of Reference 64) and clearly shows the advantage of using helium as
the driving gas.

These and other theoretical results are so completely covered in the
literature, that rather than re-copyirg or re-deriving well known relations, the
author will simply reproduce those whlch, are pertinent, as necessary. The
vast majority of shock tube work has employed air as the test gas and the
experimental results have verified the theory very well for this gas. Further,
the results for oxygen and nitrogen, when used as a testing gas, are almost
identical for shock waves below a Mach number of about 6 (Reference 71)
due to their similar molecular structOre. Therefore, the published results
for air will be assumed valid for the other mixtures of oxygen and nitrogen
as well (i.e., the test gas mixtures employed in the present work).

3. The Real Shock Tube

For shock waves traveling at velocities greater than a Ms 2, the
specific ]eats of the gases become temperature dependent and the simple
algebraic relations between the parameters, which were developed on the
basis of constant specific heats, are no orger valid. More complicated
iterative, numerical methods must then be employed.
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The fundamental work in this area was performed by Bethe and Teller
(Reference 66) and has undergone considerable development since then
(References 64, 67, 69). The many different numerical approaches have been
reviewed, with the presentation of considerable data, in References 54, 68,
and 69. Table 2 (taken from Table 4, Reference 64) lists the flow quantities
on the high pressure side of shock waves in air computed for temperature
dependent specific heats.

When the initial shock wave reaches the end wall and reflects from
it, the conditions behind the reflected wave can be determined simply by
applying the boundary condition of zero particle velocity in state (5) and
rewriting the shock wave relations in the reflected shock wave coordinate
system (Galilean transformation). Temperature-dependent specific heats
necessitate numerical iterative procedures for realistic determination of the
reflected shock parameters for Ms ' 1.5, or so, since the temperatures
behind the reflected shock are higher than those behind the incident shock
wave. Figure 4 shows the variation of flow parameters in air behind a normal
reflected shock wave with the incident shock wave Mach number for variable
specific heat as presented in Reference 54, Figure 36.

Above Ms S- 5 the effects of dissociation and then ionization become
important and must be accounted for in the calculation of shock conditions.
The techniques for doing this are well established (References 71-74) and
Reference 74 has a particularly useful set of graphs showing the results of
such calculations. However, it has been found that the shock tube operating
conditions required to ignite solid composite propellants (Section IV) lie in a
regime where dissociation and ionization are unimportant, but where tempera-
ture-dependent specific heats must be considered. Therefore, Figure 4 and
Table I are sufficient to predict theoretically the propellant exposure condi-
tions, throughout the range of operation, which are capable of producing
ignition in the present shock tubes.

4. Experimental Comparison of the Performance of the Real Shock Tube with
the Ideal

The small shock tube was calibrated so that the actual exposure
conditions of the quantitative ignition experiments (Section VI) could be
exactly determined. The calibration consisted of the measurement of the
propagation velocity of the generated initial shock wave and the pressure
behind the reflected shock wave for a range of diaphragm pressure ratios,
P4/P1, using helium as the driving gas and air as the test gas.
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Figure 5 is a picture of the small (1.6" I.D.) shock tube. The
10' long driving section in the foreground is partially hidden by the control
panel. The diaphragm holding flanges, the 8' test section, and electronic
instrumentation are clearly visible in the background. To operate the tube,
after the diaphragm has been inserted, the pressure in the test section, P1 ,
is drawn down to a predetermined level by means of a vacuum pump and
measured by a mercury monometer; then the driving section is charged with
helium until the diaphragm fails. The diaphragm bu-rst pressure is measured
by means of an 8" dial gauge and recorded as P4 .

Successful shock tube operation depends on obtaining suitable
burst diaphragms. Unfortunately, very little data on diaphragm characteris-
tics has been reported. Most of the pertinent information available has been
gathered and reviewed in Reference 55, but it is insufficient for exact design
purposes. Therefore, it is necessary to undertake a diaphragm development
program in conjunction with each new shock tube which is built.

Ideally, the rupture should take place instantaneously, with the
diaphragm splitting cleanly, without splinters or metal particles, and with
the petals folding back against the tube wall so as not to obstruct the flow.
Too long an opening time and flow constriction at the diaphragm section
inhibit the formation of the generated shock wave, and therefore the fufl
shock strength capabilities from the pressure ratio initially across the
diaphragm are not realized Also, if pieces of diaphragm are torn loose
during a solid propellant ignition test, there is a possibility that ignition
might be prematurely triggered by a hot diaphragm particle impinging on the
test sample. Finally, a reproducible rupture of the diaphragm will allow
the operating condition of the tube, and therefore, the propellant exposure
condition to be readily and accurately pre-selected; thus, it is desirable.

It was decided to develop a diaphragm which would allow a precise
rupture without initial scoring, and further, would not require an intricate
rupturing mechanism (e.g., piercing by a sharp tool, spark discharge, etc.).
Commercially available safety discs were evaluated first but proved unsuc-
cessful for a number of reasons and were eventually abandoned. Finally,
by machining a carefully rounded corner (1/4"R) on the downstream diaphragm
holding flange, it was found that very soft aluminum makes an excellent
diaphragm material and at 1/10 the price of the unsatisfactory, commercially
available product. The details of the development 'program are presented
in Reference 30.

By assuming that the diaphragm distorts to approximately a hemi-
spherical shape as the burst pressure is approached, and applying the results
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of stress analysis of a spkerical shell smoothly supported at the rim, it was
possible to obtain the following relationship which correlated the experimental
data quite well.

=_ 4 S-'5 I where: P4 is the burst pressure
d d is the tube diameter

; is the diaphragm thickness
5 ,itis the uitimate tensile strength

Figure 6 is a plot of this relation and the values actially determined are also
indicated. The harder aluminum (3003-H14, Si-t 21,500 psi) exhibited
a higher burst press-ire for a given diaphragm tnickness than the more ductile
(3003-0, ,uIt - 16,000 psi). The standard deviation is remarkably small
and found to range from 10 to 20 psi (when P4 varied between 600 and
1, 1000 psi) for a given nominal thickness of rcmmercially available aluminum
sheet. No material was lost from the diaph:,agm due to .upture and a consis-
tent petal formation patte:n was always in evidence. Attesting to the repro-
ducibi.ity of the rupt=re process is the fact that d,,rirtq the velocity calibration
the quar.ities affecting srocck strength formation (e.g., burst pressure, dia-
phragm opening timre, -cornkctriction, etc.) did r-gt va:y enough to cause more
than a 3% change (the limit of reso'Lution of the experiment) of measured shock
velocity in :he several calibration runs made for each diaphragm thickness and
material, as described below.

The shock strength calibration was conducted by measuring the time
necessary for the initial shock wave to propagate a known distance. The
measurement was made at the very end of the s. ock tube where the propellant
ignition test samples are mounted so that the actual propellant exposure con-
ditions would be acc-,rately known. Thir, film feat gauges were used to sense
the instant of shock wave passage. The amplified outputs of these gauges
were also used to trigger various electroric devices empLoyed during the
program.

The thin film heat gauge has found wide application in the measure-
ment of transient heating phenomena (References 82-86). The temperature
sensitive platinum film is usually made qAite thin (i/l0 micron) to reduce
"thermal inertia" so that As instantaneous temperature is essentially the
surface temperature of the glass backing material and the characteristic re-
sponse time (time necessary to reach 94% flnal value) will be about 1/30
microsecond (Reference 84).

In the present work the thin film was formed by painting the surface
of a pyrex (type 7740 borosi,.icate) element with a suspension of platinum



"" *::, ',r l ' J ,'? ;b 0?
(Z 'P SIIL RE,-C=o czzo

k.C<OPf LIa, ASTIAe

in an organic liquid (Hanovia Liquid Bright Platinum, Hanovia Chemical and
Manufacturing Company, Newark, New Jersey), and baking the element at a
temperature close to the pyrex softening temperature (to drive off the organic
component and leave behind a metallic platinum film bonded to the pyrex).

The element is then placed into, a carefullv machined slot in a
Kel-F housing plug and the ends of the film are soft soldered to brass screws
which run through the plug and act as electrical lead-ins. Since the shock
tube has a curved wall, the glass elements are cut from pyrex tubing of the
same I.D. as the shock tube. The end surface of the plug is also machined
to this radius so that the guage wil conform tc the shape of the tube and not
disturb the gas flow when mounted in the side wall, A completely assembled
heat transfer gauge is shown in Figure 7.

The body of the Kel-F gauge hcusing plug is machined to be compatible
with one of the identical multi-purpose instruimentation housing ports located
at nine positions along the shock tube. When correctly adapted to these
standard housings, pressure gauges, observatior windows, etc., can then be
mounted at any of these positions. Also, it is through these access ports
that the tube is evacuated or pressi.rized and pressi-e levels are measured.
Figure 7a is a scale drawing oi ons cf thpse, showing a heat gaige mounted
in position.

As the shock wave passes over one of these heat transfer gauges, the
flowing, shocked gas impulsively beats tie gauge (as it does the rest of the
wall) in a way which causes the heat transfer rate t6 vary as the inverse square
root of time (Reference 85). This produces a step increase of the film tempera-
ture, causing a jump in its level of ele'-trical resistance. When a constant
current of 12 milliamperes is flowing th'ov>gh a platinum element of 50 ohms
initial resistance, the jump of resistar.ce level typically produced by normal
shock tube operation results in a small (10 millivolt) step voltage rise across
the element. This signal gives a very precise tndication of the arrival of the
shock wave.

The time interval between vcltage pulses was measured with 1 micro-
second accuracy by means of a Hewlett Packard Model 523B Electronic
Interval Counter. It was found necessarv to amplify the small output voltages
from the thin film gaudes by a factor ci 1, 000, by means of high frequency
(10 mc.) amplifiers, in order to bring the voltages to a level sufficient to
actuate the counter (5 volts). The accuracy of the time interval measurement
was checked for each run by simultaneously displaying the unamplified gauge
outputs on a Textionix type 531 oscilloscope with a 53/54 plug-in preamplifier
and photographing the trace with a DuMont type 2620 oscilloscope camera.
The interval between pulses recorded in this way agreed to within 3% (the
calibrated scope's accuracy) of the time measured by the time interval meter.
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A schematic representation of the instrumentation system is shown
in Figure 8. A total of three thin film heat gauges were employed during a
shock velocity calibration run. The upstream gauge first sensed the oncom-
ing shock wave and iUs amplified output was used to trigger the oscilloscope.
The second gauge, whose amplified output signals the time interval meter to
commence counting, was located downstream about 3 inches. The third
gauge, which signals the time interval meter to cease counting, was located
3 inches further downstream. The unamplified outputs of each of the last
two gauges were fed directly into the scope, while the amplified outputs were
fed to the time interval meter,

The measured shock velocities, reduced to Mach numbers, were
plotted against the ratio of helium pressure in the pressure chamber to air
pressure in the test section, which existed across the diaphragm at rupture.
(Figure 9). Also shown is the theoretical curve based on instantaneous and
perfect opening of the diaphragm and frictionless fluid flow, but taking into
account variable specific heats and dissociation (re-plot of Figure 24,
Reference 65). All experimental points are based on measurements of time
intervals which did not vary by more than I microsecond, the limit of resolu-
tion of the counter. At least seven runs were made at each operating point.
Deviation from the theoretical curve is seen to increase with increasing
shock strength. This was caused by wall friction and turbulent mixing at
the contact surface, which increase in severity with diaphragm pressure
ratio. The small run-to-run fluctuations in diaphragm burst pressure as in-
dicated in Figure 6, and diaphragm rupture times were apparently too small
to produce a measurable variation of the shock strength. This was a result
of the excellent performance of the pressure ruptured soft aluminum dia-
phragms employed.

The pressure history behind the reflected shock wave was measured
over a range of incident shock wave velocities (2 "7 M s 7 5). The Rankine-
Hugontot shock wave relations successfully predict the pressure level
immediately following reflection of the incident shock wave. However, as
the reflected shock wave begins to propagate back up the tube, it overtakes
a nonuniform (due to attenuation) slug of once-shocked test gas, the contact
surface, expansion wave, etc., and its interactions with these produce
reflected waves which propagate back to the end wall to produce pressure
fluctuations. Consequently, the pressure history at the end wall is very
difficult to predict theoretically. Therefore, in order to know the test gas
pressure during an ignition run, it had to be experimentally determined.

It is most desirable to conduct the ignition testing at a constant
test gas pressure level. This situation can be realized only if the reflected
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shock wave passes through the contact surface smoothly, without creating a
reflected wave. Both the driving and test gases must finally be brought to
equal pressure and velocities by the passage of the reflected shock wave for
this to occur. A wave diagram for the coadition of nonreflection at the con-
tact surface is shown in Figure 10.

By imposing this matching condition on the shock tube equations,
it is possible to calculate, for any reflected shock in a testing gas, the
initial temperature and pressure of driving gas necessary to produce the
condition of nonreflection at the contact surface (References 86, 87, 88).
It can be demonstrated that when both gases are initially at room tempera-
ture (as in the present work), then for a given testing gas there is a unique
relation between the desired shock Macn number and the composition of the
drivirng gas which will produce this condition. In particular, if the driving
gas is helium and the testing gas is air, then there is only one diaphragm
pressure ratio (i.e., Ms) which satisfies the relation. For constant specific
heats this is calculated to be Ms = 3.8 (Reference 88) is obtained. The com-
plete theoretical development of Reference 87 indicates that the nonreflecting
condition is quite insensitive to the actual Ms value as long as it is near
the critical value.

The experimental results of Reference 87 indicate that the critical
condition occurs at Ms :.3.4 on the basis of optical observations of the
wave interaction patterns. However, actual measurement of the pressure
histories (Reference 88) demonstrated that the contact surface was effectively
nonreflecting over the entire range tested (3.4 <. Ms< 4. 2). Pressure
histories obtained during the present program indicate this to be true down to
M s a-- 3.0, which verifies the theoretical rpsul of Reference 88.

Experimental pressure histories of the shock reflection process were
obtained by means of a pressure gauge mounted in an instrumentation port
located 2.5 inches from the end wall. The pressure was sensed by a fast
response (5,Wsec) quartz crystal piezo-electric shock tube pressure gauge
(type PZ-6-S, Kistler Instrument Corporation, North Tonawanda, New York).
The output signal from this gauge was amplified by a Kistler PC-6 Amplifier-
Calibrator and displayed on a Tektronix 531 oscilloscope. In addition, a
type 1P39 vacuum phototube was mounted to peer through a quartz window
located directly opposite the pressure pickup. By employing the Tektronix
53/54 dual beam plug-in preamplifier it wds possible to simultaneously
display both the pressure and luminosity histories for each test (Figure 11).
The radiation produced by the shock reflection process was measured so
that it might be possible to later separate it from the incipient ignition flame
radiation during an ignition run. (This turned out to be unnecessary as in-
dicated in Section V).
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Two distinct types of pressure histories, depending on whether the
Mach number of the generated shock wave was greater or less than that
required for nonreflection at the interface, were observed. Each type became
more accentuated as the tube was operated at conditions farther removed from
the nonreflecttng condition. At Mach numbers less than the critical value,
the shock wave would be somewhat absorbed as it was refracted at the inter-
face, a situation resulting in reflected rarefaction waves which decreased
the end wall pressure. On the other hand, stronger-than-critical level shock
waves would be amplified when refracted at the interface, and compression
waves would be refle.zted, producing a gradual pressure rise. The left hand
trace of Figure 12 illustrates the fcrfmner conditicn (M. - 2.7 . 3.4) while the
other shows the latter (M" = 4.76 > 3o4), At Ms 3.4 the pressure trace
seemed most level,

The propagation of the reflected wave through the nonuniform test gas
produced a gradual pressure rise for operaLion below M, = 4. This was ter-
minated by arrival of the interface reflezted wave system, The net effect was
a pressure peak of level Pr , which is slightly -above the. Rankine-Hugoniot
value, a few hundred microseconds after reflection, ra, there was a
period of constant pressure. Above Ms - 4 this peaking was not in evidence
and there was only a continuous pressure r.se from the Rankire-Hugoniot value
to the final constant "equiibrium" pressure :evel. The "equj.librium" pressure
level, P5' persisted until arrival of the refleced rarefac:ion wave which pro-
duced a sharp drop in pressure level (about 5 millisecandsa following shock
reflection jn the small tube whet-. M s '-, 3). Shock tube operation between
3.0 Ms < 4.0 resulted in values ot F', and P.*, which did not differ by more
than 10%, at Ms !- 3.4 th-ey werc equal. Then;e criteria were used to deter-
mine respectively, the nonref.ecting interface ra-:ge of operation and the
exact value at which it occurs.

