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ABSTRACT

A jundamental understanding of the combustion characteristics of

crystalline oxidizers like ammonium perchiorate is important if complete

=

knowledge pertaining to the combustion and stability characteristics of com-

posite solid propellants is to be attained. This research involved theoretical

A

and expérimental studies of the burning of crystalline( _o”xidizweﬂrs ranging in
physical form fﬂ)g) lar’gjsingle‘grystgls to low buik density powders.
Single crystals, visually perfect throughout most of their mass, were grown
from saturated water solution by a temperature lowering technique using a

g | bath~control system-dats acquisition combination that maintained tempera-
tures to ¥ 0.001°C. Electrical conductivities and UV absorption measure
ments showed them to be of high purity. A strand-~burner, window-bomb
and high-speed cinematography were used to obtain burning rate versus
pressure. 'The study of large single crystal burning removed particle size,
shape and bulk density factors as complications. The inirinsic burning
rate, rj, of a single crystal is defined and posiuiated as a fundamental com-
bustion variable. Low bulk density powder combustion was shown to be
feasible. The characteristic burning surface, A*, for powder combustion

was defined and shown to relate powder burning to single crystal burning.




SEET 2
The explanation proposed for the large difference found between physical
surface nrea available in the burning zore and the actual burning surface

area, is the necessity for a minimum flame zone height, Zf, above a stabie

burning surface.




I. INTRODUCTION

This research was corducted durirg the period May 1, 1965 through

April 30, 1967.

The overall aim was {o gain a better qn_dersi:anding of the combustion
of the major ingredient in solid propellants, the oxidizer. The crystalline
oxidizér chosen for study was ammonium perchlorate (A.P.) because it is
a monopropellant (combustion is self-sustaining) and also because it is the

chief crystalline oxidizer now in use in solid propellants.

A. Scope of Research — The goals of this study were:

TG nropare single, optically clear, oxidizer crystals of

ra

a size and shape suitable for combustion measurements.

2. To usc the above crystals to determine linear burning
(combustion reaction) rates versus pressure, and to

observe other combustior. characteristics.

3. To compare results from ) above with the linear

bu.ning of oxidizer powders of varying densities
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loaded into suitable simple tubes.

4. To investigate reaction rate modification through

crystal changes, both physical and chemical.

5. To propose mechanisms to account for the several

effects observed in the study.

Throughout the decade 1955-1965 there had been increasing interest
in mechanisms o. oxidizer combustion, both alone and with added fuel.
Questions had arisen as to the importance of density variation on burning
of pressed powders, and the importance of cracks and crack formation on
burning rate. Since a considerable amount of valuable data had already
been collected on pressed sticks of oxidizer, pressed to a density of about
1.90 g/cc, this study was to investigate the combustion at the lower limit
of bulk density, the "pour" density of about 1.00 g/cc of powders; and

perfect ammonium perchlorate crystals at 1.95 g/cc.

B. Accomplishments of this Study

The unique contribution of this study to the oxidizer combustion
field has been the measurement of combustion rates and analysis of the burn-
ing mechanism of varying density oxidizer samples. The density study

ranged from the theoretical crystal density, (using perfect single crystals)




o 5
down to powders with a bu'k density of only half the theoretic:al. érystal
density. Oxidizers that were chemically modified by alteration of the anion

or cation showed reaction rate changes in the predicted direction.

1. Crystal Growth

Excellent quality (visually perfect) single crystals were
grown in apparatus specifically designed for oxidizers, modelled aiter
earlier designs for ammonium dihydrogen phosphate crystals by the National
Bureau of Standards. A unique small scale apparatus was designed and con-

structed. It also produced excellent crystals. UV analysis of sample crys-

tals and electrical conductivities showed them to be of high purity. Righ-
quality single crystal samples were cut tc dimensions suitable for window

bomb burning and photography.

L 2. Combustion Tests

o The differences between single crystal combustion and com-
bustion of fine crystal powders loaded into cylindrical tubes were investi-
gated. It was found that powder samples like those normally used in pro-

pellant compounding, will burn s Hly and reproducibly, by themselves, at

e e

- bulk densities ranging down to about one-half the crystal density. Prior to
this time, most combustion investigators thought such samples would either

detonate, burn very erraticaliy, or not burn at all. The rates erc u1 course

_im L
|
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many times faster than normal propellant burning rates. For example,
a 40 +50 mesh A.P. sample at a bulk density of about half the crystal
density, has a burning rate of 9.30 in./sec at 1000 psia. On the other hand,
a single crystal was found to burn at 0.33 in./sec. The vast difference in
the reaction rates that were measured illustrates the importance of effec-
tive surface area, that is, the contribution of non-planar su~faces (due to
voids and cracks) in materials being burned. I was found that burning rate
increased with increasing void volume (decreasing bulk density) and with de-
creasing particle size. Both of these factors increase effective surface
area. To our knowledge these are by far the fastest controlled burning
rates that have been measured for solids or propellants at pressures of
30 to 100 atmospheres; and with a rate versus pressure slope of less than
one. All other studies of rates beyond several inches per second have led

to detonations; whereas the burring reported herein seems quite stable.

3. Data Interpr-tation

The '""characteristic burning surface' has heen designated
A*. This is defined as the ratio of the effective burning surface area for
a powdzar to that of a single crystal (which is taken as the nominal geo-
metrical cross sectional area). The single crystal burning rate is desig-
nated rj, that is, the intrinsic combustion rate for that oxidizer. These

tests have shown that A* (dimensionless) for both ammonium perchlorate
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and ammonium nitrate 360 micron powders, burning at 1000 psia, and at a
bulk denslty of about one-half the crystal deusity, is about 20. 7This means
that although for a powder of this type that BET specific surface measure-
ments indicate has about 100 times the area of a single crystal available

in the burning zone, only a small portion of this surface 1s available for
reaction. What this is showing is a relationship between a minumum re-
action zone thickness designated Z¢, and voids within powders during com-

bustion.

4. Oxidizer Modification

It was foundthat "doping'ions (foreign ions placed in the
crystal lattice, or interstitially) with significantly different properties
from those of the host ions can be added to ammonium perchlorate crystals
so that the burning rate is affected. An example of a doplng ioa similar to
the host ion is that of rubidium. Insertion of .2% rubidium ion in the am-
monium perchlorate crystal lattice caused sisly negligible changes in the
burning rate at sea level or at rocket combustion pressures (1000 psia).
The rubidium ion was chosen for iuitial studies bec wuse its size is closest
to that of the ammonium ion, while malntaining chemical similarity. How-
ever, by iusertion of only 0.01% NO§ (nitronium) ion In the A.P. lattice,
and keeping particle size and pressure constant, a burning rate of 15.0

inches per second was measured; about a 50% increase over the comperable

ey
it
¥
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"undoped" A.P. powder rate. The nitronium ion is known for its reactivity,

. and in addition undoubtedly strains the A.P. latiice.

