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*ABSTRACT

-b Theories of propellant burning are briefly reviewed iln the
light of previous studies of the burning behavior and flame struc-
ture of composite a =--onium perchlorate (AP) propellant. Those
studies sho ed that the granular diffusion flame (GDR) theory
conforms to the known, structure of the propellant flae, and is
quantitatively valid for a wide class of practical A? propellants,
much more so ihan any other theory proposed for composite pro-
ve!!ants. ,

A comprehensive survey of all available burning rate data
extending over the range 1-100 atm, serves to delineate, 1) , the
domains of burning behavior of AP propellant, and (2), the domain
of validity of the GD? theory. This survey shows that wh.enever
the AP loading is high, the AP particles are medium-sized, and the
fuel is of the tve that does not melt readily, an AP-based pro-
ellant burns normally, i.e., it has a monotonic log-log burning

rate-pressure curve that is of steadily decreasing slope as pres-
sure is increased. Of all thburning rate equations proposed,
the GDF eauation, 1/r=a/p+b/p- / 3  fits the data of this class of
propela-nts best. When the propellant is severely underoxidized,

has small AP particles, and/or has a fuel that melts easily, ab-
normal burning in the form of plateaus, mesas, or extinctions,

at intermediate pressure (20-200 atm) is the result. No burning
rate eauation has been proposed that appli-s to this category of
propellants. The transition between abnot ,al and normal burning,
and hence also, the boundary of validity of the GDF theory, is
defined for propellants with difficult-to-melt fuels, by:
l/ (0.30 - 0.10 10910dm) and d.250j, w here 5,= eauivalence
ratio and dm = mean AP paricle size in microns.

The trend towards the above anomalous burning behavior is
quite regular with respect to the effects of AP loading, AP par-
ticle size, and relative meltability of the fuel: reduction of
AP particle size, and/or reduction of AP content, and/or substi-
tution of a more readilv meltable fuel, causes a progressively
stronger deviation from the normal monotonic log-log r-p curve
in the usual rccket pressure range; first, a region of zero slope
(plateau) appears; then, a region of negative slope (mesa) devel-
cpes; finally, in the extremes of either of these parameters,
steady self-sustained burning is no longer possible in this anom-
alous burning range.

Various observations of the flame and of the propellant sur-
face after extinguishment, show that whenever a propellant burns
in this anomalous way, the flame suffers temporary localized ex-
tinctions which serve to reduce the mean burning rate for the
particular physical conditions. The burning surface appears then
always to be covered by a molten fuel layer. These observations
suggest that it is the molten fuel layer that causes the inter-
mittent burning behavior; it would do so by covering the AP par-
ticles exposed at the regressing propellant surface, thereby de-
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pleting the gas phase flame of the necessary oxidizer gases.
This phenomenon can be put to practical use in the sense that hot
plateau-burning propellants can be made by using a fuel that forms
a molten layer on the propallant surface.

Extension of the work to subatmospheric pressures shows that
in this low pressure range, tOo, the relative meltability of the
fuel plays an important role in determining the burning behavior.
As a g-neral phenomenon, AN propellants show no indication of
melting (they usually char), have burning rates in the 0.05-1.0
atm range that fall on a straight line with slope 0.6-0.9 when
plotted as (log r) vs. (log p). These results are in qualitative
accord with the predictions of the GDP theory but only when it is
extended to include explicitly the pressure dependence of the ki-
netic rate of the first stage flame, T-his first stage flame con-
sists of the exothermic redox reaction between the gases produced
by the dissociative sublimation of AP. it can be shown theoreti-
cally that, above 10 atm, it is valid to treat the first stage as
having zero thickness and to disregard its pressure dependence,
as was done in the original formulation of the GDF theory (1960).
It can be shown also that such simplification is not permissible
at subatmospheric pressures.

e

Extinctions below 1 atm were noted for propellants not prone
to melting, i.e., those that had a dry charred appearing burned

4" surfade. Such extinctions appear to be dite to escape of unreacted
AP from the flame zone, together with peripheral convective cool-
ing of the flame at the strand edges. The extinction i.ressure
might well be lower than 0.05 atm in rocket chambers, under adia-
batic conditions, but this possibility was not tested.

The polyurethanes of this study showed markedly different be-
havior in that the extinction pressure is mtch higher (up to sev-
eral atm); also, the burning rate curve bends downwards as soon as
the extinction pressure is approached. Various indications are
that this behavior is due to the meltability properties of these
fuels: a very easily meltable urethane causes extinction above
1 atm and a less meltable urethane causes extinction a-z pressures
closer to 0.1 atm. These extinctions seem to be due to either par-
tial coverage of the AP particles at the propellant surface or ex-
pulsion of solid AP + liquid fuel globules from the propellant sur-
face into the afterburning zone; whichever occurs, depends on
whether the thickness of the molten fuel laye.r (related to the
thickness of the thermal layer in the solid phase) is respectively,
comparable to, or much larger than, the mean size of the AP parti-
cles. Exceptional behavior was also found with polysulfide-AP
propellant, in the range where a solid porous residue is formed
as a combustion product (below 0.05 atm). This can be plausibly
explained by assuming that the porous ash retains the heat gener-
ated by the gaseous flame.

This study puts on rational grounds the burning mechanism of
AP composite solid propellants of both standard and no--standard
formulation. The findings on flame struicture are important for
understanding steady state burning rates, non-steady burning
(instability), extinguishment, and ignition.
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SECTION r

IN- CDUC 11-19

The ultimate aim of the study of the steady-state burnIn
characteristic-s of a composite solid propellant is to deduce
enough infow.:i L;_ue'- .t ... f.a=c -eciarism to be able to pre-
dict or modify at will the co-bustion performance of any pro-
pellant before deciding upon its use. In this way, the expen-
sive and time-consuming process of having to t-ake recourse to
repetitive experimental testing, as has been done to date, can
be avoided. On b broader scale, a detailed fundamental under-
standing of the burning mechanism should serve as a foundation
for the prediction of solid propellant burning behavior in the
ore complicated non-steady situations, viz., ignition, ex-

tinguishment, and instability. All of these combustion charac-
teristics should be deducible from a knowledge of the structure
and internal processes of the flame.

A composite solid propellant is one in which the oxidizer
exists as a finely divided crystalline solid bonded in a matrix
of some suitable plastic fuel. The burning mechanism for such
a propellant is a very complex process. The flame wave is
driven by several physical processes and many chemical reactions,acting simultaneously or in succession. It is the purpose of

burning mechanism research to identify the most important physi-
cal processes and reaction steps in the flame and then, knowing
their character, incorporate them into a theory of flame propa-
gation that can predict burning rate behavior over the entire

a range of propellant parameters of interest. Experimental oh-
servations of the structural features of the flame and diagnostic
measurements of various flame properties are essential for de-
veloping a theory based on a valid physical model. However,
direct observations are not always possible; in such cases, infer-
ences drawn from comparison between burning rate theory and ex-
periment can be very helpful in distinguishing the roles played by
the various processes internal to the flame. This combination
of flame structure observations and interpretation of rate data
is the approach that has been adopted in this investigation.

This study is concerned with the burning mechanism of com-
posite solid propellants using ammonium perchlorate as the
oxidizer. It covers the burning behavior of a wide range of AP-
based propellants from 0.01 atm to 100 atm, and also determines
the range of applicability of the granular diffusion flame theory,
in its original form (Ref. 1), as well as in a form extended to
include the AP decomposition process in a more sophisticated way.
Much of the work to be reported herein has already been prevJiously
published (Refs. 2,3 and 4), when major conclusions were reached,
in order to expedite scientific communication at logical times.
This document strives to present all the results of this investi-
gation, as well as the previous results of other workers, on a

- unified basis; it also inclurles many of the details that are of
interest but could not have been put into the earlier papers.
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SEcION ZZ

PaMVICiS SW-DIFS OF 3E0 EAISM OF BTJPITlZG

It is 3IMPrtant to revie- -revious work on flame structure
and burning rate behavietr in order to obtain a pNysical picture
of the burning process in a solid propellant. In the following
subsections, the significance of the gaseous fuel-oxidant flame,
of the fuel and oxidizer decomoosition process, and of the physi-
cal state of the regressing propellant surface is discussed.
The lack of evidence for significant solid phase and/or hetero-
geneous reactions is indicated. The burning rate behavior of AP
based composite solid propellants with respect to such variables
as pressure, oxidizer particle size, and propellant composition
is also described. The various theories that have beer proposed
in the literature are briefly discussed in terms of these findings
and some of these theories are then rejected on the basis of
these findings. Finally, the ranges of validity of those theories
that still aualifv are determined in Section III, by systematic
comparison with experimental burning rate data.

A. Flame Structure and Surface Decomposition Process

(i) Gaseous Fuel-Oxidant Flame

In general, conductive heat feedback to the propellant sur-
face from the high temperature gas phase reaction zones adjacent
to the surface is the main energy flux that drives the flame wave
in a solid propellant*. The energy arriving at the propellant
surface by conductive heat feedback is used to heat the solid to
the surface temperature and also to gasify the condensed-phase
propellant constituents. The decomposed fuel and oxidizer gases
emerge from the surface in an initially unmixed state. Thus,
the final oxidizer-fuel (0/F) flame process must be dependent
on both the diffusional mixing rate and the chemical reaction
rate between the fuel and oxidizer decomposition products.

Sutherland's(7) thermocouple and spectral emission survey
traverses, Zenin et al's(6) thermocouple traverses, and also,
the spectral intensity profile measurements of Povinelli(8), and
of Derr and Osborne(9), all show that the O/F flame occurs within
a distance of about 100 microns (or less) from the regressing

Blair et al's calculations(5) and Zenin et al's recent measure-
ments(6) show that the contribution of the radiative heat feed-
back to the propellant surface amounts to only about 1% of the
total heat fed back, in the burning of propellant strands at
normal rocket pressures; in rockeL motors with cylindrical
grains, the radiative heat feedback contribution is expected
to be about 6%(5).

-2-
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propellant surface in the 1-5 atm pressure range*. This dis-
tance is sufficiently small for the O/F flame to be significant
in its energy contribution towards establishing the burning
rate. Neither Sutherland's(7), Cole's(12), nor Silla's(13) direct
or schlieren photographs show any evidence of turbulent motion
in the innediate vicinity of the regressing propellant surface.
Also, the Reynolds number based on flame thickness is of the
order of 20(Ref. 14); by analogy to fluid flow in packed beds,
such a low value for the Reynolds number is not sufficient to
establish fully turbulent flow (see Refs. 1 and 15).

A corroborative inference that the O/F flame is significant,
can also be drawn from the fact that many burning rate studies
(1-4,16,17) have shown composite solid propellant burning rates
to be dependent on AP particle size. In fact, with the use of
a "loose-granule" burner in which the particle size of the fuel
and AP can be varied independently, McAlevy et al(18, 19) have shown
that particle size effects come about through the size of the fuel
interstices between the AP particles; in a composite solid propel-
lant, the oxidizer particle size and the scale of the fuel inter-
stices can not be varied independently.

(ii) Ammonium Perchlorate Decomposition Process

Much attention has been given to the degradation mechanisms
of propellant constituents. Owing to the difficulty of making

Flame thicknesses of as much as 1 millimeter have been reported
in the literature(10,11). However, as noted by Povinelli(8), the
apparent (recorded) thickness of the flame must be corrected for
by the distance traversed by the burning surface during the time
that the emission spectrum is being recorded; the image of the
emission is smeared by the linear displacement of the flame (dur-
ing the time that the shutter of the recording instrument is open).
Thus, Povinelli(3) found that an apparent flame thickness of about
2mm is the result of a flame that is in reality only about 200 mi-
crons thick. in view of this finding of Povinelli, it seems like-
ly that the values for flame thickness guoted by Refs. 10 and 11,
are too large only because the correction required, to account for
the smearing of the flame image, was not applied to their raw
data.
Derr and Osborne(9) noted temperature irregularities at distances

as much as 1 nun from the burning surface. These irregularities
were offered as evidence of chemical reaction and therefore, as
evidence also of a very thick O/F flame. However, as pointed
out by Summerfield et al(l), this unsteadiness in both space
and time is more likely to be the result the unmixedness that
must be present in the gas phase flame of a composite (heteroge-
neous) solid propellant. Thus, the distance from the burning
surface at which the adiabatic flame temperature is first reached,
is more representative of the effective thickness of the O/F
flame. This effective thickness has been found to be about 100a
at 1 atm(6-9) and this thickness is the thickness to use in an
equi ,alent one-dimensional model of the combustion process.

-3-



direct measurements at the high surface heating rates
(',105 °C/sec), and at the high surface temperature (GOO-W0Oc)
typically encountered during propellant burning, most of this
work has been confined to the study of AP and fuel decomposition
at low temperatures (200-4000c), during slow heating (less than
1C/sec) of the sample as a whole. Although these low tempera-
ture bulk degradation experiments provide an insight int.3 the
detailed mechanism of AP decomposition, it is doubtful whether
kinetic rates obtained from such experiments can be extrapolated
over the many orders of magnitude to propellant -ourning con-
ditions, especially when it is realized that degradation in oulk
is not the same as degradation at the surface of the sample; for
instance, escape of the reaction products is more seriously im-
peded when the sample is heated uniformly in depth.

(a) Bulk Degradation of Pure AP

The decomposition mechanism of ammonium perchlorate was
first seriously studied by Bircumshaw and Newman(20,21). They
showed the mode of degradation to depend on the prevailing
pressure and temperature conditions. In vacuo and below 3000 C,
only 30% decomposition occurs. The remaining 70% is a porous
solid residue chemically identical to the starting material but
which does not react further unless "rejuvenated" 14 exposure
to a solvent vapor such as, water vapor, or methy. alcohol vapor.
Jacobs(22) found that moderate pressures of ammona retards this
low temperature reaction. If, in vacuo, only the te,!mperature is
raised up to 2500C, decomposition remains constant at 30% put
pure sublimation increases with increase in temperature. Beyond
2800C, sublimation still increases with increase in temperature
but the amount of decomposition decreases with *nr.rease in tem-
perature. Above 4000 C, no solid residue rem,.in.! behind. The
effect of increased pressure is to retard pure sublimation and
to increase the extent of chemical reaction. Sublimation was
hardly noticeable at atmospheric pressure. Tha solid-to-gas phase
transition (whether sublimation or decomposition) doe3 not take
place uniformly throughout the AP sample7 it spreads hemispheri-
cally outwards from certain nucleation sites at the surface of
the AP.

It is believed(23,24) that decomposition of ammonium p, rchlo-
rate proceeds by continued surface diffusion of frue perchloric acid
to these reaction sites(see above). Neither infrared(25) nor mass
spectroscopic(26) investigations could reveal the presence of the
NH4CI04 molecule in the gas phase. Thus, as is generally agreed
(22-35,38-45), AP degradation involves as a first step disso-
ciative sublimation of a loosely held NH3 :HCI04 complex, physical-
ly adsorbed at the decomposing AP surface. Further chemical re-
action between the resulting gaseous NH3 and HCI0 4 is then possible
depending on the prevailing physical conditions.

Recently, Jacobs(22) proposed v unified mechanism incorporating
this dissociative sublimation step. He imagines the step towards
the adsorbed state to be accomplished by a proton transfer mechanism.
At low temperatures, both NH3 and HC104 de.;orb but recombine in the
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gas phase to form gaseous NH4 C104, i.e., pure sublimation occurs.
At low temperatures and increased pressures, the NH3 does not de-
sorb but remains physically adsorbed, acting as an inhibitor to
further desorption of the perchloric acid. The perchloric acid
decomposes in the gas phase. As the temperature is increased,
the NH3 is driven off the surface and reacts with the deccmposed
perchloric acid. His pressure measurements show that here, name-
ly, at significant pressure and above about 3500C, the overall
decomposition, consisting of dissociative sublimation of the AP
followed by reaction between the NH3 and HC104, has an activation
energy of 39 kcal/mole. His weight-loss measurements gave a
value of 30 kcal/mole for the activation energy cf the disso-
iative sublimation step.

As shown by Jacobs and Whitehead, in an extensive review
of the literature(24), the latter value of 30 kcal/mole agrees
fairly well with that obtained by others for the dissociative
sublimation step; the quoted values usually fall in the range
20 - 30 kcal/mole, the most common occurrence being at the upper
limit of this range. It is to be noted that the value'of 30
kcal/mole is about half of the value of the heat of dissociative
sublimation of AP, 58 kcal/mole(28-30). The implication of this
might be that this AP gasification step follows the Clausius-
Clapeyron equilibrium vaporization law. (See, however, Section
IIA(vi) .)

Another point to be made is Sammons' observation(31) that
highly purified AP (as opposed to commercial-grade AP) has a
much higher activation energy for the dissociative sublimation
step, around 100 kcal/mole. As noted in Refs. 22 and 24, this
high value of the activation energy, together with the fact that
the addition of impurities accelerates the rate of decomposition
of AP, suggests that it is the impurities that form the nucle-
ation sites rather than dislocations in the crystal lattice, as
has been suggested earlier(32).

(b) Burning Behavior of Pure AP

Ammonium perchlorate is sufficiently exothermic in its de-
composition that it can burn of its own accord(33-35). The pre-
vious studies of the decomposition mechanism of AP suggests that
durina the burning of an AP monopropellant stick, the flame wave
is driven by conductive heat feedback to the regressing AP sur-
face from the exothermic gas phase reaction between the NH3 and
the HCl0 4 . This heat is used to heat up the solid phase from its
initial temperature to the surface temperature and also to over-
come the heat needed for the solid-to-gas phase dissociative sub-
limation step near the surface of the AP.

When heated, the condensed-phase AP goes through an orthor-
hombic to cubic lattice phase transition. This lattice trans-
ition occurs at 240°C(21,36) and is endothermic to the amount of
20 cal/gm(36). The transition appears to have no effect on the
decomposition mechanism of AP other than to retard the rate of
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decomposition at the transition temperature(21). The rate of
decomposition at this t,mperature is too small to be important
in the burning of pure AP because the relaxation time for con-
duction in the solid phase is very small (about 1 msec). How-
ever, the heat of transition should be taken into account in
theories of propellant burning.

The dissociative sublimation step is of zeroth order (with
respect to pressure) and is endothermic to the amount of 500
cal/gm'28-30). Because ;:his gasification process occurs in depth
below che surface and because the activation energy for this
process is 30 kcal/mole, the apparent activation energy during
linear surface pyrolysis (as opposed to bulk degradation) is
expected to be about 15 kcal/mole*. Thus, the approximate value
of 20 kcal/mole obtained by several linear pyrolysis studies
(38-41), is in good agreement with bulk degradation data. (See
also the review of these data by Refs. 41 to 44.)

Friedman et al(45) have made some measurements of the gaseous
ammonia/perchloric acid reaction at 3670 C and found that the ex-
tent of decomposition of the HC104 is increased by the presence of
the ITH3 , i.e., the ".H3 reacts with the HCI04 . No further kinetic
measurements of this reaction appear to have been made because
premixed NH3/HCI0 4 flames are plagued by the formation of solid
perchlorate 46) and opposed-jet NH3/HCI04 flames can not be made to
burn stably(47,48).

Because of the above difficulties, and in the hope that the
character of the NH3/HC104 reaction may be nevertheless revealed,
the emphasis has recently fallen on the study of pure HCI04 flames
and HCl0-hydrocarbon flames. The main result of interest in these
studies is that HCl04-hydrocarbon flames are typically three times
faster than hydrocarbon-oxygen-nitrogen flames of the same eauiv-
alence ratio and flame temperature(49-53)#. Another point worthy
of note is that premixed fuel-HCl04 flames have an activation
energy that is much lower than that of the pure HC104 decomposition

Consider decomposition to occur in a layer of thickness Ls
below the surface regressing at rate r. Then the mass rate
of decomposition below the surface is:

where r = (regression rate) N ep(-Ez/RTS)

= (reaction rate) E a I-WI-n

and L s = (thermal wave thickness)= (oc/r)
From the above one obtains:

Calculations of the rate of decomposition in the solid phase
show that it is significant only when Teff approaches Ts. Thus,
Teff P Ts and so, the apparent activation energy during linear
pyrolsis is half of that measured in bulk degradation experi-
ments. (This conclusion can also be inferred from the relations
given in Ref. 37.)
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flame. For instance, the H2-HCl0 4 flame haE an act'.vation energy
of 15 kcal/mole(4) as compared to 45 kcal/Taole for tne pure HCI 4
flame(56).) These results suggest that the NH3/HC104 reaction is
fast and has a low activation energy, as may be expected.

The character of the NH3/HCI04 flame is further elucidated by
studying the burning behavior of an AP monopropellant stick.
Friedman(34) found that in order to account for the measured linear
regression rate, surface temperature, and adiaoatic flame tempera-
ture of pure AP, by conductive heat feedback from the premixed
NK3/HCI04 gas phase flame (as suggested by the previously mentioned
kinetic studies), this gaseous NH3/HCI04 flame zone must be less
than 1 micron thick at 100 atm. Also, the measured burning rate-
pressure dependence implies that the premixed gas NH /HCI04 re-
action is of second order(27), as is expected. FrieAman further
made the interesting observation(27,45) that the mass consumption I
rate of HCl04-hydrocarbon flames corresponds closely to the mass
consumption rate of an AP composite solid propellant at the same
flame temperature and pressure, whereas the mass consumption rate ]
of a similarly corresponding hydrocarbon-oxygen flame falls short
by a factor of 5. Based on the assumption that the burning veloc-
ity of an NH3/HCI04 mixture is not much different from the burning
velocity of an equivalent hydrocarbon/HCl04 mixture*, this observa-
tion would imply that most of the heat (about 80%) needed to es-
tablish the burning rate of an AP propellant must come from the
AP monopropellant flame, the rest coming from the slower fuel-
oxidant flame following it. This implication, that most of the
heat comes from the NH3/HCl0 4 flame, is in agreement with our
understanding of the burning process of an AP composite propel-
lant (see section III).

#
That reaction with HC104 is much faster than reaction with 02
is also demonstrated by the fact that premixed CH4-HCI0-0 2 flames
have a two-stage character in which some CH4 is oxidized by the
HC104 in the first stage, and the remaining CH reacts with the
02 in the second stage(54). Fuel-rich premixeA CH -HCI04-N flames
show the same two-stage character(55); Ref.(55) concludes t1at
"the two flame fronts result from the dual oxidizing action of
the perchloric acid to produce both a chlorine-oxygen species,
which reacts rapidly with the initial fuel molecule, and oxygen,
which completes the combustion."

The gases that serve as the fuel constituent in the gas phase
flame of a solid propellant are hydrocarbon fragments of
relatively large size (see next section). Thus, mixtures of
these hydrocarbons with some oxidizers are expected to have
higher burning velocities than mixtures of ammonia with the same
oxidizer at the same equivalence ratio; these large hydrocarbon
molecules are bound to have many weak bonds and are therefore
unstable compared to NH3 which has only a few strong bonds.
However, this discrepancy in burning velocities is expected to
be much less than a factor of 5, because, as shown by Ref. 57,
the burning velocities of a wide range of hydrocayJ-ons, cover-
ing both strongly bonded and weakly bonded hydrocarbons, fall
within a factor of 2.
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It has been found, quite generally(23,24,27,33-35), that
pure AP can not burn of its own accord below 27 atm. Friedman(34)
suggested that the growing importance of radiative heat loss
from the burning surface, with reduction in pressure, may be
the cause of such extinctions below 27 atm. However, as Johnson
and Nachbar(581 point out, a heat loss is reauired that is at
least five times larger than can be accounted for by radiation
alone. In fact, Horton and Price(59) found that minimizing radia-
tive heat loss .oy using cylindrical grains instead of end-burning
grains did not lower the extinction pressure of pure AP. On the
other hand, they found that the use of an epoxy resin surface
inhibitor lowered the extinction limit from 23 atm to 3 atm.
Thus, one must also call upon the fact that the burning process
becomes more inefficient(17,33-33) as the lower comoustion limit
is approached.

Calculations based on measured products of decomposition
of AP (see Table I), show that the exothermic heat of decom-
position of AP is about 20% less than for the case where the
products are assumed to be in equilibrium (270 cal/gm compared
to 330 cal/gm). These calculations also suggest that the in-
efficiency (loss of available heat) grows with decreasing
pressure. This loss of available heat can ;e overcome by pre-
heating the AP(33), by supplying radiative heat to the re-
gressing AP surface(34) or, as noted above, by adding a small
amount of fuel to the AP. In fact, Powling et al(33) found
that a minimum adiabatic flame temperature of about 9500 C is
necessary for continued burning of AP. For instance, they
found that the addition of only 3.85% paraformaldehyde de-
presses the lower extinction limit to 1 atm. In this case they
measured the flame temperature to be 1000 0 C. It compares rather
well with Friedman's measured value of 9500 C for pure AP(34,35).
Therefore, the presence of the fuel assists the AP flame by
providing a hotter environment that helps overcome the reaction
incompleteness.

A final point of interest is that the burning rate of
sticks of pressed ammonium perchlorate powder is dependent on
the particle size of the AP powder(60,61). Shannon and i-eterson
(60,61) suggested that this particle size dependence comes
about through the fact that the time to ignition of each AP
particle is dependent on the size of the particle. The resulting
burning rate equation, derived by adding the ignition time and
consumption time of each AP particle, i/r= c1 d< 4 k2 (where k,
and kx are constants), was found to fit the measured burning
rate data quite well. In fact, extapolaticn of this equation
to zero particle size, led to a burning cate that agrees well
with Hightower and Price's(62) value for a pure AP crystal.
However, comparison of the magnitude of the terms in this pro-
posed equation, when fitted to the measured burning rate data,
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shows that the ignition time can be as long as 60% of the
particle consumption time (in the case of AP powder with 265u
particle size at about- 1000 psia pressure). Such long ignition
times seem unlikely( for such large AP particles.

A more likely explanation for the burning rate-particle
size dependence of pressed AP powders revolves a'out the fact
that the very thin NH3/HCIO4 gas phase flame surrounds each
AP particle that is exposed at the burning surface; as long as
the AP particle is much larger than the thickness of this
NH3/HCIO4 gas phase zone (about 1 micron at normal rocket
pressures), the burning rate of a stick of pressed AP powder
'ill be inversely proportional to the AP particle size*. The
data of Shannon and Peterson(60,61), for pressed AP powder
)arger than about 3011, have been plotted to test whether this
inverse dependence on particle size fits better than the equation
proposed by Shannon and Peterson. It was found that Doth re-
lations fit the data equally well. Thus, while the latter model
(particle size effects due to NH,/HC104 surrounding each AP particle)
seems more reasonable for the combustion of sticks of pressed AP,
the applicability of either model is really still a matter of
conjecture.

(iii) Fuel Decomposition Process

Very little is known about the decomposition process of
the fuel constituent as it applies to the burning process of a
composite solid propellant. Hardly any work has been done with
the polymers that are commonly used in modern-day rocket tech-
nology. Those polymers that have been studied in detail, have
generally been studied in bulk under conditions of very low
pressure (to avoid a diffusion-limited process), low temperature
(200-4000c, for slow reaction times to enable detailed measure-
mencs), and slow heating rates (to ensure a uniform temperature
within the sample).

The mechanism of thermal degradation of polymeric substances
has been extensively reviewed on several occasions(63-66). The
mechanism of decomposition (pyrolysis) involves random scission
and/or systematic unzipping of the polymer chain to produce
generally a gaseous mixture of monomer units and/or chain frag-
ments of varying sizes(63,66). For instance, polymethylacrylate
yields only 0.7% monomer(66) (as witnessed by a rapid drop in
the molecular weight at the beginning of the process), whereas
polymethylmethacrylate yields 100% monomer (molecular weight re-
duces only slowly, particularly during first 20% of weight loss).
Polvstyrene(66), on the other hand, yields 40.6% monomer; it
degrades first by random scission up to 30% weight loss and then,
by unzipping of the remaining chain lengths. It has been found(66)

Total AP surface area exposed to A/PA : eaction zone = A = na
where n = (number of AP particles exposed)

(volume of each AP particle)
- l , d-3

a =(exposed surface area of each AP particle),d 2

Therefore A -
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that the thermal stability of a polymer is enhanced by,
(1) increased linearity of a chain involving paraffinic
structure, (2) introduction of a double bond*, (3) intro-
duction of a benzene ring into the backbone of the chain,
(4) increased molecular weight, (5) inciaased degree of
crosslinking, and (6) elimination of oxygen from the back
bone of the chain. It is also generally true that the
degradation process follows a first order (zero order with
respect to pressure) Arrhenius kinetic law in which the
activation energy varies between 30 and 60 kcal/mole de-
pending on the polymer type and molecular weight(66).
This process is endothermic to the amount of 10 to 20 kcal
per mole of the monomer unit; polymers with a high monomer
yield fall at the low end of this range and polymers with
a low monomer yield fall at the upper end(63). Above
5000C, cracking of the large chains starts to oecome im-
portant and so, the effect of increased temperature is then
generally to reduce the monomer yield(66). Indications are

that the effect of elevated pressure is to reduce the monomer
yield and to increase the proportion of dimer, trimer, etc.
(63). These latter observations render questionable any
attempt at extrapolating low temperature bulk degradation
kinetic data to the temperature conditions typically en-
countered in composite propellant burning; the knowledge
gained from such studies can only be of qualitative value
and even then, considerable caution must be exercised in
its use.

A few measurements(67-7) of the linear pyrolysis rates
of polymers have been made using the hot-plate technique(71).
These indicate also, that the surface pyrolysis mechanism
is dependent on polymer type and molecular weight. The same
studies show that the activation energy for the surface
pyrolysis process is strongly dependent on the surface tem-
perature, increasing from 10 kcal/mole above 8000K to a
much higher value (that is strongly dependent on the polymer
type) below 7000K#. This implies that the activation energy
for fuel pyrolysis appropriate to composite propellant uurn-
ing is much lower than is generally ooserved during bulk de-
gradation. As an explanation for the observed variation in

The presence cf a tertiary carbon weakero- it.

#This assumes that the hot-plate technique does not dis-

tort the Arrhenius plot of (r) vs (i/Ts), oy defective sur-
face temperature measurement at high surface temperatures;
at high surface temperature, the mass efflux rate is high
causing the gas film thickness between the sample surface
and the hot-plate to be large and so, the error in surface
temperature measurement can be large also. There has oeen
a controversy concerning this point(67,72,73). Cantrell's
calculatioris(74) show that the effect of defective surface
temperature measurement is merely to reduce the scatter

4and to displace the Arrhenius curve in the direction of
higher Ts; no distortion in the pyrolysis curves is
apparent.
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activation energy with surface temperature, Chaiken et al(68)
suggested that monomer formation and diffusion in the surface
substrate is rate-controlling at low temperature, but that at
high surface temperature, desorption of the monomer is the
rate-controlling step. At this stage, interpretation of pro-
pellant burning behavior in terms of the detailed structure
of the binder is extremely difficult. It must therefore
await more definitive results of further :esearch on polymer
degradation mechanisms.

(iv) Sub-surface and/or Heteroqeneous Reactions;
Plausibility and the Search for Evidence

Exothermic reaction sites other than in the gas phase,
i.e., in the solid phase and at the regressing propellant
surface, are possible in principle. However, at this stage
there appears to be no evidence that points to their being
significant.

Hightower and Price(75) cojiducted very careful obser-
vational searches for sub-surface and interfacial reactions
by taking high resolution photographs (1-2 microns) of
sectioned propellant samples that had been extinguished.
No evidence of their existence could be found. Similar ob-
servations were reported by McGurk(76). Powling's(43),
West, et al's(77), and Nadaud's(78) searches for signi-
ficant interfacial reactions, by measurement of the rate of
flame penetration into the interface between the fuel and
oxidizer, also yielded negative results; the rates had al-
most the same magnitudes as the burning rates for similar
composite solid propellants at the same conditions. A wide
variety of AP-binder combinations have been tested by these
investigators and they all conform to these observations *.
Similarly, McAlevy et al(19) noted that "loose-granule"
burners have about the same burning rate as composite pro-
pellants of equivalent composition, again suggesting the
lack of significant interfacial reactions; the voids be-
tween the loose particles in such an analog burner provide
ample opportunity for possible interfacial reactions to be-
come important.