"Figure 13 is a plot o± the experimentally oeterm.ned pressure ratios
P5 !? 1 and Pr/P, as well as thE Rankine-Hugonlct values, against incident
shock Mach number. it may be no.iced that the value of the "equilibrium"
pressure ratio does not follow the Rankine-Hugomot valuje. This demon-
strates that it is a phenomenor, which is not gocerned by the shock reflection
process, but is a pecullarryef shock tube operation. Its nature is at present
little understood, but actively being investigated (Reference 89) as a means
of better controlling the operation of the hypersonic shock tunnel.

A curious aspect of the equilibrium pressure is that it always reaches
a constant level which is a certain fraction of the driving gas pressure level;
Figure 14 demonstrates this experlmentai fact. Here. the ratio of equilibrium
pressure, P5, to helium driving gas pressure, P4, is plotted against the
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incident shock Ms , for various P4 values. The solid curve represents values
predicted on the basis of ideal shock tube operation; the dashed curve is
calculated using the Rankine-Hugoniot relations and experimentally deter-
mined P4 /P1 (Ms) values (Figure 9); the dash-dot curve characterizes the
actual operation. The ratio is found to be remarkably constant at about
0.75. Others have observed this effect although different ratios were re-
ported: 0.80 (Reference 89), 0.92 (Reference 11). The value seems to depend
on the geometry of the tube, wall roughness, etc,,, and must be determined
for each individual shock tube.

The surface temperature of the end wall was measured during the pro-
cess of shock reflection. This quantity exhibits a step increase at the
moment of reflection (Appendix A) and a thermometer capable of a very rapid
response is necessary to sense the change. Therefore, a calibrated thin
film resistance thermometer of the type employed to indicate the instant of
shock passage was used to make the measurement.

It was mounted in a flange whicn was used as the small tube's end
wall. so that its surface would be flush with the end wall surface. That is,
the surface of the gauge was flat, whereas previously, when mounted in the
side wall, it was curved. (See above.) Therefore, there were no protrusions
to disrupt the normal shock reflection process, and the heating of the integral
surface was by pure conduction from the stagnated test gas column behind
the reflected shock wave.

The electrical resistance of the platinum element, r . at a given
temperature, T, can be related to its resistance, ro , at some initial tempera-
ture, To, by,

r = ro + ro 6(T-To)

wheregis the coefficient of thermal resistivity of the platinum film. When
a constant current, io, is passed through the element, a change of tempera-
ture results in a voltage change across the gauge. Therefore, the tempera-
ture change is related to the voltage change by,

T-T V-VoT-° io ro

The particular crauge employed had a resistance of 49J and a/3
of 0. 0020 ( PC) (a value different from the handbook value for bulk
platinum - 0.0038 (/10C)). The energizing current was kept at 16.7 milli-
amperes by means of a large ballast resistance in series with the element.
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A series of measurements were made with the helium driving gas
held at 980 psi while the down3tream air pressure was varied to produce
shock waves of different strengths. The voltage output from the gauge was
displayed on an oscilloscope (the sweep started by the passage of the shock
over a similar gauge mounted upstream) and photographed for a permanent
record. Figure 15 shows a temperature history recorded for the condition
P4 = 980 psi He, P1 = 1 atm. air. The temperature history was found to
exhibit two distinct Jumps: the first, to its theoretically predicted level
(Appendix A); the second, to about twice this value. This behavior has been
noticed by others (Reference lla) and is thought to be caused by the density
change of the gas layer near the wall as it is cooled. (The theoretical values
were determined for the case of a constant gas density level.)
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SECTION III

THE SMOCK TUBE AS A TOOL FOR SOLID PROPELLANT IGNITION RESEARCH

1. Model Location and Heating Exposure

The shock tube can be employed to study the ignition of solid pro-
pellants produced by conductive heating from a stagnated gas, convective
heating from a flowing gas, or a combination of the two. The geometry of
the shock tube and the location of the propellant test sample in the tube
determine the nature of the exposure for any particular case. Once a standard
test configuration is adopted, the shock tube can be used to study the rela-
tive ignitability of different propellants or the effect of test gas reactivity on
ignitability in a very simple manner. For this qualitative work, only the
pressure levels of the driving and test gases need be recorded. The ignition
threshold exposure conditions can be uniquely expressed in terms of these
two shock tube variables.

Three different propellant sample geometries have been employed for
ignition testing in the small shock tube. They were the flat surface, the cone,
and the sting mounted cone (Figure 19); the last two are essentially the same,
varying only in degree. These were all mounted in, or from, the end wall
from which the incident shock wave was reflected. That is, they were bathed
in the doubly compressed stagnant gas behind the reflected shock wave of
region (5) at some time during the testing period. Some early experiments
performed in the large shock tube exposed conically shaped models to convec-
tive heating only. This situation was achieved by allowing the incident shock
wave, when it reached the end of the tube, to pass into a large volume reser-
voir (dump tank) attached to the end of the tube (Figure 17a). In this way the
reflected shock wave was eliminated and the model was heated only by the
steady high velocity flow of the singly shocked, hot test gas of region (2).
After a few milliseconds, the contact surface arrived and the model was
rapidly cooled by the flow of the cold, driving gas. The arrival of this cold
gas at the model terminated the useful ignition testing period, as the cooling
had been demonstrated to be sufficiently strong to quench an incipient igni-
tion flame. In fact there was some experimental evidence (e.g., lack of
luminosity) indicating that a normal flame could not be initiated at all in this
configuration (Section IV). It was therefore abandoned in favor of more fruit-
ful approaches.

It was then conclusively demonstrated that positive ignition of a solid
propellant could be achieved in a shock tube when the end of the tube was
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closed with an. end wall so that the propellant would be bathed in the very
hot stagnated gas, following the reflected shock wave (Reference 10).
Figure 17b shows the wave diagram for this shock tube operation. When the
sample was flush mounted in the end wall, it experienced only the conduc-
tive heating from the stagnated testing gas left behind by the reflected shock
wave in region (5). When a conical model was mounted on a 2-1/2" long
sting, a small fraction (about 1/20) of the total exposure time was given to
the strong convective heating of region (2) before arrival of the reflected
shock wave. It is important that the sting must not be too long or it will
position the test sample so far from the end wall that the contact surface
will arrive before the reflected shock and the incipient flame will be extin-
guished before it really gets started.

The sting mounted cone produces a somewhat more vigorous heating
of the propellant surface, and, therefore results in a more prompt ignition
than is possible if the sample were exposed only to the conductive heating
behind the reflected shock. This is a useful technique for extending the
range of shock tube heating exposure conditions which will produce ignition,
although the exposure is more difficult to describe analytically than in the
case of pure conductive heating. Consequently, it is useful only for quali-
tative testing. All of the quantitative work was performed with the test
sample mounted in the end wall. In this configuration, the useful testing
period is terminated by the arrival of the reflected rarefaction wave, which
rapidly decreases the temperature and the pressure and terminates the use-
ful testing period.

2. Model Preparation Techniques

Before the ignition detection instrumentation was developed many
ignition tests were carried out in the large (6" I.D., 75" long) shock tube
on a go-or-no-go basis to obtain the threshold exposure conditions neces-
sary to produce ignition of an end wall mounted propellant. A disturbing
fact evolved from these tests, that is, the propellant was found to ignite
for almost any exposure condition. These results seemed incredible since
theoretical analysis predicted only a modest temperature rise of the propel-
lant surface when heated by conduction (as low as 20 0 C for some conditions
which produced ignition). It was obvious that an additional heating occurred
during these tests. Further investigation (Reference 46) showed that im-
proper mounting of the propellant produced uncontrolled local heating, caus-
ing local hot spots, which resulted in spuriously easy ignition. The heating
was due to the convection of hot gases through the crack between the un-
supported edge of the propellant sample and its mount. At this juncture, the
small tube became operative and was used exclusively for the development
of adequate mounting techniques, instrumentation, etc., since it could be
operated at 10 times the frequency and 1/50 the cost of the large tube.'
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The structurally weak edge was eliminated by making a strong chemical
bond with a surrounding resinous compound. This "potting" of the propellant
before mounting in the end wall was the key to the successful ignition testing
of the end wall samples. The composition of the inhibiting potting compound
is given in Table 2. In order to shield the organic base potting compound from
attack by the oxygen in the testing gas, an event which could possibly cloud
the propellant ignition, it was covered with a very thin layer of inorganic
insulating cement. A mixture of water-glass and fine asbestos was developed
which had sufficient strength to withstand the sharp impact of the incident
shock wave without breaking and was used exclusively for this purpose.

The end wall propellant test mount configuration consists of a 1/4"
diameter strand of propellant surrounded by and bonded to a 1/8" thickness
of inhibitor, which was glued in a 3/8" deep recess in a stainless steel
housing. The surface of the propellant was carefully machined to be even
with the surface of the plug, and the thin layer of inorganic insulating cement
was applied. The housing is then mounted in a stainless steel plug which
became the end wall of the tube when it was inserted (Figure 18).

The standard sting on which a propellant test sample was mounted
was 5/32" in diameter and 2-1/4" long. A small pin, 1/4" long and 3/64" in
diameter protruded from the forward end of the sting. The propellant sample
was mounted on this pin. Propellant test samples, drilled to fit the pin, were
glued on to it and machined to their final shape (1/2" long with a 380 included
angle conical nose). A thin layer of the inorganic cement was applied to thc
interface between the propellant and sting to prevent the test gas from enter-
ing the crack or reacting with tho organic glue. Figure 19 shows a prepared
sting mounted in the flange which becomes the end wall of the shock tube
when bolted on. All sting mounted conical samples tested in the small tube
were prepared in this way.

3. The Shock Tube as a Qualitative Tool for Solid Propellant Ignition Research

The simple shock tube, without instrumentation, is itself a useful
tool for solid propellant ignition research. If only the pressure levels of the
driving and testing gases are known, and the occurrence of ignition recorded
on a go-or-no-go basis, it is possible to obtain readily the qualitative ignita-
bilities of various propellants and the effect on ignitability of testing gas
chemical reactivity, by comparing the threshold exposure conditions for
ignition.

Sting mounted propellant samples prepared as described above were
employed for a series of these qualitative tests since they were found to
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ignite cver a broader range cf shock tube operazirg cndilt"cns than the end
wall mou"nted samples, due to th.e4. more vigorous heating exposure. Only
BaOcl #6 propellant isre Tare 3 tor conimosition.) was oompletely tested by
this qualitative ze,-:~rqu., as t&e main ob'etive ot the experimental program
was to ontaln qaant.)tettive lqr.itic.r irformatior to verify the newly developed
treory. 'wo different te t gases (80AN2 , 20%02 and 50%N 2 , 50%02) were
employed, sc. that t.e effect of ::hemocal reac;ivity could be studied. The
results of thes:- tests are shown in Figure 20, At each operating condition
of the shook tube tested (coinpleteiy described by P4 /P l and PI), if ignition
occurred, a cross was plotted; if ignition did not occur, a triangle was

plotted. The Lrndar., between the crosses and triangles defines the ignition
threshold of the propeilart and the data po.nts resulting from tests made with
the 0.,50 wt. fracuion Yor*ger test gas are c.ircled, The threshold exposure
necessar" to obtain igritior in this gas was quite a bit lower than for the

0. 20 wt. fraction oxyqer test gas, tdi ,ating tre scrang effect of surrounding

gas reactivity on propellant ig tol..

The thresho n lqrition ..oneitiors Jepend on the geometry of the par-
ticc:ar shock tube ir which t.he experime:;s are per'lormed. A larger tube, by

virtue of an ex:ended testt'q duratcn, would ailow exposure r-.nditions, which
were prevous.,,y fuind insuftti',ent to cause itnrtic_-, to ant for a longer time;
ignition would then take place. A shorter rube, o. the ruier hand, would re-
duce the exposure durat.ior, and conditions prewausly us t sufficient to pro-
duc-e igriitior in the origir a tube wouid now bccnme tnadeauate due to the
sl-orter exposure ueriod. Charges in the :relari,'e Iengths of the driving and

testing section, which vary the test.rig diuration. would prodine the same
effect or a tube of fixed length. Therefo e, lqnitabiittles of various propel-
lants expressed Lr terms of igiation thre -olrAs ca- he compared only if they
are all obtained in shork tubes of the same geomery, .

The nechani(cat .trength of tie sock tube determines the strongest
exposure which the t.ibe nan produce. The -.ppermoE',t carve in Figure 20
represents the operating limit of the smal! sho'rk tube. Exposure conditions
above this curve would requ1re a driving gas pressure level greater than the
safe operating pressure (1050 psi) of the tube. A weaker tube would have
a lower limiting curve and, for example, couid not ignite the propellant with
a 0.20 oxygen testing gas at all if it were safficlently weak. On the other
hand, a stronger tube would p.-oduce ignitiop in a testing gas with an oxygen
concentratlon below the present imit, and over a wider range of exposure
conditions. Again, this applies only to a shock tube of fixed geometry.

A The ignition response of a propellant to a given heating exposure

depends on its chemical ktreti;, thermodynahic and physical properties.
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Indeed, these are the very quantities which determine a propellant's
ignitability. A certain grouping of these parameters, which has been found
significant in predicting quantitatively the results of ignition testing when
only the conductive mode of heating is operative, can be employed to form
a basis for the explanation of these qualitative results. This is justified,
a priori, on the basis that the convective period represents only about 5%
of the total testing time in the sting mounted cone configuration; during the
other 95% of the testing time, the conductive mode is operative.

The quantity of interest is,

The various terms are defined in Section V. It has the units of time but is
not the measured "ignition time". It must be multiplied by an additional
factor, which reflects the ignition mechanism, to obtain this. Still, since
the quantity reflects the important chemical reaction factors which actually
produce ignition, it might 1je advantageous to employ the value of this
quantity as an index to characterize the relative igniltability of various pro-
pellants. The smaller the quantity, the greater the ignitability of the pro-
pellant.

The variation of this quantity with shock tube operating condition
can account for the shape of the experimentally determined ignition threshold
in the P4/PI, P1 plane. This is due to the shape of the exponential de-
pendence of this quantity on T5 and Tsf, and the fact that T5 depends only
on P4 /Pi while Ts depends on both P4 /P 1 and P1 (Appendix A). Therefore,
certain combinations of P4 /PI and P1 will produce values of T5 and Tsf
sufficient to reduce the quantity below a certain level while others will
not. The quantity Zo is, of course, independent of shock tube operation
and can be varied at will.

Ignition will occur when a sufficient quantity of fuel is vaporized
from the propellant and reacts with the oxygen already in the test gas to
produce a flame, according to the new gas phase ignition theory (Section V).
The rate of fuel vaporization depends on Tsf (Appendix B), that is, both
P4/P 1 and P1 while the rate of chemical reaction in the gas phase depends
on P4 /PI only.