» Tests of the effect of the complete changw of anion to the
less reactive nitrate were made by holding all other factors constant and
burning ammonium nitrate powder. The rate was 1/2 that of A. P. con-

firming the general expectations.

5. Tests of Validity

For further interpretation, it was of prime importance to
be able to relate the combustion observations to a mode! type of burning.
This was done by comparing the measured data with the analyses of Penrner,
Johnson and Nachbar, and Barrere and Williams. An interesting parallelism
was found in log burning rate versus log pressure response between theo-
retical predictions for single crystals, actual burning of single crystals,
and powder burning in the range 370 to 1500 psia. This similarity in re-
sponse {equal slope of the burning rate versus pressure curves) tended 1o
support the conclusion that the essential difference between powder and
crystal burning was one of effective surface area change which can e

characterized by the value A*, and is controlled by Z;.

C. The Role of Oxidize r Combustion Studies in Solid Propeilant

Research
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This section will describe the relationships between oxidizer
combustion studies and the improvement of solid propellants. The general
requirements for solid propellants are described and the importance of the

oxidizer is highlighted.

1. Soiid Propellants Defined

Solid propellants may be defined as materials that, upon
receiving a minimum activaﬂng energy, undergo steady state pyrolysis and
high temperature reaction of their pyrolysis gases, in equilibrium with their
low molecular weight products at constant pressure, without requiring addi-
tion of mass or energy; but allowing a constant discharge of gaseous products.

The overall process is called combustion, burning or deflagration.

The requisite "minimum activating energy'' governs the
type and amount of ignition material required to initiate combustion and is
highly dependent upon the energy of activation for the thermal decomposi-
tion of propellant ingredients; heat of fusion, vaporization and sublimation;
and heat capacity, thermal conductivity and radiation characteristics.
Constant gas pressure, constant initial reactant (propellant) temperature

and constant composition are the prerequisites for steady state combustion.

Higher combustion temperatures, with other factors held

constant indicate higher thermal enzrgy release and consequently higher
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gas pressures for a given number of moles of products. This can then be
translated into greatei' ability to do mechanical work. The low molecular
weight stipulation also reflects the desirability of high pressure and the fact
that the pressure of the gaseous products (for a given mass and temperature)

is inversely proportional to their molecular weight. Higher pressures, for

a given mass of combustion products, produce a greater net unbalanced force

in a rocket combustion chamber, thus producing greater rocket acceleration.

Composite propellants, those prepared from liquid polymers,
crystalline oxidizers and metallic or hydride additives, are an important

example of the newer high energy propellants.

2. Propellant Burning Rate

When rating propeilants, one of the most important per-
formance variables is the burning rate of the propellant. Tnrust, and the
accompanying acceleration of a rocket-nowered vehicle, can only occur
when propellant is undergoing burning or combustion. Throughout the
range of useful applications for solid rocket propulsion, desired thrust-
times might vary from about 10 milliseconds to 100 seconds (boosters for
space vehicles), or a time gpan of ten thousand fold. Burning rates { .t
available propellants might vary from about .01 in./sec to 2 in./=ec, or

a range of 200 fold. Thus, it ié obvious that rocket motors cannot be
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designed solely to minimize stresses on the propellant and to maximize the
volume of propellant contained, but major consideration must also be given
to how the thrust-time can be achieved. If propellants could be chosen for
their physical properties, and performance (in terms of specific impulse,
pound-force seconds/pound-mass) and then the burning rate controlled
through making minor (0 to 5 wt. %) changes in the propellant formulation,

a distinct advancement in solid propellant technology would have been

achieved.

Currently, it is known that for a given polymeric binder-
fuel system, increasing the weight fraction of oxidizer (NH4C104, NH£NOg3,
etc.) in a formulation, below the stoichiometric point, and also reducing
the average oxidizer particle size, increases the burning rate. Small per-
centages o. transition metal compounds such as copper chromite and iron
oxide will catalyze the burning rate. Also, for a given cxidizer weight
fraction and given particle size distribution, varying the polymeric binder

will vary the burning rate.

Although these factors appear to give coatrol of burning
rates, the maximum rate for a given oxidizer — binder system in most
cases — i8 only of the order of two or three times th:.' of the minimum rate.
However, the most serious drawback is that alteration of the oxidizer weight

fraction or the type of polymeric binder seriously changes the specific
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impulse of the propellant. Thus, the use of this type of control is severely

A limited. gy

- o B Since the progressively better oxidizers {(from a specific

impulse standpoint) seem to have inherently faster burning rates, greater

.research importance is attached to methods of achieving low burning rates
(.01 to 0.1 inches/sccond) without sacrificing the performance achievable
in propellants with rates in the range 0.1 to 1.0 inches/second. For a |
given base propellant and combustion pressure, no chemical compound,
physical preparation of ingredients, nor method of energy alteration in the
combustion process has been described in the liicrature thal is capable of

ten-fold burning rate reduction.

However, there are still very important propulsion problems

that could be solved if much higher burning rates also could be achieved.

3. The Importance of Oxidizers

- The philosophy used in undertaking this study has been that
the biggest part of the answers to questions in solid propellant combustion
can be found in a fuller understanding of oxidizer decompositior: and com-

s bustion. Oxidizers now are, and look like they will remain to be the major

ingredient on a weight or volume Basls in solid propellahts.
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Further, it was feit that the best way to add to the fund of
oxidizer knowledge is tr stucy first ihe pure oxidizer and its perfect crys-
tals, and then to prcgressively 9dd varving factors and determine their com-
bustion effects. A most desirable long range goal in this work is to develup
an equation, or =quations that will use common or easily estimated physical
and thermochemicnl data for an oxidizer, and from that information be able
to predict an appruximate propellant burning rate versus pressure curve.
At pre~ent this cannot be done, except by looking back at a vast amount of
colle :ted ammonium nitrate (A.N) and ammonium perchlorate (A.P.) pro-
peilunt surning rates. When this is done, one can say that the rate for a
new cornposite propellant will be in the range of 0.2 to 1.0 in./sec if A.P.
is used; and 0.05 to 0.10 in./sec if A.N. is used. But this is hindsight and
isn't much help for the future. What really needs to be answered are
questious like: should cation substitution of nitronium for aramonium in
the perchlorate give propellant rates of 0.5 to 1.0 in./sec; or should they
be 1.0 to 2.0 in./sec? Should cation change to hydrazinium yield propel-
iants that burn faster or slower than A.P. propellants ? How about hydroxyl-
ammonium perchlorate propeilants ? Should hydrazine nitrcfor.a or nitrate
propellantsj')e detonable ? Can one synthes}zézaﬂn oxidizer that will give

propellant rates of 5 to 10 in. /sec? Can one catalyze A.P. positively to

get rates of 10 in./sec; and negatively to get rates of 0.01 in./sec?
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The answers to all these vital questions are hound up with
the vaknown factors affecting combustion, axnd the unknown mechanism of
oombustlén. It was the intentior of this study to develop a rather simple
combusiici: teet technigue for the ready determination of the “intrinsic"
burning rate response to pressure for monopropellant oxidizers. That is,
the burning rate versus pressure curve for a single crystal burning one
dimensionally in a direction normal to one o1 iis faces. This was to be
done by showing a relationship hetween powder and single crystal burning.
The technique of powder burning was to comprise the "'simple cor-vustior
test" referred to above. Such a technique could bring order out of the
chaos caused by large quantiiies of test data now present in the literature

that can't be corrsiaied.
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IJ. EVALUATION OF RESEARCH ON RELATED STUDIES