McAlevy and Hansel(79) found that passin- gaseous Cl2
cr NO2 through a porous bed of polystyrene accelerated the
regression caused by rocket exhaust gas impinging on the
surface of the porous sample. This, they claimed to be
evidence of heterogeneous reaction at the fuel surface. No
evidence was offered to rule out the more likely possibility

The exception is Nadaud's(75) finding for the rate of
penetration of the flame at the interface between a slab
of AP and a slab of polyisobutylene(PIB): above 20 atm,
this penetration rate is faster than the burning rate
of an equivalent PIB-AP composite propellant. The above
remarks with respect to the possible significance of
interfacial reactions do not hold tor this particular
propellant composition.
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of accelerated gas phase reaction in the pores of the fuel
sample. To the author's knowledge, the only evidence that
exists to suggest that heterogeneous reactions may be im-
portant, is Pearson and Sutton's(80) finding that perch-
loric acid vapor ignites more readily with a solid fuel sur-
face than with fuel vapors in the range 200-3000c. (The more
meaningful comparison, however, would be between the gas
phase reaction at 20000C and the surface reaction at 500-6000C).
Such heterogeneous reactions can only be important in crev-
ices around the AP particles. Hightower found no such crev-
ices. The only possibility that remains is that the crevices
exist during burning but are filled up during the extinguish-
ment process, but this seems unlikely. We conclude that
there is no positive evidence of the existence of energetic
heterogeneous reactions. Moreover, at this stage, there
appears to be no need to call upon such reactions to explain
composite propellant burning rate behavior, as will be shown
below.

As noted below, several investigators have proposed that
solid phase reactions are an important factor in the burning
process of a solid propellant. The proponents of these re-
actions seldom define the exact meaning of their solid phase
reactions. A true solid phase reaction, i.e., a solid-to-
solid transition, can not be of major importance 'n deter-
mining the burning rate of a solid propellant because the
exothermicity of these reactions seldom amounts to more than
a few tens of calories per gram, far less than the total heat
of reaction of a solid propellant (around 1000 cal/gm). The
existence of significant interfacial solid phase reactions
(between the solid fuel and the solid oxidizer) can be dis-
counted also, because the reaction would cease as soon as
contact between the solid fuel and the solid oxidizer is
broken; the reaction could not last very long.

It is conceivable that gas-phase interfacial reactions
in the crevices between the solid fuel and the solid oxidizer
(most likely, heterogeneous attack of the solid fuel by gas-
eous perchloric acid) could take over soon after the solid
phase interfacial reactions came to an end. However, as
noted before, Hightower(75) found no evidence of the crevices
that must exist if these interfacial reactions are to be
important.

The only reaction that could conceivably be highly exo-
thermic and could occur below the "surface" of the propellant,
is a solid-to-gas phase transition. Such a reaction could
take place in a thin porous region below the propellant "sur-
face"--porous, because gases are evolved, and thin, because
solid material would otherwise be spewed off the propellant
surface if the reaction took place too far below the surface;
no evidence of such surface disruptions has yet been reported.
It is clear that such a solid-to-gas phase reaction can not
be responsible for all the heat generated by the propellant
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because the rate of this reaction is i.-dependent of pres-
sure (concentration of solid reactants is independent of
pressure) whereas the rate of the overall burning process
is clearly dependent on the pressure; tLe burning rate of
solid propellant is dependent on pressure. Obviously
then, other gas phase reactions must also play an important
role in the burning process.

Wenograd and Waesche(81,82) claimed on the basis of
d4 fferential scanning calorimetry measurements, a refined
form of differential thermal analysis, that the heat
generated during the decomposition of PBAA-AP propellant,
considered as purely due to solid phase reactions, is
sufficient to account for observed propellant burning rates
at 1 atm. The effect of pressure on the burning rate of
a propellant is rationalized on the grounds that pressure
affects the surface temperature and that this, in turn,
affects the burning rate(83); it is assumed that the gasifica-
tion process at the regressing propellant surface follows
an equilibrium vaporization law. It is to be noted that
differential thermal analysis, or any of its refinements,
measures only the total heat release and can not identify
where this heat is being generated. Further, the results
of Wenograd and Waesche, above, can be equally well inter-
preted by assuming that the gas phase NH3/HCI04 is a major
source of heat; to insist that solid phase reactions are
of overriding importance would be to deny the significance
of this NH3/HCI04 reaction, an already well established fact.

The most convincing evidence to the effect that solid
phase reactions may contribute a significant part of the
total heat of reaction is Inami, et al's(84) finding that
the heat release rate during AP decomposition in bulk does
not change when the pressure is varied from 1 atm to 13.5
atm. This invariance with pressure indicates that the
process was probably in the solid phase, or otherwise, that
the rate of this process is determined by a zeroth order
solid-to-gas phase step.

£t is interesting that, when the slow low-temperature
heat release rates reported in Refs.81-85 are extrapolated
to the high temperature of 8000K at the surface of a burn-
ing propellant (admittedly a long extrapolation), it turns
out that almost the entire energy identified as solid phase
heat release must occur within a relatively thin zone of
about 2-3 microns below the regressing surface at normal re-
gression ratea,. (The significance of the thinness of this
layer is further discussed in the summary of Section IIA(vi).)
Flanagan(86) calculated that the heat released within this
first two microns below the AP surface, is not sufficient to
affect the burning rate; the stay-time is too short (compared
to the reaction time) for the solid phase reaction to be
significant in its effect on the burning rate. Caveny and
Pittman(87) came to the same conclusion. These latter in-
vestigators also found e"erimentally that whereas (prior)
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irradiation or thermal shocking of the A-P accelerates the low-
temperature decomposition (DTA results) of AP, the same treat-
ment has no effect on the burning rate of an AP propeliant.
Based on the assumption that solid phase reactions are important
at low temperatures, as is more likely, these experimental ob-
servations imply that these same solid phase reactions are too
slow (compared to the stay time) to be important in the burning
process of a composite propellant.

(v) Structure of Regressing Propellant Surface

The physical state of the regressing propellant surface, i.e.,
whether it is dry or molten, and its scale of roughness, can have
important implications with respect to the burning mechanism.

Bastress'(14) photographic surveys of extinguished poly-
sulfide-AP propellants show that the AP particles protrude above
the fuel surfaces during combustion at low pressures but that the
opposite is true at high pressure. That the pyrolysing oxidizer
and fuel surfaces must in general lie in different planes is in
accord with the "two-temperature" postulate proposed by Schultz
and Dekker(88). The implication of such surface roughness with
respect to the burning mechanism is that there is a particle size
and a pressure above which the flame as a whole cannot be con-
sidered one-dimensional (see Section IIA(vi) below). 

This con-I

sideration implies the existence of boundaries (in particle size
and in pressure) to the domain of validity of a one-dimensional
theory.

Searches for a liquid layer and its consequences have also
been conducted. While Sutherland's(7) photographs show KC10
propellants to have a mobile liquid layer of molten KC104 anA
KCl on the regressing propellant surface, both his and Bastress'
(14) studies indicate that the burning surfaces of polystyrene-AP
and polysulfide-AP propellants are dry, or at least so little
molten as to leave the surface geography rigid. With such a dry
and rigid surface, the heterogeneity of the propellant surface
is propagated unchanged into the issuing gas stream.

Hightower's(62,75,89) and Boggs' (90) recent photographic
studies of pure AP and carboxyl terminated polybutadiene-AP pro-
pellant surfaces indicate that both the AP and fuel melt to some
degree during burning. However, the AP melt is very thin, at
the most a few microns, and it seems that in most circumstances
the layer would be relatively immobile. The problem is to de-
termine for what conditions the presence of the molten layer
may be important. It appears (see Section IV) that most AP-
based propellants with fuels such as polystyrene, polysulfide
and polybutadiene acrylic acid can be considered to have at
least an immobile surface if not a dry surface provided the AP
content is high (equivalence ratio*, 0. above about 0.4) and
provided the AP particles are of medium sizes (in the approximate
range 40-2000). However, when the fuel is of the type that melts
readily (i.e., particular polyurethanes) or when the fuel con-
tent is high and the AP particle size is small, the melt becomes
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mobile, the burning rate is affected, and in the extreme, ab-
normal burning in the form of temporary localized extinctions
is the result; the phenomenon of extinction appears to be
directly related to the propellant surface conditione.

(vi) Physical Picture of Burning Process

From the previous paragraphs, it is apparent that the most
important source of energy in driving the flame in an AP-based
composite solid propellant is conductive heat feedback from the
A/PA and 0/F gas phase reaction stages. The second stage, the
O/F stage, occurs considerably further away from the regressing
propellant surface at normal rocket pressures than the A/PA
stage. The scale of unmixedness, as it affects the O/F flame,
appears to be an important aspect of the burning process. There
is considerable evidence against the existence of significant
solid phase and/or heterogeneous reactions.

As shown from calculations in Section III, the A/PA reaction
stage in the burning of a composite propellant at rocket pressures
is so thin compared to the oxidizer particle size and the O/F
flame thickness that it may be considered in the burning rate
theory to occur right at the regressing propellant surface, mere-
ly depositing its heat there as gasification takes place; in the
limit, it 2an be shown that it may be considered infinitely thin
and thus without any contribution toward the pressure dependence
of burning rate. (See also Section III concerning breakdown of
this assunption at subatmospheric pressures.) The amount of
energy deposited at the propellant surface by the exothermic
A/PA stage is off-set in part by the amount of heat required to
decompose and vaporize the fuel binder. Sabadell(91) inferred
from his thermocouple traces that the net amount of heat liber-
ated at the propellant surface is about 130 cal/gm of propellant.
(His resolution was insufficient to resolve the details of the
surface decomposition process). This figure is in good agreement
with the earlier estimate(l) of 100 cal/gm, where the net heat
of decomposition of AP and the heat needed for gasification of

Equivalence ratio is defined here as the mass fraction of
oxidizing species (0, Cl, F...) present in the propellant
(oxidizer and fuel) divided by the mass of oxidizing species
present in the same propellant mixed to stoichiometric pro-
portions. The stoichiometric ratio is taken as that which
leads to the products H20, C02, SO2 , HCI, and N2.

#Boggs(90) observed that the burning rate behavior of pure

AP changes when the structure of the surface (on micro-
scopic scale) changes. He suggested that this surface de-
composition process may be the cause of the observed re-
duction in burning rate with increased pressure (between
2000 and 4000 psia), in the case of pure AP. While this
factor may be the cause of abnormal burning in AP-based
composite propellants, the meltabil' ;y of the binder must
also be important, as will be shown in Section IV.
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the fuel were both taken into account.

Powling(42,43) has made composite plots of all his burn-
ing rate-surface temperature-pressure data for several AP
composite propellant systems and several porous AP-gaseous
fuel systems. He found that the surface gasification process
is better described by an unopposed surface decomposition law
of the Arrhenius type (in which the activation energy is about
30kc~l/mole) than by a simple Clausius-Clapeyron equilibrium
law.

The thickness of the A/PA gas phase reaction, the thick-
ness of the AP melt, and the depth below the surface to which
solid phase reactions could be important, are all of the order
of one micron at normal rocket pressures. In this context,
therefore, the exact definition of a decomposing surface is

obscure; however, from the standpoint of the solid-to-gas
boundary condition in the theory, it makes little difference
whether the heat of decomposition is considered to be liberated
in the gas phase immediately above the surface, exactly at the
surface, or in a thin solid or liquid phase layer below the
surface. So far, no evidence has been found that conflicts
with the view that the heat of decomposition is deposited at
the AP surface, in the normal rocket pressure range; the assump-
tion appears to break down only at subatmospheric pressures
where the A/PA stage becomes distended (Section III(B)).

To portray the overall propellant surface as planar is
admittedly difficul:. In accord with the "two-temperature"
postulate, the fuel and AP surfaces must be staggered. More-
over, conditions can arise in which a molten fuel layer covers
the AP particles and this can cause abnormal burning behavior
in the form of localized extinctions. Nevertheless, it seems
plausible that the irregular surface geometry would not upset
the one-dimensionality if the dimensions of the irregularities
are sufficiently small.

B. AP Composite Propellant Burning Rate Behavior and Solid
Propellant Burning Rate Theories That Have Been Proposed

Based on the previous discussion it is now possible to
build plausible models of propellant burning so that theories
of propellant burning may be formulated. In the final evalua-
tion of these theories, it is necessary that their burning rate
predictions with respect to pressure, propellant composition,

It is difficult to believe that a composite propellant could
vaporize strictly according to an equilibrium law because
then both the. forward and reverse kinetic processes must be
equally probable; the binder in a typical composite propel-
lant is a large complicated molecule and so, it is highly unlike-
ly that the exact reverse of the decomposition-gasification
process could occur.
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and oxidizer particle size, be compared with experimental burn-
ing rate determinations*. Many theories can be rejected on the
basis of their qualitative burning rate predictions (or, because
some physical fact known about the flame structure, is violated).
Thus, before discussing the various theories that have been pro-
posed, the burning rate behavior of typical AP composite solid
propellants is briefly described. More discussion of earlier
findings on the burning rate behavior and of the mechanisms re-
sponsible for this behavior is deferred to Sections III, IV,
and V.

(i) Summary of AP Composite Propellant Burning Rate Behavior

A survey of all available burning rate data in the range
1-100 atm (see Section IIIC(ii) shows that whenever the AP load-
ing is high (equivalence ratio 0O 0.4), the AP particles are
larger than about 40R, and the fuel is of the type that does not
melt readily, the burning rate-pressure curves (plotted as (log r)
vs. (log p)) are monotonic with steadily decreasing slope as pres-
sure is increased; around 100 atm the pressure exponent (n in the
empirical equation r=apn) is about 0.3 and near 1 atm it lies be-
tween 0.6 and 0.9 depending on the fuel type. The effect of in-
creasing AP content and/or decreasing AP particle size for this
class of propellants is merely to increase the burning rate at all
pressure levels between 1 and 100 atm.

As will be shown in Section IV, abnormal burning behavior
results when the AP particle size is reduced to below 40i or when
the AP content is reduced to below the value for which 0,= 0.4.
Reduction of either of these two parameters produces first, pro-
nounced plateau burning behavior (n = o), and then, upon further
reduction, a region of negative slope in the burning rate-pressure
dependence curve (called mesa burning); for the smallest values
of these parameters, a pressure range (,- 20-100 atm) can be found
in which steady self-sustained burning is not possible. As also
shown in Section IV, substitution of a fuel that is readily melt-
able, 7.auses the same pronounced tendency toward plateau burning
etc., even for mixtures with high AP loading ( 00> 0.4) and large
AP particles (> 40 i).

Section V shows that AP composite solid propellants general-
ly follow the equation r = apn in the subatmospheric pressure
range. The pressure exponent falls between 0.6 and 0.9 depending
on the propellant type. The lowest pressure at which a propellant
can be made to burn is about 0.01 atm. This low pressure extinc-
tion limit is dependent on AP particle size and fuel type. The
effect of reduced AP particle size is to increase burning rate at
all pressures, even as low as 0.1 atm.

,
Comparison between theory and experiment in terms of other

propellant behavior variables such as surface temperature
and flame thickness, is also highly desirable. However,
these measurements are not so readil.y obtained with the
accuracy needed to establish the validity of any theory.
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A few studies of AP propellant burning rate behavior in
the very high pressure range have been done. It is found(92-94)
that above about 200 atm, the pressure exponent increases with
increasing pressure; in the 300-1000 atm range, the pressure
exponent is of the order 1.5-2.0. One study(92) showed the
tendency for the burning rate to become independent of binder
properties and AP particle size. Another study(93) showed that
the burning rate curves of AP-polyurethane propellant and pure
AP monopropellant fall very close to each other above about
200 atm. It is interesting that KC104 propellants which do not
posses an exothermic gas-phase oxidizer decomposition flame(95),
do not show the upward bend in the burning rate curve at these
very high press-ures; rather they bend downwards(92). These find-
ings together with Bastress'(14) observation that the AP surface
recedes below tne fuel surface at high pressures, suggest that
the AP decomposition flame has a controlling influence on the
burning rate in the very high pressure range(93,96).

It is appropriate to mention that several attempts have been
made to study the combustion mechanism of a composite propellant
by so-called analog techniques. One method, the "loose-granule"
burner which was first used by Burger and van Tiggelen(97,98)
and which has since been actively employed by McAlevy et al

(18,19,79), has been very successful in elucidating some aspects
of the burning mechanism. This method involves the study of the
burning behavior of a packed bed of solid oxidizer granules (or
solid fuel granules) through which a predetermined amount of fuel
gas (or oxidizer gas) is passed. The scale of granularity in this
type of burner is of the same order as the size of the AP crystals
typically used in a composite propellant. The results of studies
with this analog burner are reported at various places throughout
this document whenever these results are relevant to the die-
cussion at hand.

Other analog burners that have been used involve large scale
heterogeneity. These can only be used to provide an insight in-
to the combustion mechanism of a composite propellant if their
behavior is studied at a low enough pressure that the thickness
of the gas phase flame is of the same order as the scale of hetero-
geneity (unmixedness), as is the case in a composite solid pro-
pellant. Unfortunately, various studies of the burning behavior
of large ammonium perchlorate speres (- 1 cm diameter)(41,99) and
of thick (e 1 cm) binder-ammonium perchlorate sandwiches(43,77,
78,100) have been carried out at very high pressure with very
little attention being given to the scaling problem. Such re-
sults are of little use in interpreting the combustion mechanism
of a composite propellant. The point should however be made that
the flame at the interface between the solid fuel and solid AP
of a binder-AP sandwich, on a microscopic scale, does represent
the conditions at the interface between the solid binder surface
and the solid AP surface of a composite propellant.
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(ii) Theories of Solid Propellant Burninq

In consideration of the above described findings concerning
AP propellant flame structure and b~rA.nq rate behavior, those
theories that portray a diffusion flame structure with finite
chemical reaction rates(l,27) would appear to be consistent, at
least qualitatively, with the knowni facts. Those theories(101-103)
that have been derived for hiomogeneous (double base) propellants
are obviously not applicabLe to composite propellants. Other
theories which consider solid rhase reactions, heterogeneous re-
actions or the AP monopropellant flame to be rate-controlling,
suffer from various objectitvns detailed below.

The first of the diffusionally controlled models of propel-
lant burning, the columnar diffusion flame model, was proposed
by Rice(104) in lc&45. Here the flame was assumed to occur at the
interface between fuel and oxidizer streams pyrolysing off the
regressing surface. Although the model gives the correct quali-
tative dependence of burning rate on oxidizer particle size,
neglect of finite reaction times and tha assumption of a columnar
flame geometry combine to cause the burning rate to be insensi-
tive to pressure. The latter prediction is contrary to experi-
mental observations. A more refined form of the theory was de-
veloped by Nachbar(105-107) in 1957. The burning rate was cal-
culated for a geometrically simplifi. d model consisting of al-
ternate slabs of fuel and oxidizer. Due also to neglect of
finite gas phase kinetics, this theory suffers from the severe
shortcoming of having burning rate independent of pressure.

It is clear that the assumption of infinitely fast reaction
kinetics in a diffusion flame must break down at some low pressure
and that this breakdown could be the cause of a steady increase in
the value of the pressure exponent as pressure is reduced. Also,
most practical AP propellants exhibit a pressure exponent of
about 0.3 in the range 70-100 atm. (Plateau burning is caused by a
phenomenon that is of unsteady nature and hence, cannot be pre--
dicted by any model of steady state burr .ng.) With these con-
siderations in mind, Summerfield p :oposed the granular diffusion
flame model. In this model it was assumed that local unmixedness
causes the fuel gases to leave the surface in pockets which burn
up in an atmosphere of oxidizer decomposition products; it was
assumed also that the average fuel vapor mass per pocket is in-
dependent of pressure. Based on the hypothesis that at low pres-
sure the burning rate is chemical reaction rate controlled while
it is diffusionally controlled at high pressure, the asymptotic
forms for burning rate were obtained. The burning rate at inter-
mediate pressure was then expressed in the simplest manner v
joining these two asymptotic forms as follows: i/r=a/p+b/p '3.
As will be shown in Section IIIC(ii), This equation is remarkably
successful in correlating composite propellant burning rate data
over wide ranges of pressure, AP particle size, and AP loading;
it is the most successful of all burning rate equations that have
been proposed to date. It will be shown below that modification
of the theory is necessary in the very low pressure range (< 1 atm).
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Based on similar reasoning to the above, von Elbe, et al(27)
have recently incorporated finite chemical reaction times into the
columnar diffusion flame theory. As will be shon in Section
IIIC(ii), the proposed burning rate equation, L/r=a/p+c, does not
fit AP propellant burninc rate datd under any circumstances.

Arguing that the surface temperature of ammonium nitrate
must be considerably less than that of typical binders during
steady burning (-' 6000K compared to - 10000K respectively),
Andersen(108) surmised that the fuel-oxidizer gas-phase reaction
might be too far from the oxidizer surface to affect its regres-
sion rate. This idea of a burniig rate controlled solely by an
exothermic oxidizer decomposition reaction is the essence of the
thermal layer theory developed by Chaiken(109). Although the
physical picture might be roughly valid for ammonium nitrate
propellants (the evidence is meager), the prediction that burning
rate is linearly dependent upon pressure and insensitive to fuel
type and fuel-oxidant mixture ratio renders it invalid for AP
propellants from 1 1o 100 atm. Chaiken's later attempt(ll0) to
fix these defects by allowing for a certain degree of reaction
of the ammonia/perchloric acid gas with the fuel vapors necessi-
tated the introduction of two variable mixing factors, the values
of which were not derived from fundamental principles; they were
artificially used merely to suggest the importance of reaction
with fuel vapor in the 7urning process of AP propellants. No
burning rate predictions are possible with this theory until
quantitative expressions are fourd for these two factors, even
if they exist.

The fact that the pressure exponent of AP propellants at
high pressures (200 to 1000 atm) is of the order 1.5 to 2.0 was
taken by Irwin, Salzman and Andersen(93) as the cue to suggest
that small cracks may be formed in the surface of the oxidizer,
causing the exposed oxi.lizer surface area to increase progress-
ively with increcsing pressure. Based on the observation that
the burning rate is mainly determined by the oxidizer decomposi-
tion flame at these very high pressures (see previous section),
the net effect of the increased exposed oxidizer surface would
be to increase the burning rate and the pressure exponent. In
a later publication(96), it was shown that thermal stresses in-
duced by the steep temperature gradient in the solid phase at
these high pressures, is the most likely cause of surface cracks
propagating into the solid phase. The model has been put into
analytical form and the resulting two-parameter burning rate
equation fits the data. However, the test is not sensitive and
so, the idea cannot be considered proved. In this regard, it
is interesting that Hermance(lll,112) si-ggested that it is the
onset of turbulence in the previously laminar fuel-oxidant flame
which is responsible for the transition to a high pressure ex-
ponent at high pressures (see below).

Other models of propellant burning, some of which ha-e not
been formulated mathematically, have also received attention in
the literature. Hicks(113) suggested that, at least during
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ignition, the burning process is driven by exotheirmic solid
phase reactions. Wenograd and Waesche(81-93) reported on the
basis of their differential scanning calorimetry measurements
(a refinement of the differential thermal analysis (DTA) tech-
nique), that the heat generated during pure AP decomposition
at 1 atm, presumed to be purely due to solid phase reactions,
is roughly sufficient to account for observed burning rates at
1 atm. The pressure dependence of burning rate for a composite
propellant is explained on the assumption that the surface
vaporization process is an equilibrium process and that there-
fore, increasing pressure increases the surface temperature,
thereby increasing the burning rate also. Because DTA measure-
ments are a measure only of the total heat released and not
necessarily that due to solid phase reactions alone, the re-
sults can be said to be only qualitatively consistent with the
trends expected from the solid phase reaction model proposed
by Wenograd(81).

Andersen and Brown(114,115) proposed that heterogeneous
reaction between the gaseous oxidizer decomposition products
and solid fuel at the oxidizer interfaces is rate-controlling.
No diagnostic test data to support the idea were advanced and
no burning rate equation has been derived for the model; so,
it must be regarded as an untested hypothesis.

A more elaborate theory along the same lines has recently
been proposed by Hermance(lll,112). In this theory account is
taken of fuel pyrolysis, AP decomposition, heterogeneous re-
action at the fuel surface, and a chemical-diffusion fuel-
oxidant flame. It is assumed that the exothermic gaseous
NH3/HCI04 ::eaction is collapsed to the regressing propellant
surface, regardless of the pressure level. Heterogeneous re-
action between the gaseous HC104 and the solid fuel is pre-
sumed to occur in crevices around the exposed AP particles.
The ensuing, gas-phase fuel-oxidant flame is treated as a
columnar diffusion flame in which both second order chemical
kinetics and diffusional mixing rates play important roles. The
possibility of transition to a turbulent fuel-oxidant flame is
allowed for. (This latter feature permits the theory to pre.-
dict the high pressure exponents (n - 1.75) that have been ob-
served in the 200-1000 atm range). The theory is involved, has
many component elements, and its predictions are sensitive to
the values of parameters chosen. The predictions can be made
to fit the selected composite propellant burning rate data.
Such fitting was done even for the burning rate curves of
underoxidized propellants whose behavior is known by direct ob-
servation to be dependent on a phenomenon of unsteady na-ure
described below (Section IV), the essential features of which
are not incorporated into the model. The point is emphasized
by the observation that whereas this unsteady phenomenon can ex-
plain both mesa and plateau burning behavior, the theory of
Hormancc can fit on.y plateau burning propellants; no mechanism
has been included that will allow the theory to predict negative
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exponents. At this stage, the values of parameters needed
for the theory are not known accurately enough tc test the
validity of the solutions.

Recently, Fenn(116) proposed what he calls a "phalanx"
flame model. Here, the burning process for a composite
propellant is imagined to be driven by a gas-phase fuel-
oxidant flame that is situated directly above the interfaceIbetween the solid fuel surface and the solid oxi-izer surface.
Heat arrives at the regressing surface by conductive heat

feedback through the gas phase and it is assumed that the flame
s nd-off distance is governed by a combination of chemical re-
action rate, diffusional mixing rate, and quench distance; it
is assumed that the relatively cold propellant surface quenches
the flame. The burning rate equation derived, 1/r = A/p+Br/pn/2,
was found to fit the burning rate data of Webb(120) as well as does
the GDF equation (above) provided the loose parameter n is
chosen to be 1.33. This particular value chosen for a best
fit to the data, is not consistent with the theoretical develop-
ment because the reaction order in the expression used for the
quench distance, differs from the value assumed for the reaction
order in the chemical reaction rate expression, namely 2.0.
The latter is implied by the term A/p in the above equation.
Another, less severe, criticism of the theory is that Hightower's
observations of the fuel-oxidizer interfacial region(75) tend
to deny the existence of crevices at these interfaces, a pre-
requisite for the model. It is not too surprising that Fenn's
equation fits Webb's data as well as the GDF equation when
n = 1.33 because in this circumstance, both equations display
the same low pressure and high pressure asymptotic behavior
(pressure exponents of 1.0 and 0.33 at low and high pressure,
respectively).

Based on his survey of the literature, Powling(42) de-
scribed AP-based propellants to burn with two gas phase re-
action stages, the first, a premixed reaction bet,,een the sub-
limed NH, and HCI04 and the second, an unmixed reaction between
the pyrolysed fuel vapors and the combustion products of the
first stage. Diffusional mixing plays an important role in
the second flame stage. At very high pressures (above about
70 atm), he considers the NH3/HC104 reaction zone to be con-
fined very close to the surface of the regressing AP crystal.
The effect of fuel type on the burning rate of AP-based pro-
pellants at these pressures is explained by the existence of
a fuel/oxidizer diffusion flame at the binder/oxidizer boun-
daries, as in the phalanx flame model above. At low pressures
(subatmospheric), he considers the two stages of the flame to
merge forming a single premixed NH3 /HCl04/fuel-vapor stage.
This representation would explain why most propellants have a
pressure exponent near unity at subatmospheric pressures but
does not account for the observed persistence of particle
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size effects at pressures as low as 0.1 atm. These ideas have
not been put into mathematical form for testing with propellant
burning rate data. The possibility that the NH3/HCI04 reaction
zone becomes distended at some low pressure is interesting and
will be investigated in the next section.

Spalding(103) has developed a theory for the burning be-
havior of homogeneous propellants. Although the theory is ob-
viously not applicable to AP composite propellants and probably
not applicable to the common homogeneous propellants based on
nitrocellulose (whose flame structures are obviously complex),
it is of interest to note that he showed that low pressure ex-
tinction could be caused by radiative heat loss to the surround-
ings from the hot regressing propellant surface. Johnson and
Nachbar(58) have also included this radiative heat loss term
into their theory for pure AP monopropellant burning but found
that the amount of heat lost is insufficient to account for the
observed extinction behavior. The possibility that this mode
of heat loss may be the cause of extinction at low pressures
for composite solid propellants, has not yet been investigated.
This possibility will be investigated in the next section.

From the above discussion it is concluded that, of all
theories that have been proposed in the literature to date, only
the columnar diffusion flame theory and the granular diffusion
flame theory are consistent, qualitatively at least, with all
that is known about the flame structure. (The heterogeneous
reaction theory of Hermance can not be ruled out on the same
grounds but it appears to be unnecessarily complex. incorpo-
rating processes that have not been proved to exist). The
validity of either the granular diffusion flame model or the
columnar diffusion flame model and the burning rate equations
derived for them can be assessed by systematic comparison of
the burning rate predictions with experimental burning rate
data. Such comparisons will be made in the next section. The
ideas propounded by Powling(42), that the NH3/HC'0A reaction
stage could become distended at low pressures, ana by Spalding
(103), that radiative heat loss from the burning propellant sur-
face could be significant at low pressures, will be analysed
on theoretical grounds in the next section also.

S,

The persistence of oxidizer particle size effects on the burn-
ing rate down to pressures as low as 0.1 atm can be attributed
to particle size dependent subsurface reactions and/or a gas
phase flame that is not purely chemical reaction rate controlled,
i.e., diffusion mixing processes still have effect at these low
pressures. Further discussion of this matter is deferred to
sections V and VI of this document.
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SECTION III

THE GRANULAR DIFFUSION FLAME THEORY

In the original 1960 formulation(1) of the granular
diffusion flame (GDF) theory, the pre-mixed ammonia-perchloric
acid (A/PA) reaction zone was considered so thin compared to
the overall temperature profile established by the oxidant-
fuel (0/F) flame that it was identified as occurring entire-
ly at the regressing propellant surface. The resulting burn-
ing rate equation was very successful in describing AP com-
posite propellant burning rate behavior in the 1-100 atm
range(3,4). However, as will be shown later, it breaks down
at subatmospheric pressures.

Because the A/PA reaction rate is pressure sensitive,
and because the thickness of the A/PA zone thus increases
with reduction in pressure, the assumption that it is effec-
tively collapsed must become invalid at some low pressure.
Consequently, if the validity of the granular diffusion flame
model is to be extended to very low pressures, the distrib-
uted nature of this reaction must be recognized. The model
then possesses two gas phase reaction stages, the second
stage, the fuel oxidation stage, still retaining its origin-
ally proposed character of a granular diffusion flame. A
further modification of the theory lies in the observation
that low pressure burning rate behavior is critically depen-
dent on the sensitivity of pyrolysis rate (i.e., burning rate)
to surface temperature. Therefore, variation of surface tem-
perature with pressure must now be allowed for. Finally,
since radiative heat loss from the burning propellant surface
could be important, a term accounting for this form of heat
loss, must be included.