If a propellant is subjected to an ignitability test, conducted so
that the tube operates as a fixed value of P4 /Pl (horizontal line in Figure 20),
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then the level of T5 is held constant. If P1 is too low, then Tsf will be too
low to vaporize the critical amount of fuel required for ignition and the
sample will fail to ignite. However, as the P1 level is increased, it will

become possible to produce ignition within the time available. That is,
an ignitability threshold will be reached. Further, an increase in P4 /P 1

produces a higher Tg, so that the critical quantity of fuel can be accumu-

lated for a reduced level of Pl. Conversely, a reduced P4 /P 1 level would
require a higher value of Pl. This behavior of the threshold ignitability
conditions has been experimentally observed (Figure 20).

According to the gas phase ignition theory, an increase of test gas
oxygen concentration will permit ignition to occur at a reduced level of
fuel vapor concentration. This means that lower levels of the fuel evapora-
tion rate (e.g., lower Ts ) should be sufficient to produce ignition, as the
oxygen concentration level of the test gas is increased. Therefore, for a
constant level of T5 (P4 /P1) the Tsf required for ignition will be reflected
by a lower ignition threshold level of P1. This predicted reduction of the
P1 ignition threshold with increased oxygen concentration in the test gas
is verified by the experimental results presented in Figure 20.

If the oxygen concentration in the test gas is sufficiently reduced,
then a level of Tsf will be required which, for a qiven value of P4 , can
not be reached simply by increasing P1 because, eventually, a P4 level
would be necessary (if the iatio P4 /P 1 is to be kept constant) which ex-
ceeds the pressure limit of the tube. Thercfore, in a shock tube with a
limited P4 capability, the propellant will fail to ignite below a definite
level of test gas oxygen concentration which is different for each value
of P4 /Pl. Experimentally, this effect is observed by termination ol the
fixed oxygen concentration ignitability limits at the curve of P4 limited
shock tube operation. (Figure 20).

The successful explanation of the experimentally determined
ignitability limits of a sting mounted propellant on the basis of a grouping
of terms, which is important in describing quantitatively the ignition pro-
cess in the case of an end wall mounted model heated by pure conduction,
indicates that the sting mounted configuration is quite similar to the end
wall mounted model in its overall ignition behavior. Further, it is pro-
posed that the value of this quantity, evaluated at some arbitrary exposure
condition, might be a useful index of relative propellant ignitability.
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SECTION IV

MEASUREMENT OF IGNITION TIME LAG

The aim of this program was the fundamental understanding of the
process by which solid propellants ignite. A theory capable of predicting
quantitatively the ignition time of propellants as a function of their heating
exposure conditions was developed. Quantitative measurements of the
ignition time lags of various composite propellants were made in order to
verify this theory. Both photographic and photoelectric techniques were
employed in making these measurements.

Initially, conically shaped sting mounted propellant samples were
tested in large shock tube (6 in. I.Do, 75' long). A dump tank was attached
to the downstream end to eliminate the reflected shock wave. During a
test, the propellant was first heated by the hot, flowing test gas, and then
cooled by the flow of the cold, expanded driving gas. This cycle was
described in the last section. Models tested in this way were visually in-
spected following removal from the tube after such an exposure. In general,
no change from their appearance before testing could be detected; however,
in some instances, a slight discoloration near the tip of the cone was
noticed. It could not be determined whether this alteration was due to a
chemical change, produced by the incipient ignition reaction, or merely
erosion from exposure to the high velocity gas flow.

1. Ignition Detection by Photographic Means

High speed photography (5000 frames/second) was employed in an
attempt to detect the flash of an incipient ignition flame, if it occurred.
The results were indecisive since in many cases there would be no notice-
able exposure of any sort for one run, but the very next run, at the same
exposure condition, would exhibit an exposed frame or two. The exposures
were quite "thin" and they could have very well been produced by the
luminous shock or some spurious marking of the film during development.
In order to capture all of the light produced within the tube during a test,
a nonframing high speed strip camera was employed. This also produced
inconclusive results.

When the end wall of the shock tube replaced the dump tank,
definite ignition was produced. A photographic study of the ignition and
burning process was made (Reference 10). However, since the large tube
(6" I.D., 75' long) was designed to study ignition produced by pure con-
vective heat transfer, and it was found impossible to ascertain if ignition
was possible in this configuration, it was decided to temporarily abandon
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this tube. The remainder of the experiments were conducted in the small
shock tube (1.6" I.D., 18 long), which could be operated much more easily
and cheaply, but still was capable of producing ignition when operated in
the end wall configuration.

This change permitted suitable burst diaphragms and test models, as
well as wave speed and photoelectric instrumentation, to be swiftly developed
at a small fraction of the cost which would have been incurred if the large
:ube were employed for the purpose. Photographic techniques proved invalu-
able in the development of the models and interpretation of the ignition re-
sults.

The high speed camera employed for this work was a Wollensak 16 mm
Fastax. A special double lens system, consisting of Wollensak 50 mm f.2
inner lens and a Schreider-Krenynach 80 mm f.4 outer lens, allowed the
camera to be positioned with the forward lens only 1/2" from the quartz obser-
vation window of the small shock tube. This technique produced an image of
the propellant test sample which filled almost the entire frame. A small neon
light within the camera flashed once every millisecond. This produced an
exposure pattern on the edge of the film which provided a means of timing
events.

Figure 21 illustrates the use of the photographic technique in the
development of suitable propellant models for ignition testing. These were
taken as various propellant model geometries were being evaluated as possible
alternates to the conical shape, since it was difficult to reproducibly machine
the sharp tip of the cone, due to the inhomogeneous nature of the composite
propellants. It was postulated that a rounded nose contour could be more
easily machined, or that a model with an inert tip might eliminate the problem
altogether. Unfortunately, neither of these proved successful. The round
nose models ignited on the cylindrical afterbody rather than on the nose
(Figure 21a). The ignition lag data from these rounded models exhibited more
scatter than the conical models and were abandoned. The inert tip model was
also unsuccessful, as the joint between the aluminum tip and the propellant
could not be adequately insulated without disturbing the flow about the model.
When the insulated models were tested, a great deal of scatter appeared in
this data. When the crack was left uninsulated (Figure 21b), ignition would
prematurely occur at that position. This type of model was also abandoned.

Figure 22 shows two examples of the photographic records obtained
when the conically shaped models were tested. The propellant formulation
which contained no iron oxide ignited at the tip and spread rearward as the
burning progressed (Figure 22a). This behavior was typical of the conical
models. The addition of iron oxide to a formulation resulted in a propellant
which was characterized by a rough surface, after machining. This probably"
resulted in the occasional ignition in the region somewhat behind the tip of
the cone (Figure 22b). However, when this modified propellant was tested
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in the flat end wall configuration, its behavior is no different from the un-
adulterated formulation. A typical ignition run for an end wall mounted
sample is shown (Figure 22c). Since there is no preferred ignition site with
this flat geometry, as opposed to the tip of the conically shaped models,
ignition sites usually appear at several random surface locations simultan-
eously.

It was noticed quite early In the program that test gas mixtures con-
taining a high percentage of 02 (i.e., greater thah 65%) produced a great
deal of radiation upon passage of the reflected shock wave. In some cases,
it was sufficient to obscure the radiation from the incipient ignition flame
of thea~oli ,@rppelant. It was the focus of considerable attention until its
cause was finally uncovered and eliminated. The use of high speed color
photography greatly aided this effort.

The film strips reproduced in Figures 20 and 21 are all black and white
Kodak Tri-X, with a nominal ASA tungsten rating of 250. Since only the light
from phenomena within the tube (which is not too great during the ignition
process) was used to expose the film, and the framing rate was so fast, it
was necessary to develop the film for 9 minutes in straight Dektol. This
process was found to increase the graininess somewhat, but it was necessary
to bring out the image. Several types of color film were employed during the
program, but the best results were obtained from Kodak color 16 mm Reversal
tilm with a standard ASA rating of 120. The normal development by the Kodak
Company was found to be adequate. The color photographs were generally
superior to the black and white, but unfortunately cannot be reproduced here.

2. Ignition Detection by Photoelectric Mearns

It was found quite difficult to assign an accurate time of ignition when
only the photographic technique was employed. The phenomenon of ignition
could, of course, always be recognized, but a definite number had to be
assigned to each ignition test if the quantitative theory was to be verified.
Therefore, the first response of a scanning vacuum phototube was arbitraily
selected to signal the instant of ignition.

At first, one, and later, two, photocells were employed to view the
igniting propellant samples. The quartz windows through which the photo-
cells peer are located 3" from the end wall of the shock tube. The sting
length was chosen (2-1/2") so that the entire length of mounted propellant
was visible through either window. The length of the end wall plug (2-13/16")
permitted the entire end wall mourxted propellant surface to be scanned. When
two photocells were employed, both sides of the sting mounted sample could
be viewed simultaneously.
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The initial measurements were made by means of a single photocell
mounted dire-tly on the tube. This proved unsuccessful since vibrations due
to the firing of the tube would produce electrical "noise" which obscured the
instant of ignition. The next development was to isolate the photocell from
the tube by mounting it or, a sturdy camnera tripod. This eliminated the noise,
but introduced the possibiiity of spurious ignition me.:asurements due to run-
to-run misalignments between tae photocell and propellant model. Finally,
a permanent mount for two photocells was conszructed.

A photograph of the end of the testing section of the tube, showing
the two photocell units mounted on a precisely aligned optical bench, is pre-
sented as Figure 23. The optical bench was securely fastened to a metal
frame and bolted to the floor. Therefore, its posttion was always fixed rela-
tive to the ncnmoving testing section. Smail vertical and horizontal adjust-
ments of the photocell mounts were po.ssible, bat once accurately positioned,
they were tightly secured. Each photozube housing contained a cathcde
follower at the output of the phototube. Wher, a 4' -oaxial cable was used
to carry the output from the cathode follower to the oscilloscope, the rise
time of the system was found to be less tha± 10 mi.-:roseccnds.

For Doth the sting and end wall config.iratlons, apertures were de-
signed, which, when placed between the phctocel;.s and propellant sample,
would limit the field of view of the photocells to the propellant sample itself.
This was necessary to reduce 1thc Iigh level of background radiation, produced
by the reflected shccks of high oxygen concentration, which sometimes ob-
scured the ignition phenomena. Ever, after this :adiation was effectfvely
eliminated, the apertures were left in place as a matter of good practice. The
window apertures and photocell geometry fc both the sting mount and end wall
are shown in Figures 24 and 25 rospectively,

By placing a filter in the optical path between the photocell and pro-
pellant sample, a further reduction of background radiation was possible.
After several selected filters were evaluated, in combination with both type
935 and type 1P39 vacuum phototubes, it was found that the combination of
a Kodak Wratten 18-A filter with the type 935 phototube gave the best ratio of
ignition signal-to-background noise. The spectral response sensitivities and
other considerations which led to the selection of this particular combination
are discussed in Reference 49.

A schematic diagram of the instrumertation setup used to make the
time-to-ignition measurements is shown in Figure 26. A thin film gauge,
mounted 6 inch upstream of the testing position, was used to sense the
arrival of the onrushing shock wave. Its amplified output triggers the oscillo-
scope sweep. Eventually, the shock wave reaches the propellant position,
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and at some later time the luminous incipient ignition flame is detected by
the photocells (if ignition occurs). This signal produces a vertical deflec-
tion of the oscilloscope trace. The trace is photographed to produce a per-
manent record of the event.

Figure 27 shows four typical traces obtained in this way. Figure 27a
is a trace obtained from a contaminated tube containing 79% 02 in the testing
gas, with no propellant in place. The deflection of the trace was caused by
the flash produced by reflected shock wave when the tube was contaminated.
Careful cleaning of the tube with a damp, lint-free rag followed by a second
cleaning with trichloroethylene (a degreasing agent), reduced the radiation to
a level which could not be detected (Figure 27b). An indisciminately handled
model, inserted in an otherwise clean tube, would cause about the same level
of background radiation for the same operating condition. Occasionally, this
would die out before the first ignition radiation was detected, and it was de-
duced that this luminosity was caused by the flashing of oil, inadvertently
deposited on the surface of the model during its normal handling. By care-
fully preparing the models and wiping their surfaces with +richloroethylene
before inserting in the tube, this spurious radiation was completely elimin-
ated. Figure 27c is a trace obtained when an inert model, which was care-
fully cleaned before mounting in the tube, was tested at the same exposure.
A carefully cleaned propellant model and tube produced the ignition trace
presented as Figure 27d. Here, the only radiation detected was from the
incipient ignition flame. The instant of ignition is marked by an arrow
labeled I.
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SECTION V

THE THEORY OF SOLID PROPELLANT IGNITION

1. Previous Ignition Theories - Solid Phase Heat Release

Previous theoretical treatment of the solid propellant ignition problem
focussed on heat release phenomena which took place only in the solid phase.
Although this approach had limited success in correlating some experimental
data, the solid phase model has yet to be verified experimentally. Its most
obvious defect is the inability to incorporate the well-established (Refer-
ences 6, 8, 9, 11, 12) reduction of ignition time lag with increasing oxygen
concentration in the surrounding atmosphere. In this section, a brief review
of the previous solid phase ignition theories will be made. Then, a theory
which is based on a gas phase heat release will be presented, which results
in a quantitative agreement with experimental findings.

A correct mathematical statement 6f the ignition problem must incor-
porate, in some form, the basic equaticn !or describing the nonsteady flow
of heat in a medium capable of heat generation. For the particular case of
one-dimensional heat flow in a homogeneous medium, the equation is,

21 t_'

This is the standard Fourier diffusion equation. It is a linear (if Q
is a linear function of T) partial differential equation of the second order.
In the linear form it is susceptible to relatively straightforward mathemati-
cal treatment, and analytic solutions fcr a variety of boundary conditions
have been obtained (References 16, 17); a solution is a mathematical rela-
tion between the temperature, T, the dependent variable, and the two inde-
pendent variables, x, linear distance, and t, time, for a particular set of
boundary conditions. If the heat release term is a nonlinear function of T,
then t.- -ozlutions are more difficult to obtain. In particular, for the ignition
problem, the dependence of chemical heat release rate on temperature is
e.ponential in nature, most frequently written as Q - C -A (where: E,
the "activation energy", is a constant for a particular reaction, and R is the
universal gas constant). This function is so strongly nonlinear that an
exact analytical solution to a thermal problem with chemical heat generation
has never been obtained. However, modern computational machines make
it possible to generate complete solutions of any desired accuracy for a
sufficient expenditure of effort.
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An alternate, less exact, approach to the problem has been to neglect
the nonlinear term so that the classical solutions to the equation can be ob-
tained (Reference 5). These analytic solutions are valid only below a certain
temperature level. When the propellant temperature exceeds this "ignition
temperature", the chemical heat is assumed to be generated discontinuously,
due to its powerful temperature dependence, and the runaway of the tempera-
ture to complete ignition and burning occurs "instantaneously" compared to
the time required to reach this "ignition temperature". Therefore, the term
which is removed from the equation itself is inserted in the boundary condi-
tions by establishing the maximum temperature of the substance for which
the linear equation is applicable. The time necessary to reach this "ignition
temperature" is defined as the ignition delay time. Both the ignition delay
and "ignition temperature" must be experimentally determined.

For special applications, other approximations can be made by neglect-
ing either the rate of temperature change with time or the presence of tem-
perature gradients, as the particular physics of a given situation dictates.
Analytic solutions to these reduced equations become possible only if the
nonlinear chemical heat generation term is suitably approximated. The first
mentioned situation describes the "stationary thermal explosion" (Refer-
ences 18, 19), and the second, the "nonsteady thermal explosion" (20, 21).
Recently, more sophisticated approximations have resulted in refinement of
these approximate solutions (Reference 22).