Combustion studies of monopropellant oxidizers have been conducted

for over a decade. They have given good insight intc the high temperature
reactions of the chief ingredients jn sclid propeliants. The majority of these
studies were conducted with powders pressed into strands or sticks having
pearly the crystal density. It was found to be much easier to do this than to
obtein single crystals for qombustion. However, it was ultimately found
t_hat no matter how well the samples were prepared, the parucle size of the

powder from which they were pressed affected the burning rate.

During the early planning of this combustion research efiort little
was known abeout the burning of singie oxidizer crystals like ammonium
perchlorate. In fact there seemed to be little inferest in such experimenta-
tion. We felt that further research on pure oxidizer combustion would make
an important contribution to solid propellant research. Whittaker! had
tried a few experiments with the burning of modified habit single crystals
of A.P. By 1965 tne crystal growth work of McRride became known — and

shorily thcreafter the combustion tests by Hightower and Price?.
By 15967, this interest has spread to such an extent that there are at

15
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least a dozen lsberatories in the U. S. and Europe studying oxidizer com-
bustion. As shown in the following paragraphs, related work has been
carried out in fields ranging from lower temperature decomposition re-

actions to theoretical explanations of observed brrning rates.

A. Pressed Powder Combustion

Friedman3’4’ 5, Adamsﬁ, Shannon7, Irvins, and Barrere9
generally used high purity A.P. that had been separated into particle size
fractions, and then pressed to a density of 1.90 g/cc in the form of strands

4mm square by 38zam long (or a convenient size in that general category).

_Tbese samples were then ignited in a temperature conditioned ‘strandburner

under varying inert gas pressures. Friedman, Levy and co-workers, more
ecently vonElbe and McHalelo, have conducted the most sustained and
thorough examination of pressed powder combustion. Starting with A.P.,
they have investigated raost of the available oxidizers, and are c;frently

studying hydroxylammonium perchlorate.

In the referenced st. es, not only burning rate response to
pressure, but the effects of varying the strand temperature prior to burn-
ing, varying catalysts, varying inert gas atmospheres, varying oxidizer
particle sizes prior to pressing, added radiant energy and other effects

have been examined.
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In addition to burning rate as a reaction variable, the lower
pressure limit at which A.P. combustion could be sustained (PDL) without

added fuel, was measured for insulated and uninsulated samples.

The burning rate-pressure response band for strands made from
particle sizes ranging from 50 to 200 microns is shown in Figure I. One of
the difficulties encountered here was that aithough the data from a given
laboratory showed a regular increase in burning rate with reduction in
particle size of the powder from which strands were made; data for a
similar material measured in another laboratory sometimes showed quite
different values. Shannon's data, for the rate-pressure response of A. P.
strands to varying initial temperature, shown in Figure II, illustrates the
importance of both finer particle size and higher initial terperature in in-
creasing rate at a reference pressure. The burning of these samples was
generally unassisted (no fuel value added by sample holder), as opposed to

the powder burning to be described later.

Some of the conclusions drawn by these investigators relevant

to later discussions are listed below:

1) The lower pressure deflagration limit, PDL, (pressure
below which stable burning was not maintained) was in-

sensitive to sample size and to substitution of helium
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2)

3)

4)

5)

6)

20

for nlirogen as the strandburner pressurizing gas.

PDL increases as the A.P. particle size (from which

the strands were made) was decreased.

Preheating strands lowers PDL; and precooling raises
it. The values below are only relative; they depend
on a number of experimental variables.

PDL > 270 atmospheres at ~18°C

PDL

45 atmospheres at +21°C

PDL

20 atmospheres at +70°C

A fraction of a percent of the well known propellant
burning rate catalyst copper chromite greatly in-
creuses PDL at room temperature:

PDL = 22 atmospheres for pure A.P.

PDL 170 atmospheres for A.P. +0.5%

copper chromite

PDL is raised when other black additives, like platinum
black which may not be a catalyst in this system, are

added.

Addition of external radiant energy drastically
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8)

9

10)

21
owers PDL at room temperature.
PDL without radiation = 22 to 45 atm.

PDL with radiastion =1 atm.

Considering all of the daix 1a rigure I, a burning rate
equation of r = 1/4 (P/1000)2/3, in in./sec, and pres-
surs in psia gave a reasonably good correllation for
average particle size of about 10v mi~rons, in the

1000 to 2000 psia range.

Burning rates were increased for finer particle sizes,
but the rate versus precsure slope remained nearly

constont (see Figure II).

0 was equal to 0.24%/°F in the 70° to 160°F range.

Note: _é% x 100

where p = pressure, r = burning rate and T = tem-

perature

Irvin found two combustion regimes with a transition

at a pressure of 300 atm. Above 300 atm., the

observed pressre exponent was of the order of
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1.75. This rapid increase of deflagration velocity was
attributed to flame penetration into cracks in the sample,

which may arise from the high heat flux and large thermal

gradients.

From the foregoing tests showing how prci:e‘atlng aids combus-
tion, it was concluded that insufficient heat at the burning surface retards
and limits combustion. Since flame zone maximum tempsrature calculations
show that sufficient heat is available to sustain burning even at ambient
pressure then heat loss must be the reason there is 2 lower deflagration
limit, PDL. The experiments d2scribed above have attempted to pin down
the loss pathway.

Since switching in;an gases from nitrogen to helium (which has
a thermal conductivity several times that of nitrogen) didn't affect PDL it was
concluded that heat loss by either gas convection or gas conduction is not
controlling. Since changing the strand sample size didn‘t affect the re-
sults, it would seem that edge cooling effects are not important. This
leaves only solid conduction and solid or gas radiation as possible loss path-
ways. The effects of black additives led Friedman to the conclusion that
the iinportant heat loss mechanism is radiation, and the most important

part of this loss is from the surface.