In the sections below, the complete two-stage GDF model
is described. The collapsed A/PA-GDF theory is then derived
and its range of validity determined on the basis of all
available AP composite propellant burning rate data in the
range 1-100 atm. Finally, the complete (distended A/PA stage)
GDF theory is derived and its implications with respect to
AP propellant burning is discussed. The purpose of developing
the complete two-stage granular diffusion flame theory is
first, to extend the validity of the theory to very low pres-
sures and second, to check a posteriori the validity of
assuming an infinitely fast A/PA reaction in the 1-100 atm
range.

A. Physico-Chemical Model

In constructing the granular diffusion flame model, it is
assumed that the gasification process at the solid regressing
surface is driven by conductive heat feedback from a two-stage
flame occurring in the gas phase (see Fig. 1). This solid-to-
gas step is generally endothermic for both the fuel and oxidizer
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constituents. In the case of ammonium perchlorate, this step
is the dissociative sublimation step yielding hot gaseous
ammonia and perchloric acid. (See previous section.) The
ammonia and perchloric acid become the reactants for a vigor-
ous pre-mixed exothermic gas phase reaction occurring very
close to the surface of the AP crystal (less than one micron
at normal rocket pressures). The products of this reaction
which are rich in oxygen and oxygen-containing compounds, now
serve as a reactant in the ensuing fuel-oxidant gas-phase re-
action which extends much further from the regressing propel-
lant surface (about 20 micron at normal rocket pressures). Up
to this point, the beginning of the O/F flame, the pyrolysed
fuel gases are considered dispersed in the oxidant stream but
still unmixed (pockets). In the one-dimensional energy equa-
tion written below, the fuel vapor plays the role of a diluent
in this first stage. Since a composite propellant is of hetero-
geneous nature and the fuel and oxidizer gases therefore are
unmixed when they emerge from the propellant surface, both the
rates of diffusional mixing and chemical reaction determine
the overall reaction rate of the fuel-oxidant redox reaction.
In the granular diffusion flame model it is presumed that the
fuel enters this flame zone in the form of tiny gas pockets
and that the mass of these pockets is independent of pressure.
These pockets burn up in an atmosphere of oxidizer decomposi-
tion products. Composite propellant burning is thus viewed
as a three-step process in which the endothermic solid-to-gas
phase step, the exothermic premixed i£H.3/HCI04 reaction, and
exothermic fuel-oxidant reaction occur sequentially; the
diffusional mixing and chemical reaction processes in the O/F
flame zone occur simultaneously.

The granular diffusion flame is a one-dimensional model
in which it is assumed that the A/PA and O/F reaction zones
are planar and parallel to the regressing propellant surface.
One-dimensionality can be assumed provided the depth of the
thermal wave Ls in the solid phase and the O/F flame thick-
ness L I are large compared to the effective roughness dimen-
sion of the regressing propellant surface. The roughness scale
of the surface is not known accurately but based on Bastress'(14)
photographic study which shows the surface to be relatively
smooth at normal rocket pressures, it could be of the order of
10 micron. (This figure will vary with particle size). On the
assumption that this figure is correct, calculation of the pres-
sure dependence of LII and L (see Fig. 11) shows that the
assumption of one-dimensionality will break down only when the
pressure exceeds about 100 atm. It is recognized that at high
pressures especially, the A/PA flame hugs the exposed AP crystal,
leaving the fuel surface exposed only to thn O/F flarme. How-
ever, we can still represent this zone as a planar wave pro-
vided the temperature TI, at the point of completion of the
A/PA reaction, is obtained from mass flux average enthalpy,
including both the gases in the A/PA reaction zone and the as
yet unreacted fuel vapors. If we define T, this way, then by
definition the enthalpy term in the 1-D energy equation is
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satisfied. The same is true for the choice of the average sur-
face temperature Ts . (The average T, and the average Ts selected

to satisfy the one-dimensional energy equation may differ appre-
ciably from the physically measured average values). Finally,
in the energy equation there are one-dimensional heat conduction
terms for the solid phase and for the O/F flame. We assume that
the microscopic three-dimensional heat flow processes serve to
smooth out the temperature profile so as to validate these one-
dimensional heat conduction terms.

The assumption that the propellant flame is steady, is dif-
ficult to justify on fundamental grounds because, at any one
point in the gas phase flame, the mixture ratio changes drastic-
ally every time an AP particle near that point burns out at the
propellant surface. However, it is reasonable to expect that
the flame of a composite propellant that has a large enough
burning surface area (compared to the cross-sectional area of
an AP particle), will behave steadily on a macroscopic scale
and on a large time scale (compared to the transit time of the
burning surface through an. AP particle), because in the usual
composite propellant, the scale of heterogeneity (particle size)
is comparable to, or smaller than the characteristic dimension
of the propellant flame (flame thickness); also, in the normally-
used composite propellant, the transit time of the propellant
surface through a solid oxidizer particle is much larger than the
transit time through the layer of binder separating two successive
oxidizer particles. This assumption, that the flame of a com-
posite propellant behaves steadily, will become invalid when the
oxidizer particles are large. However, it is likely that the
assumption of one-dimensionality will break down for even smaller
particle sizes.

in the treatment of the complete granular diffusion flame
model it is assumed that the A/PA and O/F &vtages are independent
of each other as far as their respective responses to pressure
are concerned. In particular, their individual behaviors can
be extrapolated to low pressure where the role of the A/PA flame
becomes interesting. Their responses are inter-related, however,
by virtue of the fact that energy is transferred across the
boundary from the O/F flame to the A/PA flame. There is no
evidence to suggest that perchloric acid vapor reacts faster
with gaseous ammonia than with the gaseous pyrolysis products
of the binder. (This evidence is necessary to justify such
Neparate treatment of the O/F and A/PA flame stages.) In fact,
Powling(42) suggested earlier that when the pressure is lowered,
the A/PA stage becomes more distended, finally merging with the
O/F flame. Thus, the exact nature of the gas phase flame zone(s)
will remain open to question for the low(sub-atmospheric)pressure
range until s~ch time as the pertinent kinetic rate data have
been obtained . Certainly, however, it is valid to treat the
The kinetic rate data of a premixed HC104/NH3/hvdrocarbon reaction

would also have to be obtained before quantitative predictions are
possible with Powling's model.
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A/PA stage and the O/F stage as distinctly separate flame zones
in the normal rocket pressure range because here, the thickness
of the A/PA stage is much smaller than the size of the AP particle
(iLp compared to 10-200i); the physical situation does not give
the perchloric acid vapor the chance to react with the binder
pyrolysis products, except perhaps at the fringes of the exposed
surfaces of the AP particles (where the AP particle surface and
the binder surface meet), even if the HC10 were more reactive
with the binder pyrolysis products than with the NH3.

The granular diffusion flame theory postulates the existence
of fuel pockets in the gas phase fuel-oxidant flame and also
assumes that the mass of these fuel pockets is independent of
pressure but increases with increasing oxidizer particle size.
As indicated in Section II, various studies have shown t'e
burning surface of a composite to be highly irregular, on a
microscopic scale. Such surface irregularities, together with
the fact that the fuel and oxidizer gases have different densi-
ties, could introduce sufficient disturbance at the propellant
surface to periodically disrupt the vaporization of the fuel
gases and in so doing, create fuel pockets which burn up in the
surrounding atmosphere of oxygen-rich gases. These pockets
would be irregular in shape but could be represented as effec-
tively spherical in the theory.

It is logical to expect that the size of these fuel pockets
would increase with increasing oxidizer particle size, because
in a composite propellant, the oxidizer particle size and the
size of the fuel interstice between the oxidizer particles are
directly related; a larger exposed binder surface area is ex-
pected to generate larger fuel pockets. The assumption that
the mass of each fuel pocket remains independent of pressure
can be justified only on the basis that if this assumption is
made, the burning rate equation resulting from the theory
agrees well with the measured rate data of a wide range of
practical rocket propellants (see later). A further point in
defence of the existence of gaseous fDel pockets in the O/F
flame of an AP composite propellant is that if the fuel and
oxidizer gases are assumed to stream uniformly off the burning
surface of the propellant (i.e., the columnar diffusion flame
model), the resulting burning rate equation does not fit mea-
sured burning rate data under any circumstances see also later).
However, it is emphasized that, despite all these previous argu-
ments, the question of the existence of fuel pockets still re-
mains but a postulate upon which the GDF theory is based.

B. General Equations for a Three-Stage Flame Mode].

The complete three-stage model depicted in Fig. 1 can be
solved by setting up integrated steady-state 1-D energy equa-
tions for various stations in the flame zone viz., in the solid
just below the surface, in the gas just above the surface, at
the point of completion of the NH3/HCIO4 reaction, and at the
point of completion of the fuel-oxidant reaction. In these
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equations, the reference state will be considered as the energy
of the unburned solid at the initial temperature To. A term
accounting for radiation from the hot propellant surface to the
surroundings is included. Simple calculation has shown that,
provided no free carbon or other radiating solid particles are
present in large amounts in the flame zone, radiation from the
gas-phase flame is negligible by comparison.

With reference to Fig. - and the list of symbols at the
end of the text, the intergrated energy equations are:

o [~J C.Q~T)+A. + a-r- (1)

(4)

where r satisfies the Arrhenius expression for pyrolysis
reaction, i.e.,

A (5)

Upon introduction of the Mallard-le Chatelier approxi-
mation(Ref.117) that all temperature gradients in the gas phase
are linear, and upon recognition of the fact that the tempera-
ture gradient is zero when the final flame temperature T2 is
reached, these energy equations reduce to:

-(1a)

ro +cT TV .S) +'-~ 6j 0S7 >"3 (2a)

44

- wLCO ~ -ij - ccT (4b)
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These equations cai be solved simultaneously proided ex-
pressions for LI and LII can be inserted. In general, the flame
zone thickness L and the reaction time r are related by:

L = (6)

Thus a quantitative estimate of the pressure dependence of V
and Z'i: is needed. Such estimates require detailed assump-
tions concerning the structure of the two gaseous reaction
stages.

In the sections below, V is determined by specifying a
granular diffusion (0/F) flam structure. Two cases of the
granular diffusion flame theory are treated:

(a) The A/PA stage is effectively collapsed to the re-
gressing propellant surface ( VI = o

(b) The A/PA stage is distended and is governed by a
premixed second order chemical reaction ( -ip- 1 ).

C. GDF Theory With collapsed A/PA Flame

(i) Theoretical Treatment of collapsed A/PA-GDF Model

For this restricted case of the GDF theory, the heat of
reaction of the AP-monopropellant flame is considered deposited
at the regressing propellant surface. The pressure dependency
of the burning rate then comes about only by virtue of the fact
that the O/F chemical-diffusion flame reaction rate is pressure
dependent. The relative roles played by diffusional mixing
and chemical reaction in determining the rate of the O/F flame
are difficult to analyze. Consequently, as was done in the
original formulation(l), expressions will be derived for burn-
ing rate in the extremes of low pressure and high pressure
where chemical reaction and diffusional mixing rates respec-
tively, are known to be controlling; the burning rate at inter-
mediate pressure is then taken as the sit.plest empirical for-
mula which has these high and low pressu=e asymptotes and
which has been found to fit experimental burning rate data best
over the range 1-100 atm.

As in Ref. 1 for a second order gas phase reaction where
the prevailing pressure is sufficiently low for the O/F flame
(zone II of Fig. 1) to be chemical reaction rate-controlled
(high diffusional mixing rate), the chemical mass conversion
rate in a zone of length Lii,ch at temperature Tg may be ex-
pressed as:

i (7)

Assuming as an approximation that the effective gas tem-
perature is close to the flame temperature i.e., T2 = Tg, then
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use of the perfect gas law simplifies the expression of LIIch

to:

C( = 0 cT /?) a(I' 1 ) (8)

where a constant

An implicit relationship for the burning rate at low pres-
sure may now be found by substitution of LI, ch from Equation (8)
for LII in the heat balance equation (3a). Inherent to this
step is the assumption that the pyrolysed fuel and oxidizer
gases start to react immediately upon leaving the propellant
surface. When it is noted that T1 = Ts in the case where the
first gaseous reaction stage is very fast (implied by Equa-
tion (2a) when = 0), burning rate at low pressure where it
is chemical reaction rate controlled, can be written as:

Again, as in Ref. 1, the burning rate at high pressure
where it is diffusionally controlled, may be found. It is
assumed that the mass [t of each of the fuel gas pockets, of
effective diameter d , is independent of pressure but still
directly related to he mean size of the solid oxLdizer crys-
tals dm , through the size of the solid fuel elements between
the crystals. Thus,

(10)

It is expected that the functional relationship 15(d) and
hence 4, increases with the increasing oxidizer particle
size dm .

The overall flame thickness of the fuel-oxidant stage may
be obtained from the average gas velocity VIT arid the fuel
pocket life time Tf, which is determined by the rate of
supply of both flicl and oxidizer gases to the flame front en-
veloping each of the fuel pockets, i.e.,

T)'S 6 1/3

While chemical reaction rates were identified with T2 in the
previous case, it would be more reasonable to identify diffusion
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rate with Ts here. Thus use of the perfect gas law and the
empirical relationship(Ref. 118):

yields

L iF(d (12)

where (d) is some constant,
incorporating f(d).

Again, when it is noted that T1 = Ts, substitution of
L11 dif for L in the heat balance equation gives the asymp-
totIc value for burning rate at high pressures:

PI1 T17 / (- - (13)

With these two asymptotic forms for burning rate, the
burning rate at intermediate pressure can be expressed by
some relation which reduces to these forms at the extremes
of pressure. Many relations are possible, but the relation,
1/r=l/rch+l/rdif, originally proposed, has been very success-
ful to date and has the appeal of simplicity. Thus:

(14)
T~ + ___ l

C7, - -V' 3 -r7/

it is worth noting that considering Ts constant and radiative
heat loss negligible reduces this equation to the earlier burn-
ing rate equation,

I - + (15)

where a = chemical reaction time parameter

b = diffusion time parameter
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i
The numerical values of a and b can be evaluated by fitting
Equation (15) to experimental burning rate curves. Because
Equation (14) and (15) display the same behavior in the range
1-100 atm (see below and Section IIID), a and P can be eval-
uated from a and b using a measured surface temperature at a
particular pressure.

An implicit relationship between Ts and p can be found
by substituting Equation (5) into Equations (14) and (40):

9,_A V(7. --- ) ri:

(16)

where
E--v (17)

The p-essure dependence of burninq rate for the col-
lapsed A/PA-GDF model can now be obtained by solving Equa--
tion (16) for Ts (by trial and error) at every p and then
inserting these values into Equation (14). These calculations
have been performed*. The predictions are shown in Figs. 8, 9,
10, and 11, together with the predictions of the distended
A/PA-GDF model. Discussion of these predictions is deferred
to Section IIIE (after the complete two-stage GDF theory has
been treated in Section IID). What is of interest now, how-
ever, is that the burning rate-pressure predictions of the
collapsed A/PA-GDF model behave in the same way as Equation (15)
above about 1 atm; the predi-:tions of the collapsed model and
of Equation (15) fall on straigbt lines when plotted as
(p/r) vs. (p2/3) (see Fig, 8). Thus, the simplified burning
rate Equation (15) proposed by Summerfield(Ref.l) is a good
representation of the collapsed GDF model above 1 atm.

Equation (15) has been tested with a wide variety of AP
composite solid propellants and has been found remarkably
successful over the range 1-100 atm (to be shown below). Later,
Penner(Ref. 119) contested this by proposing the same equation
in slightly altered form; it was claimed by Ref. 119 that chis
alternate equation was equally good:

(1)2 (18)

The numerical values assumed as typical for the physical con-
stants are listed in Appeihdix A. The numerical values of the
predictions for the collapsed A/PA-GDF model appear in Tables
II(A) and II(B) of the same Appendix.
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where a and b are the same parameters as in Equation (15), also
representing the O/F flame chemical reaction and diffusional
mixing times, respectively. In Ref. 119 the similarity of Equa-
tions (15) and (18) wa. obscured because (18) was presented in
an algebraically altered formt

i/a

r ~ +(lea)

22
where a' = a and b' = b2 .

Actually, Equation (18) was discussed four years before Ref.(120)
in the Princeton thesis of M. J. Webb as a trial equation com-
bining the high and low pressure burning rate asymptotes dif-
ferently, according to: (i/r)2=(l/rch)2+(l/rdiff)2 . The re-
sulting burning rate Equation (18)was found unsatisfactory.

The validity of either of Equations (17) or (18) can be
established by systematically testing the fit obtained by each
equation to all the available composite propellant r-p data.
For the purpose of this cofmiparison it is noted that these two
equations are identical when the ratio (a/b) is zero or infinite;
therefore, the predictions ought to be equally good for veiy
coarse or very fine propellants. The greatest distinction be-
tween these equations in the 1-100 atm range will be for pro-
pellants with intermediate values of (a/b), i.e., moderate par-
ticle size. It can be shown that with (a/b) around 28 (psia)2/ 3

the difference between the two equations is greatest; these
propellants are the oties to use for the test.

At this point, it is noced that simply on the basis of
flame structure observations, the columnar diffusion flame theory
as modified in Ref. 27 is equally credible. The way to test its
validity is to determine just as for Equations (15) and (18)
whether the derived burning rite equation fits the available
composite propellant r-p data. The relation proposed (using the
same reasoning above for the GDF relation), is:

r (19)

where again, a and c are constants vepesenting the chemical re-
action rate and the diffusional mixiirg rate, respectivel,'.

(ii) Comparison of Diffusion Theory Burnincg Rate Ecrua-
tions With Burnin Rate-Pressu.-e Data

Many systematic studies(1-4,7,14-17,120-1.26) of the effects
of variables sunh as AP particle size, AP content, and fuel type
on the burning rate behavior of composite .'old propellants have
been made. Aluminized propellants are not ncluded in this sur-
vey; the specific role of adde, aluminum is deforred to the last
section. A suLnmary of all the available AP-propellant burning
rate data (including new results to be discussed later) is
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presented in Table III of the Appendix B. (Data obtained by
various manufacturers are not included in Table III because
they seldom span more than a five-fold factor in pressure; a
factor of about one hundred-fold is needed to determine the
validity of any burning rate equation.) The results of com-
paring Equations (15), (18) and (19) with all of these data
are also included in the table.

The agreemenc (or lack of agreement) with the data was
determined by plotting the data as (p/r) vs. (p2/3), (p/r)2

vs. (p 2 / 3 ) 2 , and (p/r) vs. (p). As seen from Equations (15),
(18) and (19), rewritten in the form,

-(15c)

( /r ) - . 4 ,- - (19C)

respectively, the data must fall on a straight line when
plotted in this way, if the particular burning rate equation
is to be valid. The burning rate data of all propellants in-
cluded in Table III have been plotted in these three ways*
and are shown in Figs. B-I to B-59 of Appendix B. These figures
include plots of (log r) vs. (log p) for the same propellants.

Careful scrutiny of the data in Table III(A) (see also
notes at bottom of this page) shows that the granular diffusion
flame equation, Equation (15), fits the burning rate data when-
ever the AP loading is high and the AP particles are of inter-
mediate size. Typical of the fits obtained with the GDF theory
are those shown in Fig. 2. Apparently AP content and AP par-
ticle size are interrelated in defining the boundary of validity
of the GDF theory. Since different fuels are involved, the
definition of a validity boundary would be more meaningful if
done in terms of equivalence ratio P0, and the mean particle
size dm . Figure 3 shows the range of validity of the GDF theory,

The exception is when the burning rate data obviously would
not fit either of Equations (15), (18), and (19), i.e., when
the (log r) vs. (log p) curve is not monotoni(c or when its
slope is negative at any point.

NOTES:
(1) All fuels are here designated according to their major

constituents; thus, PBHT/TDI denotes hydroxyl terminated poly-
butadiene prepolymer polymerized with 2, 4 toluene diisocyanate.

(2) The exact formulation of each fuel is given in Table
IV of Appendix B. The data required for calculation of equi-
valence ratio (defined in footnote on Page 15) are also in-
cluded in Table IV.

(3) A list of abbreviations for chemical names appears
at the end of the text.
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defined in this way, for the 81 different propellants of
Table II(A), i.e., unimodal and bimodal* AP-based propel-
lants with P13, LP3/GMF, EPON/TETA, PBAA/EPCN, PBAN/14APO,
PB1'T/TDI, PVC/DBS or NC/TEGDN fuel. As shown later, these
fuels are of the type that do not melt readily. According to
Fig. 3, the range of validity of the GDF theory for propel-
lants with these fuels is: (P > (0.58-0.10 logl 0 dr) and
dm6250 where d. is in microns.

Table III(A) shows that the region of small oand small
d in Fig. 3 is one of abnormal burning that shows up as
plateau burning, mesa burning and extinguishment in the nor-
mal rocket pressure range. Discussion of studies of this be-
havior and also how similar behavior Mnay be produced with
some highly oxidized AP-propellants, is deferred to Section
IV. The upper limit of validity of the GDF theory with re-
spect to d. (,,,250) has been estimated on the basis of two
propellants that did not fit the theory. This boundary is
ill-defined but it is reasonable, since it is logical to ex-
pect that there is some particle size above which the assump-
tion of a one-dimensional flame in the GDF theory must oreak
down.

Comparison of the fits obtained by Equations (15) and
(18) (see Table III(A) and Figs. 3 and 4) shows that both
equations fit the data of propellants within the above-defined
range of validity (i.e., large 0. and medium dm ) equally well,
as long as the ratio (a/b) is less chan about 10 (psia)2/3.
However, 0 ly Equation (15) applies when (a/b) approaches
30 (psia)2 3, the value for which the distinction between
Equations (15) and (18) is greatest. These points are il-
lustrated by Fig. 4 which shows the data of Fig. 3 replot-
ted as (p/r)2 vs. (p2/3 )2 .

Finally, Table III(A) shows that of the 81 propellants
tested, only two or perhaps three, are fitted by Equation (19).
This is purely coincidental. The inability of Equation (19)
to correlate the burning rate data of the propellants in
Figs. 3 and 4 is demonstrated in Fig. 5.

Thus, the burning rate correlation proposed for the
columnar diffusion flame model is not valid. Of the equations
proposed for the GDF model, that originally proposed Dy
Summerfield(l) (Eq. 15) is preferable. Webb(120) also ar-
rived at the latter conclusion, though he did not have access
to as much datt at that time as is presently available. The
Summerfield relation fits all those propellants with high
*

In bimodal AP distributions, d, is here defined as:

where yl = mass fraction of AP particles with mean diameter d l
d i = mean diameter of large AP particle size distribution
ds = mean diameter of small AP particle size distribution
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AP-content, medium-sized AP particles and fuels that fall into
the class that do not melt and flow easily. The only data in
the literature known to us which does not conform to the pre-
dictions of the GDF model are those of Adams, Newman and
Robins(17) for pressed fuel-AP strands. There is no apparent
explanation at this time for their observed burning rate be-
havior; the curves are highly unusual, compared with practical
propellants known to us. We know of no other exceptions.

D. GDF Theory With Distended A/PA Flame

(i) Reaction Times for A/PA and O/F Stages

The solution of the complete granular diffusion flame
model in which account is taken of the distributed nature (non-
zero reaction time) of the A/PA flame stage, requires first,
quantitative estimation of the pressure dependences of the re-
action times V' and Z'

It is assumed that the premixed NH3/HCi04 is bimolecular
and hence of second order. In that instance, TT is inversely
proportional to pressure. Friedman(34) shows that, since the
final flame temperature of pure burning AP is low, and since
its linear burning rate is fairly high, the thickness of the
A/PA flame must be a fraction of a micron at 5C ,tm. Due to
the heating effect of the fuel-oxidant flame, _Ai thickness
of the A/PA reaction zone in a burning propellant will be still
less, say 0.1 micron at 50 atm. This is to say that the re-
action is accomplished at this temperature level in about 100
molecular collisions. This implies hat the first gas phase
stage has a reaction time of 1.3x10 sec; for other pressures
(in atm units) we may write:

= (6.5x106 p ) seconds (21)

'I is plotted as a function of pressure in Fig. 6.

An expression giving the pressure dependence of ZrI can
nct be obtained directly. However, a reasonable estima e of
Z' % be inferred from the collapsed A/PA-GDF theory which is

va id in the 1-100 atm range; the theory fits composite pro-
pellant burning rate data remarkably well in the 1-100 atm
atm range and moreover, as will be shown later, the assumption
of a collapsed A/PA flame is theoretically valid in this pres-
sure range. Essentially, the method of inferring Z'.i(p) from
the collapsed A/PA-GDF theory is by fitting the theory to AP
composite propellant burning rate data in the range 1-100 atm
and extrapolating the resulting expression for Zii(p) to pres-
sures below 1 atm. Implicit to this latter step is the assump-
tion that the A/PA and O/F reaction stages behave independent-
ly of each other as far as their response to pressure is con-
cerned. It is to be noted that similar extrapolation of
Zii(P) can not be carried out indefinitely to high pressures
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because LII would become very small and soon approach the
effective roughness dimension of the propellant surface. The
one-dimensional character of the O/F flame would then be lost.

The variation of with pressure predicted by the col-
lapsed A/PA-GDF model can be found by substituting Equation (14)
into Equation (3a), at the same time noting that Tj = Ts in this
case. This leads to the following expression for L 1.

p .p

Substitution of Equations (14) and (22) into (6), together
* with application of the perfect gas law, then yields:

= - -r. ) V (23)

where, again

$ ~~,r -T. T + + 4-:Ts "T.pE/~~(~ )(7

It is interesting to note that the low an high pressure

asymptotes for Z'_ are proportional to pn and pi/3 respec-
tively, as expecrd for this model.

ZII(P) may now be calculated from (23) by substitu-
ting T(p) which in turn, can be obtained from Equation (16)
by trial solution at eer e aration y (p) thus cal-culated, is shown in Fig. 6 for the values of pyI

stants listed in Appendix A.

Fig. 6 shows that in the range 10-100 atm, the first
stage A/PA flame is more than 20 times faster than the second
stage 0/F flame. Our a priori assumption that the A/PA flame
is collapsed in this pressure range, is consistent with this
finding although not yet proved to be valid; for proof of this
point, the complete two-stage GDF theory must be developed.
Fig. 6 does show, however, that the assumption of a collapsed
A/PA flame breaks down below 1 atm; I and "ZII become com-
parable in magnitude in this range. Thus, also for the pur-
pose o f i validity of20 the fatheory to very low
pressure, the distended A/PA-GDF theory is treated below.

(ii) Derivation of Distended A/PA-GDF Theory

The complete two-stage gas phase reaction granular dif-
fusion flame theory can be solved uing (p and cii(P)
given in Fig. 6. However, due to the complexity of the eua-
tiors, burning rate can not be written directly as a function
of p, I(P), and i (P). Therefore, the equations had to be
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solved by a numerical procedure. The equations rewritten in
a form, convenient for iteration are:

From Equation (6) and the perfect gas law we obtain:

L = -k) T (6a)

(6b)

Equation (5) is:

r A eip (5)

Equation (4a) rewritten, becomes:

12Wa) - %/(?Ct(4a)

Rearrangement of (2a) and substitution of (6a) yields:

Ti~st ..- T 5~'s- (2b)P qJ

Rearrangement of (3a) and substitution of (6b) gives:

This set of equations is solved at any particular pres-
sure by assuming a trial value of Ts and then in sequence,
determining TI and TII from Fig. 6, r from Equation (5),
T2 from Equation (4a), TI from (2b), r from (3b) and Ts from
(5). If the finally ca-lculated value of Ts does not corres-
pond to the initially assumed value, the procedure is re-
peated with a new trial value of Ts until they do agree. The
results of calculations so performed, are shown in Tables
II(C) and II(D) of Appendix A and in Figures 7, 8, 9, and 11.
The values assumed for the physical constants are the same as
before and appear in Appendix A.

E. Discussion of Theoretical Predictions; Collapsed A/PA-GDF
Model Compared to Distended A/PA-GDF Model

One of the main objectives for carrying out the complete
two-stage GDF theory, aside from its application to low pres-
sure burning rates, is to determine purely theoretically the
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range of validity of the earlier approximate version, the col-
lapsed A/PA stage-GDF model. Figure 6 shows that the assump-
tion TT = 0 in the collapsed model is reasonable above about
10 atm T C:<< T 1i). Figure 7 shows that the distended model
does in fact beave like the collapsed model at all pressures
above 10 atm, that is, that the energy per unit mass of un-
burned propellant arriving at the regressing surface by ccn-
duction from the A/PA stage* becomes independent of pressure
above 10 atm; this is the essence of the collapsed A/PA-G!-
model. The collapsed A/PA flame assumption is therefore justi-
fied for pressure levels above 10 atm.

An intcresting point of the two-stage GDF theory (Fig. 7)
is that the pressure dependence of the heat flow into the in-
terior and hence of the propellant burning rate is almost en-
tirely governed by the kinetics of the O/F granular diffusion
flame at pressures above 10 atm, even though the heat feedback
from this source is considerably less than the heat contributed
by the AP-monopropellant reaction. This is because, compared
to the O/F flame, the A/PA layer has a very small impedance to
conductive heat feedback above 1 atm. In effect, the A/PA
layer is so thin at these pressures (particularly above 10 atm)
that the requirement of finite heat conduction through the
layer (only finite amount of heat available) forces the tem-
perature difference (T1 - T ) across the layer to be small
also. As shown in Table IITC) and II(D)(Appendix A), this
temperature difference is several hundred degrees at subat-
mospheric pressure, but above 10 atm it goes below 100 0C and
is even less than 100C at 100 atm. This is so, in spite of
the fact that the heat generated by the A/PA reaction is suf-
ficient to produce a temperature rise in pure AP monopropel-
lant combustion of about 300°C(34). Thus, it is the pressure
sensitivity of the "trigger" and not of the main source of
heat feedback that is important in determining the pressure
dependence of composite propellant burning rate at normal
rocket pressures.

Fig. 6 shows that the assumption 2I = 0 in the collapsed
model starts to break down below 10 atm ( TI becomes comparable
to ?TT). Fig. 8 shows that this partial breakdown of the assump-
tion-aoes not jeopardize our graphical test for the validity of
the GDF theory, i.e., determining whether data taken in the
usual 1-100 atm experimental range fall on a straight line when
plotted as (p/r) vs. (p2/3). In fact, this graphical test will
never distinguish between the collapsed and the distended
A/PA stage models since the predic iqns of both models fall on
straight lines on the (p/r) vs. (p /) plot. (The line for the
two-stage flame falls higher on this plot because all physical con-
stants were left the same but TI was increased when going to the

The conductive heat feedback per unit mass of unburned pro-
pellant from the A/PA flame is given by:

T. - [(-r,-~7 s)/ z 7%,--3Li-/(per)
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two-stage model.) Note that data taken in the 0.001 - 0.1 atm
range where t_-T 1 (and hence the models most dissimilar), can
not distinguish between the collapsed A/PA flame or the 4is-
tended A/PA flame either when plotted this way (p/r - p2/3 ), be-
cause all such data points will cluster at the very low pressure
end of this graph.

It is appropriate now to make the parenthetic remark that
these findings validate the approach taken by Krier, T'ien,
Sirignano and Summerfield(127) when they assumed the collapsed
A/PA-GDF model to predict low frequency instability behavior of
composite solid proreliants at normal rocket pressure. Also,
since V. 1.5x10-  sec at these pressures, their quasi-steady
treatment of the O/F flame reaction time is valid for low fre-
quencies; above about 5000 cps, the dynamic lag of the O/F must
be taken into account - the dynamic lag of the A/PA flame need
only be considered when the frequencies approach 100 Kcps.