Neither the "stationary thermal explosion" nor the "nonstationary
thermal explosion" approximations can be employed to describe the short
time delay ignition of solid propellants produced by vigorous surface heating.
The former could predict, for example, the largest tolerable mass of propel-
lant at a given initial temperature, or the maximum initial temperature for a
given mass of propellant, before "spontaneous ignition" would take place.
However, when the critical quantity of mass is exceeded, it would be in-
capable of describing the companion increase of temperature with time during
the ignition process, as this term was eliminated from the basic equation for
which the solution was obtained. On the other hand, the latter treatment
could adequately describe, for example, the ignition of well-mixed reactable
gases after rapid adiabatic compression. That is, when the entire mass is
uniformly heated it is reasonable to neglect the conduction of heat, as no
temperature gradients will exist. Clearly, this approach is also inapplicable
to the problem of interest, where the heat conducted from the surface of the
solid propellant to the interior determines the surface temperature for any
given surface heating rate; however, it might be useful if the entire mass of
the solid could be uniformly heated by, for example, electromagnetic radia-
tion.
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Complete numerical solutions of equation (1) were mado by Hicks
(Reference 13) for a zero order chemical reaction (i.e., reaction rate inde-
pendent of reactant concentrations). Q could then be represented as:

where:
q is the heat release per

unit mass
A is the "frequency factor"

E, R, & T are defined above

The heat flow equation was then numerically integrated throughout a semi-
infinite, exothermically reactive solid, at arbitrary initial temperatures, for a
range of surface heating rates. The mathematical form of the heating rate
boundary condition was a step function application of the heating at t = 0.
These thorough solutions are of theoretical interest since they show the
quantitative behavior of thermal ignition based on this simple model, By
comparing the exact numerical solutions with analytical solutions of the
linear equation (Q = 0), when using as an ignition criterion the time at which
the ratio of heat production rate by the chemical reaction becomes a certain
fraction at the surface of that supplied by external heating, it was found that
this linear approach was accurate in its prediction of ignition times to at
least 10% of the values given by the complete numerical solutions in most
cases. Further, the time to ignition was found to be relatively insensitive
to the value of the fraction selected.. due to the exponential nature of the
heat release term.

This mathematical agreement represents the best justification, to date,
for neglecting the exponential term in the integration of equation (1), a step
previously based on physical argument and intuition. An example of the in-
tuitive approach is the method of Altman & Grant and Altman & Nichols
(Reference 5). Here the ignition criterion was based on the level of the local
absolute temperature reaching an "ignition temperature" rather than a heat
balance. Justification of their approach is based on its proven ability to
correlate ignition data for a composite solid propellant over a limited range
of well defined exposure conditions produced by an electrically heated hot
wire. The heat balance criterion of Hicks was employed by Ryan and Baer
(References 11, lla) to correlate the ignition data obtained by subjecting a
particular composite propellant to a wide range of convective heating exposure
situations. The correlation was successful if, and only if, the oxygen con-
centration in the surrounding atmosphere was held constant during the tests.
The method was apparently less successful for other propellants they tested.
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There has not appeared in the literature, except for the present work
(Reference 12), any other theoretical description of the ignition of solid pro-
pellants. Other workers in the field were content either to rely on empirical
dimensional analysis to correlate their data (Reference 6), or simply to pre-
sent the experimental data without a well-defined scheme of correlation
(Reference 9). This is not surprising in the light of the forementioned funda-
mental difficulties in obtaining a theoretical sclution to the basic equation.

The two correlations discussed above, which have been made on the
basis of the theoretical solutions,do not verify the model employed (i.e., the
solid phase heat generation model). The experiments were performed on com-
posite propellants which are incapable of producing the level of solid phase
heat generation due to chemical reaction (Reference 15) required by the theory.
Explosives (Reference 27) and nitrocellulose-nitroglycerin double-base pro-
pellants (Reference 14) do possess this capability and should be more likely
candidates on which to test the solid phase ignition theory. However, there
is a more fundamental reason for doubting the model based only on solid
phase reactions. That is, it has been well established on the basis of both
theoretical and experimental investigations, that in the steady-state de-
flagration of solid propellants the bulk of the heat release occurs in a gaseous
reaction zone adjacent to the solid surface (References 14, 23, 24, 25). Fur-
ther, the above theory cannot explain the required transition from the initial
exothermic reaction to the ultimate steady-state burning structure. This is
essential to a complete statement of an ignition theory.

Perhaps the most serious shortcoming of the solid phase theory is its
failure to account for the sensitive dependence of the ignition time lag on the
chemical reactivity of the surrounding atmospheric environment. It seems
certain that the observed effect of pressure level and oxygen concentration
in the surrounding atmosphere in speeding up the ignition process of both
composite (References 11, 12) and double base propellants (References 6, 9,
28), as well as the initiation of primary explosives (Reference 26) must be
explained on the basis of important gas phdse reactions, and cannot be in-
corporated in a theory that depends on solid phase reactions alone. The --ew
theory is developed on the basis of a gas phase ignition reaction. It allows
a quantitative prediction of the ignition time lags of composite solid pro-
pellants to be made. The results of experiments designed to test the theory
verify its predictions. The previo-is]y inexplicable results of other experi-
ments (R6ferences 11, lla) producing different boundary conditions can be
explained qualitatively (Section VII) on the basis of this theory.
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2. New Ignition Theory - Gas Phase Heat Release*

The theory treats the case of composite solid propellant ignition caused
by instantaneous exposure to conductive heating from a stagnant gas. This
situation can be achieved experimentally if the propellant to be tested is
mounted in the end wall of a shock tube, so that its exposed surface is flush
with the wall, and the normal shock wave which propagates through the test
gas, which fills the downstream section of the tube, reflects from this flush,
flatsurface. Then, heat will instantaneously start to flow into the propellant
in a way which produces a step increase of the surface temperature. However,
due to differences in their thermal properties, the temperature of the oxidizer
crystal surface will not be the same as the binder surface temperature; it will
be, in general, lower (Appendix A).

It is assumed that the propellant decomposition products, vaporized
from the heated surface, will react in the gas phase very near the propellant
surface, to produce a chemical heating. Theoretically, the ignition delay is
defined on the basis of a balance between the chemical heat generation and
the heat loss to the surroundings. Experimentally, it was recorded as the
time from the moment of reflection of the impinging shock wave to the moment
of first detectable light from the incipient ignition flame at the propellant's
surface.

Experimental evidence indicates thdt, for surface temperatures below
about 6000 K (i.e., the shock tube end wall temperatures which can be pro-
duced by the heating due to reflection of a normal shock wave (Figure 28)),
the fuel component of an ammonium perchlorate oxidized composite propel-
lant vaporizes much more rapidly than the perchlorate crystals. That is, when
the measured surface temperature of a hot plate is varied as various fuel-type
substances and inorganic perchlorates are pushed against it, the former gener-
ally have a far greater linear decomposition rate below 6000 K. (References 29,
40). In particular, this is true of the two fuel binders employed in the present
study (Figure 29). This fact results in a considerable simplification of the
following analysis.

During a test, as the surface of the propellant is continuously heated,
a corresponding cooling-off of the test gas takes place. Immediately after
reflection the gaseous layer adjacent to the surface starts to cool down, and
a "cooling wave" propagates upstream at a rate governed by the laws of heat
conduction (Appendix A). Simultaneously, the fuel-rich propellant vapors
generated at the surface are also propagating upstream at a rate governed by
the laws of mass diffusion (Appendix B). At some later time the "fuel wave"

*In the development of this new theory., the physical model was suggested by
Professor M. Summerfield in 1959. The mathematical development is the re-
sult of joint work of R. F. McAlevy, III and M. Summerfield, and was presented
for the first time in 1960 at the A.R. S. Conference In Princeton (Reference 12).
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overtakes the "cooling wave", fuel vapor penetrates into the zone of hot
oxygen, and ignition occurs, if sufficient oxygen exists in the igniting test
gas (Figure 30). Ignition must take place within the available useful testing
time of the tube (about 5 msec) or it will not take place at all, since the
arrival of an expansion wave, which signals the end of this period (Figure 10)
will cool the reacting gases below the ignition conditions.

This period is much too short for sufficient oxygen to be liberated by
means of the extremely slow decomposition, of the oxidizer crystals to affect
the ignition phenomenon. Therefore, only the exothermic reaction between the
vaporized fuel binder decomposition products and oxygen contained in the test
gas atmosphere will be considered in the formulation of the following theory.
The presence of the oxidizer crystal in the igniting propellant's surface is
taken into account only as an obstruction to fuel vaporization. That is, in-
creasing the amount of oxidizer in the propellant will result in less exposed
fuel surface area available for vaporization.

Some additional assumptions will be made:

(1) Heat flow is by pure conduction in a stagnant gas, that is, no
convection. Also, the heating starts instantaneously upon
shock reflection.

(2) Thermodynamic and transport properties are independent of
temperature. Gas properties will be taken to be their values
at the reflected shock conditions. That is, evaluated at
P5 1 T5 "

(3) The density of the gas near the propellant does not change
during the cooling process.

(4) The diffusion of heat and mass can be represented by the one-
dimensional form of the equations.

(5) The pressure remains uniform in the gas zone of interest.
This is true only for nonreflecting interface shock tube opera-
tion.

(6) The outflow of fuel vapor by diffusion into the stagnant gas
does not modify the temperature distribution, or oxygen con-
centration, in the test gas. This means that the mass flow
from the surface must be small.

(7) The rate of vaporization of fuel from the surface is controlled
by an Arrhenius type rate law, and is not limited by the rate
of heat flow from the hot gas to the surface.
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(8) The chemical heat generation by the incipient ignition re-
action does not modify the temperature distribution during
the ignition delay period.

(9) The oxidation reaction consumes so little fuel during the
ignition delay that it does not modify the fuel concentration
distribution in the gas phase.

(10) The gaseous oxidation of the vaporized fuel is by a second-
order reaction.

(11) The rate of heat absorption at the surface by the endothermic
pyrolysis of the fuel binder to form the fuel vapor can be
neglected in comparison with the rate of heat input by con-
duction.

The equation governing the heat flow in the gas near the propellant
surface is the one-dimensional, unsteady Fourier Equation.

For the postulated second order exothermic reaction between the vaporized
fuel and oxygen in the igniting gas the chemical heat generation rate may be
expressed as:

Q f COc~~~
where: qf is the heat of combustion of the fuel/unit mass.

Cf is the fuel concentration in units of mass/unit volume.

Co is the oxygen concentration in units of mass/unit volume.

Ag is the pre-exponential factor for the gas phase reaction.

Eg is the "activation energy" for the gas phase reaction.

Tg is the gas temperature.

R is the universal gas constant.

t , Eg, and qf are all unalterable physical constants which depend
only on te chemical nature of the vaporized fuel. Co depends on the density
behind the reflected shock wave and the oxygen mass fraction of the test gas
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mixture, and therefore is independent of both time and position in the stagnant
test gas column during the useful testing interval. However, neither Cf or Tg
are steady or uniform during this period. Therefore, Q is a function of both
time and position. By comparing this chemical heat generation term with the
conductive heat loss term, which also varies with both time and position, both
the site of ignition and the ignition time lag will be obtained.

Figure 31 is a plot of both the gas temperature and fuel concentration
profiles at two different times following shock reflection, calculated on the
basis of analyses appearing in Appendices A and B. The heat conduction
rate can be determined from the curvature of the temperature profile; that is, net
rate of heat onduction = iaX , a quantity which is always negative

but of an ever-decreasing magnitude for the temperature profiles produced by
the reflected shock heating process. Conversely, the chemical heat genera-
tion is always a positive quantity whose magnitude depends on the local tem-
perature and the local fuel concentration, that Is, on time and position. The
temperature dependence, being exponential in nature, is much more powerful
than the linear fuel concentration effect, so that the site of maximum chemi-
cal heat generation will always be near the "bead" of the "cooling wave",
where Tg is still almost equal to T 5 . The magnitude of the heating at that
point increases as the local fuel concentration builds up due to the outward
diffusion of fuel vapor from the propellant surface. Therefore, ignition will
first occur in this region.

Some insight into the nature of the problem is gained if dttention is
focussed at the point on the temperature profile where Tg - . 97 T5 . This
can be taken as the "head" of the "cooling wave", since the temperature
profile becomes extremely fle t past there (Figure 31), and the temperature
dependent term of the reacticn rate expression is already about 2/3 of its
value at Tg 2 .97 T . The absolute magnitude of the chemical heat genera-
tion rate at this point increases continuously, as more and more fuel accumu-
lates. For example, notice In Figure 31 that the fuel concentration atTg .97 T5 at 1 msec after reflection, has increased by a factor of 4 over

its level at 1/10 insec. Eventually, sufficient fuel will diffuse out to this
point to create a lean combustion limit mixture, and the heat generation
will reach a level such that ignition can first occur. Qualitatively, the
process can be thought of as a lean combustion limit coricentratio/n fuel
vapor "wave" overtaking a "cooling wave" which advances as t I / 2 while
the "concentration wave" has a velocity nearly proportional to t. An
analytical statement of the situation follows below.

The mathematical statement of the ignition criterion is that a = 0
at the ignition site when ignition takes place. Using this criterion in con-
junction with the Fourier Equation for the situation of interest:

9  -
-36- ,



Therefore, at ignition, we have the relationship:

That is, ignition will occur when the chemical heat generation first becomes
equal to the conductive heat loss.

In order to arrive at an analytical expression for the ignition time lag
certain approximations have been made. They are essentially the approxima-
tions of negligibly small perturbations to both the linear temperature and con-
centration profiles due to the nonlinear chemical heat generation. Then, the
analytic solutions obtained in Appendices A and B can be inserted into this
relation in order to obtain an analytic expression for the ignition time lag.
This can be considered a zeroth order approximation.

It is recognized that at the moment of ignition the chemical heat
generation can no longer be considered small, but due to the nature of the
term it is reasonable to assume it small for all times before ignition. Indeed,
it cannot be small after this, if full ignition is to take place.

Now, the Nk term can be evaluated by twice differentiating
the gas phase temperature distribution of Appendix A, thus

ax~ 2/i

or

A1 DT fC,, (7 s) /.4

The chemical heat generation rate can also be evaluated by employ-
ing the linear temperature and fuel concentration expressions. That is,

T7 (x t) 7;
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and

"It

so that,

Q I", ) 2

The ignition condition Q = -? . can then be represented as

Thel e gt oi

or,

(T' T' C.. .VT-. D": --

We seek a solution to this equation which results in the minimum
value of t. For time less than this minimum value, no solution can exist
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since the heat loss will always be greater than the chemical heat generation.
When they first become equal, then the chemical heating will rapidly acceler-
ate and a flame will be generated. After this instant, the heat generation can
no longer be considered a small perturbation and the approach ceases to be
valid. Therefore, only the solution which results in the minimum time is
physically meaningful, and this is defined as the ignition time lag, O' .

Before solving the equation it is convenient to define a few parameters.
They are:

L D- , a mixed Lewis-Semenov Number

,the mass fraction of oxygen in the igniting gas

a quantity which represents the chemical kinetic
/ 4 rate at any gas temperature, Tg, referred to that

at the shocked gas temperature, T5 .

A, a dimensionless distance, which is the natural
independent variable for solutions to the Fourier
Equation.

Rewriting the equation for t in terms of these quantities,

All of the terms in the first bracket are recognized to be independent of time
and position. This group is primarily a function of the chemical kinetics of
the fuel binder, and condition of the test gas, but independent of the dif-
fusional ignition mechanism. It is defined as 1/K and has the units of time.

The second term contains the factors which express the competition
between the diffusion of heat and the diffusion of mass. It also contains
the term 6 E(* '(-, Ts , ,) . However, it has been found (Reference 44)
that the second order gas phase hydrocarbon oxidation reaction generally has
an activation energy which is reasonably independent of the specific nature of the
hydrocarbon fuel. Therefore IF is considered independent of E for pro-
pellants containing binders which produce hydrocarbon vapors when heated.
Also it is only weakly dependent on T5 and Ts for 2 : Ms '. 4.
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Therefore, 6 will be considered a function of only, for the purpose of
the following analysis; a situation which in exactly true for the testing
described in Section 7, and nearly true for most other conditions found
necessary to produce ignition in a shock tube (Section III, 3). Note that
the condition C - E(1) is not necessary to obtain a solution, since a
solution is readily obtained for the most general case with only a bit
more computational work. It does, however, lead to a conceptually
simpler statement of the ignition situation. That is, the second term of
the equation becomes a function only of , defined as FM')

Then:

t F 4

Remembering that - ,w nL, this implies that the ignition condi-
tion is given by the minimum value of the function F( ). That is,

Fm in Y'(s

where is defined as the solution to

and X is the ignition site.