It was concluded from the high pressure tests of Irvin, that
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physical changes in the sample under test, or changes in the ability of
filames to penetrate existing voids, can markedly influence burning rate
measurement. This has strong implications to the varying density tests
conducted in the experimental portions of this work; where voids or cracks

were 'built into'' the samples.

vonElbe, McHale, and co-workers are continuing the high
density powder combustion iests with a range of other oxidizers. Their
high magnification movies of the phenomena have brought the attention of
other investigators to the physical processes that take place at the burning
surface. Although no melting or liquid Jayer has been observed for A.P.
in these powder tests, a layer has been observed for hydrazinium per-

chlorate, diperchlorate and hydrazine nitroform.

Another interesting powder combustion approach, not like that to
be described in the experimental portion (IIl), is the loose granule burner
developed by McAlevy11 of Stevens Institute. The loose packing allows,
for example, passing fuel gas through a bed of oxidizer to simulate pro-
vellant interactions. This approach would be particularly applicable to
studies of nitronium perchlorate which would not be considered a mono-

propellant.

B. Single Crystal Comb.stion
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Price, Hightower, and co-workers at Naval Ordnance Test
Station, Thina Lake, California, (NOTS) have long been interested ip com-
bustion problems. Recently they have concentrated on the combustion of
single A.P. crystals alone and bonded to PBAA type gumotocks. The latter
samples were used as propellant models. They found evidence for the first
time of a melt on the burning crystals. I is eitber ammonium percktlorate
or a decomposition product. A most interzsting conclusion from this work
involved the relaticnship between powder and crystal burning. It has been
shown above that for high and constant buik density pressed samples of

cxidizer powder, the smalier the particle size, the faster the burning rate.

"

These investigators have proposed that a single oxidizer crystal be con-
sidered as composed of "'zero particle size' particles — and thus it should
burn faster than any pressed powder. Their data supports this hypot.esis.
Our data on low density powder in Section III supporied an opposite hypothesis,
i.e., that a single crystal may be considered an infinitely large particle,
with a minimum surface area for reactions as compared with any other
physical form, and thus it would be expected to have the lowest linear burn-
ing i;ate. However, the single crystal burning rates reported herein agreed
remarkably wel! with the single crystal ratesof Price. This caused an ad-
justment in our proposed model to account for the discontinuity in thermal
conduction when geing from pressed powders to single crystals with only a

12

slight density change. Petersen*“, at the University of California, has been

¥

=
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studyirg t&c ignition and deflagration of single A.P. crystals and has con-
firmed the results of Price and the few observations of Whittaker made

several years ago.

C. Surface Decomposition Resactions

During combustion of either powders or crystals, any givei
plane in the solid phase is progressively heated as the flame zone approaches
it. There are a vumber of ways in which the solid A.P. can uiilize this
energy in addition to a simple temperature increase. Several of the ways
are Jecompositions, and at about 460°C, A.P. rapidly decomposes. At

240°C there is an endothermic phase change from orthorhombic to cubic.

P, W. M. Jacobs of the University of Western Ontario sum-
marized the latest work on A.P. activation energies at the Third ICRPG
Combustion Conference, Kennedy Space Center, October 17, 1966. After
examining large quantities of isothermal decomposition data he felt that
there were more errors to contend with in the pressure rise type of measure-
ments than in the weight loss measurements. The weight loss measure~
ments give 30 Kcal/ mole as the activatisn energy. Most interesting is the
finding that this same energy holds for several temperature rarges and for

several different types of decomposition that are postulated t¢ occur in the.e

ranges:
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NH4Cl104
Decomposi~

tion Type,
Temperature Mechanism == Initial Prolucts

iow Temp., Electron transfer —# NH; + ClOy4
200°C

Medium Temp., Proton Transfer and Sublimation =3 NHg + HClIO4
200° — 300°C

High Temp., Ion Formai.on =9 NHZ + ClOy
300°C

It is believed that most of the discrepancies in decomposition
mes3urement in prior years, giving values ranging from 20 to 60 Kcal'/ mole,
were due to gas phase reactions followi.g the original suriace decomposition.
I* is hoped that this surface decomposition activation energy value from weight
loss measurements can be relied upon, and then further progress can be made
by obtaining values for gas phase activation energies. The problem with gas
phase determinations is how to get uniform molecular scale mixing at any
temperature of ammonia or ammonium ions with perchiu.ic acid or per-
chlorate ions so that true reaction rates can be measured. Thus far, tests
with jets of ammonia passing into vaporized perchloric acid, and vice-versa,
have produced quantities of solid ammonium perchlorate in the combination

rather than the decomposition reaction. Also, this kind of reactant mixing

is far from the molecular or ionic level.
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D. Combustion Reactions and Temperatures

Levy and Friedman4, and Arden, Powling and Smith’3 have de-

scribed analytical and experimental investigations of A.P. combustion temp-
erature profiles and the products of combustion. The diferences vetween

nigh pressure (1000 psia) and atmospheric pressure results are summarized.

1. High Pressure Combustion (1000 psia)

In reference 4 the product gas temperature was calculated
for the product distribution as analyzed, i.e., a N2:NO:N20 ratio of
1:.0.87:0.45. Hydrogen chloride, chlorine, water and oxygen were assumed

to be in thermodynamic equilibrium

Cly + HyO = 2HCL + - Oy
using the equilibrium constants of Sinkel4. The stoichiometric equation

then pecomes-

NH4C104-"‘ (LZG&SN2 +0.12N,0 + 0.23NO + 1. 01502 +1.62H,0
+0.76HC1 + 0. 12(512

The rzlculated flame temperature is 987°C. This is in fair agreement with

their measured values of 930 to 970 C. The surface temperature is esti~-

mated to be between 700°C and 800°C. Precise meastr~ments have not

been made at high pressures due to the difficulty of placing a sensor in
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such a thin zone or the difficulty of taking radiation measurements charac-
teristic of the surface only when the flame zone is so close. Powling15 has
given an excellent discussion of the experimental problems involved in this
measurement beyond about 4 atmospheras. However, he does conclude that
the change in surface temperature at low pressures is compatible with equi-
librium dissociation at the surfacc:

NH,CIO, = NH; + HCIO,
(s (8) (g)

Powling used a2 AH sublimation value of 56 K,,1/mole, rather then the more
recently accepted 30 K.,1/mole; however, the following relationships were

valid in the range 30 mm Hg to 4 atmospheres.

2

In (Kp1/Kp2) = In (P?/PZ) = BH_ (1/Ty - 1/Ty)/R

where Kp = equilibrium constant for the dissociation reaction
=PnH, ¥ PHClO,
and P = comhustion pressure
AHS = heat of dissociation or sublimation
T = surface temperature

Powling speculates that an equilibrium relationship such as this would not

. be expected at pressures significantly beyond 1000 psia. At high pressures

the temperatur ¢ at the surface would approach the flame temperature; and

the partial przs:.res of NH3 and HC104 would be ~xpected to approach
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zero. Under these conditions the surface reaction would be rate controlled.