The above findings also show that the assumption of a col-
lapsed A/PA flame breaks down at subatmospheric pressure. To
discern the role played by the A/PA flame, burning rate data
must be taken into this low pressure range where the A/PA stage
of the gas phase flame represents a large part of the total re-
action time. Fig. 9 compares the burning rate vs. pressure
predictions of the two models on a log-log plot. As expected,
their behavior is drastically different in the subatmospheric
pressure range. In the case where VT is non-zero and where there
is no radiative heat loss the (log rf vs. (log p) plot tends to
follow a straight line with slope slightly less than unity. It
is interesting to see that, for small values of the activation
energy of the surface reaction ES, the collapsed A/PA flam
model predicts that the burning rate curve will bend concave
upwards as the pressure is reduced and will level out asymp-
totically to some no i-zero burning rate at zero pressure, re-
gardless of radiative heat loss. Only the fact that the sur-
face reaction is exothermic overall makes the burning rate non-
zero at zero pressure. The transition from a finite pressure
exponent to a pressure exponent of zero denotes the region where
the second stage O/F flame, the only pressure sensitive process,
becomes so distended that its heat flux to the pyrolyzing surface,
that is, its contribution towards establishing the burning rate,
becomes negligible; below about 0.01 atm, only the exothermic
A/PA surface reaction (effectively of zeroth order when 0) = )
controls the burning rate. This behavior would not exist in
practice without some "artificial" means of ensuring that

I = 0, or at least independent of pressure. This possibility
will be referred to later.

It should be emphasized that the low pressure behavior pre-
dicted by the collapsed model is very sensitive to the choice of
Es (see Fig. 10) for when Es is large and when there is radiative
heat loss, then extinction will occur at some low pressure. The
reason for this is that the surface reaction for large Es is a
more sensitive function of surface temperature than is the
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radiative heat loss. Thus, at some low pressure, where the O/F
flame is weak, the surface reaction, which is almost entirely
the source of heat, can not overcome the heat loss. This is
the pressure at which extinction occurs. In the case of the
distended A/PA flame model, radiative heat loss will always
cause extinction, because the surface pyrolysis is taken to
be an endothermic process in this case, and the A/PA stage
behaves in the same way as the O/F stage, the heat feedback
declining as the pressure is reduced. This model predicts ex-
tinction at 0.022 atm (see Fig. 9).

Radiative heat loss has on various occasions been proposed
as a factor responsib"- for low pressure extinction of solid
propellants. It is characteristic of the theoretical predic-
tions that radiative heat loss becomes steadily more important
as the pressure is reduced. Consequently, just before the
extinction point is reached, the burning rate pressure curve
starts to bend downwards with reduction of pressure. Two other
factors more likely to be responsible for extinction, are cool-
ing of the gas phase flame by dilution with the entrained am-
bient gases (in a strand burner not an internal burning grain),
and reduction of the amount of heat produced in the flame due
to increased combustion inefficiency (seen in the products, both
gaseous and solid) with reduction in pressure. A propellant
strand, typically 5 millimeters square, will be particularly
susceptible to cooling by dilution with the surrounding ambient
gases at about 0.05 atm because as Fig. 11 shows, the calcu-
lated flame thicknesses of the A/PA and k-he O/F stages are
then of the order of millimeters. This is a full order of
magnitude higher in pressure than can be accounted for by radia-
tive heat loss alone; so, convective heat loss is more likely
to cause extinction at low pressures. The significance of
combustion inefficiency in determining low pressure extinction
behavior can not be calculated theoretically. One must rely
on actual measurements of the heat generated as a function of
pressure. Product analyses will be very useful for this pur-

At the high pressure end of the burning rate curve, it is
noted that propellant burning can be considered one-dimensional
only if the O/F gas phase flame thickness and the thermal wave
thickness * in the solid phase are large compared to the effective
roughness dimensions of the propellant surface. (This is more
nearly the size of the crevice between the particles of oxidizer,
not the mean particle diameter.) If the significant dimension
is of the order of 10 microns, then from Fig. 11, it is seen

The solid phase the .nal wave thickness is defineq as the depth
below the propellant surface at which (T - TO ) = e (Ts - TO ) and
is calculated from the usual equation for the temperature profile
in a moving medium with conductive and convective h7t flow:

CT - CT-T -
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that one-dimensional considerations break down above about
100 atm. Therefore, agreement with the granular diffusion
flame one-dimensional theory must brenk down above 100 atm,
and generally this is so. (See Section IIB(i)).

A final prediction of use in the later evaluation of the
complete two-stage GDF theory is that surface temperature in-
creases significantly with increase in pressure; it is about
600 0K at 0.01 atm and about ll000K at about 100 atm.

F. Major Conclusions Summarized

The collapsed A/PA-GDF model is theoretically a valid
representation of AP composite solid propellants in the ranP3 '
1-100 atm. The resulting burning rate equation i/r=a/p+b/p /

agrees well with the burning rate data of a wide class of
practical AP propellants over the range 1-100 atm. These are
propellants with high AP loading, medium-sized AP particles,
and/or fuels of the type that do not melt readily. The boun-
dary of validity of the collapsed A/PA-GDF theory, specified
in terms of equivalence ratio 0. and AP particle size dm, is:
(4, > (0.30 - 0.10 logl0 dm) and dmj 250.

The collapsed A/PA-GDF theory becomes invalid for the
following cases:

(1) Above 100 atm- the flame loses its one-dimen-
sional character.

(2) Between 1 and 100 atm when the propellant has
low AP content, small AP particle size, and/or
a fuel that melts and flows easily - a new
phenomenon to be elucidated in Section IV comes
into play.

(3) Below 1 atm - the A/PA flame becomes distended
as will be showr by supporting data given in
Sect ic'n V.
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SECTION IV

COMPOSITE PROPELLANT BURNING BEHAVIOR IN 1-100 ATM RANGE;NORMAL
BURNING, PLATEAU BURNING AND INTERMEDIATE PRESSURE EXTINCTION

In Section IIIC(ii) it was found that AP-based composite
solid propellants conform to the GDF theory whenever the AP
loading is high and the AP particles are neithervery small nor
very large (see Fig. 3). These propellants are said to burn
normally. Our review of all available burning rate data also
showed that abnormal burning in the form of plateaus etc., en-
sues soon after either 0. or dm are reduced below the value
for which the GDF theory applies (the normal burning - abnormal
burning boundary in Fig. 3). Bastress(14) was the first to
have reported these effects of low AP loading and small AP
particle size for underoxidized mixtures. The phenomenon
responsible for this behavior in the particular underoxidized
AP propellants that he studied has a very important implication,
in the sense that we may find it possible to produce these
desirable plateau burning and mesa burning regions in the
normal rocket pressure range with highly oxidized practical
propellants, once the phenomenon is understood. Further study
of this anomalous kind of behavior is therefore well justi-
fied.

A. Findings By Previous Investigators

Figures 12 and 13 show burning rate curves reported by
Bastress(14) for several AP-based composite propellant systems.
These demonstrate that burning rate plateaus can be produced
by lowering AP content and reducing AP particle size. With
further reduction of oxidizer loading, a region of negative
slope (mesa burning) in the burning rate versus pressure curve
develops; for still lower loading, extinction occurs for pres-
sures above about 800 psia. This behavior was observed for
polysulfide (LP3/GMF)-AP, polyesterstyrene (PI3)-AP, and epoxy
(EPON/TETA)-AP propellants. Rumbel(16) reported an identical
effect of reduced AP content in polyvinyl chloride (PVC/DBS)
based propellants.

Fig. 13 shows that similar regions of plateau burning,
mesa burning and intermediate pressure extinction can be
produced by reducing cxidizer particle size while oxi.dizer
loading is held at a constant low value. The data reported
by Rumbel(16) for PVC/DBS propellants also seem to indicate
that small AP particles accentuate/plateaus. The data of
Fig. 13,replotted as (p/r) vs. (p2/i) in Fig. 14, show that
these propellants conform to the GDF correlation only in a
relatively narrow intermediate range of particle size (50-200LL).

The behavior characteristics of all propellants discussed
in this section are summarized in Table III of Appendix B
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This is because the eauivalen;.e ratio (06=0.415) is small
(see Fig. 3). A higher oxidizer loading would widen the range
of applicability of the GDF equation. Fig. 14 also shows, as
expected, that the b-parameter in the GDF correlation depends
on mean AP particle size; empirically, this dependence turns
out to be b C dm0 "2 . The small dependence of burning rate
on the particle aize implied by this small exp-nent is con-
sistent with the data reported by Rumbel(16).

In the case of one of Bastress' propellants, a polysty-
rene propellant with 72.5% 20. AP, extinction was found only
in the range 300 to 1200 psia. (Reid(128) had previously
found that this extinction pressure range for this particular
propellant, narrows with increasing strand size.) Since other
severely underoxidized propellants were not tested above
1600 psia, the upper limit of the apparatus, the latter ob-
servation might imply that a preqsure exists for all such
propellants above which steady self-sustained burning is again
possible.

Bastress ascribed(14) the above behavior (plateaus and
extinguishment) to spotty izame-outs caused by intermittent
local depletion of exposed oxidizer crystals at the decom-
posing propellant surface, a phenomenon that was thought to
result from the large difference between the individual py-
rolysis rates of the fuel and oxidizer under weak flame con-
ditions. The contradiction in burning rate behavior between
propellants of high oxidizer loading and those of low oxidizer
loading suggested interesting implications from both the theo-
retical and practical points of view. It was important, there-
fore, to re-examine thoroughly the data and the underlyi.ng
mechanism.

B. Experimental Results of This Investigation

As a first step, it was decided to try to reproduce the
results of Ref. 14 in order to make sure that the obs.rved
burning rate curves, which seemed quite unusual, could not be
attributed to defects in experimental technique or in propel-
lant quality. Steps were taken in the new experiments to
modify the existing burning rate apparatus and to modify the
test procedures in order to obtain more accurate measurements;
also more careful propellant and quality control methods were
instituted. A detailed account of these efforts is given in
Appendix C; it covers the experimental procedures followed
(propellant manufacture, propellant quality control, and burn-
ing rate measurements), and also the accuracies involved in
following these procedures. Appendix D gives a listing of
the physical properties of all the propellants used in this
study.
*
These temporary localized extinctions have since been ob-
served photographically by Barr~re and Nadaud(123).
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In stmuuary, the resul." of the a!:,-;" -2.z': -ffort
was that the curves for polysulfide ,.u3j7M') pLopelLants
containing 65% ammonium perchlorate with different particle
sizes reported in Ref. 14 were found to be reproducible.
(See Figure C-15 of Appendix C.) Similar plateau and ex-
tinguishment behavior was found also with polybutadiene
acrylic acid (PBAA/EPON) propellants containing 75% AP of
different mean sizes. Very careful measurement of propellant
density in all test propellant strands excluded void content
as a possible cause of the burning rate anomalies. It was
concluded, therefore, that the anomalies are an inherent
characteristic of small AT, par xcle size propellants, par-
ticularly when severely underoxidized.

The effects of AP content, AP particle size, fuel-type
and strand size, some of which were covered in Ref. 14, have
been studied more extensively in the present investigation.
These latest findings zre:

(i) The effect of AP particle size in PBAA/EPON pro-
pellants, loaded with 75% AP shown in Fig. 15, was found to
be consistent with the earlier findings described above. In
line with the boundary of validity of the GDF theory defined
in Fig. 3, none of these propellants fit the theory; the
equivalence ratio is too low (0.334). Fig. 15 also shows
that the addition of a small percentage of medium-sized AP
particle3 (10% 80R) to a predominately small unimodal par-
ticle size distribution (90% 5) is instrumental in suppress-
ing the phenomenon responsible for mesa burning, though the
amount a 'ded is obviously not sufficient to avoid extinction.

(ii) The effect of AP loading in PBAA/EPON propellants
with a bimodal AP distribution (30% 54 + 70% 454) shown in
Fig. 16, is also consistent with earlier findings. As ex-
pected from the correlation of Fig. 3, only that propellant
with the highest AP content (80%) in this series, conforms
to the GDF correlation. Fig. I3/shows the data of this pro-
pellant plotted as (p/r) vs. (p/), together with the data
of other bimodal propellants with similar binders to be dis-
cussed in paragraph (iv) below.

(iii) The effect of increasing strand size from 1/8 inch
square to 3/8 inch square was not completely negligible. In the
search for the above-described extinction phenomena, for example,
it was found that the extinction pressure is raised from 375 to
600 psia in the case of PBAA/EPON-AP propellant with 5u mean
particle size. (See Fig. C-13 of Appendix C.) Reduction of the
drift velocity of nitrogen past the strand* from about 2 ft/sec

Throughout this study, nitrogen at room temperature was allowed
to flow slowly past the strand in order to prevent possible pre-
heating of the strand by reverse flow of the hot combustion pro-
ducts and also to prevent the flame from flashing down the side of
the strand, in cases where the applied surface inhibitor was not
fully effective.
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to 600 psia in the case of the 1/4 inch square strands; this
effect is not likely to be as great %.n the case of large
strands. On the other hand, viriation of strand size did noth-
ing to alter the burning rates, except in the case of the small-
est strands (1/8 inch) where the burning rates were reduced by
about 15%; even so, all the burning rate curves were found to
have the same shape (see Fig. C-13 of Appendix C.). The narrow-
ing of the extinction pressure range with increasing strand size
was also observed by Reid(126) with polystyrene-polyeste2 pro-
pellant; for strands larger than 5/16 inch square, no extinc-
tion region could be found at all.

(iv) The effect of fuel type has been found significant in
determining the burning rate behavior of composite solid propel-
lants. Preliminary studies of the behavior of various polymer
types during degradation in bulk* (Table IV of Appendix B) shod
that they fell into two classes according to their melting
properties: (1) those for which the melting temperature is sig-
nificantly lower (100-1500C) than the temperature at which 50%
weight loss occurs in 30 minutes (i.e., ESTANE/POLYOL, PIB/MAPO,
and POLYOL/TDI); and (2) those for which these two temperatures
are about equal (i.e., PBAA/EPON, PBAN/MAPO, PBCT/EPOXY, and
PBHT/TDI.) Because of the coincidence of these two temperatures,
polymers of the latter category are less likely tc form a thick
molten fuel layer at the surface of a burning solid propellant.
Thus, based on the assumption that knowledge gained from bulk
degradation and melting studies is indicative of the behavior of
the polymer during propellant burning (high heating rate at the
decomposing surface), we will henceforth refer to polymers of
class (1) as being of the type that melts readily; similarly
then, class (2) is of the type that does not melt easily. It so
happens that the polymers tested do not differ greatly in their
volatility characteristics**; the temperatures for 50% decom-
position all fall between 270 0C and 3400C. (See Table I\,).

The burning rate behavior of propellants with the above
fuels were systematically studied. Fig. 17 shows data of high-
ly loaded ( 0 --0.52) bimodal (30% 40. + 70% 180t) AP propellants
with fuels that do not melt readily (class 2), n Tjly PBAA/EPON,
PBAN/MAPO, and PBHT/TDI, plotted as (p/r) vs. (p /). They fit
the GDF correlation quite well, although beyond about 1000 psi
there is a tendency to break away from a straight line fit.
Fig. 18 shows the same data plotted as (log r) vs. (log p), to-
gether with the data of propellants with the same fuels but with

The polymer samples were placed in an oven at a preset tem-
perature for 30 minutes. The percent weight loss during this
time and the physical state of the polymer, i.e., molten or
not, were recorded.

The exception is paraformaldehyde, for which the temperature
for 50% decomposition in 30 min. is about 100 0C. It agrees
well with the value 120 0 C reported by Ref. 42.
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severely underoxidized propellants show strange inflecti.ons in
the burning rate curve and do not fit the GDY correlation. If
the results of these propellants (concerning the fit obtained by
GDF correlation) are plott:, on Fig. 3, it is seen that these
propellants are consistent . their behavior with that of all
other propellants previousl-; reviewed. Thus, the correlation
of Fig. 3 applies to AP propellants with fuels that do not
form a t-ick molten layer.

The burning race curves for pronellants with fuels that do
melt readily (ESTANE/POLYOL, POLOL/TPT and PIB/MAPO) show
exceptional behavior with respect to the correlation found in
Fig. 3. Figs. 19 and 20 show the r-p behavior exhibited by the
two AP-polyurethane (ESTANE/POLYGL and POLYOL/TDI) propellants.
It is apparent from this figure that these propellants show
marked tendencies toward the same kind of plateau burning and
intermediate pressure extinction that is typical of points be-
low the line in Pig. 3, but they show thin anomalous behavior
at much higher AP loadinge than one would .,ect for prcpel-
lants with fuels that do not melt readily. Thus, when the
representative points of these abnormal 2ropellants are placed
on Fig.3,they fall in the domain for normal burning. The same
considerations apply to the PIB/MAPO-A2 proppllants of Fig.
21, although it is obvious that this system does not behave
exactly like the polyurethane-based =ropellants.

A final observation concerning the previous burning rate
curves is that the low pressure extinction limit for propellants
with readily meltable binders is higher than the low pressure
extinction limit for comparable propellants with fuels that do
not melt readily (compare Figs. 15, 16, and 18-21). Fig. 18
shows that the low pressure extinction limit of the POLYOL/TDI-AP
propellant is raised when the AP mean particle size is reduced,
at least for the polyurethane propellants. The same trend has
been reported by Peterson et al(129,130) for aluminized poly-
uretha,,e-AP propellants.

Sore work .s beer done also with double base (DB) and
composite modified double base (CMDB) propellants using niz.ro-
cellulose powder plasticized in triethylene glycol dinitrate
(TEGDN) as the binder. As seen from Figs. 22 and 23, the burn-
ing rate behavior of the CMDB propellants with 40% AP of vary--
ing particle size is well described by the GDF equation, while
the pure DB propellant fits the power formula r"p '7 8 , as ex-
pected for a premixed second-order flame rather than a GDF flame.
Corresponding2y, the visible gaseous flame of the CMDB propel-
lant appeared relatively opaque, like that of an AP-composite
propellant, while the gaseous flame of che pure DB propellant

*This type of burning rate behavior for unaluminized polyurethane
propellants has been cc.ifirmed by Dr. H. J. Wiegand at Aerojet-
General Corporetion where a great deal of experience with poly-
urethane propellants exists. Similar results for polyurethane
propellants have been reported also by Mr. T. W. Boggs of the
Naval Weapons Center. (Private communication.)
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appeared transparent and homogeneous. (No dark zone usually
observed(128,131,132) below about 800 psi for NC/NG double
base propellants could be seen with our particular DB pro-
pellant composition; this puzzling point deserves furLher
investigation.) It appears that the additir;, of 40% AP to
double-base propellant converts the gaseous liame from a pre-
mixed reaction zone to a zone dominated by a chemical re-
action-granular diffusior, mechanism. It is interesting that
the representative points tor these CMDB propellants lie with-
in the GDF theory validity region defined in Fig. 3 for pro-
pellants wit fuels that do not melt readily.

(v) Various qualitative observations have shouwn that
the burning process is unsteady whenever the slope of tht.
(log r)-(log p) is negative. High speed movies show that,
under these circumstances, the flame is highly nonuniform,
intermittently ixtinguishing in various localited portions
of the strand surface; on the other hand, the flame is al-
ways uniform and steady when the burning rate curve has a
positiv-. slope. (Barrere(123) reported the same observa-
tions). Consistent with this is the finding that irregular
pressure oscillations of up to 5 psi amplitude (depending on
the propellant tested) persisted in the chamber whenever a
strand burning test wa, .t.ade at a pressure in the mesa region;
the pressure was always sL'ady when the pressure exponent was
positive.

A further observation of importance is that the burned
surfaces of polyurethane-AP or polyisobutylene-AP propellant
strands that had been ignited in the intermediate pressure
range (several hundred psi) but suffered extinction, were
covered by a molten fuel layer. (No expcsed n or,-"tals
could be seen). On the other hand, the AP crystals were
clearly exposed on the burned surfaces of the same propl-
lant that extinguished at the low pressure end of the burn-
ing rate curve (near 1 atmosphere). The 25% PIB/MAPO + 75% AP
propellant that extinguished at all pressures between 1 and
100 atm (Fig. 21) had a molten fuel layer, the thickness oe
which increased with increasing test pressure. All propellant
samples that extinguished at intermediate pressures had high-
ly irregular burned surfaces, reqrFz;dless of the fuel type
used.

C. Interpretation of Results; Phenomenon of Intermittent
Burning.

The consistency with which reduction of AP loading and
reduction of AP particle size cause a propellant to burn ab-
normally indicates that the same underlying phenomenoni of
intermittent burning is responsible for plateau burning, mesa
burning and intermediate pressu,-c extinction. It is only a
matter of the degree of this intermittency that determines
whether a propellant will have a plateau region or a mesa
region, or will extinguish at intermediate pressures. The
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.. . . layer on the surfacz o:f pro-
pellants with readily meltable fuels (when burning at inter-
mediate pressures) together with the fact that these propel-
lants are far more prone to showing intermittent burning be-
havior, imply that it is the molten fuel layer that is causing
the tpmporary localized extinctions. These temporary local-
ized extinctions are imagined to occur through covering, on
a local scale, of the AP 1,areicles by the molten fuel layer;
this results in an O/F flame that is weakened by local deple-
tion of oxidizer gases. The net effect of the temporary
localized extinctions is tj cause a reducti'n in the mean burn-
ing rate or perhaps even complete extinction of the propellant
strand. Thus, a region of plateau or mesa burning can rtsult,
depending on the way in which the molten fuel layer responds
to pressure, i.e., local conditions of temperature and tem-
perature gradient.

In retrospect, it appears that all fuels melt to some de-
gree (Sections IIB(v) and IVB). It is plausible therefore to
say that even the abnormal burning behavior noted above for
AP-composite solid propellants that are not readily meltable
can also be explained in terms of the above suggested mechan-
ism. Obviously, since the thickness of the molten layer is
the important parameter, a propellant with less fuel (high o)
and with larger AP particles will be less prone to plateau
behavior, etc. That the pressure range in which extinction
occurs is narrowed by increased strand size is explained on the
basis of the fact that the O/F flame is locally weakened dur-
ing intermittent burning; a small strand will be more liable
to complete extinction by cooling with the surrounding ambient
gases. The effect of pressure on the tendency of a propellant
to burn in intermittently (i.e., in what pressure ranges
plateaus and mesas may be found) is not so clearly explained
from a fundamental point of view; the physical properties of
the polymers and AP are not well enough known. Visual exami-
nation of extinguished propellant strands chows that the mol-
ten fuel layer gets thicker as pressure is increased up 100
atm. (The implication is that the polymer i.4 desorption limited
at h.Lgher pressures, that is, at higher temperatures). On the
ozYer rand, it is apparent also that the molten fuel layer must
be very thin at some very high pressure because under these cir-
cumstanams the burning rate is high, and so the thickness of
the thermal wave in the solid phase must be very thin. Thus,
the melt is thickest at some intermediate pressure, and so
intermittent burning which shows up as plateaus, etc., can be
expected logically in this intermediate pressure range.

All propellanh tested to date show behavior that is con-
sistent with the above e.:planation. It is to be noted that the
peculiarities of any part Lcular burning rate curve such as the
rather unusual inflections of the PIB/MAPO-AP propellant burn-
ing rate curve in Fig. 21 can n t be explained at present; more
detailed information about the response of the m.,olten fuel layer
to temperature and temperature gradient conditions is needed.
A further note to be made is that while there ar( indications
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d6uble N.se fuels can melt(133), these are usually so
vo atile compared to the AP that there is little opportunity
i.,r the AP particlea to be covered. (The surface tempera-
tare of A? is typically I000°K(40,68oI09) near I atm, and
that for the DB fuel is typivally 500OK(91,134); thus, under
the "two-temperature" postulate. the fuel surface recedes be-
low the AP surface.) AP-based CRB propellants are therefore
not expected to burn intermittently. This does not mean that
plateaus or mesas will vzot be observed with CMDB propellants,
but rather that any plateau or mesa burning behavior shown by
CMDB propellants will be the result of special catalysis as
in pure DB propellants(135,136); the distinction is that
plateau behavior in CMDB-AP propellantg will be due to a steady
phenomenon in which chemical kinetics play the determining
role, whereas plateau behavior in "inert" binder-AP propel-
lants is due to a phenomenon of unsteady nature in which the
physical condition of the burning surface is the important
factor.

Bastress(14) previously proposed an alternative mechan-
ism for intermittent burnihg whereby the large difference be-
tween the pyrolysis rate of the fuel and AP causes a localized
depletion of exposed AP crystals on the surface of a propel-
lant in cases where the AP particles are small. That hypoth-
esis explains the effects of AP particle size, AP loading and
strand size, but does not account for the fact that propel-
lants made with readily meltable fuels are far more prone to
intermittent burning. The presently suggested mechanism,
whereby intermittent burning is attributed to the role played
by the molten fuel layer on the burninj surface, accounts for
all the effects that have been obervt.. In our opinion this
is now the preferred explanation.

In the context of the above suggested intermittent burn-
ing mechanism, i.e., the role played by the molten fuel layer, it
is to be expected that the transition ooundary between normal
and intermittent burning behavior defined in Fig. 3, will be
rather diffuse because the melting properties of the individual
binders have not been taken into account.

*
Boggs(90) recently reported some findinyb concerning the burn-
ing behavior of pure AP that may have some bearing on the
phenomenon of intermittent burning in AP-based composite solid
propellants: he showed that pure AP has a log(burning rate)-(log
pressure) curve that has a steep negative slope in the 2000-4000

psia range and suggested that the observed occurrence of a froth
in the thin molten layer at these pressures may cause this mesa
burning behavior by, in some way, impeding ieat transfer to the
condensed phase. The idea is still too vagu;iy defined to in-
corporate into a consistent model of propellant burning for test-
ing against known AP-based propellant burning behavior. Cer-
tainly, however, it is clear that the role played by the molten
AP layer can not be the only important factor in explaining
plateau burning behavior, etc. in AP propellants; the role played
by the molten fuel must be important also.
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As a final point it is noted that the particular low pres-
sure extinction behavior of certain propellants with readily
meltable fuels (i.e., one, the relatively high value of this
limit, and two, the tendency for this value to increase with re-
duction in AP particle size and/or AP content), may also be ex-
plainable on the basis of the role played by the molten fuel
layer. The thermal wave in the solid phase increases with re-
duction in pressure and consequently, the thickness of the mol-
ten layer (if it exists at these pressures) will also increase;
ultimately, at some low pressure, it may be thick enough to
partially cover the AP particles and thereby cause extinction
of the already weak gaseous O/F flame. For non-meltahle pro-
pellants, extinction at low pressure is explained on the basis
of heat loss: combustion inefficiency, and dilution of cold
ambient gas in the strand burner. (See next section.) The dis-
tinction is that for meltable fuels, the drowning of the AP
particles may represent an even stronger mechanism for extinc-
tion.

D. Concli,'ing Remarks

The results of this section and the mechanism proposed for
the phenomenon of intermittent burning are all consistent with
the general picture of AP propellant burning. Localized extinc-
tions causing plateaus, etc., only become important when AP con-
tent is low, AP particle size is small, or when the fuel is of
the type that forms a thick molten layer on the regressing pro-
pellant surface. In the sense that the assumption of a dry
planar burning surface in the GDF theory breaks down for these
cases, the intermittent rning phenomenon is consistent with
the GDF theory, also. T. GDF theory is only valid for those
propellants which are not susceptible to intermittent burning,
i.e., those with medium-size AP particles, high AP loading and
fuels that do not melt readily. For these cases, the assumption
of a dry planar burning surface appears to be valid.
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SECTION V

COMPOSITE PROPELLANT BURNING BEHAVIOR AT
SUBATMOSPHERIC PRESSURES

The purpose of studying low pressure burning behavior is
to obtain information concerning the detailed structure of the
flame zone. It is known that the fuel-oxidant reaction zone
becomes very weak at very low pressures. Thus, at low pres-
sures, the nature of any remaining exothermic reactions occur-
ring at or near the propellant surface is more clearly mani-
fested in the overall propellant burning behavior. Burning
rates and extinction behavior have been measured for a number
of propellant systems and will be reported below. These re-
sults are then interpreted in terms of the theoretical pre-
dictions made in Section III.

A. Review of Findings by Previous Investigators

Several e'perimental studies of low pressure solid pro-
pellant combustion phenomena have been made in the past.
These were in the main restricted to measurements of surface
temperature(29,42,43,91,137-141) and burning rate(12,13,42,
120,123,140, 143)asa function of various parameters such as
pressure, propellant composition and oxidizer particle size.

All available surface temperature-pressure dependence
measurements(91,137-141) have been reviewed. These are shown
in Fig. 24, compared to the theoretical predictions of the
complete two-st.ge granular diffusion flame theory. It is
seen that the theoretically predicted rise of surface tempera-
ture with pressure agrees quite well with the data, especially
when it is realized that, as pointed out by Powling(142),
both the infra-red radiometer and thermocouples are expected
to record a lower pressure dependence than is actually the case.
This low apparent pressure dependence is due to the fact that
the temperature profile becomes steeper with increased pres-
sure and hence burning rate. Bobolev et al's thermocouple
measurements(141) have been omitted from the figure because
they report rather low values (600-7000K in the 50-200 atm
range) and moreover, they report a decrease in Ts with in-
creased p. Selzer's measurements(138) for particle sizes
larger than i00 have also been omitted, but because of un-
duly large scatter. Beckstead and Hightower(139) indicate
that the actual value of surface temperature could be 2000c
higher than reported by them because of the presence of a
thin molten layer on the AP crystal.

Tne burning rate-pressure dependence of AP composite
propellants in the subatmospheric range(12,13,42,120,123,
140,143) has also been reviewed in detail. Fig. 25 is a
composite plot of all the available data and includes some
of the data of this study (to be discussed in greater de-
tail below). This figure shows that subatmospheric burning
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rates generally tend to follow a straight line on the (log r) vs.
(log p) plot; the slope of this line is usually around 0.7 but
in the case of some binder types such as polvesterstyrene, para-
formaldehyde and polyisobutylene, it is close to unity.*

Of critical importance to this investigation is the behavior
of the propellant at the very lowest pressures. This reauires,
amongst others, very careful determination of the low pressure
extinction limit and also of the shape of the burning rate curve
near this e-:tinction limit; it is only in this range where the
detailed interpretations as to the role played by the A/PA flame,
radiative heat loss, combustion inefficiency, etc., can be made.
Since in most cases, previous workers did not report the extinc-
tion pressure, or take sufficiently many data points to estab-
lish the exact detailed shape of the r-p curve at very low pres-
sure, further work seemed necessary. The experimental results
obtained for this study are reported below.

B. Experimental Results of This Investigation

(i) Burning Rates

A description of the propellant manufacturing process, the
propellant quality control methods used, and the burning rate
measurement technique followed, together with the accuracies in-
volved in each of these procedures, is to be found in Appendix
C. The specifications of all propellants used in this investi-
gation i.e., AP particle size, propellant composition and pro-
pellant density compared to its theoretical density, are listed
in Table VI of Appendix D. The properties and formulations of
each binder-type used are given in Table IV of Appendix B.

Fig. 26 shows our results obtained for the effect of several
binders on the burning rate at subatmospheric pressures. This
set of curves represents propellants loaded as highly as is
pra;ically feasible with 5 micron mean particle size unimodal
AP. (The AP content and corresponding equivalence ratio for
each propellant are both listed in the figure). Fig. 26 shows
that propellar.% with polybutadiene acrylic acid (PBAA/EPON)
and carboxyl rer;inated polybutadiene (PBCT/EPOXY) binder behave
in the usual wamy, i.e., follow straight lines on the (log r) vs.
(log p) plot. This is also true of the hydroxyl terminated

Theoretically the pressure exponent is less thai unity because
at these low pressures, the two gas phase reaction stages are
essentially second order reaction rate controlled and the surface
temperature decreases with reduction in pressure; this Ts-p depend-
ence decreases the value of the pressure exponent. The slight
differences in the pressure exponent observed for the different
binder types will depend on the individual binder properties.