This has been done numerically, and the results are presented in
Figure 32, which is a plot of F( ) vs. ,.for a series of Lfg values. The
minimal values of F, and corresponding -value for any value of Lfg
can readily be obtained from this curve. As this expression reflects the
competition between the diffusion of mass and the diffusion of heat, and
since this competition is the essential element which determines the igni-
tion time lag, the strong influence of Lfg on the solution (as evidenced in
Figure 32) is as expected.

3. Illustrative Example of New Ignition Theory

It is now possible to rapidly compute the X* and -C for any selected
composite propellant when ignited by means of conductive heating produced
by reflecting a normal shock wave from its surface, if the chemical kinetic
parameters of the propellant are known. However, if the useful testing time
of the shock used to produce ignition is less than the ignition time lag of
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the test propellant, the propellant will not ignite. Therefore, the following
example will illustrate a theoretically predicted ignition time of a test
propellant which can be ignited experimentally in a time less than the
tube's useful testing time, for the exposure conditions selected, thus
allowing the theoretical result to be experimentally verified.

Unfortunately, the exact physical and chemical properties for the
selected formulation are, in general, not known. Therefore, the computa-
tion will be based on those values obtainable (Reference 44) from the litera-
ture for similar materials. The gas phase kinetic parameters are taken to be
the same as those experimentally determined from tae rates of combustion of
a gasoline-type fuel in air in a homogeneous reactor (k is altered to account
for the difference of molecular weight). The values of Af and Ef were taken
from unpublished experimental work (Reference 43) on the linear pyrolysis
rate of a P-13 fuel-type substance when pushed against an electrically
heated plate. The experiments were conducted in the region Tsf ; 7000 K
so that it was necessary to extrapolate these results in order to obtain
values at temperatures comparable to those produced by normal shock re-
flection (e.g. , about 425 0 K). The extrapolation formula used was merely
to extend the experimentally determined straight (solid) line in Figure 29 to
the desired temperature region (dashed); this implies that the values of the
chemical kinetic parameters are independent of temperature.

In the calculation the test propellant is taken to be a sample of
Batch #6. (See Table II for composition). It is assumed that the vaporized
decomposition product of the pyrolysis of the large solid fuel molecule is
equivalent to propane in molecular weight, diffusivity, heat of formation
and reactivity with oxygen. The shock tube operation is taken to be that
actually produced by 980 psi helium in the driving section and 14.7 psi of
pure oxygen in the test section, both initially at 300 0 K. This produces a
Ms = 3. 1 (actual) when the diaphragm ruptures. (Figure 9).

Some values of the quantities necessary to calculate V already have
been determined in Appendices A and B. Others can be found from various
charts and calibration curves presented herein. The calculation is based on
the actual exposure conditions.

T5 = 1370 (OK) - Figure 7

P5 = 51 (atmos) - Appendix A

05 = 1.31 x 102 (gm/cc) - Table I
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0 pg = .290 (cal/gm 0OK) - Table III

Ag = 0.00019 (cal/cm sec 01 - Table III

LX g = 0.050 (cm2/sec) -Appendix A

Ts = 432 (OK) - Appendix A

Dfg 0. 133 (cm2 /sec) - Appendix B

Lfg = 2.65 = DfgtXQ

Zo = 1 (pure oxygen case)

f = 1122 cm - Table III

= 0.30 - Appendix B

qf = 12,000 (cal/gm) - Reference 45

Af = 24.0 (cm/sec) - Reference 43 and Figure 29

Ef = 11,200 (cal/gm mole) - Reference 43 and Figure 29

Eg = 40,000 (cal/gm mole) - Reference 44

Ag = 1.0 x 10 (m - Reference 44; adjusted for
\ gm. sec)

difference in molecular weights and in order of reaction (from 1. 8 to 2.0)
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Therefore, the ignition time lag can be immediately evaluated:

1 [ 0.2901 9381 (0.224C 1 2/3

K (12,000) (0.30) i1.12 2 ) (5.52 x 10-S) 10sJ

= 47 x 10 - 6 sec.

g a = 2.65 from Figure 32)

Therefore, (55) '47' (10-6) 2.6 x i- 3

and r

(0.94) (2) ((0.051 (0.0026)] /

0.214 millimeters

The fuel concentration at an' postticn and time is given by,

(0.30) (1.122) (5.52 x 10-5) .t _

(0.133)1/2

r 
YJ

Therefore the fuel concentration at the wall, x = 0, at t = is

Cf (0, C) =5.1 x 10- S x S.1 x 0- 2 x ? - (0)
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C(O = 26 x 10- x 1.1284

=29.3 x 10-7 (CM-3)

* i0-7 jrn
at the ignition site, x =x , att= , it is 3.12 x10 m

cm

The respective wt. fractions are found by dividing by the density /So.

f(0,V) = 29.3 x 10-7 = 25.9 x 10-5

1.13 x 10
2

3.12 x 10-
7 = 2.76 x 10-

5

1.13 x 102

The mixture ratio at which ignition first occurs is only about 1
1000

of those which are normally reported in the literature for lean limit gas phase
ignitions. This is due to the vast physical differences between the two situa-
tions.

The rate of temperature rise, due to chemical heating at the ignition
site, can be expressed as,

TI,- ,- fZ./O'q

- (1.2 x 104) (2.76 x 10-') (1.13 x 10-)(1015) = 5.8 x 106C
(0.290) (2.22 x 106) ios2c)

which is a fast run-away condition.

The assumption that the heat being carried away from the vaporizing
fuel surface, due to the endothermic vaporization process, is a negligibly
small fraction of the heat transferred to the surface, as a result of the shock
wave reflection process, will eventually be violated. The solution will be
assumed valid until the heating falls, from its initially infinite value, to be
only 1000 times the vaporization heat loss rate.
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The time at which this occurs is calculated thusly,

and

e M

and we are seeking the time at which

Therefore,

Y'.OC4 A /007T- fooo Cip

For the problem of interest: Ms  31 i ; P = 1 atm; Batch #6 test propellant:
assume COICa/)

-2 1/2
So, 1.36x 10 x 1070 x 2 - 1

1.78 1000 1.86 x 10- 5 .103

t = .94 sec.

The heat being carried away from the surface by evaporation is
always a very small percentage of the surface heating rate for the useful
testing times available in the shock tube. Therefore, the assumption that
Ts is unaffected by the fuel evaporation process is quite good, even for
very extended testing durations.

The ignition time of a model of P-13 binder, which contains no
oxidizer, can be calculated using the above expression when 4=0.30 is
replaced by YOC =1.0. Since there is no "blockage effect" of oxidizer
crystals in the case of a pure fuel, so it should ignite sooner, other
factors held constant.

30 = 2.6x .45

= 1.16 msec.
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The experiments performed on both the P-13 and Batch #6 models
showed that pure fuel does indeed ignite in a time of this orderdemon-
strating that the crystalline oxidizer does not participate in the ignition
reaction at low surface temperature levels. However, instead of igniting
sooner than the oxidized propellant, the reverse was true (Section VI).
That is, the pure fuel ignited more slowly than the propellant. This was
due to the fact that the fuel binder in the Batch #6 propellant possessed
properties which were different from the P-13 fuel strands tested to obtain
the pyrolysis data. The reason for this is explained in Section VI. There-
fore, the apparent paradox was due to using inexact pyrolysis data when
evaluating the theoretical prediction of the propellant's ignition time lag.
A new means of obtaining the pyrolysis data, making use of radiant heat-
ing (Section VII) should allow a more exact evaluation of the theory to be
made.
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SECTION VI

RESULTS AND CONCLUSIONS

This section contains a description of the results of the experiments
which were performed in order to verify the newly developed gas phase theory
of composite solid propellant ignition. It is demonstrated herein that the
theory leads to a successful correlation of these results, as well as the pre-
viously inexplicable results of others. A new means of performing solid pro-
pellant "ignitability" tests, based on consideration of the factors demonstrated
to be important in the gas phase ignition process, is presented.

The present investigation of the solid propellant ignition process was
prompted by certain, apparently anomolous, results reported by others working
in the field. The prevailing theory of the ignition process was one that rested
on the concept of a solid phase exothermic reaction as being the underlying
cause of ignition. It was postulated that if the surface temperature of a pro-
pellant test specimen could be brought to a certain "ignition temperature"
level, then the heat released by the solid phase chemical reaction would
rapidly bring it to complete ignition and full scale burning. According to this
theory, the surrounding atmosphere could have no effect on the ignition pro-
cess. Experimental results which tended to refute this corollary were thought
to be spurious, or were treated as special cases of solid phase ignition
(References 11, Ila). The present work centered on the exploration of the role
of the chemical reactivity of the surrounding atmosphere on the ignition of
solid propellants.

A shock tube technique was employed for this study. When a test
specimen of solid propellant was flush mounted in the end wall of a shock
tube its surface temperature would immediately jump to a higher level (by
about 125 0 C) at the instant the shock wave reflected from its surface. The
impulsive application of surface heating was by means of conduction from the
stagnant gas left behind by the retreating reflected shock wave. The pressure
level of the gas was constant for the entire duration of an ignition test
(5 msec). The temperature level of the gas depended on both time and posi-
tion since it was continuously being cooled as it heated the wall. The test
gas was composed of varying mixtures of oxygen and nitrogen.

Ammonium perchlorate composite propellants were selected for ignition
testing. Other experiments have demonstrated that for identical surface tem-
perature levels the fuel component of an ammonium perchlorate composite pro-
pellant would vaporize at a rate many times that of the oxidizer, in the rather
low temperature (425 0 K) range of interest (Reference 40). Therefore, it was
reasoned that the exothermic chemical reaction, which leads to ignition,
must take place between the vaporized fuel component of the propellant and
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the oxygen already contained in the test gas. A balance between the local
rates of heat generation and loss led to the analytic description of the ignition
time lag as a function of exposure condition which is given by equation (V.).
On the basis of this result, quantitative predictions of the ignition time lags
of a propellant and of a pure fuel were made. These were verified by the ex-
periments which are described below. Since the basic premise of this new
approach to the theory of composite solid propellant ignition was that the
exothermic heat generation took place in the gas phase, the chemical re-
activity of the surrounding atmosphere was selected as the principal experi-
mental variable for the quantitative testing. The theory predicts an inverse
dependence of ignition time lag on the oxygen weight fraction of the test gas,
other factors held constant.

Three different series of experiments were performed in the small
shock tube, following the initial exploratory work conducted in the large tube.
First, the qualitative go-or-no-go series was performed which resulted in the
isolation of the ignition domain of a typical propellant as a function of the
shock tube's operating conditions. Then, qualitative ignition time lag meas-
urements of sting mounted propellant samples were made, after a phototube
detection system was installed. Finally, after refinement of the experimental
technique, the accurate measurement of the ignition times of end wall mounted
specimens was made. These results verified the newly developed gas phase
ignition theory.

The following technique was used in order to insure that for each run
the chemical reactivity of the test gas would be known exactly. In advance
of each series of tests, several selected test gas mixtures of oxygen and
nitrogen were prepared and stored in separate pressure vessels adjacent to
the tube. Their exact compositions were determined by means of a Beckman
Model D-2 Oxygen Analyzer, which depends on the measurement of the
magnetic suscelxability of the gas sample for its operation. The actual
oxygen content was determined to within 1% in this way. In order to charge
the tube with a selected test gas, the testing section of the tube was first
evacuated below I mm. pressure, then the test gas was bled in. This cycle
was twice repeated before the test gas pressure was brought to the desired
P1 level.

As discussed in Section III, 3, the uninstrumented shock tube can be
used to obtain qualitative ignitability data of various propellants, or the
effect of test gas reactivity on ignitability. Figure 20 shows the results of
such testing of the Batch #6 propellant. A propellant ignitability obtained in
this way can be compared to the ignitabilities of other propellants only if
they are tested in the same tube (or one having the same geometry), have the
same model geometry, and are located in the same position. When all of
these conditions are fulfilled, then the shock tube appears to be an excellent
tool for the determination of relative ignitabilities of solid propellants. Since
the shape of the ignition threshold in the plane can be explained on the basis
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of tLe gas phase ignition theory, propellant ignitabilities obtained in this way
would be more meaningful than those obtained by a device which produces a
poorly defined stimulus, and without knowledge of the ignition mechanism
which is operative (e.g., by the S.P.I.A. closed bomb "ignitability" tester).
Furthermore, if the Af and Ef for the fuel decomposition process were known
(e.g., from independent measurements of the linear pyrolysis rates), then it
would be possible to evaluate the grouping of terms which evolved from the
gas phase ignition theory (Equation V. 1) at some standardized exposure condi-
tion. This could be based on current practice and, therefore, be selected to
be typical of that which a practical igniter produces at the surface of a pro-
pellant in an operational rocket. In this way a more meaningful index of igni-
tion or "ignitability factor" can be obtained. For example, one approach could
be merely to determine tlhe minimum test gas pressure (of a standard test gas
composition) which will produce ignition at a certain diaphragm pressure ratio
(selected as the standard ignitability testing exposure condition). A propellant
with a calculated low "ignitability factor" should be readily ignitable, and,
therefore, exhibit a low ignition threshold pressure. One with a high "ignita-
bility factor" should be more difficult to ignite, and, therefore, exhibit a high
ignition threshold pressure. It is recognized that there might be some diffi-
culty in comparing the ignitabilities of propellants with different oxidizers in
inert or nearly inert atmospheres, since the principal source of oxygen, which
participates in tc gas phase ignition reaction, must be supplied by the oxi-
dizer crystal decomposition. However, expansion of the present concepts
should allow this situation to be treated, as well.

The first quantitative ignition time measurements were made on sting
mounted, conically shaped, propellant test specimens. The mounting pro-
cedure is described in Section III. 2, the ignition detection system in Sec-
tion IV. 2. A IP39 phototube was mounted on a photographic tripod, and
viewed the sample through a Wratten 18-A filter, and an aperture system
(Figure 24). This tecnnique reduced the background radiation which generally
accompanied the arrival of the reflected shock wave in test gases of high oxy-
gen concentration. The rise time of this old phototube circuit was about
200/I sec. During this series, the shock tube operating condition was held
constant; P4 

= 980 psi He, P1 
= I atm test gas, which produced a Ms = 3.1

initial shock wave. The contact surface was stagnated about 8 in. from the
end wall of the shock Ltibe, and, therefore, the cold helium did not interact
with tie test sample of propellant, located about 3 in. from the end wall.
The oxygen concentration of the test gas was employed as the independent
variable. Ar example of the ignition time lag data obtained with the Batch #23
propellant is shown in FJqure 33.

The scatter of the data could have been due to a variety of reasons.
Some of these were: run-to-run variation of alignment between propellant sam-
ples and the photocell, nonreproducibly machined tips on the conical models,
difficulty in interpreting the precise instant of ignition due to background radia-
tion, a 200Ilsec. time lag of ignition detection system, etc. The last two are
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particularly deleterious to the precision of data obtained at higher oxygen con-
centrations, where the blast of background radiation is most powerful and the
ignition time lags the smallest (i.e., a few hundred microseconds).