2. Atmospheric Pressure Combustion

The product analysis at low pressure showed that aii the
chlorine was present as molecular chlorine. The stoichiometric aduation

was:

’

- NH,CIOy == 0.55NO +,0.10N,0  0.125Ny + 0.5Cl3 + 2Hy0-+ 0. 6750,

This corresponds to a flame tempe'rgt.dpe of 9.'6'7"0. The surf.ace' tempera-
ture as mgaéured by an infra—red'o'pti.cél method!® was 480°C. ‘It was found
thaf; the burning of packed A.P. bm&der.s,-- partially iuel supﬁort;d with a

wide vaﬁety of fuels gave a surface tempé'pature 'varia.ltion of only 450 * 30°C.
Burn.i'ng rates wer; increased fourfold when the f'lame. temperature was in~
creased to abm;t 1706?0 by adding polystyrene powdéf as a fuel. The sur-
fare temperzture in this latter case droppéd'to at.>~ut'420'°c. There'wa.s

nearly a direct linear relationship between flame temperature (as manipu-

lated by fuel addition) and burning rate.

3. Combustion Comparison

»

The decrease""in NO when going f~om low pressure to high

.

pressure (lewer to 'ﬁlghe?*;é'ﬁcuon temperatures) is believed to be due to

its lower ~xidizing ability‘and less reaction with NHj5 or Nﬁz r'adil_caLls‘at ihe

' CET LG, . g 4 "
L o3 o PR v
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lower temperature. This aliso explains the greater Nz content at higher

temperature:
NO + NH;, =» N, + Hy0

' The ammonia-nitric oxide flame temperature is 2640°C. Nitric oxide is

; an endothermic comp'ound.so that as more of it is formed — or remains in

the product gases — the ﬂanie temperature is reduced.

It has been ca.lculated that a ﬂame temperature of about v
930° C is required to support stable combustion In ‘the atmosphemc tests |
described above A. P would only burn by itself with added heat of about |
10 cal/ cru. s'ec (supplied as radiant. energy).or 64 cal/gram (supplied as
preheat). "Whe.n some fuel was added - the hié’ner temperature fuel -
oxidizer flame provided the required energy. ’Iize oxides of chlorine are
not found at either high or low pressure as they were the niost powerful
oxidizing agents present. No azhmonia or amino radicals are found because

they are the first species to be oxidized.
2
It mav be that the nitric oxide reactions are so slow in
taking place, that at atmospheric pressure the flame temperature is not
established until it is too far from the burning surface to give a comparable
ZhE

effect to that at high temperature - although the dlfference in flame tempera--

tures is only about 20°C.
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Catalysts (copper chromate and chromite) have been found to
reduce NO content at low pressure and N20 content at high pressure, pre-
sumably by drawing the combustion reactiou further toward completion

(to N, and Oy) in both cases.

E. Burning Rate Theory

The most comprehensive analysis of the burning rate-pressure
response of a monopropellant was prepared several years ago by Johnson
and Nachbarm. They combined the applicable solid surface decomposition

relations with laminar flame theory, and finally obtained the relation

p == (ZAYE
where: p = pressure
r = burning rate
K = scaling factor
M = eigenvalue for particular conditions
m = order of the gas phase reaction

Even an abbreviated derivation of this final form is quite lengthy.

Although sample calculations were made only for ammonium

perchiorate, the overall resulis are qrite impressive. There was an
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unaccounted for heat loss factor, and the gas phase activation energy was
unknown. The measured burning rate at one pressure was fed in as a
scaling factor and a reasonable estimate was made of the gas phase acti-
vation energy. A plot of the Johnson and Nachbar theoretical calculations
for crystals burning adiabatically is inciuded as the triangular data pnints

and curve in the lower portion of Figure XI in Section I, C, 7.

The solution to the intriguing problem of burning rate predic-
tion is still not complete, but the work of Nachl-)ar and Johnson has opened
a way. Barrere and Williams? have extended the work for certain non-
adiabatic conditions; and have given an excellent review of burning rate

theory and experiments.

Prior to 1960, there had been some atiempts to relate burning
rate of a homogeneous, condensed phase monopropellant to its physical and
thermochemical properties. Ccmbustion of a single crystal of ammonium
nitrate or perchlorate represeuts a specific exampie of this general cate-
gory. The most notahle attempt was that of Schultz, Green, and Penner17
given in 1958 for the linear pyrolysis 1-ate of ammonium nitrate. Although
this pyrolysis was not quite the same as a burning rate — it was very
closely related — and showed more ciearl than the earlier studies of

lower temperature decomposition the kinds of problems to be faced. Solid

pyrolysis rates were siudied because it was generally agreed that condensed
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unaccounted for heat loss factor, and the gas phase activation energy was
unknown. The measured burning rate at one pressure was fed in as a
scaling factor and a reasonable estimate was made of the gas phase acti~
vation energy. A pict of the Johnson and Nachbar theoretical calculations
for erystals burning adiabatically is included as the triangular data points

and curve in the lower portion of Figure XI in Section IH, C, 7.

The solution to the intriguing problem of burning rate predic-
tion is still not complete, but the work of Nachbar and Johnson has opened

9 have extended the work for certain non-

a way. Barrere and Williams
adiabatic conditions; and have given an excellent review of burning rate

theoi‘y and experiments.

Prior to 1960, therc had been some attempts to relate burning
rate of a homogeneous, condensed phase monopropellant to its physical and
thermochemical properties. Combustion of & single crystal of ammonium
nitrate or perchlorate represents a specific example of this general cate-
gorv. The most notable attempt was that of Schultz, Green, and Penner17
given in 1958 for the linear pyrolysis rate of ammonium nitrate. Although
this pyrolysis was not quite the same as a burning rate — it was very
closely related — and showed more clearly than the earlier studies of

lower temperature decomposition the kinds of problems to be faced. Solid

pyrolysis rates were studied because it was genexally agreed that condensed
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phase reactions were the limiting factors in establishing burning rate or

combustion velocity.

The biggest advantage of the linear pyro‘lysis test was that it
gave a kind of burning rate measurement in which the surface temperature
could be varied over a wide range, while holding pressure constant. These
investigators then found the surface temperature at which the pyrolysis
rate equaled the normal straudburner determined burning rate; and used

that value as an estimate of the burning surface temperature.

They attempted using absolute reacticn rate theory to predict
the change in the rate of linear pyrolysis of a strand of pressed A.N., as
they raised the temperature of a hot metal plate pressed against it. A
number of assumptions were tried but the results were not encouraging
because the experimental technique needed refinement, and too little was
known about the configuration of the potential energy surfaces for the
various rate processes they had proposed. The rate process they assumed
to be controlling was the desorption HNO, (from NH,NOg decomposition)
from the pyrolyzing surface. This early groundwork in theory and ex-

periment greatly aided later studies.