The reason for the choice of this particular set of parameters
is that preliminary tests have shown that propellants with the
highest possible loading of very fine AP burn to lower pressures
than propellants more highly loaded with coarse AP; it is very

low pressure burning behavior that is of primary interest here.
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polybutadiene (PBHT/TDI) when copper chromite is added. (Notc
that PB3HT cured 'ith TDI is a polyurethane(144).) The pressure
exponents for all three of these propellants lie between 0.68
and 0.78 and they all extinguish at about 0.045 atm.

As seen from Fig. 25, our results agree fairly well with
those obtained by other investigators for similar propellant
systems. The most marked difference between our burning rate
curves and those of other investigators is that our curves ex-
tend down to lower pressures. We found that the propellants
we tested could only be made to burn at very low pressures by
first igniting the strand above about 0.3 atm and then slow-
ly reducing the pressure to the desired rest pressure; if the
pressure is reduced too rapidly, then extinction will inevi-
tably occur. In this study, the extinction pressure for a
particular propellant was taken as the lowest pressuie (out of
a number of tests) at which the propellant could be made to
burn. These extinction tests were done taking extreme care
to reduce the pressure as slowly as possible. The extinction
pressure determined in each of these tests, generally fell
within 10% of each other. Some tests done with the PBAA/EPON-AP
propellant showed that the extinction pressure is strand-size
dependent: the extinction pressure was lowered by almost a
factor of 2 when the strand size was increased from 0.25 inch
square cross-section to 0.6 inch square cross-section. The
burned surface of extinguished samples of all three propel-
lants (PBAA/EPON, PBCT/EPOXY, and PBHT/TDI with copper chro-
mite) looked porous and dull black (charred) when observed
through a microscope; it appeared as though it were dry dur-
ing burning.

Contrary to the general trend described above, hydroxyl
terminated polybutadiene (a polyurethane) has a burning rate
curve which bends concave downwards below 0.3 atm (Fig. 26).
Also, the extinction pressure of this propellant is raiher
high (0.18 atm). The burned surface of extinguished samples
of this propellant had a glistening black appearance. It had
a large number of depressions of about 1 mm diameter and the
bottom of these depressions was the same color as the unburned
propellant (white). Little conical flamelets of about 1 mm
base diameter and about 1 mm height could be seen darting about
the propellant surface when the propellant was b~rning at a
very low pressure near the extinction pressure. These observa-
tions suggest that a mass of molten fuel* containing solid AP
particles is present on the burning propellant surface and
that globules of this mixture periodically erupt from th sur-
face. (The exothermic NH3/HCI04 reaction is severely ir.,!ibited
due to encapsulation of the AP particles by the molten fuel.)
These globules are presumably carried into the afterburning

Polyurethanes show generally a tendency to melt(144). However,
as shown in Section IVB(d), this polyurethane (PBIT/TDI) melts
less readily than, say, POLYOL/TDI and ESTANE/POLYOL.
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zone where they burn up and thus contribute little towards
the heat needed for gasification at the propellant surface.
This inefficiency in the burning process can explain the
drooping of the burning rate curve at low pressures as well
as the observation that the extinction pressure is higher
than that of the PBAA/EPON-AP and PBCT/EPOXY-AP propellants
whose burning surface appears dry. These observations fall
in line also with the findings of Section iV for propellants
with the readily meltable polyurethanes, i.e., POLYOL/TDI
and ESTANE/POLYOL: these extinguish at pressures of the order
of several atm depending on AP particle size and AP loadinc.

As seen in Fig. 26, the addition of 0.75% copper chro-
mite to PBHT/TDI-AP propellant has the effect of increasing
the burning rate at all pressures, but more important, the
burning rate curve now follows a straight line all the way
down to the extinction pressure which is the same as that of
the PBAA/EPON-AP and PBCT/EPOXY-AP propellants. Moreover,
the burned surface of extinguished samples of the PB3HT/TDI-
%.:opper chromite propellant had the same appearance as that
of PBAA-AP and PBCT-AP propellants, that is, it appeared dry
during burning. These observations concerning the effect of
copper chromite on the burning behavior of PBHT-AP propel-
lant are reasonable because copper chromite is known to be a
very good catallst for AP decomposition(23,24); a likely
explanation of these observations is that the addition of
copper chromite will allow the same or more AP decomposition
at a surface temperature lower than the melting temperature
of PBHT/TDI binder.

Figure 27 shows polysulfide (LP3/GMF) propellant to be-
have in a completely Oifferent way: the burning rate curve
bends concave upwards below 0.05 atm and there is a strong
tendency for the burning rate to become independent of pres-
sure at very low pressure ( - 0.005 atm); the extinction
pressure is an order of magnitude lower than that of the
PBAA-AP and PBCT-AP propellants. It is significant that the
burning rate curve starts bending up at about the pressure
below which the propellant leaves a porous but very firm
solid residue as a combustion product. The peculiar charac-
teristic that polysulfide propellant forms an "ash", was dis-
covered by Most(140). In this study it was found that the
"ash" starts forming unstably below 0.053 atm but then a
firm layer of solid residue builds up on the regressing inter-
face to a thickness of 1 - 2 mm and then suddenly burns away.
Below about 0.040 atm, the propellant burns in cigarette-
fashion leaving the solid residue intact. There is no evi-
dence of a visible flame. The rate of progress of the inter-
face into the unburned propellant is here taken as the burn-
ing rate of the propellant. The scatter in our burning rate
results is rather large (+ 5%) in the range 0.005-0.05 atm.
This scatter in the results is due to the fact that the burn-
ing process is somewhat irregular at these pressures and also
to the fact that an oil film which produces small "-om dis-
tortions had to be used to prevent coating of the w..ndow bv
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the excessive amounts of white fumes produced at these low pres-
sures. (See Appendix C for further details of experimental pro-
cedure.) Our burning rates compare well with those obtained by
Most(140) in the 0.2-1.0 atm pressure range.

The effect of oxidizer particle size on the burning rate of
LP3/GMF-AP propellant (with V',= 0.42) was investigated and is
shown in Fig. 27. Although the scatter is quite large, increase
of particle size does appear to depress the burning rate. The
effect of particle size appears to be larger in the 0.005-05 atm
than the 0.1-1.0 azm pressure range. In view of the fact that
both the 15u and 25u propellants had densities within 1% of
theoretical, it seems unlikely that the large void content (5%)
of the 5a propellant was the cause for its higher rate. (See
Table VI(B) of Appendix D.) The pressure at which extinction
occurs increases with increase of particle size. Particle size
has no effect on the pressure at which the transition to ash
formation occurs.

(ii) Subsidiary Semi-Quantitative Observations

When the pressure is around 0.05-0.06 atm, the flame of a
"normal-burning" propellant i.e., PBAA/EPON-AP has the appear-
ance of a two-stage flame. The first stage is a dark zone
with no visible radiation and is 0.5-1.0 mm thick. This dark
zone is followed by a very thin blue layer which marks the
beginning of a long (several centimeters) yellow-to-orange
colored zone. (The latter zone is blue when copper chromite
has been added to the propellant.) At about 0.06 arm, the
blue envelope is still largely planar and parallel to the pro-
pellant surface, but upon further reduction in pressure,
especially very near the extinction pressure, it takes on a
bulbous form. The dark region can be as thick as 3-5 mm when
the pressure is very near the extinction pressure. When the
dark zone is thick, white smoke (probably AP sublimate) can be
seen to leave its edges. When the process of extinction is slow
enough, it is alwas seen to start from the edges of the pro-
pellant strand. laese qualitative observations suggest that the
dark zone is the NH /HCl04 reaction zone (NH radiates in the
ultra-violet at 3360A(1,7) and that the blue envelope marks the
onset of the pre-mixed fuel-oxidant reaction (probably CH or
perhaps C2 emission). It seems that low pressure extinction
is due to convective heat loss at the flame periphery together
with inefficient combustion associated with the escape of sub-
limed AP at the edges of the dark zone. These two forms of
heat loss from the flame zone would explain the effect of
strand size on the extinction pressure.

When burning LP3/GMF-AP propellant, it was observed that
whenever the ash broke (under the inf'uence of gravity) within
about 2 mm from the regressing interface, then regression would
immediately cease. This observation together with the fact that
the burning rate curve changes character as soon as the ash starts
forming, suggests that the presence of the ash ;s an important
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aspect of the burning process. Ash formation is not a peculiar-
ity of the mixture ratio, because the same phenomenon was ob-
served for polvsulfide propellant containing 75% bimodal AP.
The pressure at which the transition to ash formatio:n occurs is
independent of the nature of the ambient gas (nitrogen or air).
The ash itself is combustible; it is totally consumed when ig-
nited in nitrogen or air above about 0.1 atm. Chemical analy-
sis of the ash obtained from 35% LP3/GMF + 65% 5L AP propellant
(1P.= 0.42) has shown it to contain about 60% NM4C104 and about
10% NH4 Cl. Microscopic observation of the ash obtained from
25% LP3/GMF + 75% bimodal AP (5! and 80p in the ratio 30/70)
revealed the presence of large unburned AP particles in the
ash. The weight of ash obtained from the 35% LP3/CMF + 650 5u,
AP propellant at 0.03 atm amounted to about 3(P o% the original
weight of the propellant. No accurate determination of the
effect of pressure and particle size on this guantity could be
made.

Burning at subatmospheric pressure is accompanied by the
evolution of white fumes which solidify upon contact with a cold
surface. In the case of LP3 propellant, it is larger in quan-
tity and increases considerably as soon as the ash starts form-
ing, This smoke was foumd to contain 25% anonium perchlorate
and 55% ammonium chloride. A trap was installed to determine
the amount of smoke evolve1 per unit mass of propellant as a
function of pressure and oxidizer particle size, but the results
were inconclusive. The weight of sublimate caught was approxi-
mately 2(% of the original weight of the propellant.

The presence of large amounts of AP in the ash as well as
in the smoke constitute large sources of combustion inefficienr/
at low pressures. Another possible source of combustion inef-.
ficiency could be the ejection of AP particles from the regret s-
ing propellant surface. These would be carried into the afte:-
burning zone where they burn up but contribute little towards
the heat needed for gasification of the solid-phase propellant
constituents at the repzessing propellant surface. Microscopic
examination of extinguished propellant surfaces revealed many
deep holes, giving the impression that the oxidizer particles
had been ejected from these holes. Those particles still intact
were covered by a thin transparent yellow layer, like molten
fuel. With 600 ± particle size propellants many small particles
were found lying at the bottom of the bell-jar after burning
had taken place. Ohlemiller(145) has photographed particle
tracks in the flame zone of PBAA-AP propellants. He calculated
from the number of streaks that, under conditions of radiative-
augmented burning or with 1% copper chromite additive, the AP
ejection rate could be as high as 50% of that originally in
the propellant, at low sub-atmospheric pressures.

C. Discussion of Results; Relation to Earlier Experimental
and Theoretical Findings

Low pressure burning behavior of composite solid propellants
is critically dependent on fuel-type. One major determining
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factor appears to be the relative meltability of the fuel.
The low pressure extinction limit increases with increasing
ease of melting of the fuel: (1), propellants with readily
meltable fuels such as POLYOL/TDI and ESTANE/POLYOL, extin-
guish at several atm pressure; (2) propellants with obvious-
ly dry burning surfaces such as PBAA/EPON-AP, burn to pressures
as low as 0.05 atm, and (3) PBT/TDI-AP propellant which seems
to be of intermediate meltability, extinguishes around 0.2 atm.
Another major effect of the meltability of the fuel is shown
by the fact that propellants with an obviously dry burning sur-
face follow a straight line on the (log r) vs. (log p) plot,
all the way down to the extinction pressure, whereas the pro-
pellants with meltable fuels all show a severe drop in the
burning rate as soon as the extinction pressure is approached.
Corroborative of these observed tendencies are our findings for
PBUT/TDI-AP propellant with and without copper chromite: the
addition of copper chromite changes the burning surface from
molten to dry**, reduces the low pressure extinction limit fiom
0.18 atm to 0.05 atm, and removes the characteristic droop in
the (log r) vs. (log p)curve near the extinction pressure; the
curve becomes a straight line.

T1he anomalous low pressure burning behavior of PBHT/TDI-AP
propellant is caused by expulsion of globules of molten fuel +
AP particles from the burning surface into the afterburning zone
leading to inefficient burning. This mechanism is plausible
from a theoretical standpoint because below about 0.3 atm (where
the anomalous behavior starts), the thickness of thermal layer
in the solid phase below the surface and hence of the molten
fuel layer, is large ( -' 1 mm = 1000u) compared to the mean AP
particle size ( - l0u). (See Fig.ll). This mechanism is less
likely to explain the high value of the low pressure extinction
limit (several atm) for the propellants with the readily melt-
able polyurethanes of Section IV (ESTANE/POLYOL and POLYOL/TDI):
as shown in Fig. 1, the depth of the thermal layer is only
about 1004 at several atm and so, the melt is not likely to be
thick enough to allow expulsion of AP particle + molten fuel
mixture into the afterburning zone; furthermore, there is no
physical evidence to suggest that such globules of propellant
mixture are actually expelled from the flame zone in the case
of these two polyurethane propellants. Thus, partial coverage

It is interesting that a group of Russian workers, led notably
by Bakhman, believe that there are regimes in which the dominant
mode of heat release in the flame arises from the oxidizer par-
ticles burning up in the vaporized fuel gas stream as they are
carried away from the surface. They consider this to be the
normal mode, not the anomalous mode (as we du), but they do con-
cede that under some circumstances such particle transport can
lead to severe combustion inefficiency. This viewpoin is sum-
marized in Ref.146.

Presumably by allowing the same or more AP decomposition at a
surface temperacure that is lower than the melting temperature
of the fuel.
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of the AP particles at the burning surface by the molten fuel
layer, as suggested in Section IV, is more likely to dominate
during the low pressure burning of propellants based on POLYOL/TD!
and ESTANE/POLYOL. More work is necessary to establish conclu-
sively, the mechanism of burning at low pressure when the fuel
is of the type that melts readily.

It is clear that when the burning surface is dry and charred
as is the case with PBAA/EPON-AP, PBCT/EPOXY-AP and PBHT/TDI-AP-
copper chromite, the burning process is more nea.21v "ideal". Com-
parison with the theoretical predictions shows that these propel-
lants behave in a way that is in qualitative agreement with the
granular diffusion flame thcry when the NH3 /HCI0 4 raaction stage
is considered distended - they certainly do not correspond to the
collapsed A/PA model. Most of the propellants studied Ly othe.:s
(in Fig. 25) seem to be in qualitative accord with the distended
A/PA-GDF model, also. Quantitative comparison between thecry
and experiment is not possible because combustion inefficiency,
not accounted for by the theory, is an important factor in low
pressure combustion.

In propellants with a dry burning surface, the pressure at
which extinct-ion occurs is dependent on the size of the strand.
Pure radiative heat loss can not explain this. Both the pre-
dictions of theory and our observations of the flame indicate
that the A/PA and O/F flame zones are thick enough (order of
millimeters) at the extinction pressure, for the flame to be
susceptible to convective cooling by the entrained ambient gases
as well as to a significant loss of available heat due to escape
of unreacted AP at the edges of the A/PA flame zone. No evidence,
has been found to show that radiative heat loss from the propel-
lant surface is a major factor; radiative heat loss alone is not
sufficient to account for the observed high values of the extinc-
tion pressure. Feinauer's(143) results, however, indicate that
iv is a contributory factor when carbon black has been added to
the propellant.

It is relevant to mention that Ohlemiller(1i5) measured the
regression rate of PBAA/EPON-AP propellant under ccnditions of
radiative augmented burning at about 0.005 atm, almost ten times
less than the extinction pressure of the propellant. He found,
by comparing burning rates with radiative flux, that the overall
burning process is endothermic to the amount of several hundred
calories per gram of propellant. That the burning process is so
highly endothermic at 'these low pressures is consistent with our
deductions from our burning rates based on a distended A/PA-GDF
flame model.

It seems that the mere presence of the ash is responsible
for the ability of the LP3-AP propellant to undergo self-sustained
combustion to pressures as low as 0.005 atm, an order of magnitude
less than PBkA-AP and PBCT-AP propellants, and f-o maintain a rel-
atively high burning rate at such low pressures. Two questions
are of interest, one, why does it form, two, how does it sustain
L!-e burning rate. It is not clear why the ash forms. It may be
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related to Bircumshaw and Newman's(20) discoxcry that only 30%
of the original AP undergoes decomposition when the temperature
is below about 3500C and that the remaining 70% is unreacted
solid AP, and to the fact that the surface temperature and the
temperature in the ash were measured by Most(140) to be 250-3000 C.
(The granular diffusion flame theory with a collapsed A/PA flame
indeed predicts a low surface temperature, about 4000C below
0.01 atm.)

The LP3/GMF-AP burning-rate curve is the only curve that is
similar in shape to that predicted by the GDF theory with a col-
lapsed A/PA flame, when the activation energy of the surface re-
action is 15 kcal/mole. (As is indicated in the review section,
this value for Es is reasonable.) Working backward from the
measuzed asymptotic zero-press'ire burning rate, the surface py-
rolysis heat (including the endothermic dissociative sublimation
step as well as the exothermic gas pb ase A/PA reaction step) comes
out to be exothermic to the amount of 90 cal/gm. This figure
falls 35% short of the previously assumed value of 130 cal/gm
(based on the heats of transition of the various reaction steps
and in rough agreement with' the value measured at elevated pres-
sure by Sabadell(91)). Considering the inaccuracies involved,
it is indeed surprising that this defect is approximately the
percentage of original AP found as undecomposed AP in the com-
bustion product at these pressures. We therefore speculate that
the A/PA reaction zone is the major source of heat in the pres-
sure range where the ash forms. If so, then the shape cf the
burning rate curve implies that the reaction time of this zone
TI becomes independent of pressure below 0.05 atm, in the ash
formation regime, just like the theoretical burning rate curve
for the collapsed A/PA model. We may then infer that the ash
serves as a hot porous bed which ignites the desorbed NH3 and
HC10 4 vapors a short but fixed distance from the regressing inter-
iace and that this is the role of the ash in determining the un-
usual rate-pressure curve.

in this connection, it is pertinent to mention Pearson's(80)
finding that hot solid surfaces drastically accelerate the igni-
tion of these vapors. In line with our identification of the
A/PA reaction zone as the major heat source, it is expected that
both burning rate and extinction pressure are dependent on the
total surface area of AP particles exposed to the A/PA reaction
occurring in the pores of the ash. Thus, as observed experi-
mentally, both burning :ate and extinction pressure are dependent
upon oxidizer particle size. (see footnote on p. 9 ). However,
this interpretation is obscured by the fact that combustion in-
efficiency, an important parameter, is also expected to be par-
ticle size dependent.

It is to be noted that the peculiar behavior shown by the
polysulfide propellant (LP3/GMF-AP) below about 0.05 atm could
also be ascribed to the possibility that some solid phase inter-
facial reaction capable of generating about 100 cal/gm of heat,
becomes rate-controlling at these very low pressures. The over-
whelming importance of such a zeroth order solid phase interfacial
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reaction would explain the observed zero slope of the (log r)-
(log p) curve in this low pressure range, and would explain also
the observed inverse dependence of burning rate on AP particle
size. However, such a solid phase interfacial reaction has not
been identified in its details, and furthermore, it does not
seem necessary to assume the importance of such a solid phase
reaction to explain the present results. Thus, for the present,
the preferred interpretation of the behavior shown by the poly-
sulfide-AP propellants at very low pressures, is that the A/PA
reaction stage plays the dominant role in the burning process
under these condiitions. This interpretation, of a dominant
A/PA stage, is consistent with all else that is known about the
burning behavior of an AP propellant, whereas the interpretation
of a dominating solid phase reaction is not -- the significance
of the solid interfacial reaction would be invoked merely to
explain the exceptional low pressure behavior shown by polysul-
fide-AP propellants.

D. Concluding Remarks

The results of this section show that the collapsed A/PA-
GDF theory can not in general be used to describe AP c.omposite
propellant burning rate behavior. (The exception is LP3/GMF-AP
propellant; it forms an ash.) However, as expected from theoret-
ical considerations, the granular diffusion flame theory is in
qualitative accord with subatmospheric burning rate data provided
the A/PA reaction stage is considered distended. Extinction at
low pressure of prop-llant strands whose burning surface is dry,
appears to be due to .ne combined effect of convective heat loss
with the surrounding amnient gases and loss of available heat
due to loss of unreacted AP at the gaseous flame edges; when
the fuel melts, it is the very presence of this molten layer
that causes extinction to occur at considerably higher pressures.

Before leaving this account of this two-stage gas phase
flame propagation theory and its various predictions we must
concede that solid phase interfacial reactions and heterogen-
eous reaction between the HC1O4 vapor or products and the solid
fuel cannot be ruled out on the basis of the experimental evi-
dence at hand. However, there is no evidence that brings them
in as major contributory heat sources. The gas phase driving
source seems to account for all the known facts.
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SECTION VI

MAJOR CONCLUSIONS OF THIS STUDY

Itemized, the major conclusions of this investigation
are:

(1) In terms of what is Xnown about the gaseous flame struc-
ture of AP-based composite solid propellants, those
theories that are based on a chemical reaction gas dif-
fusion flame structure appear the most credible.

(2) Of these theories, the granular diffusion flame theory,
resulting in the formula, 1/r = a/p + b/pI/3, is the
most successful in fitting the data of conventional
AP-based rocket propellants (high AP content and medium-
sized AP particles) in the range 1-100 atm. More specifi-
cally, the theory is valid in the 1-100 atm range for pro-
pellants with fuels that do not melt readily, as long as
dmi250. and O , (0.58 - 0.10 loglQdm). The defined
range of validity of the GDF theory includes an AP-based
CMDB propellant but not the corresponding DB propellant.

(3) The assumption of an effectively dry, planar burning sur-
face in the GDF theory breaks down whenever the AP particle
size or AP content is lower than defined by O= (0.58-0.10
loglQdm), or whenever the fuel is of the type that melts
.eadily.

(4) Under the circumstances specified by (3) a new phenomenon,
intermittent burning, that is responsible for plateaus,
mesas and intermediate pressure extinction, takes over;
reduction of the AP particle size, or lowering of the AP
content, or substitution of a more readily meltable fuel
(i.e., that which forms a thicker molten layer), all pro-
gressively produce plateaus, mesas and intermediate pres-
sure extinction ranges, in that order.

(5) It appears that this phenomenon of intermittent burning is
caused by the presence of a molten fuel layer that covers
the AP particles at the burning surface. This observation
can be used to practical advantage in the sense that a hot
plateau burning propellant can be produced by using a fuel
that is known to form a molten layer on the regressing
propellant surface. The ESTANE/POLYOL and POLYOL/TDI
(polyurethane) binders of this study are two such fuel
systems.

(6) The GDF theory breaks down at pressures above about 100 atm
when the AP particles are of intermediate size ('-20 - 250p ),
and at pressures below 100 atm when the particles are large
(->2504), due to the fact that the flame can no longer be
considered one-dimensional.
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(7) The assumption of a collapsed A/PA flame in the GDF theory
breaks down below 1 atm; the A/PA stage must be considered
distended below 1 atm and this affects the theoretical burn-
ing rate curve greatly.

(8) Normal-burning propellants, i.e., those with a dry burning
surface such as PBAA/EPON-AP, conform in burning rate to
the granular diffusion flame theory in the subatmospheric
pressure range all the way down to about 0.05 atm.,but only
when the A/PA reaction zone is considered distended in the
theory.

(9) Combustion inefficiency in the form of unreacted AP in the
combustion product is significant at low subatmospheric
pressures.

(10) The dominant cause of low pressure extinction (at about
0.05 atm.) in the normal burning propellants of (8) in
strand form appears to be convective cooling by the en-
trained ambient gases in the combustion chamber together
with loss of available heat due to escape of unreacted AP
from the edges of the A/PA flame zone. In motors under
more nearly adiabatic conditions, these losses might be
avoidable and still lower pressures might be attainable.

(ii) The existence of a molten fuel layer can play a more im-
portant role in determining the low pressure extinction
limit than the various heat loss mechanisms indicated in
(10): it seems that extinction is caused by expulsion of
globules of molten fuel + AP particles into the afterburn-
ing zone when the thermal layer and hence, the depth below
the regressing surface to which the fuel is in the molten
state, is large compared to the mean AP particle size; a
molten fuel layer comparable in thickness to the mean size
of the AP particles can cause extinction only by drowning
of the AP particles.

(12) Exceptional behavior has been found with polysulfide
(LP3/GMF)-AP propellant; it is able to burn to extremely
low pressures (0.005 atm) because of the fact that it forms
a protective ash that retains the heat of the exothermic
A/PA flame close to the solid surface.
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SECTION VII

EXTENDED CONSIDERATIONS FOR OTHER PROPELLANT
SYSTEMS AND PHYSICAL SITUATIONS

This study has put on rational grounds the burning mechan-
ism of AP-based composite solid propellants. By relyinig, in

large measure, on the results of previous workers and by also
confining attention to the still unknown areas, it was possible
to define the domains in which different phenomena play the
determining role. In this way, the range of validity of the
granular diffusion flqme theory could be defined, The success
of these efforts lead to the conviction that the physico-chemical
model underlying the GDF theory is the correct one for normal
AP composite propellants; no other theory has been published that
(1), conforms to all the known facts about the flame structure,
(2), agrees quantitatively with the burning rates of normal AP
propellants, and (3), finds rational explanation of its validity
boundaries in terms of breakdown of some assumption, often pre-
dictable from the theory itself*.

Many of the details of the burning process undoubtedly re-
main to be explored. However, from a phenomenologiel stand-
point, there appears little to be gained from further research
in this area, unless, of course, contradictory evidence of a re-
liable nature should turn up. Therefore, it is now worthwhile
to move ahead with studies designed to capitalize on the knowl-
edge thus far obtained.

Many areas remain open for further study. Of particular
interest as an extension to this project, are the effects of
different oxidizers, catalyst additives and metal additives.
The behavior of propellants under conditions of high pressure
(100-1000 atm, and higher), centrifugal acceleration, erosive
burning, and high ambient temperature, is still unknown from
a combustion mechanistic standpcint. These all should be viewed
in the light of the granular diffusion flame model. Another
area that has received only cursory attention of late, is the
realm occupied by double-base and composite modified double-base
propellants. The following considerations, revealed by the
literature and this investigation, should be borne in mind
when extending the work to these areas of research.

These are necessary but not sufficient conditions for proof of
the validity of a theory of propellant burning. It would have
been desirable to test also the burning rate-pressure dependence
predictions of the GDF theory with respect to all other conceiv-
able parameters, including the dependent variables such as, the
surface temperature, the final flame te 'per'ture, and the thick-
ness of the various reaction stages. However, presently avail-
able experimental techniques do not allow -easurement of these
other parameters with the accuracy required to test quantita-
tively the predictions of a burning rate theory.
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A. Oxidizer Substitution

Much can be learned by noting the effects of substituting
different oxidizers, particularly ammonium nitrate (AN) and
potassium perchlorate (KP). They are the predecessers to AP
in the solid propellant rocket industry and have consequentlybeen subjected to much study(36,68,95,150-153). Their proper-

ties are fairly well known compared to other oxidizers current-
ly receiving developmental attention. They therefore are of

interest insofar as they help clarify the combustion mechanism
of other more practical oxidizers. At present they have little
practical value because ot the low specific impulse of propel-
lants based on them: KP yields a large proportion of KCI (high
molecular weight) in the rocket exhaust gases and AN is not very
energetic.

Most valuable for further elucidation of the combustion
mechanism is the substitution of KP. It differs from AP in
that it has an obviously mobile liquid layer at the burning
surface(l,7), it is more stable than AP to thermal decomposi-
t: q(36), but most interesting of all, it does not have the
eo valent of an A/PA flame, i.e., an exothermic gas phase
oxA.uizer decomposition flame very close to the regressing pro-
pellant surface(95). The consequences of the latter can best
be determined by setting LhT = TI = o (and T1 = Ts) in the
GDF theory. One obvious prediction that can be made without
performing the calculations is that the absence of an exother-
mic reaction site close to the surface will cause KP propel-
lants to extinguish sooner (at higher pressures) than AP pro-
pellants. Indications from the literature are that this is
generally so. Another obvious result of not having an exo-
thermic KP decomposition flame is that KP can not sustain com-
bustion on its own.

It is interesting that the very absence of a fast exo-
thermic oxidizer decomposition flame, close to the regressing
surface of a KP propellant, may be construed as evidence that
the exothermic A/PA reaction stage in the flame of an AP com-
posite propellant is directly responsible for the particular
combustion instability behavior and the particular very high
pressure (above about 500 atm) burning rate behavior shown by
AP propellants. Summerfield and Krier(154) note that AP pro-
pellants are far more prone to unstable burning than KP pro-
pellants and furthermore, their experimental and theoretical
studies(127,154,155) show that the A/PA reaction stage is all
important in determining the combustion instability behavior of
an AP propellant. That the A/PA reaction stage is important
for determining the very high pressure burning rate behavior
of an AP propellant is suggested by Hall, Wenograd, and Col4s(92)
observation that a KP propellant has a much lower pressure ex-
ponent above 500 ati than is characceristic of an AP propellant
in the same pressure range (-0.3 compared to -2.0). Corrobo-
rative of this assertion that the A/PA reaction stage is all
important in determining the very high pressure burning rate
of AP propellants, are their observations that AP particle size
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a-id binder type have no effect on the burning rates of these
rropellants at these high pressures.

Because pure KP can not burn of its own accord, KP pro-
pellants with volatile fuels (NC-based DB fuels are excellant
in this regard) may extinguish due to coverage of the fuel sur-
face by the molten oxidizer (KCl + KC104)*, the inverse situa-
tion of what has been found at normal rocket pressures with the
AP + readily meltable fuel mixtures of this study: KP is more
stable to pyrolysis than the volatile fuel and so, the surface
of the KP will project further into the O/F flame thereby pro-
viding ample opportunity for th2 molten oxidizer layer to over-
run the fuel surface; coverzge of the binder surface by the
molten KP layer is expected to starve the O/F flame of the
necessary fuel pyrolysis pzoducts+. The tendency toward inter-
mittent burning would thus become greater with increasing KP
particle size and KP loading.

Intermittent burning behavior is not expected with ammon-
ium nitrate (also readily meltable) + nonmeltable-fuel propel-
lants because tne AN is not so stable thermally as either AP
or KP(36) and furthermore, as indicated in Refs. 68 and 108,
AN decomposes exothermally in the gas phase, the reactants
being NH3 and HNO3, the dissociative gasification products of
NH4 NO3 . The only time that intermittent burning could still
occur is when a fuel that is considerably more volatile than
AN (such as perhaps paraformaldehyde) is used; AN is not very

J, energetic and so, it alone, probably could not sustain com-
bustion if it were to cover the fuel.

The remarks made above concerning the possibility of find-
ing intermittent burning with propellants based on KP and AN,
are necessarily vague because the phenomenon of intermittent
burning is still not well enough understood to make firm pre-
dictions. Furthermore, our knowledge of the relevant proper-
ties of the oxidizer and binder constituents, i.e., the rela-
tive meltability and the relative volatility, is at present
only of a qualitative nature.

In comparing the effects of different oxidizers it should
be borne in mind that oxidative potential varies from compound
to compound. The oxidative potential would have a significant
effect on the final adiabatic flame temperature and hence burn-
ing rate. For instance, in the case of AP, KP, and AN propel-
lants, the stoichiometric (0/F) ratio decreases in the order

Indications are that KC1, an inert to the combustion process,
builds up in the molten layer of decomposing KP(95).
+It is unlikely that a premixed O/F flame could result due to
mixing of the liquid fuel and the liquid oxidizer at the pro-
pellant surface. They are not easily miscible in the short
period of time required (order of milliseconds); for this to
be possible, both the liquid fuel and the liquid oxidizer must
have low viscosity and also low surface tension.
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KP>AP>AN (see Table III of Appendix B); generally, the burn-
ing rates decrease in that order also (150-153). Another factor
to be remembered, although probably not too important in the
combustion process because of the low temperatures involved, are
the solid phase transitions that occur in various crystalline
substances; AP has only one transition at 240°C(20) whereas AN
has four in the temperature range below 150°C(36).