The ignition time lags were defined in two different ways, in an attempt
to eliminate interference produced by the radiation from the reflected shock wave
on the measurement of the incipient ignition flame radiation. It was argued that
the reflected shock would always produce some radiation. This could introduce
an error in the exact measurement of the ignition time lag, when the instant of
ignition was defined on the basis of the first detectable light. That is, by the
first noticeable verticle deflection of the oscilloscope trace which displays the
output of the scanning photocell. Figure 27d illustrates how this "breakaway"
ignition time lag is obtained (i.e., by measuring the distance between arrows).
An alternate definition, based on the instant of ignition being defined by a one-
division deflection of the oscilloscope trace, was also employed. Figure 33
shows a linear plot of the results of ignition testing of the Batch #23 propellant
using both definitions. The very strong dependence of ignition time lag on
oxygen weight fraction in the test gas is immediately obvious in both sets of
data. The scatter of the data seemed to be a bit greater when the 1 cm rise
definition of ignition was employed. The values obtained by using this defini-
tion are all displaced upward in a systematic way from the ones based on the
"breakaway" definition of ignition.

Other propellants tested, in addition to Batch #23, were Batch #6 and
Batch #33 (see Table II for compositions). A comparison of the ignition charac-
teristics of Batch #6 and Batch #33 would reveal the effect of the different fuel
binders, while any difference between batch #33 and Batch #23 would be due to
the presence of Fe 2 03, a known burning rate accelerator. By plotting the
measured ignition time lags against oxygen concentration on logarithmic coordi-
nates, curves similar to those presented in Figure 33 were obtained for each of
these propellants. They all exhibited a strong dependence of ignition time lag
on test gas oxygen concentration. Further, the presence of the Fe 2 03 in the
Batch #23 formulation allowed the limiting oxygen concentration (for ignition
within the useful testing time of the small shock tube) to be reduced from 30%
02 to 10% 02.

The gas phase ignition theory (Section V.2) suggests plotting the
measured ignition time lags versus the oxygen weight fraction of the test gas
on a logarithmic basis for a constant level of heating exposure.

This was done for each of the propellants tested (Figures 34, 35 and 36).
Each point on these curves represents the arithmetic mean of several ignition
tests. The theoretically predicted inverse relation between the ignition time
lags and oxygen concentration was verified for Batch #33 (except for the 100%
oxygen point) and Batch #23, but the curve for Batch #6 appeared to exhibit an
abrupt break at a mixture of 50% 02, 50% N2 .
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It was impossible to determine if these deviations were real effects or
whether they resulted from the aforementioned difficulties in making precise
ignition time lag measurements at the higher oxygen concentrations with the
primitive ignition detection system which was employed for these experiments.
However, later testing demonstrated that they were due to imprecise measure-
ments.

Nevertheless, some tentative conclusions can be drawn on the basis of
these unrefined measurements. They are: (1) All of the ammonium perchlorate
composite propellants tested exhibited a decrease of ignition time delay with
increasing test gas oxygen concentration. (2) The chemical n ture of the fuel
binder seems to temper thiseffect. That is, the slope of the ir 'vs Ivcurve
for the epoxy binder propellants (Batch 23 and Batch 33) is less than that for
the polystyrene binder propellant (Batch 6). (3) A known burning rate accelera-
tor, Fe 2 03 , also acts as an ignition promoter. These similarities and differ-
ences are apparent when the ignition time lags for each of the three propellants,
based on the first detectible light output, are all plotted on the same graph
(Figure 37).

Improvements of the model preparation techniques, photocell mounting,
ignition detection techniques, and phototube circuitry (all described in Sec-
tions III and IV) were made before the final series of experiments was per-
formed. These modifications resulted in tne most accurate data which were
produced during the course of the program. By permanently locating the photo-
tubes on a rigidly mounted optical bench the run-to-run variations in the
measurements of the ignition time lag, due to their misalignment with the test
specimens, were eliminated. By cleaning both the models and the tube with
a degreasing agent (trichloroethylene), the flash which accompanied the re-
flected shock wave was greatly reduced. It was further reduced (in fact,
almost completely eliminated) by making the measurements by means of a
new phototube-filter-aperture combination. A cathode follower reduced the
rise time of the photocell circuit from 2 00.// sec to less than 10,// sec.
Finally, only the simple to prepare, flat, flush mounted, end wall models
were tested. This eliminated the extremely sensitive tip region of the coni-
cal models, which was difficult to reproducibly machine. This model geometry,
experimentally produces the exposure situation treated by the gas phase igni-
tion theory (Section V.2).

The purpose of the ignition testing of the end wall models was to
gather sufficient data to evaluate the gas phase ignition theory. Perhaps
the most unusual aspect of the theory is that it predicts that the fuel binder
of a propellant would exhibit about the same ignition time lag as the propel-
lant itself, when corrected for the blockage effect of the oxidizer. Of course,
it was realized that sustained burning of the binder would be impossible, but
still, the time necessary to produce the first incipient ignition flame should
be approximately the same for the two (after first compensating for the "block-
age" effect of the oxidizer crystals). Therefore, end wall mounted samples of
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the P-13 fuel were prepared and tested in the same way as the Batch #6 pro-
pellant (P-13 fuel) in order to verify this prediction. The fuel samples tested
were from the same batch as those used for the determination of the decompo-
sition kinetics (Figure 29) of the P-13. The ignition times of each type was
measured as the oxygen concentration of the test gas was varied, while hold-
ing the heating exposure corfstant (P4 - 980 psi lie, PI = 1 atm test gas).
The experimental results, based on ignition time lags defined by the first
detectible light output, are shown in Figure 38. This linear plot illustrates
the magnitude of the effect.

The first thing to be observed was that the pure fuel binder itself
could be ignited, as predicted by the gas phase ignition theory. Further, it
appeared that the theory could correlate this data or. a quantitative basis.
For example, the measured ignition time lag of the fuel in pure oxygen
(500,1 sec) is remarkably close to the theoretical value (I)I6Opsec) pre-
dicted by the gas phase ignition theory (Section V. 3). The theoretical pre-
diction was evaluated by employing values for parameters which probably
were somewhat different from those which described the actual process. For
example, the measured ignition time of the Batch #6 propellant was found to
be shorter than that of the fuel binder, although the theory predicts the oppo-
site to be true due to the "blockage" effect o the oxidizer crystals. How-
ever, the linear pyrolysis kinetic factors (Ef, Af) used to evaluate the igni-
tion time lags, for both the fuel and the propellant, were taken to be the
values obtained from tests conducted on the fuel samples. These samples
had to be specially prepared so that they would not buckle when pushed
against a hot plate (the technique used to obtain the pyrolysis data). An
extra large quantity of a curing agent was added to the fuel sample batch
(Table II), and it was cured for a full week at 180°F (as opposed to the nor-
mal 24 hour period for the propellant) to produce the required stiffness. This
technique allowed the required strength properties to be achieved by increas-
ing the degree of cross-linking between the elements of the styrene monomer.
It is known that increasing the cross-linkage decreases the value of the pre-
exponential factor, Af, in the linear pyrolysis race expression. This means
that it becomes more difficult to vaporize (Reference 40). Therefore, the
binder component o. the propellant, being cross-linked to a lesser degree
than the specially prepared fuel samp]es, will vaporize more readily. The
relative ease of propellant binder vaporization is reflected in experimentally
measured ignition time iags which are lower than those of the fuel, despite
the "blockage effect" of the surface perchlorate crystals.

The average values of the ignition time lags for both the P-13 fuel and
Batch #6 propellant were plotted against the weight fraction of oxygen in the
test gas mixture on a logarithmic basis (Figure 39). It can be seen that both
curves have the same slopes. Indeed, the theory predicts that they would be
the same, on the basis that the chemical processes leading to ignition are
the same for both. However, the theoretical slope is predicted to be -2/3,
whereas, the actual slopes were found to be -2. 2. This probably indicates
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that the critical reaction does not proceed by means of a simple second order
mechanism, as assumed in the theoretical development, but seems to reflect
a complicated dependence on the chemical nature of the fuel, as discussed
below. Also, the fuel pyrolysis rate deperds on oxygen concentration.

Figurp 40 is a plot rf .he average igritlon time lags for both the
Batch #23 and Batch #33 propellante-. The Batch #23 was easier to ignite
than the Batch #33 ove- the range of test gas compositions employed. This
demonstrates that the Ff 2 03 's an igrition promoter as well as a burning
rate accelerator (a result previo~sly indicated by ,t-e sting mounted propel-
lant testing). The slopes of both c-urves are abo.: the same. The theory pre-
dicts that this wcud be true if an additive is incorpo:rated in the formulation
which acts as a reaction catalyst, tha: is, if it al-. ers the kinetic "activation
energy" terms. Fe 2 03 is gererally ass imed to produce a catalytic action.
The nature of its behavior in promoting ignition tends tb verify this assump-
tion, when the experimental ignition results are interpreted in the light of
the gas phase ignition theory. Further disc.ssion .1o this point is presented
in the followirg section,

The amount of oxygen incorpo-ated -In zhe binder molecule as well as
other chemical effects, which va;v from binder to binder, would be expected
to affect the ignition behavior of the propelants. Intuitively, in order to
explain the observed differences of slope between Batch #33 and Batch #6,
one might argae that, since the epoxy bindpi (Batch #33) is already composed
of about 1/3 o-yger then a decrease of cxvgen concentration in the testing
gas would a~fect -,t less than i" woild the P-13 (Batch #6), which is only 1/6
oxygen. However, these chmlc'a effects actuaily work through paths which
are much too devious t- bF expik:ed ,-,r Pxplained within the scope of the
present work. As a fitst step toward a' Jnderstanding of these pyrolysis
measurements of the various Di-derrs cc:,uld be made in the presence of
oxygen in order to zf:veal Its -o]l as a dEcompositiorn catalyst. Then it might
be possible to incovporatp into tbe gas phase gntion theory a more complete
descriptior cf the chemical act.ion. A 71emn~cai aralsis of the binder de-
compos-ition prodacts would g'c-ativ aid t97I work.

The gas phase igni ron theory hts beec demonstrated to be success-
ful in explaining both the occ-urrencp ard the shape cf the shock tube
ignitability threshold exhibited by a composite solid propellant. It also
predicted the experimentallv demonstrated effect of oxygen concentration on
this limit. Further, it. was to-,nd possible to correlate Lte preliminary time
to ignition data, obtained with sting mc .rted propellant samples, on this
basis. Finally, quartitatve agrcernert between the theoretically predicted
ignition time lags of an ammoraim petrhiorate solid propellant and those
obtained experimentally has beer. remenstrated. This can also be done for
the fuel component of the propellant its'-lf. These results constitute the
experimental verification of tne the-ory of composite solid propellant ignition.
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The theory was developed to treat the situation encountered when
oxygen is present in the test gas. That is, when the ignition reaction occurs
between vaporized fuel and the oxygen in the test gas. However, for high
enough surface temperatures sufficient oxygen will be liberated from the
oxidizer crystals to significantly participate in the gas phase ignition re-
action. Eventually, for sufficiently high temperatures (between 5500 C and
650 0 C) it will become the dominant source of oxygen. Indeed, this is the
mechanism by which a composite propellant ignites in a completely inert
gas. The useful testing time of the present shock tubes was too short, and
the heating exposure too mild, for sufficient oxygen to be generated by means
of oxidizer decomposition to produce ignition in an inert gas. Therefore,
ignition in an inert atmosphere could not be studied during the present pro-
gram.

These high surface temperature levels have been obtained by means
of a different shock tube technique (References 11 and Ila). It employed a
nozzle expansion of the doubly compressed gas behind the reflected shock
wave to convectively heat samples of propellant which are exposed to the
flow. In this way it was possible to produce usable testing times up to
40 msec. Ignition time lags were measured for ammonium perchlorate pro-
pellants over a range of surface heating rates in nitrogen, oxygen, and air.
These data will be interpreted in the light of the gas phase ignition theory in
order to illustrate the nature of the transition of the ignition mechanism from
the situation in which the oxygen in the surrounding atmosphere plays the
dominant role in the ignition process to where it becomes ineffective.

When propellants are tested by exposing them to the convective heat-
ing produced by a flowing gas, ignition will take place when sufficient pro-
pellant vapors can penetrate into the boundary layer to reach the station at
which the chemical heat generation first overcomes the local heat loss to the
surroundings. This situation is analogous to the case of the conductive heat-
ing of an end wall mounted propellant sample. Therefore, the concepts which
were evolved for that case can be used to qualitatively describe this new
situation as well.

The steady convective heating produces a parabolic increase of the
surface temperature with time ( T' -- ,, 10' ) whereas, the conductive heat-
ing produced a constant temperature level. The exponential temperature de-
pendence of propellant vaporization rate therefore results in a different ex-
pression describing the path by which the vapors reach the critical concen-
tration at the ignition site. The solution to the problem depends quite
strongly on the instantaneous level of the vaporization rate at the surface.
Therefore, correlations of ignition time lags, which depend on critical con-
centration levels being reached at the ignition site, can also be made in
terms of critical vaporization rates. This then can be reduced to tempera-
tures since there is a one-to-one correspondence between evaporation rate
and surface temperature (Reference 40).

-54-



To be more specific, different concentrations of fuel vapor (i.e.,
vaporization rate) will be required to produce the critical level of chemical
heating rate just sufficient to overcome heat losses at the ignition site, for
each different level of test gas oxygen concentration employed. Since the
vaporization rate depends on the surface temperature, this results in a
unique relationship between the heating rate and time required to reach the
necessary surface temperature. It is, *j C'Z n *f(T ).gure 41

(Figure 5 of Reference 11), which is an exponential plot of experimental
r* VS. $&, for a series of levls of Tsig demonstrates the one-to-one

correspondence between the test gas oxygen concentration and surface tem-
perature, which is called for by the gas phase ignition theory. This result
was inexplicable by those authors within the framework of the solid phase
ignition theory they presented to correlate data.

As the test gas oxygen concentration is reduced, the required fuel
vaporization rate, and therefore (Ts), necessary to produce ignitioncon-
tinues to grow. Eventually, a surface temperattre will be reached which
will be large enough to vaporize sufficient o,cygen from the oxidizer crystal
to submerge the effect of test gas oxygen concentration. When this point
is reached, there shoild be little effect of measured ignition time delay on
oxygen concentration. ThF point at which this oscjrs depends on the rela-
tive pyrolysis properties of both the bInder and oxidizer crystal and will,
in general, be different for different propei!,t J"olu:dtions.

Figure 42 shows a replot of the data taken from Figure 41 at a heating
rate of 100 Btu/ft 2 sec. Since both the pressure level and oxygen weight
fraction were varied, it was necessary to plot the oxygen concentration of
the test gas at any data point as a fraction of the maximum oxygen concen-
tration tested. The gas phase ignition theory suggested that the measured
time to ignition be plotted against this fraction on a logarithmic basis.
When this was done the transition predicted on the basis of the gas phase
ignition theory, between the region which is sensittve to oxygen.concentra-
tion in the test gas and that which is not, is seen to take place at about a
30% oxygen concentration weight fraction level, The gas phase theory pre-
dicts a similar behavior for data obtained by exposure to conductive heat-
ing. Unfortunately, this could not be verified during the present program,
since it was impossible to prod'toe the -equired Level of surface temperature
without exceeding the strength limitations of the existing shock tubes.

The results of the gas phase ignition theory suggest some interesting
modifications which might be made ,o the ignition systems of practical com-
posite solid propellant rockets in order to decrease the amount of energy
required to produce ignition, and to increase their reliabilities. They are
based on the demonstrated decrease of ignition time lag with oxygen
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concentration. Therefore, if the surface heating rate were kept at a constant
level, then less total energy need be expended to produce ignition if oxygen
is present (in excess of a certain level) than if it were not. Also, the
probability of successful reproducible ignition should be increased with
increasing oxygen concentration since the data exhibited less overall scatter
at the higher oxygen concentrations.