A considerable amount of continuing work has been done on

the experimental technique, although attention from 1958 to 1966 was
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directed to A.P. as the experimental compound. It now appears that more
reliable results will come from the '"porous plate* pyrolysis apparatus like
that of either Barrere at ONERA or Ct';atesls at Lockheed. An entirely new
approach to heating the surface is being taken by Cole at Stevens Institute.
Here & stream of hot gas is directed axisyminetrically at the oxidizer sur-
face,. and the temperature is sensed by an IR technique. A comparision of
this data with the porous plate data will be most interesting. A recent
analysis of the implications of absolute reaction rate theory has been given

by Williamsi?.

As more and more burning rate data, combustion mechanism
data, and physical and chemical propertiesr' of oxidizers become available,
there is an entirely different approach to testing the dependency of burning
rate on any given independent variable. That is to use regression analysis
on all suspected variables, and to allow correlation coefficients and oiher
statistical tests to tell us which are most valuable. To deterniine the usa-
fulness of this method, a trial analysis was run on a crystal property ex-
pected to be important o combustion éharacteristics. As shown in the
Appendix the results were gratifying, and the methcd shows real promise

for application in later burning rate studies.




IoI. EXPERIMENTAL WORK

It was planned originally that the experimental work would focus on
the measurement of combustion properties of large single crystals of
ammonium perchlorate. During the planning period for this research no
such comprehensive study was reported. It was believed that single crystals
of A.P. could be grown to a size large enough to study burning properties
with relative ease from saturated solutions by evaporation or temperature
lowering. Small scale experiments seemed to confirm this. However,
during 1965, interest in this same problem seemed to ﬂourisﬁ in several
other leboratories throughout the U.S. By mid-1965 it became apparent
that as yef unpublished work had been underway in the early 1960's at the

Naveal Ordnance Test Station laboratories at China Lake, California by

McBride, at the University of California laboratories by Petersan and at
Aercjet-Azusa by McGurk?0. Also by that time it was evident that there
was no simple way to grow large perfect A.P. ci'ystéis. No A.P. crystals
were available commercially. Therefore, a major effort was begun to
davelop a sophisticated crystal growing bath and associated temperature

controls. The people at the other laboratories reported difficulties in

growing A.P. crystals even with rather elaboratesystems. (Their studies

35
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were directed toward comparisons with alkaii perchlorates, ignition proper-
ties, and fundamental crystallographic studies respectively, They did how-
ever, recommend using techniques similar to those of J. N. Torgesen at
the National Bureau of Standards, Crystal Chemistry Section. This was
done, making several visiis to Dr. Torgesen's laboratory and discussing -

theory and practice with him and his assistant, Mr. A. T. Horton.

By mid-1966 an apparatus was ccustructed at the University of
Delaware and it had shown the capability of growing the kind of A.P. crys-

tals that were needed.

During 1964-1965 however, it was realized that one important facet
of crystalline oxidizer combustion that was not being studied by .thers was
the combusticn of low bulk density powders. All reported work dealt with
the burning of powders pressed to nearly the crystal density of A.P. (1.95
g/cc). Low bulk density powders (i.0 g/cc), if they would burn would give
previously unavailable iuformation about flame penetration and the prooa-
gation of combustion reactions. As a sidelight, the low buik densiiy powder
ie an interesting propeliani analog in that the inert gas or air voids are a
specisal case of a uw fuel value, low viscosity, low density, transparent

binder.

Therefore, it was decided to put a major effort into determining the
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feagibility of such burning and by mid-1966 it had been demonstrated that
such powders would really burr reproducibly rather than detonate — or nrot

burn at all.

By Spring 1967, crystals had been produced and combusticn tests

had been conducted on single crystals and a variety of oxidizer powders

under a wide range of experimental pressures in order to describe the

spectrum of crysialline oxidizer combus.tion.

The following three parts of section III describe how large single
cryziala were grown, how oxidizer powders were prepaved, and finally the

tecbhriques and equipment for combustion testing and the data they provided.

A. Sinp:l_e Crystal Growth

It was found tu be relatively difficult to grow single perfect
crystals of A.P. By this it is meant that under a given set of crystal
growth conditions it was far easier to grow many other types of large crys-
tals. For e. ample, sodium bromate was grown into large nearly perfect
crystals quite early ir the study, whe many of the growth conditions were
poorly controlled. 'The ease of growth seemed to follow the geceral rule
of thumb that compounds of relatively higher solubility are relatively

easier tc grow as perfect crystals.

= -
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Since A.P. in contact with oxidizable materials is a potential fire
hazard, great care was taken in the experimental work to prevent overheat-

ing, friction, contamination of A.P. with oxidizable materials and vice versa.

Two crystal growth baths were developed: a larger variety hold-
ing about 18 liters of solution, and a smaller one holding about three liters
of solution. For large crystals, the large bath was superior. But for flexi-
bility in studying technique changes the smaller type was also required.
Work actually began on the smaller baths, but it was soon discovered that
large crystals (hat is, at least onecm. inone dimension) ceuld not be grown

in them. Tests then proceeded to the larger type.

Generally helpful information on crystal growth was obtained

from the Russian work in three volumes by Shubnikov and Sheftalzl, and

22, and the earlier work by Buckley23. As a crystallogrephy reier-

24

Gilman

ence, Phillips™” was used.

The ammonium perchlorate used in these experiments was

"ultra high purity grade" as supplied by American Potash and Chemical

Company. A typical analysis is shown in Table 1.

During the early parts of the studies, it seemed that evapora
tion echniquec could be used. As the work progressed, however, it

became evident thal lowering .he temperature of a saturated solution
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TABLE 1

CHEMICAL ANALYSIS OF
ULTRA HIGH PURITY* AMMONIUM PERCHLORATE

: CONSTITUENT PERCENT BY WEIGHT
| Ax;u;noni_;m Pefchl;;'afe | | 99.9
Sodium 0.0001
Potassium 0.0001
Chloride as NH,Cl Nil
Chlorate as NaClO, Nil
Total Moisture 0.182
Sulfated Ash 0.01
Sulfate as (NPI4)2 S0, Very slight trace
Bromate Nil
Water Insoluble 0.0020
Iron as FeyOg 0.000
pH 4.4

*American Potash and Chemical Corporation grade, Lot No. W-1987-27A,
supplied as recovered from crystallizer. 97.49% of particles are larger
than 100 mesh (149 microns) anc largest fraction is in 297-420 micron
range.
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was best for A.P.

1. Three Liter Crystal Growth Apparatus

The three liter bath was ultimately developed and produced
excellent results, with a minimum of sophisticated controle. The rotation
meachanism and base heating is identical to the large bath to. ke described

later. However, the temperature control was maintained by a Magnaset

thermoregulator and mercury relay which controlied the base hedter system.