Other oxidizers of current practical interest are the high
energy, fast bri. .ng rate, nonmetallic perchlorates such as
hydroxyl ammonium perchlorate (HAP), hydrazinium monoperchlorate
(HP), hydrazinium diperchlorate (HDP), and nitronium perchlorate
(NP)(36). Unfortunately, their application is still plagued by
developmental problems relating to their thermal stability,
storability, impact and friction sensitivity, and hygioscopi-
city(36). The research effort in this field of high energy
oxidizers is still in its infantile stages; cnly now, are
papers starting to appear in this field (156-165). The only
general remarks that can be made is that they usually melt
around 200°C(36) and that they usually decompose in a manner
similar to ammonium perchlorate, i.e., they gc through a dis-
sociative gasification step followed by an exCthermic gas-phase
reaction stage(36,160-162). More definitive results must be-
come available before meaningful speculations as to the effect
of these oxidizers can be made. The same is true of those
oxidizers used as high energy additives such as RDX (cyclo
trimethylene trinitramine) and HMX (cyclo tetramethylene
tetranitramine) (36).

B. Catalyst Additives

Considerable work has been done concerning the effect of
catalysts on the decomposition of AP. Jacobs and Whitehead(24)
have recently reviewed the literature and find that catalysts
generally fall into three catagories:

(1) Those which accelerate the high temperature reaction
of AP (:P3500 C) such as copper chromite and copper II oxide.
(They probably promote heterogeneous decomposition of the gase-
ous perchloric acid (and/or ammonia).)

(2) Those which accelerate the low temperature reaction
of AP (.e300 0C)such as the ions, Ag+, Cd+ , and the anions,
Mn04 , C103. (They could accelerate the proton transfer process
but no concrete proposals have been made.)

(3) Those which cause the AP to melt and thereby ac-
celerate the proton transfer initiation step, i.e., the metal
oxides such as MgO, CdO, and ZnO. (The metal oxide is be-
lieved to combine with some of the AP to form the metal per-
chlorate which in turn forms a eutectic with the remaining
AP.)

The catalysts of class (2) should have no significance on
the burning rate of an AP composite propellant because of the
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low temperatures at which they operate; reactions at these lo-w
temperatures (< 3000C) are too slow compared to the stay time
to be significant in propellant combustion; the fast, high-
temperature reactions that follow, do all the chemical conver-
sion in the burning of a solid pr6pellant.

The mechanism proposed for catalysts of the third cate-
gory, suggests that the action of these catalysts is to ac-
celerate the dissociative gasification step of AP and to cause
the AP to melt more so than it does when the catalyst i:S not
present. T7his, of course, is subject to the conditions that
either the catalyst is dispersed uniformly in the AP crystal-
lattice or, when the catalyst is not included in the AP, that
the pressure is low enough so that the long times associated
with slow burning rates may allow for sufficient spreading of
the AP melt across the AP particles from the edges of te AP
particles where the catalyst particles are. (It does not seem
likely that significant gas-phase reactions in crevices be-
tween the solid fuel and the solid AP would ;e caused by these
catalysts because the molten AP, if sufficiently mobile, would
tend to fill up these crevices.) The result of faster dis-
sociative gasification of AP can not be accounted for by the
GDF theory as it stands at present, because this step is taken
to be infinitely fast. The effect of a thicker, more mobile,
molten oxidizer layer might be to induce intermittent burning
if the binder is very volatile compared to the oxidizer and
if conditions are such that the oxidizer can not sustain com-
bustion on its own (see previous section).

The proposed action of class (1) catalysts is plausible
for AP propellant burning at low pressures. However, it is
hard to reconcile with the flame structure known to prevail
at normal rocket pressures, unless, the catalyst is dispersed
uniformly through the AP crystal lattice; in terms of the GDF
theory, the A/PA flame is exceedingly thin compared to the
mean AP particle size and so, it is unlikely that the gaseous
HC104 (or NH3) will be able to diffuse laterally across the
AP crystal to the adjacent catalyst particles, there to re-
act heterogeneously, before they, the NH and the HC104, have
a chance to react together in the A/PA flame. Neither is it
likely that catalyst particles are attacked heterogeneously
while they are being carried through the OiF flame - the stay
time is short and also, the catalyst particles are present
usually only in small quantities (-l% by weight). Yet, it
is known that copper chromite, for instance, has a significant
effect on the burning rate at all pressures, at least below
100 atm(l). Two possible modes of catalytic activity remain
for the normal rocket pressure range: (1), one or more of the
O/F flame reactants react heterogeneously with the surface
of the catalyst particles while they are still embedded in the
propellant surface, and (2), the existence of gas-phase or
heterogeneous reactions in crevices between the solid fuel and
solid AP is promoted by the presence of catalyst particles at
the interface between the solid AP and solid fuel. The latter
possibility seems more credible. This latter mechanism would
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cause burnina rate acceleration by virtue of accelerated AP
decomposition kinetics and also, by virtue of the increased
area for gasification of the propellant constituents; th2
burning surface would be conical around each catalyst par-
ticle.

The high speculative nature of the previous paragraphs
is a direct indication of how little is knorwn about the de-
tails of catalyst effects. This is the case despite the
great deal of work that has been done already. !Nhe only way
in whiich the mechanism could be fully resolved is to do
systemic tests concerning the effects of various catalysts
on the burning rate-pressure dependence of propellantsto-
gether with direct microscopic observations of the details of
the regressing propellant surface. The latter is by far the
most difficult. One interesting set of tests that does not
appear to have been done, and that would clarify many of the
previously outlined thoughts, is to determine the burning
rate-pressure dependence and the microscopic surface structure
of (1), a propellant without catalyst, (2), the same propellant
with fine cat.Ayst particles mixed uniformly in with the fuel
and oxidizer, and (3), the same propellant with the same amount
of the same catalyst, present now as a uniformly dispersed in-
clusion in the AP crystal structure.

C. Aluminum Additions

The interest in aluminum for solid propellants stems from
the fact that its addition produces a high specific impulse
(151,166) and furthermore, it suppresses combustion instabil-
ity(154,167,168). Studies concerning the effects of aluminum
addition have been mainly of qualitative nature, attention
being confined almost exclusively to the structure of the
flame.

It has been found quite generally that the aluminum ac-
cumulates on the propellant surface in molten form. Refs.
165, 168 to 173 show that the Al particles melt as they emerge
from the propellant surface and then agglomerate. The agglo-
merates remain on the propellant surface for a short period of
time and are then carried off by the surrounding gas stream
into the afterburning zone. Soon after the molten aluminum
emerges from the propellant surface, it is covered by an oxide
layer due to heterogeneous surface attack by the surrounding
oxidizer gases. The oxide layer resists further chemical at-
tack. A luminous zone is established around the agglomerate
soon after it leaves the propellant surface (sometimes also
while it is still on the propellant surface). The agglomerates
do not decrease noticeably in size before they leave the gas-
eous (0/F) flame zone.

Crump has made systermatic mea3urements of the average Al
agglomerate size(171) as a function of various propellant para-
meters and has found that it depends only on the amount of Al
present in the space between adjacent AP particles, i.e., it
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depends o- !v on A? particle size and aluminum content but not
on aluminum particle size, at least, not as long as the Al par-
ticle size is smaller than about 1504. Crump found that the
average size c ;' -he Al agglomerates is of order I00-300a., even
when the originz.. Al particles are as small as 5m.

The effect of added aluminu on the burning rate of a
composite propellant is hard to predict because there are
several competing effects:

(1) The Al particles have high heat capacity and act as
a heat sink while being heated to the propellant surfact tem-
perature; heat that may otherwise be used to effect decomposi-
tion of the fuel and AP, is used up and as a result, the burn-
ing rate decreases.

(2) Heat feedback into the solid phase interior from the
gaseous flame is increased locally by the high corductivity of
each A! particle; the burning surface regresses conically around
each Al particle and so, the burning rate increases by virtue of
the increased surface area for gasification. (This effect is
far more important for Al wires than for spherical Al particles
(16,174)).

(3) The molten Al tends to accumulate, forming a blanket
over the propellant surface(168,171); it might suppress the de-
comoosition of the fuel aod AP, thereby decreasing the burning
rate. (This effect has been observed with propellants with ab-
normally high Al concentrations(171) and also for aluminized
propellants burning in acceleration fields(175,176); these ac-
celeration forces prevent the Al agglomerates from leaving the
propellant surface and escaping into the afterburning zone
(175-178) .)

(4) The Al agglomerates burn partially in the gaseous
flame zone and the effect of the heat released in this flame
zone is to increase the burning rate; in terms of Crump's pocket
model for aluminized propellant burning(.71), the burning :te
should then be dependent on aluminum content but not on the
mean particle size of the Al.

(5) The Al agglomerates burning in the gaseous flame
zone and in the afterburning zone, radiate heat back to the
propellant surface and the effect of this is to cause a higher
burning rate(6,179). (This effect is small for the usual com-
posite propellant mixtures because as shown by direct measure-
ment in Ref. 6, the radiative heat feedback contribution from
the hot Al agglomerates amounts to no more than 10% of the
total heat fed back to the propellant surface*.)

(6) The Al a °glomerates pass through the O/F flame zone
unreacted and burn up far away from the propellant surface; the
heat released by the Al burning far away from the propellant
surface, has no effect on the burning rate but the heat needed
to melt the Al reduces the burning rate slightly.
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The most important of the above six possible effects of
Al addition can be identified by a process of elimination. As
has been noted already, the effect of radiative heat feedback
(Item (5) above) is expected to be minor for most AP-Al based
propellant mixtures (0/F flame temperature usually less than
about 2600)K). Also mentioned before is that the effect of
suppressing AP and binder decomposition by forming a molten
Al blanket (that covers the propellant surface (Item (3))),
is important only for propellants with abnormally highi A! con-
tent or aluminized propellants burning in strong acceleration
fields.

The roles played by factors (1) and (2) above, are harder
to assess. It is doubtful whether the effects of Al acting
as a thermal ballast in the solid phase heat-up zone (Item
(M)) and of Al causing local increased heat conduction into
the solid phase heat-up zone (Item (2)), will result in a
significant increase of burning rate when the Al particles
arc small and spherical, as they usually are: these effects
counteract each other, but more important, the net result of
these effects, still felt, will be restricted to the depth of
one Al particle diameter below the propellant surface. The
views expressed in this paragraph are confirmed by implication
of the success of the findings described in the paragraph be-
low.

whether the Al agglomerates release a significant amount
of heat in the flame zone (Item (4)) and thereby effect the
burning rate, or whether they act purely as an inert condensed-
phase material passing through the flame zone (Item (6)), can
be inferred from the results of a systematic study done by Hart
and Merkle(181) of the parameters affecting the burning rate-
pressure dependence of aluminized AP propellants. They found
that: (a), the burning rate of an aluminized propellant is
independent of the Al particle size, at least, as long as this
particle size is smaller than about 150u; (b), the effect of
increasing Al content while keeping AP content constant, is to
increase the burning rate significantly; and (c), changing Al
content does not change the burning rate provided the AP/binder
ratio is kept constant. These results are all in agreement with
Crump's findings of the structure of an aluminized propellant
flame (summarized earlier).

However, when the O/F flame temperature exceeds about 26000 K,
the melting temperature of the oxide layer that covers the Al
agglomerates, i.e., when the propellant has a high AP content,
the Al will burn in the gas phase(180) and the Al will then
:-adiate heat back to the propellant surface at an effective
bl.ck body temperature that is much higher than the local.
equilibrium temperature(179); according to Ref. 180, the radia-
tive heat feedback contribution could then be as high as the
conductive heat feedback from the O/F flame, i.e., as much as
30% of the total heat feedback. It should be noted also that
tL.e radiative heat feed.back will be dependent on pressure,
because the radiating temperature is itself pressure dependent.
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The above findings of Hart and Merkle, as well as the
subsequent calculations of Hart(181) based on these result.;,
show that Al acts merely as an inert in the flame zone of an
AP propellant, at the most, absorbing the small amount of
heat needed to melt the Al at the propellant surface. Any
burning rate changes that come about by the addition of Al,
will be by virtue only of the fact that the AP/binder ratio
of the propellant has been changed.. In fact, the burning
rate of an aluminized propellant can be predicted merely as
the burning rate of an unaluminized propellant with the same
ratio of AP to binder. The implication of this conclusion
is that the other five possible effects of Al additions (listed
before) are not important in the burning process of an AP pro-
pellant.

D. Effects of Different Fuels

The effect of fuel-type on the burning mechanism of a
composite solid propellant has been covered to sorn extent
by this investigation. It was found that the burning behavior
of these propellants is linked directly to the gross melt-
ability properties of the fuel. Further proarezs is hindered
by the fact that the detailed degradation mecnanism of poly-
meric systems under the high temperature and surface heating
rate conditions encountered in propellant combustion, is un-
known. Most desirable would be information regarding the heat
of gasification, the kinetics of degradation, and th.' gaseous
pyrolysis products. (The present understanding of fuel de-
composition at low temperature and during bulk heating can not
be extrapolated to the conditions of a burning propellant - at
most, one can only make educated guesses of the gross behavior
properties, as has been done in this investigation).

Methods of obtaining the desired information are difficult
to contrive. At present, it seems that the study of the be-
havior of the fuel during steady radiative heating, together
with radiometer surface temperature measurements conducted at
a wavelength different from that of the radiative input, would
be the most rewarding. (The disadvantages of the hot-plate
and porous-plate technigues of surface heating of fuels are
that the degradation products coat the plate or clog the pores,
and alsc, the surface temperature can not be accurately meas-
ured.) The knowledge thus gained, will perm.'. more exact de-
scription, in the GDF theory, of the role playe. by the fuel.
In consequence, more accurate burning rate predictions should
be possible.

E. Pure Double-Base Propellants

Considerable effort went into the study of double-base
(DB) propellants, particularly during the 1940's and early
1950's(91,95,101,102,128,131-136,182-186). However, since
the advent of ammonium perchlorate-based composite solid pro-
pellants in the last decade, the inte:.est in the mechanism of
burning of pure DB propellants has been only spasmodic. As a
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result, the armament rocket and gun ballistics industry which
still makes extensive use of DB formulations, must rely heavily
on expensive and timre-consuming development of an empirical
nature, much more so than the industry using AP composite pro-
pellants. The benefit to be derived from further detailed
study of DB propellants is obvious.

The general structural features of double-base propellant
flames are fairly well known. It is generally agreed that DB
propellant, usually a colloid of NC with NG, TEGDN, or DEGDN
(see list of abbreviations), burns with a three-stage flame
(132-134). The first stage is believed to be a zeroth order
(with respect to pressure), net exothermic solid-to-gas re-
action in which the rate-determining step is the breaking of
the N-O bond of the nitro-organic material(131,183-185). This
is believed to occur in the "foam-zone" below the propellant
"surface"(102). The surface temperature is about 500°K(91,134).
The first reaction stage produces NO, aldehydes, etc., which
react vigorously in the gas phase, the second stage, very close
to the propellant surface. The products of this second stage
(NO + oxidizible material) then react in a third, gaseous,
stage further out in the gas stream(131,133). About half the
total heat of reaction of the propellant is already expended
at the end of the second reaction stage and the temperature is
then about 1500°K(131). The remaining heat of reaction is re-
leased in the third stage and this release of heat causes the
final flame temperature to be about 3000°K(131). The distance
of the third reaction zone from the propellant surface is
strongly dependent on the pressure(128,131,132); at low prus-
sure (-10 atm), this reaction zone is preceded by a thick
(^. l cm) dark zone in which no reaction occurs; this dark zone
quickly diminishes to zero thickness (the luminous fronts of
the 2nd and 3rd stages merge) when the pressure is increased
beyond 50 atm. Below 40 atm, the total measured heat of re-
action diminishes rapidly with reduction in pressure until, at
about 10 atm, the heat of reaction is about half its high pres-
sure (and theoretical) value(131,133,186). This severe drop
in the heat of reaction is probably due to the fact that in low
pressure strand burnings, there is ample opportunity for the
partially reacted gases to escape from the edges of the thick
dark non-reacting zone into the surrounding atmosphere.

The above findings concerning the flame structure imply
that the burning rate at high pressure depends on the heat
generated in all three stagez. whereas, at low pressure, it
depends only on the heat generated in the first, zeroth order
stage. In detail, this first stage probably consists of an
endothermic gasification step followed by an exothermic gas
phase reaction, just like the first stage of an AP composite
propellant flame. It is not certain whether this first stage
responds to pressure just like the A/PA flame, i.e., distends
with reduction in pressure to finally cause extinction, or,
whether the exothermi: gaseous step of the 1st stage is en-
trapped in the foam zone, thus retaining the heat generated
(like the polysulfide propellant of this study). The former



possibility leads to a pressure exponent near unity at low
pressiire while the latter possibility yields a pressure expon-
ent that tends to zero at low pressure. Both types of burning
rate behavior have been observed with various propellant formu-
lations(131). It has been suggested that those additives that
cause a zero pressure exponent at low pressure, do so because
they promote the surface reaction(131). Other additives pro-
duce further complicating features such as plateaus and mesas
at intermediate pressures(135,136). The action of these ad-
ditives is not fully understood. The problem is really that
no burning rate measurement series have been made in which the
many propellant parameters have been systematically varied.
Thus, no systematic trends or regularity in the burning rate
behavior can be discerned from the data. So, it is not yet
possible to make meaningful interpretations as to the combus-
tion mechanism; the position is still too murky to venture any
specific predictions concerning the burning rate behavior.

Two theories of DB propellant burning have been formulated
on the basis of the previously described picture of propellant
burning(101,102). They are expectedly involved. They contain
so many unknown, and hence adjustable parameters that testing
of their validity is impossible at this stage. Even so, the
paucity of data precludes meaningful ccmparison with the theo-
retical predictions. A systematic survey of DB propellant
burning rate behavior is long overdue.

The position with composite modified double-base propel-
lants is simlilar, although not so severe. Here again, very
few studies have been made. The findings of this investigation
suggest that CMDB propellants burn in a fashion similar to the
common composite propellants. The nature of the DB fuel does
not seem to be so important when AP is added and the complexi-
ties of the two-stage flame with its conccrttant problem of
combustion inefficieitcy, seem to disappear. Thus, it appears
that much of the information needed to understand the mechanism
of CMDB propellant burni ., can be drawn from that which has
been learned about th common AP composites.

F. Propellant Behavior Under Other Physical Conditions

The present understanding of the steady state burning be-
havior of propellants in the domain of high pressure (above
100 atm) is poor. There have not been sufficiently many studies
of the burning rate behavior and flame structure to establish
conclusively the dominant mechanism of burning at these very
high pressures. Several mechanisms have been proposed (see
Section II) but more experimental work is necessary before the
applicability of any of the proposed theories(93,96,116) can
be determined.

Of obvious practical interest is also the response of a
solid propellant to high initial temperature conditions(187);
at present, the rocket engineer must still rely on empirical
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data concerning the effect of this parameter. The prediction
of burning rate as a function of initial temperature is the
natural outcome of any theory of propellant burning. It is
necessary to compare the predictions of the theory with the
data. Such comparisons are all too little done. In this
context, it is to be noted that nothing can be learned of the
fundamental combustion mechanism if tests are made in which
this parameter is varied, because all possible reactions with-
in the flame wave are strongly temperature dependent and the
functional relationship is approximately the same in all cases;
the result of a particular reaction can not be separated from
overall propellant performance data if cnly the initial tem-
perature is varied.

The behavior of propellants in nonsteady pressure fields,
in fields of high centrifugal acceleration, and under condi-
tions conducive to erosive burning, should also be predictable
from the fundamentals of the burning process. In many cases,
such prediction is still not possible. Sometimes, the physics
of the burning process are not adequately accounted for.
Often, the reason for this is that the problem is so complex
that the details of the flame wave can not be inferred from the
overall propellant burning characteristics alone; also, direct,
detailed observations of the structure of the flame are usually
not possible in these difficult physical situations. Thus, re-
course must be had to the knowledge gained from the study of
propellants burning under conditions of steady-state in which
the outside influences of gasdynamic pressure, temperature,
and velocity fields, etc., are absent. In essence, we should
incorporate, or at least be consistent with, the detailed pro-
pellant combustion model that has been developed for steady
state conditions.

To review the state of affairs concerning the burning be-
havior of propellants in the previously mentioned, more com-
plex physical situations is beyond the scope of this work.
However, a few brief remarks seem appropriate.

All theories for the burning behavior in an erosive en-
vironment(188-193) result in expressions that relate the aug-
mentation in the burning rate to the heat transferred through
the boundary layer, from the hot by-flowing combustion product
gases to the regressing propellant surface. The conseguences
of the combustion zone close to the propellant surface are
left as a side issue. It would be useful now to include this
combustion zooe into the theoretical formulation. Only then
can absolute burning rate predictions be made for propellants
burning in an erosive environment, as a function of the in-
dependent propellant parameters of importance.

It is surprising that some theories of nonsteady solid
propellant burning(194-196) deny even the most obvious facts
concerning the structure of a composite propellant flame, such
as its heterogeneity. Much of the turmoil in this field is
caused by an insistance to use simple one-stage premixed flame
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theories for composite solid propellants. (These theories
probably do not apply to homogeneous DB propellants either;
DB propellant flames consist of several stages.) For a more
detailed criticism of previous nonsteady theories, and for
a presentation of a new approach that recognizes the flame
zone, see Ref.127.

Examples of where attempts have been made to include the
known flame structure of a composite solid propellant, are
those theories that have been proposed for the burning be-
havior when the propellant is L i.jected to high acceleration
fields: Glick's theory(178) for unaluminized propellant
employs the GDF model, and Crowe's theory(177) for alumi-
nized propellants (later modified by Glick(178)) takes
account of already published flame structure observations.
However, these theories have only met with partial success
(in the sense that only qualitative behavior trends are ex-
plained). So, it is apparent that, here too, further work
is required.
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LIST OF SYMBOLS

a - chemical reaction time parameter in burning rate equations
(15), (18) and (19)

b - diffusion time parameter in burning rate equations (15)
and (18)

a'- chemical reaction time parameter in burning rate equation

(14)

o - diffusion time parameter in burning rate equation (14)

c - specific heat; also diffusion time parameters in burning
rate equation (19)

d - mean oxidizer particle size

dg- effective diameter of gaseous fuel pockets
g

p - pressure

r - burning rate

x - distance from propellant surface (Fig. 1)

yl- mass fraction of large particles in bimodal particle size
distribution

A - pie-exponential factor for surface pyrolysis reaction

(Eq. (5))

B - pre-exponential factor for gas phase reaction (Eq. (7))

D - diffusion coefficient

E - activation energy

L - thickness of zones in propellant flame (Fig. 1)

M - Molecular weight

Q - conductive heat feedback from gaseous reaction stage to
propell3nt surface per unit mass of propellant consumed

Q - conductivP heat flux from gaseous reaction stage to
propellant surf:.ce

R - universal gas constant

T - absolute temperature

V - average gas velocity

Ah -- enthalpy requirel to effect a change of state
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(,/.Pc) c - thermal diffusivity of solid phase

- constant related to a through equations (14) and (15)

/S - constant related to b through equations (14) and (15)

- emissivity of propellant surface

X - thermal conductivity

1A - average mass of gaseous fuel pockets

p - density

- Boltzmann constant

- reaction time

V, - equivalence ratio (defined in footnote on p. 15)

Subscripts

I - first stage gas phase reaction zone (A/PA flame)

II - second stage gas phase reaction zone (O/F flame)

1 - condition at end of stage I (A/PA flame)

2 - condition at end of stage II (0/F flame)

ad - adiabatic condition

c - solid phase

eff - effective value

f - flame front around each gaseous fuel pocket

g - gas phase

1 - mean diameter of large particles in bimodal particle
siz, distribution

m - mean diameter of oxidizer oarticles (unimodal or bimodal
distribution)

o - initial condition

s - propellant surface (or mean diameter of small articles
in bimodal particle size distribution)

tr - orthorhombic to cubic lattice phase change in solid AP
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LIST OF ABBREVIATIONS

Oxidizers:

AN - Ammonium nitrate

AP - Ammonium perchlorate

KP - Potassium oerchlorate

Binders:

(See Table IV of Appendix B for exact chemical
formulations.)

EPON/TETA - Epoxy with amine cure and plasticizer.

ESTANE/POLYOL - Diisocyanate terminated polyester with
polyol cure (a polyurethane).

LP3/GMF - Polysulfide with dioxime cure.

NC/TEGDN - Nitrocellulose in triethylene glycol
dinitrate (a plastisol).

P13 - Polyesterstyrene (free radical polymerized).

PBAA/EPON - Polybutadiene acrylic acid with epoxy cure.

PBAN/MAPO - Polybutadiene acrylic acid acrylonitrile
with imine cure.

PBCT/EPOXY - Carboxyl terminated polybutadiene with
epoxy cure.

PBHT/TDI - Hydroxyl terminated polybutadiene with
diisocyanate -,re (a polyurethane).

Pr - Paraformaldehyde (polyoxymethylene).

PIB/MAPO - Polyisobutylene with imine cure and
plasticizer.

POLYOL/TDI - Polyol with diisocyanate cure (a pulyurethane).

PVC/DBS - Polyvinylchloride in dibutyl sebacate
(a plastisol).

Chemicals:

DBP - Dibutyl phthalate (Fisher Scientific Co.).

DBS - Dibutyl sebacate (Matheson, Coleman and Bell).

DOA - Dioctyl adipate (Pfaltz and Bauer, Inc.).
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EPON 812 - Epoxy (Triglycidyl ether of glycerol)
(Shell Chemical Co.).

EPON 828 - Epoxy (Diglycidyl ether of bisphenol A)
(Shell Chemical Co.).

ERL 0500 - Epoxy (N,N - Diglycidyl-p-aminophenyl
ether) (Union Carbide Co.).

ESTANE - Diisocyanate terminated polyol
(B. F. Goodrich Chem. Co.).

FERRO 121 - Barium ricinoleate (modified, (Ferro
Corporation).

GMF - Paraquinone dioxime.

LECITHIN - Phosphatidyl choline (W. A. C]eary
Corporation).

LP3 - Polysulfide (Thiokol Chemical Corp.).

LUPERSOL DDM - 60% Methyl ethyl ketone peroxide in
dimethyl phthalate (Wallan & Tiernan Co.).

MAPO - Tris [l-(2-methyl) aziridinyl] phosphine
oxide (Interchemical Corp.).

11NC - Nitrocellulose (component of Ball powder
"A" consisting of 98.5% NC (12.6%N) and
1.5% 2 Nitrodiphenylamine) (Olin Mathieson
Chemical Corp.).

NG - Nitroglycerine.

P13 - Polystyrene-polyester copolymer (Rohm &
Haas Co.).

PBAA - Polybutadiene acrylic acid copolymer
(American Synthetic Rubber Corp.).

PBAN - Polybutadiene acrylic acid acrylonitrile

terpolymer (B. F. Goodrich Chem. Co.).

PBCT - Carboxyl terminated polybutadiene (Hycar)
(B. F. Goodrich Chem. Co.).

PBIIT - Hydroxyl terminated polybutadiene (PBD-R-45)
(Sinclair Petrochemicals Inc.).

PF - Paraformaldehyde (Matheson, Coleman and Bell).

PIB - Carboxyl terminated polyisobutylene (Enjay
Chem. Co.).

Polycin 51 - Propylene glycol mcnoricinoleate (Baker
Caster Oil Co.).
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Polyol - Mixture of PPG and TMP (proportions given
Table IV).

PPG - Polypropylene glycol (Voranol P-2000)
(Dow Cheimical Co.).

PVC - Polyvinyl chloride (Geon 121) (B. F. Goodrich
Chem. Co.'

TDI - Toluene diisocyanate (Hylene-T) (E. I. duPont
de Nemours & Co., Inc.).

TEGDN - Triethylene glycol dinitrate (Propellex,
Div. of Chromalloy Corp.).

TETA - Triethylene tetramine (Matheson, Coleman
and Bell).

TMP - Trimethylol propane (Celanese Chemical Co.).

S - Sulphur (Matheson, Coleman and Bell).

St. Oct. - Stannous Octoate (K & K Laboratories, Inc.).
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RADIATIVE HEAT LOSS
ENDOTHERMIC ZEROTH ORDER FROM SURFACE
PYROLYSIS OF SOLID FUEL AND TO SURROUNDINGS
DISSOCIATIVE SUBLIMATION OF AP TO
AMMON.A AND PERCHLORIC ACID

-7_

CO N CT /6- FINAL
CONDUCTION a,-..-. ... COMBUSTIONINTO SOLID PRODUCT --~--PRODUCTS ---

/ - - CONDUCTION FROM - - - .
/ A/PA AND O/F ZONES "

o-,, O .. :- < :. . -____ -__ ----

THIN PREMIXED EXOTHERMIC
NH3 + HCIO4 REACTION ZONE

(PYROLYSED FUEL VAPOR
SERVES AS DILUENT)

GASEOUS FUEL POCKETS
CONSUMED IN ATMOSPHERE OF

A/PA-ZONE COMBUSTION PRODUCTS
DIFFUSIONALLY AND/OP

CHEMICAL REACTiON CON4TROLLED )
T

(T2

T,

10| (~~SCw t(s,g) k111 (2

TEMPERATURE PROFILE

FIGURE I TWO-STAGE GRANULAR DIFFUSION FLAME MODEL FO!',

AMMONIUM PERCHLORATE -TYPE COMPOSITE SOLID PROPELLANTS
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Pi PER CENT AP Ia/b
FUEL PARTICLE SIZE 'o (pslo) 2 /3 INVESTIGATOR

o 25% P13 16g 0.440 17 SUTHERLAND
+ 25% P13 50%7$ + 50% 7 8 pM 0.489 II TABACK

1 35% LP-3/GMF 3 0%9,u+?O%265/. 0.415 5.7 BASTRESS
V 32.5% EPON/TETA IOI. 0.433 30 BASTRESS

3 ;4% PBAN ? 0.680 5.1 MARXMAN
0 20% PBAA/EPON 30%5U+70%45p 0.445 2.6 THIS STUDY

5000 x 60% NC/TEGDN 5. 0.569 35 THIS STUDY

-DENOTES STRAIGHT LINE FIT,

i e., EQUATION CORRELATES DATA

EQUATION DOES NOT CORRELATE DATA

4000

PRESSURE _ psia
BURNING RATE "in/sec

3000

2000

1000

100 psia 500 psio 1500 psiO

0 25 50 75 IC.3 125 150

(PRESSURE)
2 / 3 - (osio) 2 / 3

FIGURE 2 CORRELATION OF BURNING RATES WITH

('). ( )1 (0)

- 102 -



1.0

Ii

RANGE OF VALIDITY OF GDF THEORY

BETWEEN THIS APPROXIMATE BOUNDARY WIDTH OF THIS

BOUNDARY IS
0.48 /-*DEPENDENT ON

NORAL8 PRESSURENORMAL

EQUIVALENCE BURNING
RATIC RANGE MOST PRACTICAL

ROCKET PROPELLANTS
Po FALL IN THIS RANGE / BREAKDOWN OF

. ONE- DIMENSIONALITY
0.6 / ASSUMPTION- IN THIS RANGE

WIDTH OF a n v
THIS BOUNDARY O /
IS DEPENDENT ON • 0 4

0.4 -PHYSICAL PROPEPTIES 0 0000
OF FUEL AND AP 0 0 0

TFITTAN M INTERMITTENT 0( ABNORMAL )

BURNING RANGE
0.2 APPROXIMAIE BOUNDARY"

BETWEEN NORMAL AND
0 GDFT FITS DATA (UNIMODAL AP) INTERMITTENT BURNING

o GDFT DOES NOT FIT DATA (UNIMODAL AP) REGIMES:
0 GDFT FITS DATA (BIMODAL AP)
o GDFT DOES NOT FIT DATA (BIMODAL AP) 41z (0.58- 0._ 0 loglo d,

NOTE: FOR BIMODAL AP, dm= y1d, + (I-Y 1 )ds
0 , 1 I , I . I I I

10 100 1000 3000
MEAN AP PARTICLE SIZE dm - (micron)

FIGURE 3 BURNING BEHAVIOR AND REGIMES OF VALIDITY OF GDF THEORY

FOR AP BASED PROPELLANTS WITH FUELS THAT DO NOT MELT READILY
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PER CENT AP Io/b I
FUEL PARTICLE SIZE 410 (Dsl°) 2/3 INVESTIGATOR

0 25% P13 16 , 0.440 17 SUTHERLAND
+ 25% P13 50%7p + 50% 78,A 0.489 ii TABACK
a 35% LP3/GMF 30%9't-70'(265/j 0.415 5.7 BASTRESS
V 32 5% EPON/TETA IOU 0.433 30 BASIRESS

u 14% PBAN ? 0.b80 5.1 MARXMAN
0 20% PBAA'/EFON 30%5,4 + 70%45; 0.445 2.6 THIS STUDY

x 60% NC/TEGN 5m 0.569 35 THIS STUDY

4 -,

- DENOTES STRAIGHT LINE FIT, 4

,.EQUATION CORRELATES DAIA

20 EQUATION DOES NOT CORRELATE DATA ."

A s

15 .. ORDINATE SCALE
EXPANDED 10 TIMES

{ PRESSURE -6,-."