Oxygen might be introduced into the rocket motor in place of the air
which would normally be entrapped when the end of the nozzle is closed by
a burst diaphragm. If the rocket could be pre-pressurized then the gain
would be amplified due to the increased oxygen concentration. An alternate
means of introducing oxygen at the igniting propellant surface is to employ
a gas producing igniter which yields free oxygen when it burns. In fact, the
optimum stoichiometric point of such an igniter would seem to be a fuel lean
(i.e., oxygen rich) mixture, and not the fuel rich mixtures normally employed.

The gas phase ignition theory suggests a new concept of 'ignitab.lity
index" which can truly be considered a property of the propellant itself, as
previously discussed (Section III. 3).

Finally, it should now be possible for an igniter designer to calcu-
late, once a propellant's ignition characteristics have been established, the
required heat input to the surface necessary to produce ignition within a
specified time. That is, for any ignition energy source and rocket chamber
gas composition (i.e., Tg, Zo) this quantity can be calculated by correctly
applying the results of the gas phase ignition theory. For example, the
optimum mixture ratio and weight of the igniter could be established. These
deductions represent the first step in developing logical design criteria for
practical solid propellant rocket ignition systems.
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SECTION VII

SUGGESTIONS FOR FUTURE RESEARCH

The shock tube has been established as an important tool for solid
propellant ignition research. A gas phase ignition theory has been developed
which can quantitatively predict the experimentally determined ignition
characteristics of ammonium perchlorate composite propellants.

A logical extension of this work would be to employ the present shock
tube technique for the study of other types of solid propellants. For example,
the ignition characteristics of ammonium nitrate and nitrocellulose type pro-
pellants could be experimentally investigated without alteration to the exist-
ing shock tubes. The gas phase ignition theory should apply to these results
with little, if any, modification.

On the other hand, the study of solid propellant ignition in an inert
test gas could not be studied without some modification of the existing equip-
ment. Participation of the oxygen released by the oxidizer decomposition, in
the gas phase ignition reaction, would be necessary to produce ignition in
this case. This has been shown to require a propellant surface temperature
in excess of 5000 K, a condition which cannot be achieved with the present
apparatus. However, if the propellant specimen were preheated, or an ex-
tended heating duration could be achieved (e.g., by making a shock tunnel
modification to the end wall of the tube), then the present tubes could be
used for the study of ignition in an inert gas. The gas phase ignition theory
would have to be modified in order to apply to this case.

Successful completion of these researches should lead to a unified
-theory of the solid propellant ignition process.

The fundamental concepts of the nature of the solid propellant ignition
process, which evolved from the gas phase ignition theory and are verified
by the shock tube experiments, should be subjected to testing in a realistic
environment. That is, by means of tests conducted in an actual rocket motor.
In this way, both the efficiency of the igniter and the ignitability of the pro-
pellants themselves could be evaluated on a practical basis. The predic-
tions of the gas phase ignition theory concerning igniter p4-rformance, such
as: mixture ratio, generated pressure level in the chamber due to igniter gas
production, flame temperature, nature of the combustion products, etc., as
well as predictions concerning the factors which affect the response of the
propellant itself, such as: initial temperature, initial chamber pressure,
propellant composition, surface conditioning, etc., could then be realis-
tically appraised. If the results obtained from these practical experiments
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can be adequately described on the basis of our new understanding of the
fundamental mechanisms involved, then a rational basis for the design of
practical ignition systems will be at hand. For example, rules for the
scaling of igniters to produce successful ignition of large solid propellant
grains, predictions of igniter requirements in order to produce successful
ignition in a space environment, ignition of new propellant formulations,
etc., could be evolved. It should be remarked that the ignition of a full
propellant grain will not be required for each of these motor tests. That
is, since only the surface of the grain responds to the ignition impulse,
then a dummy grain with a thin surface layer of propellant will suffice for
this limited purpose.

The shock tube technique, as it is presently employed, can be used
as a fundamental research tool in the field of chemical reaction kinetics.
The reaction rate parameters of interest would be revealed by treating the
measured ignition time lags in a manner which is suggested by Equation (V.).

The evaluation of the "activation energies" for both the fuel pyrolysis process,
Ef, and the gas phase ignition reaction, Eg, can proceed by plotting the
logarithm of the measured ignition time lags versus the reciprocal of the rele-
vant absolute temperature levels. Therefore, these temperatures represent
the experimental variables for this work.

One interesting feature of the present shock tube technique is that it
permits both of these temperatures to be independently varied. The tempera-
ture level of the gas behind the reflected shock wave, T5 , depends only on
the Mach number of the incident shock wave, M s (P4/P I ). However, the tem-
perature level which the heated end wall reaches depends on both the tem-
perature, T5, and pressure, P5 , behind the reflected shock wave. But, since
the level of P5 depends on both the Mach number of the incident shock wave,
Ms(P4/P 1 ) and the initial pressure level of the tube, PI; then it is readily
understood that it is fundamentally the independence of the diaphragm
pressure ratio, P4 /PI and the initial absolute pressure level of the tube, Pl,
which permits the independent variation of T5 (P4 /Pl) and Ts (P4 / 1 , P1 ).

This technique can be employed to investigate the action of the common
catalytic additives, which are known to be burning rate accelerators, and/or
ignition promoters, such as iron oxide, ferrocine, copper chromite, etc. At
the present time even the site of action of these catalysts remains a mystery.
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The information which can be obtained by this technique should prove to be
an important contribution to the understanding of the steady state deflagra-
tion of solid propellants as well as to the ignition problem.

This shock tube technique is only one of the several possible ways
that surface decomposition kinetics could be studied. The results of other,
independent, studies of this phenomenon, when compared to those obtained
by means of the shock tube technique, would provide an interesting corrobora-
tion of the gas phase ignition theory. Some method other than the hot plate
pyrolysis technique (Reference 40) should be employed to gather this informa-
tion since the data obtained in this way is inherently inaccurate. This stems
from the underlying assumption that the temperature measured on the surface
of the hot plate is identical to that existing on the surface of the decomposing
solid test specimen. It is inconceivable that the necessary transfer of the
exothermic heat of decomposition through the layer of outflowing vapors can
take place without benefit of a temperature difference.

Therefore, it is suggested that a radiative source of energy be sub-
stituted for the hot plate as a means of controlling the surface temperature
of the test specimen. In addition to resulting in a more exact experiment,
this technique has a certain practical advantage; that is, the test specimen
would not have to be artificially prestiffened to prevent buckling as it is
pushed against the hot plate. Therefore, the kinetic measurements could be
made on the very same material that appears in the actual propellant formula-
tion which is being evaluated. This should lead to a more accurate numerical
evaluation of the gas phase ignition theory than that which is presently pos-
sible (Section V. 3).
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APPENDIX A

CONDUCTIVE HEAT TRANSFER TO THE END WALL OF A

SHOCK TUBE PRODUCED BY NORMAL SHOCK REFLECTION

The normal reflection of a plane shock wave frem the end wall of a
shock tube produces a conductive heating of the wall from the hot, stagnant,
gas in the driven section of the tube, which has been doubly compressed,
once by the incident shock and once by the retreating reflected shock. A
knowledge of the initial temperature and pressure levels of the gas in the
downstream section of the tube as well as the Mach number of the incident
shock wave is sufficient to uniquely specify the state of the gas behind
the reflected shock wave (Section 3). The heating of the end wall starts
at the moment of shock reflection, initially from an infinitesimally thin
layer of hot gas between the wall and the retreating reflected shock wave.
It continues as the reflected wave moves further from the wall, leaving
behind it a thickening slug of hot stagnated gas. The following analysis
idealizes this transient heating from a source of varying extent to a sink
of finite length by considering both the source and sink to be semi-infinite.
This assumption will be examined later.

The idealized problem, therefore, will be represented as that of
two semi-infinite media, initially at different uniform temperatures, instan-
taneously brought into surface contact. If a one-dimensional coordinate
system (x) is fixed with the zero located at the interface, then the classical
solutions T (x, t), describing the temperature distributions in both media at
any time, to the governing non-steady one-dimensional Fourier Heat
Conduction Equation,

where:-
- dens ityT A T = 0 Cp = specific heat

/0 CR = thermal conduc-
tivity

O = thermal
/0 CP diffusivity

are readily obtained for the case of constant density and thermal properties
(References 16, 17) for the following conditions:
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(i) Initial gas temperature taken as T5

X 0 To -Ts. @ t <o
(ii) Initial wall temperature taken as T1

X<o; T.-T, @t,<o

(iii) Continuous temperature distribution at interface
0;o7,-=Tw- = Ts 9---o

@ t

(iv) No heat accumulation at interface.

Solutions to the equations are of the type:

d tb'
T+ =x -,8o; t o

Apply boundary conditions to dctermine arbitLrary constants

(ii) T, Aj -B =T,

(iii) Aa = Au. T

therefore,

T, -T = 'ff(Af C1f, if;p,, x(T5 -T,)

and ye

0rT t)',
a (t x-T.)T,

also,A
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It is convenient to define T T - T, and % ""S -To so that:

and

Temperature distributions in both the gas and wall are qualitatively in-
dicated in (Figure 43).

Notice that the interfacial temperature remains at a constant value,
after the heating starts. It immediately jumps to this value at the instant
of reflection. The infinite rate of change necessary to accomplish this is
a consequence of the infinite heat transfer rate, which acts only for this
instant. That is, the singular behavior has an infinitesimal duration and
it can be readily demonstrated that the singularity is integrable, yielding
a parabolic variation of total heat transferred with time.

The solution would obviously be a poor approximation to the real
situation for a thin end wall and/or for short times after reflection since
the semi-infinite assumption would then be violated. A criterion for
evaluation of the validity of the theoretical solution will now be established.
It is based on the notion that as long as the distance of "thermal wave"
penetration is small compared to the medium's depth, then the medium can
be taken as being semi-infinite in extent for the purpose of heat transfer
calculations.

The "thermal wave" is, of course, not really a wave, but rather a
conceptual device used to interpret the diffusion equation solution. The exact
solution implies that a perturbation at any position instantaneously affects
the entire field (i.e., has an infinite propagation velocity) (Reference 31).
However, since the strength of the perturbation attenuates with distance,
it is convenient to define an aitificial "thermal wave front" or "thermal
layer thickness" representing a distance into which the thermal effect may
be considered to be compressed. Let,

ST be the "thermal layer thickness"

so that T (T - V - characterizes the thermal effect, "cooling wave",
in the gas,
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and YT (T - T) - characterizes the thermal effect, heating wave",
in the solid.

First, for the gas phase; this quantity can be determined simply
by placing it equal to the integral of the difference between the local gas
temperature, Tg, and the uncooled temperature behind the reflected shock
wave, T5 .

-T 3 ) dx

but

or,

' dx fv '
Let

5 0 'SfTf2dwd1

which can be evaluated by reversing the order of integration to find,

Then, following the same procedure to evaluate the temperature
effect in the end wall.

(7s- T) --f(7-7 T) dx
0

with

to find that
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For the slug of hot gas to be effectively semi-infinite, the penetra-
tion of the cooling wave must be small compared to the total depth of the
hot stagnant gas, given by the reflected shock wave position. That is,

where, UT, is the velocity of the reflected shock wave. Therefore, the
solution is valid for t 07 . Also, the solid end wall will be effec-
tively semi-infinite if its thickness is very much greater than YOI.A.

It is interesting to note that the temperature jump experienced by the
end wall will only be a few percept of the temperature jump of the shocked
gas, since the quantity(N ,P Cp for the gas is only a few percent of
that for the solid. This is due, primarily, to the thousand-fold difference
in their densities. The following example illustrates the magnitudes of the
various quantities for a typical end wall heating situation.

Propellant sample - a 77-i/2 weight ratio of ammonium perchlorate oxidizer and
22-1/2

Paraplex P-13 binder

Shock tube operating conditions:

P4 = 980 psi He; P1 = 14.7 psi air; T1 = 3000K

Actual M s = 3.1 for actual pressure ratio (P4 /PI) of 67 (Fiqure 9). Actual
P/P4 = 0.75 (Figure 14). Therefore, P5 = 51 atm. For M s = 3.1,
T5 = 1070 0 C (Figure 42), so T5 = 1070 + 300 = 1370. At 1370 0 K and 1 atmos
pressure

1.25 x 10 - 4  (Table III)

Correcting for pressure (A OCp)kl = 8.95 x i0-4 (Table IID

for P-13, C )  1.36 x 102 ( g _e ) (Table III)

The jump of the surface temperature is given by
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Therefore, the surface temperature of the fuel will be:

(V X 1070 66.0 (c)

Also, for the ammonium perchlorate (A/\ PC = 2. 5 x 10- 2 (Table III)

So that,

JZA ok. X 1070 38.'("c)
I'i=W X _ _o2

Note that the perchlorate surface temperature jump is approximately
half that of the fuel binder due to their different thermal properties.

The conditions for which the solution is valid are determined by
employing the criteria that:

(1) The time must be much greater than

Uri

fno0 9 0.050A(X-- - 00 0~ as '0 5/ (021

Uis the same magnitude as the initial shock velocity 125 105 (COL
Therefore, U o

s o 2 .S 0 0 ' 2 ( cs , 5x I "
O (sec)

Therefore, the solution is valid after a very small fraction of a
microsecond.
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(2) For an ignition testing of 5 msec the wall thickness must be much
greater than

for the P-13,

O{ = o~eOD- 4..03'3 1.0 .OX %6':"/' m'

W (1.12.2) (0-38 (?C;

so,

P 2.5A 16 '(cm) - 25 microns

Therefore, the solution is valid if the wall thickness is much greater
than 25 microns. Both these conditions are met in the present ignition
experiment.

The theoretical end wall temperature jumps for a series of reflecting
shock Mach numbers, produced by holding the helium driving gas pressure
constant at 980 psi while varying the downstream air pressure, are shown
in Figure 28. They were calculated in the manner illustrated above. It is
to be noticed that the temperature first increases with M s (through the in-
crease of f5) but eventually any further decrease in pressure necessary to
produce a greater Ms results Ja ecrease in density (through PS) suffi-
cient to reduce the product -YA ,the major factor to which the end
wall temperature jump responds. The maximum theoretical temperature jump
is therefore limited by the density of the shocked gas at the optimum Ms , a
quantity directly proportional to P4. Therefore, it is the mechanical strength
of the shock tube which limits the surface temperature of an end wall heated
by normal shock reflection.
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APPENDDC B

MASS TRANSFER

When a shock wave is reflected from the end wall of a shock tube
the stagnant column of hot gas left behind the retreating reflected shock
wave conductively heats the end wall in a manner which produces a jump
of its surface temperature level. Mathematically, this can be represented
as a step function, that is, the level of the wall surface temperature in-
stantaneously increases from its initial value to a higher value and there re-
mains constant (Appendix A). The heating causes a decomposition of. both
the fuel binder and oxidizer crystals of a solid composite propellant, when
integrally mounted flush with the end wall. The rate of thermal decomposi-
tion of each of these pa _.2ular substances depends on their respective sur-
face temperatures, in a manner usually expressed as an Arrhenius function,
according to Reference 40,

rA
where: r is the linear regression rate of the heated surface.

A is the pre-exponential factor.

E is the "activation energy" for decomposition.

TSis the absolute surface temperature.

P is the universal gas constant.

Therefore, for the case of interest (Ts = const.),the surface decompo-
sition will take place at a constant rate.

The propagation of these decomposition products into the stagnant
gas will be analyzed in this section.

The mechanism of propagation is by gaseous diffusion. Mathematically
the process can be represented by the Fourier Equation as demonstrated by
Fick (Reference 41). That is, for the one-dimensional case,
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where: r is the linear regression rate of the heated surface.

A is the pre-exponential factor.

is the "activation energy" for decomposition.
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Fick (Reference 41). That is, for the one-dimensional case,
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where: C is the concentration of diffusing substance.

X is the space coordinate.

t is time.

D is the diffusivity of the vaporized material in the stagnant test
gas.