Temperature reduction was achieved by driving the thermoregulator baiance
temperature down through a belt attached to an sie-tric clock drive. The
belt slowly turned the knurled knob of the thermoregulator and lowered the
control point uniformly by 0¢.01 to 0.10 °C per day depending on the drive

wheel size. These details are shown in Figure III.

2. Large Cryst Growth

Large crystals are defined as those having at ieast one
dimension equal to a centimeter. It is Iimportant to get sizes in this range,
and larger, so that samples for combustion tests may be cut from them.
The combustion test samples for use in a window~-bomb should be at least

0.5 cm x ¢.5 cm by several millimeters.
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Since the large crystals are grown on cylindrical pins of
several millimeters in diameter, there are unavoidable defect areas formed
in the central portion of the crystal which must be cleaved out. The crysteaiz
are readily cleaved along their crystallographic axes by a sharp razor blade

tapped with a mallet.

The single crystals of ammonium perchlorate for combus-
tion studies were grown from saturated aqueous solution at about 45°C in a
closed bath. The three chief components are: 1) the bath itself with pro-
visions for stirring, heating, insxziation, etc., 2) wmpérature acquisition
and recording equipment, and 3) the temperature controller and programmer.
The equipment arrangement for the large, 18 liter bath is shown in Figure
IV. To the left is the Quariz Thermometer mounted atop a digita: recorder.
In the center is the bath with insulating jacket opened. On the right is the

controller and programmer.

a) Crystal Growing Bath

Single crystals are grown from solution contained in a
large glass jar 12-inches in diameter, 12-inches in height, and approxi-
mately 4-1/2 gallons in capacity following the technique of Torgesen and
Horton at NB825. Essentially the changes made at the University of

Delaware dealt with:
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1) materizals of construction

2) method of sealing the bath for compatibility

with A. P.

3) temperature sensing and

4) additional insulation of the bath itself and the
temperature sensitive portions of the elec-

tronic controls.

Jar covers of teflon support the rotation mechanism
the finger heaters, and temperature sensing devices. The jars are sup-
ported in stainless steel frames which contain bottom heaters to distribute
heat uniformly over the entire bottom surface and inhibit volunteer crys-
tal growth. The bottom heater consists of 25 small (15 watt) lamps evenly

distributed over the base of the frame on a sheet of Transite.

The crystals are supported on lucite pins that are
press fit into holes near the ends of the branches of a "crystal tree."
The general aim is to provide support offering a minimum of interference
with the external growth surfaces. The crystal {ree is constructed of
nylon rod and has three rows of four branches each, thus accommodating

a total load of 12 crystals. It was felt that glass would be too brittle and
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subject to breakage and lucite would soften at higher bath temperatures.
Lucite because it is transparent, was used wherever pessible. Neither

nylon nor lucite appeared to be attacked by the A. P. solution.

To promote efficient stirring of the bath and produce
uniform solution temperature and concentration, the crystal tree is pro-
vided with rectangular vanes of lucite. The vanes hang from the tree
branches and generally swing freely. The vanes change position depend-
ing on the direction of rotation and continuously premote a transfer of solu-
tion from top to bottom in the jar. It is believed on the kasis of small bath
tests, that considerably more stirring than this arrangement provides

would be advantageous.

A stainless sleeve attaches the crystal tree "trunk"
to the shaft of the rotation mechanism. An adjustable seal at the lid of
the bath provides good contact between the nylon trunk and the Teflon lid
and prevents the loss of solvent vapor, co“ntaminatios‘ of the solution from

the outside, and corrosion of hearings and other metal parts of the rota-

tion mechanism.

Th~. photograph (Figure V) taken during an actual
growth operation with the fiberglass filled insulation jacket opened shows

the overall bath arrangement. The jacket has a zipper closure for ready
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inspection of the crystals during growth.

In order that all surfaces of the growing crystal may be
wasbed approximately equally with the solution to promote uniforin growth,

it is necessary to provide a mechanism for rotation of the crystal tree in

both directions. The rotation device employs a rack-and-binion mechanism.

The gear-rack, moved back and forth by eccentric attachment to the shaft
of a slow speed motor, imparts, thm@ the pinion gear on the tree ghaft,
an approximately sinusoidal rate of rotation to the crystai tree. The ar-
rangement gives gradual deceleration and acceleration on either side of the
reversal point and avoids undue mechanical stress in the gorwing crysials

and the equipment assembly.

The arrangement currently used prbvidés a maximum
speed of approximately 25 rpm and the crystal tree is rotated through about
four complete revolutions between changes of direction. Good quality motor
lubrication oil and vaseline or gear-grease were found to be essential for
smooth operation and to prevent motor failure. Ball bearings are used for

the crystal tree and driver-arm shafts.

The motor used was a Hurst Company Mode! EA which
provides 300 inch-ounces of torque at 2 rpm. These are the most powerful

synchronous totally-enclosed, ball bearing motors available for low (less
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than 10) rpm operation on a continzous basis. Less powerful 100 to 200
inch-~ounce motors were found to fail due to torque overload within a few

weeks.

b) Bath Temperature Readout and Recording

When it was found that bath temperature changes of
0.001°C were important, and that a knowledge of the variations at the
0.0001°C level would help correct other porticns of the system, the need
for a highly sophisticated temperature acquisition system was indicated.
In addition, since it was necessary tc know what the temperature history
of the bath was on a nearly continual basis, the need for a recording system
was also indicated. It is of interest that during the period thai our need
developed, the Quartz Thermometer wae introduced by Hewlett Packard.
After an exhaustive alalysis of the relative meriis and economics of con-
ventional resistance thermometers versus quartz thermometry the latter
was chosen. The Quartz Crystal Thermometer was judged superior on

the following counts:

-somewhat lower overall cost (about $1000 less)

~faster direct readout (10 seconds versus one or more minutes)

-better accuracy (¢.0001° C versus 0.001°C)
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-better system stability and lower laboratory space requirement.

The particular model used wzs the DY-2801A with

special long, low mass, sensing probes.

A Model 562A Digital Recorder was coupled with the
ttermometer to give printout of bath temperatures to 0.0001°C every 17

geconds.

¢) Temperature Control and Programming

Precigion control of temperature is of primary im~
portance during *he growth of single crystfal specimens of high quality from
solutiori. As has been clearly printed out by Torgesen, momentq.ry tempera-
ture fluctuations will result ir interrupted and accelerated growth rates, and
will produce veils of mother liquor inclusions waich lie paraliel to the crys-
tal faces on which deposition occurs. We have found it essential to follow
all of the guidelines laid down by Torgesen and Horton. When the tempera-
ture-changing technique is used, we have found that finite changes in tem-
perature of a few hundredths of a degree will again induce the inclusion of
mother liquor pockets. The close control of temperature at a given instant,
together with a slow and continuous change in the temperature to maintain

a uniform degree of super-gaturation, can do much to minimize this effect.
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The controf apparatus constructed was essentially a

duplication of that described by Torgesen et.al,

An order of magnitude improvement in temperature

T

stability was obtained by placing a large lucite box over the entire bath to

provide a lagging effect. A smalil fan was included inside the box to mini-

b AN

mize temperature grudients. Temperature recordings showed that with
this apparatus, control of temperature to ¥ 0.0008°C was obtained. In

working with a potentiaily hazardous material iike A. P, however, it was

felt that this totai enclosure of the bath and its motors was unwise.