1BURNING RATE X4psl ,. " 
"

4

10 +// ""+ .oo

I0 '

1500

0 50 100 ,50 190

(PRESSURE 14/X I0 -- (pSio) 4 /

FIGURE 4 CORRELAIION OF BURNING RATES WITH:

(r) ()
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PER CENT AP o/b
FUEL PARTICLE SIZE *0 (psio) 2/ 3 INVESTIGATOR

0 25% P13 161L 0.440 17 SUTHERLAND
+ 25% P13 50%71L .+ 50%78p 0.489 I TABACK

35% LP3/GMF 30%9 L+t0%265p 0.415 5.7 BASTRESS

V 32.5% EPON/TETA IO' . 0.433 30 BASTRESS
o 14% PBAN ? 0.680 5.1 MARXMAN
0 20% PBAA/EPON 30%5i.-+ 70%45p 0.445 2.6 THIS STUDY
X 60% NC/TEGDN 5p 0.569 35 THIS STUDY

- DENOTES STRAIGHT LINE FIT,
Le., EQUATION CORRELATES DATA

EQUATION DOES NOT CORRELATE DATA " -

4000 "

I

PRESSURE __ f psla •
BURNING RATE i n/ sec j -s'" --

3000 - ,p A -

0 ,

' • 000
200 - Z]

• oo

S •/oo
. ' - p v

1000 /4*0 .-..0 , , , I ! . , I i

1 1

00.

0 500 1000 1500 1900

PRESSURE - (psia)

FIGURE 5 CORRELATION OF BURNING RATES WITH

( ) (c)
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COLLAPSED A/PA-GDF CALCULATIONS BASED ON:

O-'- 35% POLYSULFIDE + 65% AMMONIUM PERCHLORATE
MEAN PARTICLE SIZE OF AP = 80 Micron
ACTIVATION ENERGY OF O/F REACTION = 20 Kcol/mole
ACTIVATION ENERGY OF PYROLYSIS REACTION = 15 Kcal/mole

i10. _ (2) 1- (1
IRANGE OF SUBATMOSPHERIC RANGE FOR APPLICATION

BURNING RATE EXPERIMENTS OF MODEL WITH COLLAPSED
WHERE COLLAPSED A/PA FLAME A/PA FLAME

DOES NOT APPLY

10- 3 - USUAL
ROCKET RANGE

GRANULAR DIFFUSION FLAME O/F REACTION TIME
ESTIMATED FROM FIT OF COLLAPSED A/PA FLAME MODEL

10-4N IN RANGE (1) -- r.

RE.CTION TIME
(seconds)

)(4)
10-6 PREMIXED NH3 + HC1O 4 /

REDOX FLAME REACTION TIME
ESTIMATED BY FITTING SECOND ORDER

REACTION LAW TO BURNING RATE DATA OF
FRIEDMAN ET AL FOR PURE AP

IN RANGE (4) -

10-7

10-3 iO- 10- 1 100 10, 102 003

PRESSURE (atmospheres)

FIGURE 6 PRESSURE DEPENDENCE OF REACTION TIMES OF

AMMONIA/PERCHLORIC ACID AND OXIDANT/FUEL REACTIONS
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LI

800 2400
SUBATMOSPHERIC BURNING RATE USUAL

EXPERIMENTS ROCKET RANGE

700 TOTAL AMOUNT OF HEAT
SUPPLIED TO PROPELLANT SURFACE

FOR PYROLYSIS AND HEAT-UP OF SOLID 2000

HEAT SUPPLY TO
PROPELLANT SURFACE

PER UNIT MASS j
PYROLYSING SOLID

(cal/gm )" . . "

1600

5020
MAXIMUM AMOUNT OF ,

HEAT THAT "AN BE SUPPLIED :

BY A0PA REACTION STAGE

i,. WHNI S OLPE

300 CONTRIBUTION OF HEAT TO SURFACE P UFROM O/IF REACTION STAGE _ 0

, HEAT FLUX TO

200 CONTRIBUTION OF HEAT TO SURFACE PROPFLLANT SURFACE
IN FROM A/PA REACTION STAGE OcDl/cEz-sL

100 IO?

0 0
10-3 IO-2 101 0 o 000 0

PRESSURE a tmospheres

FIGURE 7 HEAT SUPPLY TO PROPELLANT SURFACE BY A/PA AND O/F STAGES

IN THE GRANULAR DIFFUSION FLAME MODEL



150 CALCULATIONS DONE FOR REACTION TIMES OF FIG. 6
F _ _ _ _ _ _ _ _ _ _ _ _ __150_ _

GDF CORRELATION:

r p ph

E r a + b p2 /3

4,000-

100 DISTENDED A/PA FLAME

PRESSUREI
BURNING RATE

50 2,000[

COLLAPSED A/PA FLAME

1,000

0 0 50 10010
(psia )2 /3

0 5 10 15 20 25

PRESSURE )2/3 atM )/

FIGURE 8 GRANULAR DIFFUSION FLAME THEORY PREDICTIONS

PLOTTED AS (p/r) VS ()2 3 ]
FOR COLLAPSED AND DISTENDED A/PA FLAMES
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CALCULATIONS PERFORMED FOR REACTION TWtvES OF FIGURE 6
-REPRESENTS CASE OF ADIABATIC BURNING (*0)

REPRESENTS BURNING WITH RADIATIVE HEAT LOSS (c 0.75)
X DENOTES POINT OF EXTINCTION
0 DENOTES EXPERIMENTAL POINT USED TO DETERNSINE Ca AND

IN G;RANULAR DIFFUSION FLAME THEORY- WITH COLLAPSED A/PA FLAME

100

Bbf.(f4I( RA.TE CLL/i-'EPr ,iPA-GL'F WL([EL

cry./se

ZF -EXPUERIET OKTRIG

THE GANULR DIFUSIO FLAM THERYAFRC E CASES:
(i) REMXEDAMMOIA/ERCLORC ACD LAE ISA(,) DISTNDED

(2) PREMXED AMM NC/ERCLO / AID FODLAM SCLASD

JIJ



CALCULATIONS PERFORMED FOR REACTION TIMES OF FIGURE 6
-- REPRESENTS CASE OF ADIABATIC BURNING ( .0)
---- REPRESENTS BURNING WITH RADIATIVE HEAT LOSS ( ,, 0.75)

XC DENOTES POINT OF EXTINCTION
0 DENOTES EXPERIMENTAL POINT USED TO DETERMINE a AND

IN GRANULAR DIFFUSION FLAME THEORY WITH COLLAPSED A/PA FLAME

I00 _E$, = 30 Kcol/moie

100

BURNING RATE EES 15 Kcol/rr.ule

ic' SEACY BURNIN':
EXTEN.,S TL,

100

I(" z/ / /,' Es = 30 Kcol/mole

, STABLE BRANCH OF SOLUTION

io-4 -UNSTABLE BRANCH OF SOLU'IION

(PHYSICALLY NGT REAL

i - I I I 1

I0 1 001
13 0 2 I0 i0 0 3

PRESSURE ( otmospheres

FIGURE 10 EFFECT OF ACTIVATION ENERGY OF SURFACE REACTION ON

BURNING RATE BEHAVIOR OF GRANULAR DIFFUSION FLAME THEORY WITH

COLLAPSED A/PA FLAME ZONE
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7V2

CALCULATIONS PERFORMED FOR REACTION TIMES OF FIGURE 6

-- REPRESENTS CASE OF ADIABATIC BURNING ( E - 0)
REPRESENTS BURNING WITH RADIATIVE HEAT LOSS (C - 0.75)

X DENOTES POINT OF EXTINCTION

101 %,

THERMAL WAVE THICKNESS IN SOUD PHASE (L s )

i00 U/F FLAME THICKNESS (LI)

A/PA FLAME THICKNESS ( LI)

10 -1 
-- -. - -. ---- 20 HERE FLAME THICKNESS IS

20% OF STRAND SIZE
FLAME ZONE THICKNESS (EXTINCTION AROJND 0.05 otm)

( centimeters)

10-3

II

EXPECTED ROUGHNESS DIMENSION OF
REGRESSING PROPELLANT SURFACE

(ONE-DIMENSIONALITY LOST ABOVE 100 aim

io4

USUAL ROCKET RANGE
SUBATMOSPHERIC BURNING RATE

EXPERIMENTS 3

I0-5 I
i0-  i0 2  iO- 0o  0 10

10- 10- 10-' 100 10' 102 10

PRESSURE ( otmospheres)

FIGURE II PRESSURE DEPENDENCE OF FLAME ZONE THICKNESSES PREDICTED

BY GRANULAR DIFFUSION FLAME THEORY WITH DISTENDED A/PA FLAME
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APa 0b a/bA Pp s i I ( s c 1 3 /
PARTICLE SIZE .in /se- j in/sec J1 (ps°)/

0 55 ",- I - -I

A 78 IL 190 26.3 7.2
+ 98 I. i90 28.5 6.7
7 140p 240 29.4 8.2
D 175 250 31.5 8.0
X 265/.L - -5000

GDF' CORRELATION : -

I - DENOTES STRAIGHT LINE FIT, -
i.e., EQUATION CORRELATES DATA

4000 EQ. DOES NOT CORRELATE DATA /

O[ o = 0.415

I

3000[ ,

PRESSURE /si
BURNING RATE [in/sec'

2 000,,
; /

O7MF '-F IN GOFT
,LON AP.iLL -m

IO[ ," b {j I 3n/ec}
30F

1000 " ","30'-

0.2
b- d

270 100 150 20C
dm (micron)

0
0 50 100 150

(PRESSURE)
2 / 3 

- (pslo) 2 / 3

FIGURE 14 35% LP3/GMF + 65% AF DATA OF FIG. 12

PLOTTED AS (p/r) VS. (p2/ 3 )
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I I PER CENT f AP
1 FUEL P~ARTICLE SIZE ____

20.0% PBAA/EPON 30%5p + 70%45P 0.445
rco ?.5%PBAA/EPO4 30"Y40#&+ 70%180,u 0,517

A 7.%P: T/D j30%40p + 70%Y.180p 52
13J1.51/6 PeAN/MAPO 3O%4OjL+ 7O%i8Op~ 0.524

500o AND b FOR THESE PROPELLANTS GIVEN IN TABLE ZI

GDF CORRELATION: I .q)+(~3

-DENOTES STRAIGHT LIN4E FIT,
I.e., EQUATION CORRELATES DATA

4000 - -EQ. DOES NOT CORRELA'F DATA

PRESSURE psig
BURNING RATE LIT/secl 

o

2000 0

S100 psIo J500 psio 1500 ilo

0 - 15psigio . I . 4 ,
0 50 100 150

(PRESSURE) 21 3 - (psio) 2 / 3

FIGURE 17 GDF CORRELATION OF HIGHLY LOADED AP PROPELLANTS

WITH FUE'_L$ THAT DO NOT MELT READILY
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20

PER CENT AP
AP PARTICLE SIZE __0-10 -_ _ _ _... ...__ _ _ _ _ _

o 0.0% 0.281
+ 40.4% 5ps 0.574
A 40.0% 5 0.569
o 40.0% 80L 0.569

-- EXPERIMENTAL CURVE
-- 0-GDF CORRELATION

!.0-

0,5I

BURNING RATE
(in/sec)

0.1

0.05

0.01l I 5 I 0 20()0 I

10 50 100 500 1000 2000
PRESSURE (psia)

FIGURE 22 BURNING RATES OF DB AND CMDB PROPELLANTS

(PURE NG/TEGDN AND NC/TEGDN-AP MIXTURES)
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FI ER CET1 AP
AP PARTICLE SIZE}k

o .%3 0.281

+ I40.4% 5 j 0.574
SI40.0% 5 I 0.569
0 40.0% 80 IL 0.569

VALUES OF aAND b GIVEN IN TABLE X

2500 GDF CORRELATION: b. ~l ~

DENOTES STRAIGHT LINE FIT,
i.i., EQUATION CORRELATES DATA

-EXPERIMENTAL CURVE
PRESSURE

2000 BURNING RATE

OR DI N/ATE,-
PRESSURE Psia SCALE ,

BURNING RATE n/ sc

1500- 6000

1000 EXTINCTION OR GI tAT E 4000

500 2000

IS psia 1100 psio 500 psio 1500 psio

0 -- f'* . ., .-
0 50 100 150

(PRESSURE )23 (so2/3

FIGURE 23 GDF CORRELATION OF DB AND OMOB PROPELLANTS

PURE NC/TEGDN AND NC/TEGDN-AP MIXTURES)
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SURFACE TEMPERATURE MEASUREMENTS

CURVE PER CENT FUEL ,PARTICLE PER CENT MEASURNG WORKER
SIZE ADDITIVE TECHNIQUE

o(--) 3-24% PARAFORMALEHYDE ? - RA POWLING
RADIOMETER

4(---) 18% POLYURETHANE 5-75/u 2 % DEPTH OF SELZER
THERM. WAVBEISZE

SINGLE - DEPTH OF BECKSt.A
% PCRYSTAL 1  THERM. WNlE

29% POLYBUTADIENED 91L 0-1 TH.-COUPLE SAIBADELL

0 35% POLYSULFIDE 15 IL - TH.-COUPLE MOST

- DEPICTS SURFACE TEMPERATURE PREDICTION OF GOF MODEL WITH
DISTENDED A/PA REArTION ZONE (FOR REACTION TIMES OF FIG. 6)

1400

SA f/

1200[ A ,

SURFACE TEMPERATURE (OK) *

I

I.1000 J#

9

Boo-E~~ O PRO~DF-/ ~ 0

400P

300 -A it

I0 " 3 I0 " t  I0 " 1 I00°  0, 10 2 10 3

PRESSURE (aotmospheres )

FIGURE 24 COMPARISON OF GDF THEORY PREDICTED SURFACE TEMPERATURE

WITH MEASUREMENTS FOR AP-BASED PROPELLANTS
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CURVE PER CENT FUEL AP PARTICLE PEP CEN1I
SIZE C- DitIVE

A 1-) 35% POLYSULFIDE 5 - THIS STh' Y
B (-) 35% POLYSULFIDE 45 j& --- T Uby
C -. 25% POLYBU]TADIEKE ACRYLC ACID 5 - HIS STUUY
D ---- )25% POL DIEW ACRYLIC ACID 13 C LE
Et -- .... 25% POLYBUTADIENE ACRYLIC ACID 188 p - COLE
F(..) 25% PS (CARBOXYL-TERMINATED) 5 ja --- Th:S STUDY
G (--) 25%/# FB (HYDROXYL-TERMINATD) 5 IL THIS STUDY
14(-) 25% PB (H"'."(YL-TEMINATED) 5 / 0.75% CC THIS STUDY
I1,--- 20% POL.'rSTER RESIN 20 W - EBB
J --- ) 20% POLYESTER RESIN ICO F - WEBB
K (---1 20% POLYESTER RESIN ? - SILLA
L --- , POLYVINYL CHLORIDE 50 IL j4JINUM BARRYRE
M ---- ) POLYVINYL CHLORIDE 50 IL BARRERE
N (-...) 24.3% PARAFORMALDEHYOE ? POWLING
0(--...) 10% PARAFORMALDEHYDE ? 3%CC POWLING
P (----) 11% POLYISOBUTYLENE ? - POWLING

0(-----) 18% PB ACRYLIC ACID (1/I BIMODAL) 15p + 2 3 0L - FEINAUER
R C-) 20% PB ACRYLIC ACID (/I BIMODAL) 151L + 230u .CAR80N FEINAUER
S (- ) 20% PS ACRYLIC ACID (/I BIMODAL) 151L +230p 2% CC FEINAUER

PB DENOTES POLYBUTAOIENE; CC DENOTES COPPER CHROMITE.

.5
X DE.%OTES EXTINCTION POINT

.25

.10 L.oo"

cm/soc )
.05

.025

A C

.010
I,-

/p

.005 r
.0025 I

.0025 005 .01 .025 .05 .1 .25 .5 I 2.5

PRESSURE olmospheres )

FIGURE 25 BURNING RATE - PRESSURE DEPENDENCE AT

SUBATMOSPHERIC PRESSURES FOR

AMMONIUM PERCHLORATE WITH DIFFERENT BINDERS
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F ~ ~~~SURFACE CONDTIONE I ~ EQIALNE
LECHED + LEACHED BINDERq I AO00nTVE I ,

[ o~E IY ONLY RATI
8i 35%, L3 0_ I .42
0 j 0 25% PBAAI 0.4

+ 25% PB(Cl) --- 0.33
SV 25% P(HT) - 0.33

A_ _ 25% PB(HT1 0.75%CC1  0.33

VYLF DENOTES 5% VINYL PLASTIC IN DICHLOROMETHANE
CC DENOTES COPPER CHROMITE t USED AS CATALYST )

.5 L
LP3 PROPELLANT LEAVES LP3 PROPELLANT BURNS

ASH AS COMBUSTION PRODUCT "NORMALLY"
.25

UNSTABLE ASH
FORMATION

.10

.05

BURNING RATE
(cn./sec)

.025

.010

.005 X DENOTES EXTINCTION

.0025 1 . I -,- I ,
.0025 .005 .01 .025 .05 .1 .25 .5

PRESSURE (otmospheres)

FIGURE 26 EFFECT OF BINDER-TYPE ON BURNING RATE

OF AMMONIUM PERCHLORATE PROPELLANTS
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APPENDIX A

LISTING OF PHYSICAL CONSTANTS AND CALCULATED PREDICTIONS
FOR GR'NLLAR DIFFUSION FLAME TIEORY

(Collavsed and Distended A/PA Flim,7s

The following numerical i-alues were assumed as 1epical
of AP composite propellants in the calculations:

c c = 0.3 cal/gm °C

Cg = 0.3 cal/gm C

Cc = 1 0 - 3 cm2 /sec

6 = 0 or 0.75 (estimated)

Xg = 2 x 10-4 cal/cm sec C

n = 1.66 gm/cm
3

JC

E2 = 2C kcal/mole

E = 15 or 30 kcal/mole

M 1 = M - -

T2 (ad)= 20000K

(htr + Ah s)= 430 cal/gm

bh I = 560 cal/gm

The values chosen for the various enthalFies of transition
have been obtained by drawing the respective values for pure
AP and typical fuels from the indicated references and con-
vorting them to their equivalent -ilues for a typical pro-
pellant containing 70% AP, i.e., .cr pure AP, we assumed,

Ah tr = 20 cal/gm [.of. 36)

Ahs = 520 cal/g-. (Refs. 28-30)

(AhI + Ah ) = -280 cal/gm (See Table I)

i.e., Ah - AhI + Ahs) - Ah

= -520 -280 = -800 cal/gm

and for typical binde-s, we asjumedz

Ahtr = 0 cal/gm

Ali = 175 cal/hm (REf. 149)

'Ah = 0 ca]/gm
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Note that in accord with Ref. 91, lhe net heat liberated
at the regressing propellant surface when the A/PA flame is
collapsed to the surface, is: (Ahs + Ah I ) a 143 cal/gm.

The above values have been used in conjunction with the
measurement (91)

Ts = 615
0C W 9000K at p = 30 psia

and typical values of a and b for an 80a. mean oxidizer
particle size propellant (3,4,14), namely,

a = 190 psia sec/in = 32.8 atm sec/cm

1/3 .L/3b = 25 (psia) sec/in = 25.9 (atm) 3 sec/cm-

to evaluate O and A from the identical Equations (14) and (15)
and to evaluate A from Equation (5).

The numerical predictions of the granular diffusion flame
theory (using the above values for the physical constants), are
listed in the tables below for the cases where the A/PA stage
is distended (T finite) and where the A/PA flame is collapsed
to the propellant surface ( = 0). The predictions are
given for 6 = 0 (no radiative heat loss) and E= 0.75 (with

radiative heat loss) in both cases.
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APPENDIX B

REVIEW OF BURNING RATE BEHAVIOR OF AP PROPELLANTS AND FIT
OBTAINED BY VARIOUS PROPOSED BURNING RATE EQUATIONS

The burning rate behavior of several AP-based composite
solid propellants in the 1-100 atm range is summarized in Z
Table III below. The fits obtained by 3 burning rate
equations to the data, are also noted. The equations that
have been tested are:

+ (18)

-1 (19)

The formulations and some physical properties of each
of the fuels in lable III are listed in Table IV. (The in-
formation needed to calculate the empirical formula, molecu-
lar weight, etc., for each of the fuels indicated has been
extracted from Refs. 36, 142, 197-203, and also from various
manufacturers' data sheets. The manufacturer (or vendor) of
each chemical pertinent to Tables III and IV, is noted in
the list of abbreviations for chemical names, at the end of
the text.)

In the figures following Tables III and IV are shown
the actual burning rate data of all the propellants covered
by Table III. Each propellant is referred to by the number
assigned in the first column of Table III. The burning rate
dat,. of all the propellants are s132 n plotte in fou5/iays:
(log L') vs. (log p), (p/r) vs. (p" , (p/r) vs. (p
and (p/r) vs. (p). The latter three plots are to test re-
spectively, the fits obtained by equations (15), (18), and
(19); as indicAted in Section IIIC(ii), when plotted this
way, the burning rate data must fall on a straight line if
rhe equation under con eration is to hold. The only time
that the (p/r) vs. (p ), etc., plots have been omitted is
wheni Equations (15), (18), and (19) obviously do not fit the

data, i.e., when the (log r) vs. (log p) curve is not mono-tonic and when this curve does not show a steadily decreasing

positive slope with increasing pressure. Some of the plots
appearing in this Appendix have already been presented in
the main text of this document. For the sake of uniformity
in this Appendix, they are repeated.
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APPENDIX C

EXPERI_04NTAL PROCEDURES AND ACCMJRACY OF MEASUREMENTS

The following sections describe the propellant manufactur-
ing process, the propellant quality control methods used, and
the techniques followed to measure the steady-state burning rate.
Any improvement that has been made in a particular measurement
or manufacturinv technique during the course of this investi-
gation is noted . Wherever possible, the accuracy of a par-
ticular measurement technique is indicated.

-i) Propellant Manufacturing Process

Whenever possible, standard, as-received, "spherical" am-
monium perchlurate obtained frem American Potash Company was
used. In cases where the required mean particle size was not
available or where narrower size distributions were desired,
standard non-spherical amnonium perchlorate (American Potash
type AMS-C66F) was sieved and/or ground in a 3antam type SH
Mikro-Pulverizer jhammer mill). All the oxidizer used in this
program was dried before use for a period of at least 24 hours
at 2350F.

In making a non-energetic fuel + AP composite propellant,
the fuel pre-polymer and its curing agent are first thoroughlv
mixed into a thick paste and then place-d Anto a 1500 gm ca-
pacity ARC (type 60 LP) propellant mixer--, the walls of which
were kept at a constant temperature of 135 -F. The residue left

if, in retrospect, it appeared that the improvement of a
particular measurement did not make any difference, that is,
the final interpretations as to tle combustion mechanism do
not change because the particular technique of measuremen-
had been altered, the previous results were not repeated.
Thus, not all propellants of this study have oeen made follow-
ing the exact same techniques. In the interest of still pre-
serving the information concerneI with each batch of pro'el-
lant, Appendix D is created: it summarizes the method of
manufacture and the properties (oxidizer particle size dis-
tribution, finished propellant density, composition, etc.)
of each propellant-type made.
During the early portion of this investigation, a 350 gm

capacity ARC (type 35LP) Z-blade mixer was used. It has
bearings that are submerged below the level of the incured
propellant in the mixer (as opposed to the 60 LP mixer now
being used). This caused the finished propellant density to
deviate from the theoretical by about 0.2V oecause, as noted
in Section (ii) below, the liquid fuel seeps prefercntially
into these bearings. The implied 0.2%'_ propellant composition
error (excess AP) is acceptable for the purposes of this in--
vestigation. The propellants that have been made using this
(submerged bearing) mixer, are indicated in Table VI of
Appendix D.
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in the beaker is weighed to the nearest Ot l gm and noted. A
previously weighed quantity of the desired AP is then slowl •
added while vixing under remote control. Once the AP has
been thoroughly wetted (after 2 to 3 winutes mixing), vacuum
is drawn (see Appendix D for exact gressure during !uixing
for each binder-type) and mixing is continued for another 30
minutes. Whenever possible, casting was done under vacuum
as well (see Appendix. D). In the cases of 5L: and *5.! mean
particle size propellants which were very viscou3, Yand pack-
ing was sometimes necessary to prevent the inclusicn of void,-
(also noted in Appendix D). After casting (or hand packing)
the propellant was cured at 1.76°F for 48 hours. In the case
of large particle size LP3 propellants for v.tich the unriured
mixture is very fluid, rotation of the mix while curing (ot
about 5 rpm), was found to minimize settling of the AP par-
ticles.

The DB and CMDB propellants of t~ig study were made en-
tirely under remote control. The main features of the mixing
apparatus are that the mixer-rotor is driven pneumatically and
that the propellan't ingredients are entered into the mixing
bowl by the opening of rev'ote controlled, pneuaticallv-actu-
ated valves. Also, casting is done under remote control by
opening another pneumatically actuated v !ve at the bottom of
the mixing bowl. This allows the prope !ant mix to be drawn,
by vacuum, through a casting slit int, tte casting mould.

The manufacture of this class of propellants is largely" a
matter of skill. Such skil resides in the fact that the start-
ing liquid must be tiickened beforehand (by gelling at high tem-

perature with a small amount of NC) to accomodate all the solids
that are to be added to the propellant; if the mix is too vis-
cous, the propellant will have many voids due to insufficient

wetting of the solids (NC and AP)by the fluid (TEGDN); if the
mix is too thin, the solids will settle tct the bottom of the

propellant block during the process of curing. The required
amount of NC is determined by experience but qenerally it falls

between 2% and 4% of the we.ght of TEGDN to j,! thickei ed.

The steps followed in maki'-g CMDB or DE propella:. are:

(1) weigh out the required quantities of NC, -:'GDN,
end AP.

(2) Place the TEGDN into the mixing bowl and place
elso the AP and NC into their respective storage
toppers.

(3) Ente" the small quantity of NC needed for pre-
gelling into the mixir.g bowl (with the TEGDN).

(4) Commence the mixing cycle and run hot water (150 0 F)
through the jacket of the mixing bowl.
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(5) After 10 min., run cool water at room temperature
through the jacket and stop the mixer.

(6) Add the NC powder in three equal increments, mixing
for I min. after each increment.

(7) Add the AP powder in three equal increments, mixing
for 2 min. after each increment.

(8) Continue mixing for 30 minutes.

(9) Stop the mixer rotor and run the propellant mix
into the casting bowl.

(10) Cure the propellant at 110°F for 24 hours.

ii) Propellant 0uality Control Tests

Propellant ha:dness and density tests were performed as a
matter of routine. Uncured ,ropellant viscosity tests were in-
stituted but found to be a liability; so, these tests were
later di .continued. The measurement of finishel propellant
density was found to be particularly valuaole because it has
the potential of detecting oxidizer particle settling during
curing, the presence of voLds as well as possible composition
imperfections. These measurements are described in grcater
detail below.

(a) Propellant U'ardness and Uncured Viscosity

The hardness of the cured propellant was measured with
a Rex hardIness gauge and the uncured viscosity with a Brook-
field Synchro-I.ectric Model RVT Viscosimeter. These hardness
and viscosil measurements do not appear to oe critically de-
pendent on propellant imperfections. In fact, no propellant
batches have oeen rejected cn these grounds. Due to the fact
that the propellant mix cools while taking the viscosity,
making casting diffic ult, this measurement was discontinued.
Hardness tests were, however, conducted for every batch of
propellat made; test ng of this property allowed for the
easy recogni:ion of gro-s propellant imperfections.

(b) Fiisshed Propellant Density.

Owing to its potenti<l of being able to detect void con-
tent, oxidize- particle sett]ing and also possi".!e composition
errors, considerable effort has gone into perfecting the den-
sity mcasurement technique. As a result of thcse efforts more
refined propellant manufacturing methods have beDen instituted.

The method of density measurement used, is based on
Archimedes' principle where the volume of the propellant sample
is determined by the loss of weight of the propellant when im-
mersed in a fluid; the mass of the sample is measured directly.
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Densities were measured at the top, middle, and bottom of
each propellant block made. Thus, by comparison with the
theoretical density, the presence of voids, and the occurence
oxidizer particle settling and/or defective propellant com-
position can be inferred from such measurements of propellant
density. The theoretical density is calculated on the basis
of additive volumes of the fuel and oxidizer. For the pur-
pose of these calculations, the density of the pure fuel,
prepared under the same conditions as the propellant, was
similarly determined. (Table IV of Appendix B gives the
values of the fuel-binder densities so determined.) The
published value of 1.952 gm/cc was used for the density of
AP(204).

Isopropyl alcohol was chosen as the displacement fluid
for all propellants other than those using LP3/GMF or NC/TEGDN
fuels. It has a low density (for higher accuracy), low sur-
face tension (no bubbles adhere to the surface of the sample)
and repeated measurements varying the immersion time (see
Fig. E-l) have shown that, as loag as the immersion time is
less than 30 sec, the error in density measuremer.t caused 3y
dissolving of the AP and .welling of the fuel, is only 0.02%.
Owing to the fact that isopropyl alcohol dissolves polysulfide
(LP3/GMF), heptane was chosen as the most suitaole displace-
ment fluid for propellants of this fuel-type. (As sh-own by
Fig. E-1, heptane is inferior to isopropyl alcohol as a dis-
placement fluid for PBAA propellant.) In the case of NC/TEGD'-
AP, a silicone oil (type SF 96(100) made Dy General Electric)
was used.

The possibility that the fluid might penetrate into the
propellant, filling any voids which might be present and there-
fore render density determinations useless as a measure of
void content, wa- checked. This was done by direct observation
of cross-sections of pure fuel and propellant samples which had
been immersed in isopropyl alcohol co]ored with nigrosin black,
a biological stain. For immersion times less than 30 minutes,
no penetration could be detected, and for 24 hours, the depth
of penetration was 0.03" for both propellant and pure fuel
samples. This shows that there are no hairline cracks in the
propellant and that during an actual density determination, the
fluid is only absorbed in the surface layers of the propellant
sample.