General solutions to this equation can be obtained for a variety of initial
and boundary conditions (References 16, 17). Some specific solutions con-
taining boundary conditions peculiar to diffusional phenomena are also
available. (Reference 42).

The current problem can be idealized as a mass source of constant
strength instanteneously placed at the bounding surface, X = 0, of a semi-
infinite gaseous medium at t = 0. The semi-infinite assumption will be
justified later. As the injected mass diffuses away from the boundary its
concentration can be represented, as demonstrated (Reference 42), by the
relation,

Dr

where: mi is the mass influx per unit area.

The propellants whose experimental ignition characteristics are
reported herein were formulated with fuel components which vaporize much
more readily than the ammonium perchlorate oxidizer crystals (Figure 29)
for surface temperatures below about 6000 K. Further, when these are sub-
jected to heating by shock reflection, the temperature of the fuel surface
will be higher than that of the oxidizer crystals (Appendix A), a situation
which amplifies this imbalance of vaporization rates. Therefore, it is
reasonable to neglect the small quantity of the oxidizer gas which is vapor-
ized and consider that the diffusing gas is composed of only the vaporized
fuel component. The presence of the oxidizer is taken into account only as
a factor which reduces the percentage of propellant surface occupied by the
fuel, that is, as a "blockage" effect. This can be characterized as the
volumetric fraction of fuel in the test propellant. The rate of fuel vapor
injection from a shock heated propellant surface can be represented as

where: V Volumetric fraction of fuel in propellant.
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A = Density of fuel component.

A#= Pre-exponential factor for fuel vaporization.

Ef= "Activation energy" for fuel decomposition.

"e = Surface temperature of fuel component.

Replacing the zf with rf in the above equation results in an
equation for the distribution of the fuel vapor. One obtains,

where: Cf CX t) is the concentration of the vaporized fuel component at any
position and time; Dfg is the diffusivity of the vaporized fuel component
into the ignition gas.

Here, as in Appendix A, the semi-infinite assumption has been made
in order to obtain a simple mathematical solution. Therefore, a criterion
must be established, similar to that developed in Appendix A, which will
indicate when the solution is a valid approximation of the actual situation.
If a "concentration wave" is defined as having an average concentration
equal to the fuel concentration at the lean combustion limit Cff then the
thickness of the wave, , will be given by

,oX

,(.o

Now, the solution based on the semi-infinite assumption is valid
when the reflected shock is much farther from the end wall than the concen-
tration wave.
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Therefore, the solution would be valid from the instant of shock
reflection, for injection rates which are not too large. Conversely, it
would never be a good approximation for high rates of mass injection.

The following example will illustrate the magnitudes of the quanti-
ties to be expected for a typical end wall heating produced by normal shock
reflection. The exposure condition is selected to be the same as that em-
ployed in Appendix A, C(i.e., the Batch #6 propellant (77-1/2% ammonium
perchlorate) mounted in the end wail of a shock tube which reflects a
Ms = 3. 1 shock wave ). Theoretically, a 66. 000 temperature rise is pre-
dicted for the surface of the binder and a 38.40C increment for that of the
perchlorate crystal. The actual temperature rise is experimentally found
to be twice this value (Section II, 4). Therefore, if mounted in the actual
shock tube the surface temperatures would be

Tsf = 430°K; Tso = 376.8 0 K

from Reference 43, which is reproduced in Figure 4.

rf = 5.52 x 1 cm
sec

Data presented in References (29 &40) indicate that r o = 5 x 10 - 8 cm/sec
for the ammonium perchlorate. Therefore, since the ensities of the two
materials are about the same 1.122 ( ) '0 1.96 and
the linear regression ratesof the respective surfaces differ by a factor of
1000, then the mass rate of oxidizer gas generation is only about 1/1000
the rate of fuel gas generation, and can justifiably be neglected. Its
presence in the solid mixture merely reduces the percentage of surface area
available for fuel vaporization. The fraction of the total propellant surface
area occupied by the fuel is equivalent to the fuel's volumetric percentage
in the particular propellant formulation: Thusly,

fuel wt. fraction
density of fuel

= fuel wt. fraction oxidizer wt. fraction
density of fuel density of oxidizer

0.225
=1122 - 0.30

025+ 0. 775
0.122 1.96
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Unfortunately, the exact chemical nature of the decomposition vapors
which emerge from the fuel surface is unknown; certainly they cannot have
a molecular weight as large as the solid polymer. For the purpose of numerical
illustration they will be assumed to have the molecular weight and other
properties of propane.

The diffusivity of propane into air at standard conditions is given
(Reference 33) as,

Dff o./ (I
When corrected (Reference 34) for the conditions behind the reflected shock
wave employed in the illustrative example (M s = 3. 1; P1 = 1 atmos) it
becomes,

". 7S/t.2 O3
Df, 0

Now, evaluating the above criterion,

Ur

__.__2 X J .X /-a<
/0 0. /0 I

Therefore, the mathematical solution is valid for this case.
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TABLE I

Flow Quantities on the High Pressure Side of Shock Waves in Air with
Temperature Dependent Specific Heat

Ms /02 T2 P2

1.523 1.907 400 2.54

1.984 2.659 500 4.43

2.377 3.225 600 6.45

2.725 3.663 700 8.55

3.041 4,015 800 10.71

3.331 4.314 900 12.94

3.611 4.540 1000 15.23

4.235 5.069 1250 21.12

4.797 5.454 1500 27.27

5.307 5.746 1750 33.52

5.778 5978 2000 39.85

6.643 6.359 2500 53.00

7.453 6.685 3000 67.00

8.315 7.122 3500 84.10

9.297 7.697 4000 106.00

10.410 8.385 4500 134.40

11.595 9.136 5000 168.40
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TABLE II

Propellant, Fuel and Inhibitor Compositions

All formulations were manufactured in the solid propellant facilities
of the Aeronautical Engineering Department, Princeton University.

Batch No. 6 Propellant
Ammonium Perchlorate (bimodal mix) 77.50%
Polystyrene Resin (Rohm and Haas P-13) 22.20%
Nuodex Cobalt 0.12%
Lecithin B-60 0.12%
Lupersol D.D.M. 0.06%

(cure for 24 hr. at 185 0 F)

Batch No. 23 Propellant
Ammonium Perchlorate (bimodal mix) 78.70%
Epoxy Resin (Shell Epon 562) 19.65%
Triethylene Tetramine 0.18%
Ferric Oxide 1.47%

(cure for 24 hr. at 185 0 F)

Batch No. 33 Propellant
Ammonium Perchlorate (bimodal mix) 79.7 %
Epoxy Resin (Shell Epon 562) 20.0 %
Triethylene Tetramine 0.3 %

(cure for 24 hr. at 1800 F)

P-13 Fuel Sample used for Pyrolysis Measurements
Polystyrene Resin (Rohm and Haas P-13) 98.50%
Nuodex Cobalt 0.25%
Lupersol D.D.M. 1.25%

(cure for 1 wk. at 185 0 F)

Epoxy Fuel Sample used for Pyrolysis Measurements
Epoxy Resin (Shell Epon 562) 95.00%
Triethylene Tetramine 5.00%

(cure for lwk. at 185 0 F)

the The inhibitor which was used to pot the end wall samples contained

the following ingredients.

Polystyrene Resin (Rohm & Haas, P-13) 63.900%Asbestos 5.650%

Talc 28.210%
Lupersol D.D.M. 1.875%
Nuodex Cobalt 0.375%
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TABLE III

THERMAL PROPERTIES OF SELECTED MATERIALS

MATERIAL (ycC')
(Cl MSer- C)~ CV~

Plexiglas
II U.V.A.
at 250 C 0.00446 1.19 0.35 1.36 x 10-2

(Ref. 35)

Paraplex P-13
Type Polymer
at 250 C 0.00433 1.122 0.38 1. 36 x 10 2

(Ref. 36)

Binder (A)
at 25 0 C 0.00456 1.23 0.40 1.50 x 10- 2

(Ref. 37)

NH 4 CLO 4  -2
at 25 0 C 0.00134 1.96 0.24 2.50 x 10
(Ref. 37)

Pyrex
Type 7740
Borosilicate
at 2S°C 0.00230 2.35 0.20 3.28 x 10 2

(Ref. 38)

Air
14.7 psi 0
at 1370 0 K 0.00019 0.000257 .290 1.25 x
(Ref. 32, 39) at 1400 0 K

This value is constant (within ± 2%) between 4000 K and 20000 K
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FIGURE 2
TYPICAL WAVE DIAGRAM AND PRESSURE PROFILES

FOR IGNITION SHOCK TUBE OPERATION

S -initial shock wave

C - contact surface
R - head of rarefaction wave
F - foot of rarefaction wave

t 2 5

/

R
" ,It =taD
-- ® I F C S

U.1

t =

IJI

F

(I) 00t =tj

I Driving Gas jv Test Gas I
0.. Diaphragm-



FIGURE 3VARIATION OF INITIAL SHOCK WAVE PRESSURE
RATIO WITH DIAPHRAGM PRESSURE RATIO FOR

AIR/AIR AND HELIUM/AIR
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FIGURE 4
VARIATIONS OF THE FLOW PARAMETERS IN AIR
BEHIND A NORMAL REFLECTED SHOCK WAVE

VS INCIDENT SHOCK WAVE MACH NUMBER
-FOR VARIABLE SPECIFIC HEAT#! 4J 4.5
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FIG. 5 1.6" L.D. SHOCK TUBE
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FIGURE 6
DIAPHRAGM THICKNESS vs BURST PRESSURE
IN 1.6" DIA. SHOCK TUBE FOR 3003-0 AND

3003-H14 TYPE ALUMINUM
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FIG,7 PLATINUM FILM HEAT TRANSFER GAGE
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INSTRUMENTATION SCHEMATIC FOR SHOCK
TUBE VELOCITY MEASUREMENT

FIGURE 8
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3) GAUGE AMPLIFIED OUTPUT STOPS TIME INTERVAL METER,
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SHOCK WAVE MACH NUMBER
VS.

DIAPHRAGM PRESSURE RATIO /
FOR HELIUM DRIVING AIR

--- THEORETICAL PREDICTION
WITH VARIABLE SPECIFIC
HEAT AND DISSOCIATION /
EXPERIMENTAL RESULTSFIGURE 9 //
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INSTRUMENTATION SCHEMATIC FOR SHOCK TUBE PRESSURE
AND RADIATION MEASUREMENT

FIGURE II

KISTLER INSTRUMENT CORP
PZ-6 MINIATURE PIEZO-
ELECTRIC PRESSURE PICKUP
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I) GAUGE 1 AMPLIFIED OUTPUT TRIGGERS OSCILLOSCOPE
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TIME INCREASING TIME INCREASING

Sweeprate: I mi liiscorid/division 2wozprate: I millisecond/division

Vertical Deflection: Pressure 207.7 Vertical Deflection: Pressure 207.7
psi/division psi/di vision

Radidtion 50 Radiation 100
mv/division mv/division

Ms = 2.7 P4 = 35 psia Mr = 4.76 P4 = 625 psia

P 42 Pel ium/air P4 /p !  735 Helium/air

FIGURE 12

PRESSURE-TIME AND RADIATION-TIME TRACES BEHIND THE REFLECTED SHOCK WAVE
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II

END WALL MOUNTED PROPELLANT SAMPLES

FIGURE 18



FIG. 19 STING MOUNTED PROPELLANT SAMPLES



IGNITABILITY THRESHOLD CONDITIONS
FOR ST(NG MOUNTED BATCH * 6

PROPELLANT IN 18' LONG SHOCK TUBE
FOR Zo0O,50 AND Zo= 0.20

FIGURE 20
500 . 1 1 1 Z wt.of 02

0 -wt. of 02 + wt. of N2

450

400 ,-lI ,

0! 50-I R4 (helium) P (testgas)*
0 Propel lant

~300
Note:w

W Strength considerations limit shock
250 tube operations to conditions below

4.0 the line P4 = 1050 psi

0,200+ + - Ignition
2 a & - No ignition

150 (

a100 (DD

3.0 +$
50 -threshold f~.

-2.5(Ze 50)threshold2.5 (Z(Ze 0.20)
0 1 1 I

0 100 200 300 400 500 600 700 760
TEST GAS PRESSURE-P (mm of Hg)
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Passage of Reflected Shock---1

(a) Polystyrene + A.P. Propellant, 53% O ,OOO Frames/sec

- Time Passage of Reflected Shock---I

b) Epoxy Resin + A.P. + Ferric Oxide Propellant, 46% 02 ,5000 Frames/sec

Passage of Reflected Shock-

(c) Lpoxy Hesin + A P. + Ferric Oxide Propellant, 75% 02 , 3000 Frames/sec

FIG 22 IGNITION OF PROPELLANT SAMPLES IN SHOCK TUBE
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INSTRUMENTATION SCHEMATIC FOR SHOCK TUBE
TIME TO IGNITION MEASUREMENTS

FIGURE 26

HEAT GAUGE PHOTOTUBE UNITS

1000,n 0-15
mo

12V 

IN

AMPLIFIER
1000/I

OUT

SCOPE TEKTRONIX
TRIGGER TYPE 531

OSCILLOSCOPE

AMPLIFIED OUTPUT OF THIN FILM HEAT GAUGE TRIGGERS
OSCILLOSCOPE

PHOTOTUBES DETECT LUMINOSITY AND DISPLAY OUTPUT
ON OSCILLOSCOPE
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.0 FIGURE 29

LINEAR PYROLYSIS RATESI I
Measured

10-- -- -Extrapolated
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-0N

Q.. N '0 .,.

io

_10" PC-ammonium perchlorate \ \
Ref. 29-higher curve.
Ref. 40-lower curve
P-13 -polyester styrene (Rohm & Haas)

-6 Ref. 43
EP-epoxy (Epon-562, Shell Chem.Co.)

Ref. 43

IN 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
RECIPROCAL SURFACE TEMPERATURE (*K' x 10"3)
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TIME TO IGNITION
vs

OXYGEN CONCENTRATION
PROPELL ENT BATCH #2 3

78.9 % Ammonium chlorate
5,000 --- -. pfL57____

1.4% F Irric Oxide FeO 3 )
SHOC TUBE 0 ERATING . DITION
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4 0 0 ime when ight output is
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10,00073 FIGURE 35
8,000 TIME w F..-,--vs
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TIME TO IGNITION VS TEST GAS OXYGEN
CONCENTRATION FOR BATCH *6 PROPELLANT
AND P-13 FUEL MOUNTED IN END WALL
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8,000 VS
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9 , ..__ _ .Symbol Gas Press' psia
8 0 air 250

- - air 350

5 2 0 1
44

3-

w0

Z IGNITION BY CONVECTIVE HEATING
(N. W. RYAN et aI.,U. of Utah, 1960)

_ Ignition gas: N, and/or 0
N I'4 C04 Cormposite Propellint

40 60 80 100 200 300 400 500

MEAN HEAT FLUX -s (BTU/sec. ft.2 )

RE- PL.?T OF FIGURE 5

REFERENCE II
FIGURE 41
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IGNITION TIME LAG VS. OXYGEN
CONCENTRATION OF IGNITION GAS

FIGURE 42
4090

,Data of RYAN et al.
Pure N2 point (U. of Utah)

20,0- Pue(I) All points at constant
heating rate of 100
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10.0 10000 K.
#8.0 (2) Various pressure and
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E
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2.0 (Princeton University)

z (I) All points at ignition
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PERCENT OF MAXIMUM OXYGEN CONCENTRATION TESTED



z

U w

- 0-

CD

o

C~ wDW0

Vf V

0 a-i

I-..I

0 (I)

H ZH~W
> CH

Hw Mw

z U

wf

JPR 170



ww

w. 0
0 0Li..

0

0
z 4

___ 0 1)

Z 0

D 0 z

r Ix

z

a-. o
o0 0o 0

( 0 ) L dIqnfli 38fivHI3dV431. SVE) 013>43HS