It was necessary also, to determine the accuracy of the den-
sity measurements. A detailed error analysis (Appendix E) has
shown that the random error is ± 0.2/ and that the systematic
error is -0.04%.

To determine whether densities very close to theoretical
could indeed be obtained with the manufacturing methods in
use at the, time, several batches of 25/ PBAA/EPON + 75/ 80! AP
propellant were made. The propellant, then made with the
35 LP mixer (has submerged bearings), often had densities which,
on the average, were 0.20 above the theoretical. It was observed
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that after processing, the submerged bearings of this iixer
were filled with a liquid that appeared to be the fuel con-
stituent of the propellant mix; very little of the solid AP
particles was mixed in with this liquid. Consequently, the
mixer was replaced with the ARC 60LP model which has no sub-
merged bearings. The first two batches of the above propel-
lant after replacement of the mixer, then had densities,
measured at seven differcsit points in the propellant block,
of 100.04 ± 0.15% and 100.02 + 0.05% of the theoretical. The
reproducibility with reeaf-ed measurements of the same sample
was found to be within - 0.05%.

Another source of loss of fuel during the manufacturing
process, it was expected, is the drawing of some volatile
components into the vacuum system. "AP is not volatile by
comparison.) Careful measurements show that roughly 0.6%
of the weight of fuel is lost during the mixing cycle. This
results in a density measurement error of about 0.12%. This
error is systematic from batch to batch and can therefore be
accounted for, to an approximation.

It is extremely difficult to make propellants of all
formulations that have no voids or errors in composition;
the very nature of this project often demands propellants
that are difficult to process and that would not be ordinar-
ily used in practice. Thus, reasonable tolerance limits as
dictated by considerations of obtaining the best possible
propellant without having to sustain an inordinately high
rate of failures, must be set. Generally, propellants with
a uniform density throughout the block (within 0.4%) and
with an average density that falls between 99.0% and 100.4%
of the theoretical, were considered acceptable for the pro-
a.:am. These limits imply a maximum void content of 1.0% and
a maxim : ' error in composition of ± 0.5%". In some excep-
tional circumstances, it was necessary to widen these limits
even further. Such cases are listed in Appendix D.

As a final remark, it is noted that any deviation from
the theoretical can not be attributed exclusively to any one
cause. Thus, the routine measu-.: ment of density does not
guarantee propellant of the high quality desired (see footnote
below concerning possible errors in cofetposition). However,
this methrd of quality control does eliminate the possibility
of unknowingly accepting grossly inferior propellant.

(iii) Oxidizer Particle Size Measurements.

The mean particle size of all AP used in this study was
measured using the sedimentation technicue. Aq a check on
the accuracy of this method, three particle size distributions

This particular propellant was chosen cecause the manufac-
turing problems are few an~d so, the chances of obtaining a
propellant with no void content and no AP particle settling
are highest with this formulation.
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were also-determined by-direct measurement through a micro-
' %'-scope. Th- values for the particle size so determined, were

then compared with those quoted by the manufacturer, also

determined by the microscopic method. In general, the mean
particle sizes agree. However, the shapes of the distribution
curves do not correspond exactly.

(a) Sedimentation Technique

The method as initially developed by Bastress(14,205)
using a N-S-A particle size analyser obtained from Mines Safety

;Appliances, i followed closely. Here, the time taken for a
particle to fall a set height through a liquid of known vis-

_cosity is a measure of its equivalent diameter. To keep the
total sedimentation time within practical limits, centrifugal
force and a low viscosity fluid was used for distributions
with mean particle sizes less than about 50i..

For the larger size distributions (above about 50i!.), a
dispersion was made by adding about 1 gm AP to 100 ml. benzene
containing four drops Twitchell base 8240 (Emery Industries)
wetting agent. This was followed by vigorous agitation using
a counter-rotating mixer for two to ten minutes, depending on
the approximate mean particle size; 10 minutes was found suf-
ficient for 501, but mixing beyond two to three minutes for
200it and above, was found to cause severe distortion of the
distribution curve at the lower particle size end (presumably
due to breaking of the crystals by the blades of the mixer).
A sedimentation tube which narrows down to 1 mm bore at the
bottom is tilled with ethyl phthalate. About 1 ml of the
dispersion, Denzene + AP particles, is placed on the sedimen-
tation fluid, ethyl phthalate. The height of the column of

i#

A density of 100.4% of theoretical implies that the compo-
sition is in error by about 0.5%. A variation of 0.4% den-
sity through the propellant block also implies a composition
error of 0.5%. A density of 99.0% of theoretical. however.
implies a considerably larger compositional error, at least
as long as there are no voids present in the propellant. As

a general observation, it is to be noted that whenever the
density falls below 99.5% of theoretical, pinhole-voids be-
come evident. Thus, the general guide was followed that if
the density is as low as 99.5% of theoretical and there are
no voids, then the propellant should be discarded; also, if
there are obviously voids and the density is close to. or
above 100.0% of theoretical, the propellant should be dis-
carded. In this way, the possibility of accepting propellant
with composition error much in excess of ±0.5% is minimized.

In actual fact, unless particle settling occurs or some mis-
take has been made in weighing out the propellant ingredients,
the error in composition is much smaller than the ±0.5% in-
dicated above. The error is then mainly due to loss of fuel
into the vacuum system during mixing and is then 0.12%. This
error can be eliminated by making direct measurement-s of this
loss of fuel.
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particles accumulated in the capillary at the oottom of the
tube is then recorded as a function of time until all the
particles have settled. Sedimentation time is converted to
equivalent diameter and the distribution is plotted as column
height verses particle diameter (see Fig. C-I for example).

The method used for particle sizes less than 50a differs
from that described above, in that dibutyl-n-sebacate with
wetting agent (4 drops Twitchell per 100 ml) is used as the

dispersion fluid, that mixing time is set at 10-15 minutes,
and that chlorobenzene is used as the sedimentation fluid.
Also, to iecrease the total settling time, the tube is placed
in a centrifuge supplied with the M-S-A analyser equipment,

Typical distributions obtained with this method are shown
in Figure C-1. On probability vs. log scales the curves tend
to be linear. As a check on the accuracy of the method, the
same distributions were measured using the microscopic tech--
nique described below.

(K. Microscopic Tecnnique.

Three particle size distributions quoted by the manu-
facturer as 4.7, 12.5, and 44.51! mean size (based on equival-
ent volume) were measured using the microscopic technique.
(Same distributions as measured by sedimentation technique
above.) Agglomerates occurring in the two smaller particle
size distributions were broken up by forming a dispersion of
about 0.5 gm of the powder in benzene containing 1 drop of
wetting agent (Twitchell) per 100 ml. After five minutes of
vigorous agitation, a few drops of the dispersion were placed
on a glass slide and the liquid allowed to evaporate. It was
sufficient to merely spread the 45iL mean particle size powder
on the slide. These particles were then individually measured
against calibrated graticules in the eye pieces of a 75-250
power microscope. As recommended in Ref. 206, the dimension
of each particle was taken in one direction only. Because the
particles are randomly oriented on the glass slide, an accurate
value for the average diametec is obtained only if a sufficient-
ly large number of the particles are measured; in this study,
the number -f AP particles actually measured in each case, was
that number for which the finally plotted distribution curve
does not change if more AP particles are measured. The pos-
sibility that most particles may lie flat on the glass slide
and thereby distort the measurement, is of course not accounted
for when measuring particle size distributions this way. The
number of particles of each diameter were counted and the
equivalent diameter calculated. The distribution was then
plotted as the fraction of AP particles (by weight) with a
size less than the diameter indicated on the abscissa.

The results obtained fo:- the three distributions measured
are shown in Figure C-2. It is seen that with probability ver-
sus log scales the distribution follows a straight line in all
cases. It was found that to obtain such a regular plot, at
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least 1500 particles had to be measured in the cases of the
5 ard ]-.5o mean particle size powders. However, 500 was
suffic~ent for the 451 mean particle size sample.

(c) Accuracy of the Sedimentation Techniaue.

A great many sets of measurements (see Figure D-1 and
D-2) have shown the sadimentation method to be reproducible
to within about - 10% over the entire 5.: to 2001: AP particle
size range investigated. Table V (at the end of this Appendix)
sh(.s the values of mean particle diameters found by both the
microsco.pic and sedimentation methods in this study. The same
table shows the values obtained by the manufacturer(207, also
using the microscopic method. It is seen that for a mean par-
ticle size of 12u and above, all measured values of mean par-
ticle size fall within 10% of each other. 3elow 10:, the
accuracy of the sedimentation technique drops drastically --
possibly agglomerates are not broken up sufficiently when
making up a dispersion of such small particles. Further work
is nece-sary to resolve this point. For our purposes, however,
the sec nentation technique is sufficiently accurate.

(iv) Burning Rate Measurements

(n this investigation, burning rates were measured in
two pressure ranges, the subatmospheric pressure range and
the 1-100 atm range. The apparatus used and experimental pro-
cedure followed for each of these pressure ranges, is described
separately below. These sections are then followed by a sec-
tion that deals with the accuracy of the burning rate deter-
minat ions.

(a) Burning Rates at Subatmospheric Pressures

(1) Apparatus

An overall view of the apparatus used for subatmospheric
pressure burning rate measurements is shown in Figure C-3. It
consists of a bell jar serving as the test chamber which is
connected to a vacuum pump through a large surge tank oelow
the bench. The panel on the left houses a mercury manometer,
pressure regulator, pressure gauges, nitrogen flow controls,
and various electrical controls. Figure C-4 shows a closer
view of the optical set-up used for burning rate measurements.
The propellant strand is mounted vertically about 2 inches be-
hind the window of the bell-jar. The system of beamsplitters
and lenses is aligned in such a way that the 35 mm camera
simultaneously records the propellant strand, steel rule, stop-
watch and bourdon vacuum gauge situated on the control panel
in Figure C-2. Figure C-5 shows two typical sequences of
records obtained during actual tests. The first was taken
through an oil film (silicone diffusion pump fluid) running
past the window. This was necessary at pressures below 0.05
atm :o avoid coating of the bell-jar window by large amounts
of white fumes which are evolved whenever ash is formed with
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LP3/GMF-AP propellant (see Section VB). The second sequence

was obtained at higher pressure where no oil film was needed.

(2) Experimental Procedure and Data Reduction.

A finished propellant block was cut into strands 0.25
inch square and approximately 6 inches long. All strands
were inhibited by leaching in water for 10-15 seconds and
thin nichrome ignition wires threaded through the ends of
each of these.

To measure the burning rate of a specific strand, the
strand was mounted vertically in the bell-jar and the ends
of the ignition wire wound around the appropriate terminals.
The bell jar was then thoroughly purged with nitrogen for
3-5 minutes and evacuated to the desired pressure. After ad-
justing the camera speed such that at least 10 photographs
will be taken during the course of a test, both firing and
camera release buttons were depressed. The camera was turned
off as soon as the flame passed out of the field of view of
the camera. The pressure during the test was read from a
mercury manometer (relative to atmospheric pressure which was
measured by a barometer), a U-tube mercury manometer, or
Mcloed gauge, depending upon the pressure in the bell jar:
the U-tube manometer (graduated in millimeters) was used be-
low 20 cm Hg abs and the Mcloed gauge (smallest pressure for
which graduation exists, is 0.02 mm Hg abs) was used below
15 mm Hg abs.

The photographs obtained during the test were projected
onto a screen so that the time and position of the regressing
surface relative to the scale could be noted; in cases where
a ripple in the oil film caused the image to be out of focus,
the photograph was disregarded. Since the scale was cali-
brated, the actual position of the burning surface could be
plotted as a function of time. The burning rate was then
taken as the slope of the best straight line drawn through
these points. A typical buining rate versus pressure plot
is shown in Figure C-o. This figure ir for the 35% LP3/GMF +
65% 51! AP propellant that leaves an ash as a combustion
product below about 0.05 atm (discussed in Section VB). It
is seen that the scatter is somewhat larger in the range of
pressure where ash is found. This is due to the fact that
use of the oil film was necessary. To help in the judgment
of drawing the pressure-dependence curves, burning rates were
also calculated by taking the slope of a line determined
by least mean squares. The bars in Figure C-6 indicate the
90% confidence limits on burning rates calculated in this way.
It is seen that it is difficult to draw any other pressure
dependence curve if the spread in error limits of all points
are taken into account.
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I) Burning Rates in the Range 1-100 Atm.

(1) Apparatus

Burning rates were measured in a 0-2200 psig pressure
vessel.

As shown in the exploded view of Figure C-7, the pres-
sure vessel consists of a long 1-5/8 inch internal diameter
stainless steel tube. Nitrogen and combustion products es-
cape to the atmosphere via a choked orifice at the upper end
of the tube and enters through a long coil immersed in water
at room temperature. With the present set-up, the nitrogen
temperature remained at 23.5±1.50C throughout the test series
reported here. This temperature is measured by a calibrated
chromel-alumel thermocouple placed below the strand in the
bomb. The signal is amplified (by a Dana model 2200A DC
amplifier) and measured by a digital voltmeter (Digitec model
201 manufactured by United Systems Corp.)

Figure C-8 shows the propellant strand in position oe-
tween two electrical terminal posts. Ignition is accomplished
by passing a current through a nichrome wire threaded through
the top end of the strand. Burning rates are measured by de-
termining the instant of melting of each of 7 low melting-
point (98.5% Pb, 0.5 amp) fuse wires threaded through the
strand at accurately known separation distances (0.50 inch).
These 7 fuse wires, each in series with a resistor, form 7
parallel arms of an electrical circuit, the output voltage
of which when driven by a battery, changes discontinuously
as soon as a fuse wire melts.

Also snown in Figure C-8 are a Dynisco PT-76U-2M (0-2000
psi) strain-gauge pressure transducer and a thermocouple placed
in the nitLogen flow close to the strand surface (- 1/2 mm) at
the height of one of the fuse wires. The purpose of the for-
mer is to record any pressure oscillations that may exist in
the combustion chamber. The purpose of the latter is to sense
possible reverse flow of the hot combustion gases so that the
possibility of preheating the strand, or of the flame flashing
down the side of the strand, may be guarded against. The out-
puts of this thermocouple, the incoming nitrogen temperature
thermocouple, the transient pressure transducer, and the fuse-
wire cL:cuit, are separately amplified (using respectively,
Dana DC amplifier models 2200, 2200A, 3420, and 2200). These
amplified signals are continuously recorded by a high response
multi-channel galvanometer recorder (Honeywell Visicorler model
1508 with type M-3300 galvanometers).

The steady-state chamber pressure during a Durning rate
measurement test is measured by one of two bourdon gauges (manu-
factured by Heise and with guaranteed accuracy of 0.1% of full-
scale), depending on the test pressure: below 200 psig, a 0-250
psig gauge with 0.5 psi graduations was used, and in the range
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200-1500 psig, a 0-2000 psig gauge with 2.0 psig graduations
was used. Both gauges were periodically calibrated with a
dead-weight tester; the calibrations on the 0-250 psig gauge
fell within 0.2 psig of each other and the calibrations of
the 0-2000 psig gauge fell within 2.0 psig of each other.

Figure C-9 depicts an overall view of the instrumentation
and control panels. A typical trace produced by ;he galvano-
meter recorder during the course of a test is shown by Figure
C-10.

(2) Experimental Procedure

Before conducting an actual test, an exhaust orifice with
throat area large enough to pass approximately 5 times as much
gas as is generated by the propellant (at the desired test
pressure), is fitted to the combustion chamber. The propellant
is then placed in position, the bomb is closed and all electri-
cal and pressure connections are made. The pressure vessel is
brought to the desired pressure and purged for several seconds
until all temperatures have reached equilibrium. As a check
on the calibrations, while running the galvanometer recorder,
the incoming nitrogen temperature and pressure are read on the
digital voltmeter and bourdon pressure gauge, respectively.
After ignition and during burning, these values are again read.
They represent actual test conditions. After completion of the
test, the bomb is purged of combustion product gases and pres-
sure is released.

Burning rate for the particular test conditions is deter-
mined by calculating the slope of a straight line drawn through
the seven points plotted as burning surface position versus
time; if a straight line does not fit these seven points well,
the test is discarded.

(c) Accuracy of Burning Rate Measurements.

The accuracy of a particular burning rate measurement can-
not be determined directly because there are no absolute stan-
dards to compare with. However, there are many external factors
(not concerned with the combustion mechanism) that could con-
ceivably influence the burning rate and then ?burning rate is
no longer an intrinsic property of the propellant - in that sense,
the accuracy of the measurement is affected also. Thus, if the
burning rate is to be meaningful from the standpoint of the burn-
ing mechanism, the possible effects of these external factors
must be determined first. These are considered separately he-
low.

(1) Effect of Strand Surface Treatment

As seen in Figure C-11, the condition of the surface of the
strand makes very little difference on the ourning rate. If the
results on the untreated strands are excluded, they are repro-
ducible to within ± 2.5/. Since untreated strands often burn
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irregularly (presumably due to the flame flashing down the
sies of the strand).the next easiest method of surface treat-
ment, namely, leaching in water for 10 to 15 seconds, was
followed throughout this program.

(2) Effect of Nitrogen Purge Rate

The effect of nitrogen purge rate on burning rate was
investigated at four different pressure levels between 35 and
1200 psia. This was done by varying the throat diam~eter of
the exhaust orifice of the pressure vessel. Figure C-12 shows
the effect of nitrogen purge rate to be zero in the range of
throat diameter from 0.04 to 0.3 inch. ihis range in orifice
sizes corresponds approximately to a fifty fold change in nitro-
gen flow rate.

There are indications that reverse flow of the hot cor-
bustion gases can occur when the nitrogen mass flow rate be-
comes comparable to the mass flow rate of product gases gen-
erated by the propellant. Consequently, it was decided to
always choose an orifice which will allow five times as much
gas to escape to the atmosphere as is generated )y the pro-
pellant.

The criterion above has been used to calculate orifice
diameter as a function of pressure and burning rate for the
particular propellant used here: i.e., PBAA with 75 8O., AP.
and is shown as the dotted line in Fig. C-12; the severe oend
in the curve at low pressure is due to unchoking of the ori-
fice below about 28 psia. This dotted curve shows that test
corditions chosen such that the nitrogen purge rate is four
times the mass of gas generated by the propellant, fall well
wiLhin the range where burning rate is independent of nitro-
gen flow rate.

(3) Effect of Strand Size

The effect of strand size on the burning rate has been
determined for a propellant for which this effect was ex-
pected to be the greatest, namely, an underoxidized, small
AP particle size propellant which is prone to burning inter-
mittently in the normal rocket pressure range. The results
for 75% 51! AP + 25% PBAA/EPON propellant with strand sizes
varying from 1/8 inch square cross-section to 3/8 inch square
cross-section are shown in Fig. C-13. It is seen that for all
pressures investigated, strand size has no effect on the burn-
ing rate as long as the strand is of 1/4 inch square cross-
section or larger. Thus, it was decided to use 1/4 inch square
strands throughout the program.

It is to be noted that strand size has an effect on the
extinction pressure: in the normal rocket pressure range, the
large strands extinguish at higher pressures, as expected
(Fig. C-13); at very low pressures, the larger strands ex-
tinguish at lower pressures, also as expected (see Section
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VB & C). This dependerce of the extinction pressure on strand
size is not of profound importance from a combustion mechanistic
standvoint.

(4) Effect of Fuse Wires.

The effect of the presence of fuse wires on the burning
rate was determined in , the subatmaspheric pressure range where
the effezt is --xpec:ed to be largest (the rate of generation
of heat by tze fiame is low and so, the heat required to vapor-
ize the fuse wire may cause a significant perturbation). io
fuse wire effect could be discernd from comparison of phcto-
graphically determined burning rates (as in S -tion (i) above),
with burning rates determined by use of fuse u.res (as in Sec-
tion (ii) above), even very near the extinction pressure.

As expected, the low pressure extinction pressure is sig-
nificantly raised by the presence of the fuse wire; at very
low pressure (a.. 0.1 atm), extinction occurs as soon as the
flame front reaches the first fuse wire. So, Zurning rates
can no longer be determined by use of fuse wires at these very
low pressures.

(5) Condition of ReQressing Surface: Flatness and
InclinatLon to Direction of Travel.

I It is essentiat that the burning surface 'e flat and per-
pendicular to its direction of travel if the burning rate de-
terminations are to be accurate. A series of movies of vari-
ous propellants burning at different pressures have shown that
for the conditions of this investigation (i.e.. N2 flowing past
strand that has been leached), all propellants that burn nor-
mally (as opposed to intermittent burning), burn with a flat
surface that is perpendicular to its direction of travel. The
same photographic movie survey showed that the underoxidized
or readily meltable fuel propellants burn with an irregular
surface; this is an essential manifestation of the intermit-
tent burning phenomenon and so, the measured (mean) ourning
rates still have meaning for these cases.

(6) Accuracy and Reproducibility of Burning
Rate Measurements.

Several error analyses(5,120) of burning rate measurements
have already been done. These show that, as long as factors
(l)-(4) above have no detectable effect on the burning rate and,
as long as the burning surface is flat and perpendicular to
its direction of travel, then the burning rate determinations
should be accurate to within ± 2 . These conditions are all
satisfied for "normal-burning" (highly oxidized-relatively non-
meltable fuel) propellants but not for the propellants that
burn intermittently. Propellants of the latter category are
therefore expected to show more scatter in their ourning rates.
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Batcn to batch renroducibilitv has been checked with a
number of propellant forwulations. Examples of two propellant
formulatiens whose reproducibility has been checked, arc shown
in Fig. C-14. The 25% PBAA/PON + 7W% 80.: AP propellant; are
reproducible to within ± 1.% over the entire pressure ralge
investigated, regardless of the mixer used to make the propel-
lant. The slight batch to batch variations in AP content
(0.3%) do not have a noticeable effect on the absolute magni-
tude of burning rate. As expected, the same propellant with
5;: AP shows large scaiter (Fig. 15). This is due to the phe-
nomenon of intermittent burning, Which by its very nature, is
nonsteady arn irregular (see Section IVC). Nevertheless,
despite this obvious irregularity and unsteadiness, the burn-
ing rate behavior of this class of propellants is still sur-
pris ingly reproducible.

Fig. C-15 shows the results, of this investigation for
35 LP3/GQMF 655 AP propellaits, compared to those cbtained
by Bastress(14). We strove to reproduce the AP particle size
distributions of Bastress as closely as possiole (by methods
indicated in the figure). in all otner respects, however,
these propellants were made with the more refined methods of
this investigation. The resuLts agree well, despite the dif-
ferent methods used to obtain the desired particle size dis-
tributions.

As is apparent from the density measurements listed in
Fig. C-15, LP3/GMF-AP propellants are extremely difficult to
make without imperfections. I..en the AP particle size is
small (" 5:.) voids caa not be eliminated. Then the AP par-
ticles are larger (- 100.), these particles begin to settle
during curing, even when the block is rotated constantly at
5 rpm during curing; the AP particles settle outwards when
the block is rotated during curinq. By the standards of this
investigation, only the 12:. AP + LP3/GMF propellant can be classi-
fied as good propellant.

Thac the phenomenon of intermittent burning is not a re-
sult of propellant imperfections as revealed by the above-
mentioned deviations from the theoretical density, is shown oy
the fact that the same intermittent burning behavior shows up
in the many other mort easily processable propellants of this
study. In particular, PBAA/EPON-AP propellant which has ex-
cellant processing qualities, and which can be made with den-
sities very close to the theoretical (see Table VI of Appendix
D), also shows very pronounced intermittent burntng behavior
(see Fig. 15).
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TABLE V

C&NPARISON OF MEAN PARTICLE DIAMETERS OBTAINED

f BY MICROSCOPIC AND SEDIMENTATION TECINIQUES

FOR AS RECEIVED "SPHERICAL" AMMONIUM PERUiORATE

Microscopic Method Sedimentation Techn ique

anufacturer( 2 0 7 ) This Study This Study

4.7 u 4.95 - 8.5

12.5 I 12.5 12 a

44.5 41 iz 41

77.3 -- 82 i

180 - 182v

Determined by Sieve Analysis. (information obtaine,;
from quality control sheet supplied by manufacturer.)
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(a) IN "ASH FORMATION" REGION (b) IN "NORMAL COMBUSTION" REGIME
(I'lTH OIL SCREEN) (WITHOUT OIL SCREEN)

SCALE VACUUM GAGE (INVERTED)

PROPELLANT STRAND STOPWATCH (INVERTED)

FIGURE C-5 PHOTOGRAPHIC RECORDS OF STRANDS

BURNING AT SUBATMOSPHERIC PRESSURES
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APPENDIX D

SPECTFICATIONS OF ALL PROPELLANT FORMULATIONS USED IN 4
THIS INVESTIGATION: Conditions of Manufacture,

Propellant Composition, Propellant Density,
and AP Particle Size

Tables VI (A) and VT (B) of this Appendix give the con-
ditions of manufacture, the composition, the density, and the
particle size of the AP of cil p ropellants used in this study.
The propellants are referred to by the number in the first
column of Table VI. This code number corresponds to the
number assigned to each propellant in Table III of Appendix B.

With the exception of the PBAA/EPON-AP propellants, all
compositions listed in Table III (:ppendix B) and Table VI
(this Appendix) are based on the actual weights of ingredients
that -vere entered into the mixer. In the case of the
PBAA/EPON-AP propellants, the amount of fuel that was drawn
inLo the vacuum system during the mixing operation, was mea-
ured directly and this loss of fuel was taken into account in

the calculation of the mixture composition. Thus, in the case
of the PBAA/EPON-AP propellants, the error in the quoted mixture
composition is less than the 0.21,% compositional error estimated
for all the other propellant systems )f this study (see
Appendix E).

Tables III and VI give alsc the mean particle size of
the AP used for each propellant. The corresponding size dis-
tribution curves of the AP of each propellant can be found in
either Figures D-l, D-2, or D-3. Each distribution curve is
identified by a different alphabetic symbol.
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APPENDIX E

ERRORS ASSOCIATED WITH DENSITY MEASUREMENTS

In the search for accurate density measurements, the
need for an error analysis was felt. Consequently al sources
of density measurement error were identified and error bounds
assigned to each of these. These sources of error are listed
below and will be used in the error analysis that follows

(i) Loss of Fuel During Manufacturing.

As noted in Appendix C (Section (ii) (b)) fuel is drawn
into the vacuum system during mixing. Weight loss measurements
show this to amount to (0.6- 0.1)% of the weight of the fuel in
the mixer for 25% PBAA/EPON + 75% AP propellant, a typical
propellant.

When the 35LP mixer is used, an additional amount of fuel
is lost by preferential leakage into the bearings of the mixer.
Crude estimates (based on weighing the amount of fuel wiped
out of $he bearing housing) show this loss to be of the order
of (1.0-0.3)% of the weight of the fuel in the mixer.

(ii) Displacement fluid.

Preliminary testing showed heptane and isopropyl alcohol
to be the most suitable displacement fluids. While AP is less
soluble in heptane (<0.1%) than in isopropyl alcohol (<1.0%),
PBAA fuel absorbs more heptane (- 3.5% by weight) than isopropyl
alcohol ( -0.3% by weight). (All figures have been quoted for
30 rain. soaking at room temperature). The density decrease
due to dissolving of AP and absorbing by PBAA will be less with
isopropyl alcohol because only a small percentage of AP particles
in the propellant, namely those at the surface of the sample,
are not covered by fuel. This density decrease is hard to
calculate but can be estimated by soaking the propellant in
the displacement fluid for varying times and measuring its
density. The results for both heptane and isopropyl alcohol
are shown in Figure E-1. It is seen the isopropyl alcohol is
superior in this case; the actual to theoretical density ratio
falls initially at a rate of 0.0073%/min. Considering that
the strand does not remain in the alcohol for more than two
minutes, the error due to the solubility of AP and the ab-
sorption of fluid by the fuel, is 0.02%. With heptane, this
error is about 5 times larger in magnitude.

The specific gravity of the isopropyl alcohol is deter-
mined by a precision hydrometer with a guaranteed 0 accuxacy of
0.0005. As a check, the S.G. measured from 15-30 C was com-
pared to that quoted by Ref. 208. The discrepancy was less
than 0.001. This larger error is probably due to the differing
grades of alcohol used.
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(iii) Error incurred by neglecting volume displaced by the
wire suspending the sample ira the ditplacement fluid.

The weight of the wire is accounted for, but the volume
displaced by it is assigned to the volume of the propellant
sample in the method of density measurement used here. The
wire is 0.0061 inch diameter and normally no more than 4 cm
is below the surface of the liquid. This causes the measured
density to be too low by 0.02%.

(iv) Error in weight measurements.

The weights used have been checked against a recently
calibrated Mettler balance. If the worst combination or weights
uscd in these measurements is taken, the error could be as
high as 0.0006 gm.

(v) Error in fuel density.

Repeated density measurements of PBAA fuel, cur~d in the
same way as the propellant, have shown it to be 0.947-0.001 gm/cc.

(vi) Error in AP density.

Attempts at measuring t e density of AP failed because a
low viscosity, non-volatile fluid which does not dissolve the
AP (for use as a displacement fluid in a specific gravity bottle),
could not be found. The most accurate figure that could be
found is that quoted by Ref. 204 as 1.952 gm/cc. An error of
0.001 gm/cc is estimated.

(vii) Error Analysis of Propellant Density Measurements.

For the case where there is only fuel lost to the vacuum
system (no submerged bearings):

The mass of fuel used per 1000 gm
prupellant batch = 250.0 gm

From (i), the amount of fuel lost = (l.45-0.20)gm

Therefore, mass of fuel left mf = 248.55± 0.20 gm

The mass of AP used per batch m0 = 750.0 gm

Therefore, the fuel oxidant
ratio x = _mf = 0.2489-0.0002

mf + m°

(Residues left in the beakers used
for weighing the propellant constituents,
are accounted for in the calculation of
the amount of ingredient that goes into
the mixer.)
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Further, from the previous:

PBAA density = 0.947±0.001 gm/cc

AP density = 1.952±0.001 gm/cc

S.G. of isopropyl alcohol = 0.7833+0.0005

and using typical figures for wt. measurements:

mass of propellant sample ms = 6.7576±0.0006 gm

mass of sample + wire Mw = 6.7804-0.0006 gm

mass of sample + wire when
immersed in alcohol M1 = 3.3597-0.0006 gm

The theoretical density is expressed by:

( /P,1,)= (I-,/P )+(I-')/P

Thus, the error in the theoretical density is:

* - 4. o09/o

Similarly, the actual density determined by the displacement
method, is:

Thus, the error in this measured density is:
Ag AYMS AMI

?A

Therefore, the error in the density ratio is:

Pt k.32

From (ii) and (iii) we have a systematic error of -0.04%.
Therefore, if the fuel lost into the vacuum system is accounted
for (i.e., loss measurements have been made), then the esti-
mated error is (-0.04 - 0.20)%.

If no measurements of the loss of fuel into the vacuum systew
have been made, the systematic error in density measurements
increases. Under these circumstances, the error is
A-0.05 - 0.20),. Similarly, if the 35LP mixer with s bmerqed
b-arinqr is used, the error is of the order: (+0.25 -0.25)Y/.
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It is seen that replacement of the mixer with one that
does not have submerged bearings, reduces mainly the systematic
error. Since the loss into the bearings could only be roughly
estimated (and the error could therefore not be accurately
assessed), it was decided to always use the new mixer in the
future.

With the new mixer in operation, the random error is now
-0.2%. Further, the systematic error is now -0.05% or
+0.03% depending on whether the fuel loss into the vacuum
system has, or has not been accounted for, respectively.

(viii) Reproducibility of density measurements.

Repeated density measurements on the same strand have
fallen within 0.05% of each ?ther. This is considerably less
than the predicted error of -0.2% determined in the previous
section.
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