The greatest single problem causing bath temperature
fluctvation was drifting of the room temperature. Oddiy enough when air
conditioner or room heating got out of control, the bath temperature drifted
inversely to room temperature. This was due to room temperature changes
affecting the resistances in the controi circuit. The effect of a 4°C rise In
room temperzture was to lower the controiled point of the bath by 0.060°C.
That is the bath temperature range of variation was ‘en times greater than
with a stabie room temperature. When the room temperature was constant
(Y 1°C) the bath temperature range was * 0.003°C without the lucite bath

cover.

; The performance of the equipment was highly
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satisfactory for the several week or even several month periods required
in crystal growth experiments. It is composed of common electronic com~
ponents which are subject to yzllure, and realizing that failure of tempera-
ture control is disastrous to crystal growth experiments, electronic tubes,
mechanical relays, switches, motors, etc., of the best qual.ty were used

a8 NBS had recommended.

d) Properties of Single Crystals Grown

Visually perfect single A.P. crystals, with the largest

dimension greater *hun one centimeter have been grown i these experiments.

In tests conduc‘cd by Dr. J. N. Maycock, they were found to be transparent
in the visible and near ultraviolet. At about 200 millimicrons a sharp ab-
sorption band front appeared indicating high purity and the transition of
electrons from the valence to conduction band. In his tests of electrical
conductivity at varying temperatures, the separate regimes of conduction
for the two differeni forms were easily identified. It was interesting that
the phase transition: orthorhombic to cublic appeared closer to 255°C

rather than the 240°C reported in the literature.

A typical crystal is ehown In Figure VI. Figure VII
gives three views of a typical crystal with the faces labelled. Table 2

describes the i.ces and their intersections and uses ithe values given by
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TABLF 2

AMMONIUM PERCHLORATE SINGLE CRYSTAL CHARACTERIZATICN
(ORTHORHOMEIC)

Faces Indices Observations

c 001 Largest faces, two always formed -

b 010 Smallest face, usually only one formed

a 100 Not found

m 110 Second largest faces, four always formed; pairs

of m faces are parallel two forming acute angles
and two forming oblique angles

r 101 Third largest faces, the coigns at the ac inter-
section

q 011 Fourth largest faces, the coigns at the be inter-
section

Face

Intersection Angle Ohservations

cra 90°

1w 76° At the acute intersection
104° At the oblique intersection

bm 51°

ar 51°¢

rr 192°¢

bg 38°

qc 52¢
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Tuttonze, In most cases, the ''¢" or "m'* faces were the largest, and
- generally the ''c" faces were the largest of the two. The "r' faces were
next largest; followed by the "'q' faces. When an ''r'' face was not de~

P veloped its neighboring ''r' face was gencrally large. One 'b'' face was

usually developed, but quite small, and no "'a'" faces were formed.

In a few crystals the "r' and "q" faces were larger

than the "m'' faces but never larger than the '"c" faces.

The availability of perfect crystals oper.s up new vistas
for research, not only in combustion, but also in such diverse fields as
mechanical properties improvement of propellants. Here the wetting and

bonding forces between crystals and binders may be studied.

B. Single Crystal Combustion Tests

8ingle crystals of A.P., prepared as described above, weie
cleaved along natural face boundaries to prepare wafer-like samples for
combustion. The crystal dimensions for combustion samples were 0.2 x

0.2 x 0.08 inches (or 5000 x 5000 x 2000 microns). The combustion tests

R —
R SRRt

were conducted in a special micro window-bomb by Dr. William Wood at
. the Rohm and Haas Redstore Research Laboratories. Color films were
taken at a speed of about 2000 frames per second. Upon analysis of these

movies, which contained millisecond timing marks, it was possible to
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% “‘ accurately determine burning rates. At pressures of 900 and 1500 psi
burning rates of 0.314 in./sec and 0.415 in. /sec respectively were ob-
tained. These data were in excellent agreement with the resuits, pre-

viously referred to, obtained by Hightower and Pricez. Figure VIl is a

photograph of a single crystal of A.P. burning at 0.415 in./sec and a

window-bomb pressure of 1500 psia.

The crystals were mostly nerfect with a few internal voids and
cracks. There were enough clear poiti-ns in each crystal, however, to
get the perfect crystal burning rate. Tests were conducied in a nitrogen
atmosphere. Figure IX shows the burning rates obtained and for com-

- parison, the solid line is taken from the data of Price.  The agreement
between two sets of results is excellent, and lends credence to the pro-
posal that there is an intrinsic burning rate for oxidizer crystals that can

4 be confirmed by different investigators. The interpolated value, obtained

at both laboratories for r; at 1000 psi is 0.33 in./sec.

Most of the observatiors made by Hightower and Price were
confirmed. The previously unreporied observations are recorded here.
Internal voids caused minor erruptions when the reaction zone reached
them. However, the crysiils showed surprisihgly gouod resistance to
cracking from thermal shock. Ignitioh was by hot wire and a magnesium

flash powder.
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An examination of the reacting surface in these films seems to

indicate that the solid phase reaction zone is extremely thin, less than 100

microns, and that cracks in the crystals do not readily aliow a forward prop-~
agation of the reaction. The gases are transparent near the surface but
within a distance of about 500 to 1000 microns become a dense white cloud
due to product condensation. As this cloud passed over the still red hot
ignitor wire there was no noticeable reaction takirg place. At the time
these observations were taking place the ignitor wire was apprcoximately
cne centimeter above the reacting surface. The reaction rate appeared to
be somewhat slower at the crystal edgee undoubtedly due vo loss of heat by
conduction and convection to the nitrogen atmosphere. In one sequence a
globule formed near the crystal edge that had a glassy or molten surface.
It finally broke free and tumbled off to the side apparently undergoing vig-
orous surface combustion all the while. The existence of some liquid
phase also confirms Hightower's observation. In no case did the burning
crystal surface appear to be a smooth flat plane. However, we could not
detect any regular surface features. At the highest pressure the burning

surface appeared to be the most smooth.

C. Low Bulk Density Powder Combustion

A number of previous investigators as described in Section II, A

have reporied on the combustion of A.P. powder pressed to nearly the
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crystal density. This work was not repeated.

Interest developed in low bulk density studies when it was real-
ized that bulk density as a combustion variable had not been investigated
previously. In addition it was found that bulk density as a detonation vari-
able was being studied at Stanford Research and the correlatior. between
detonation and combustion was felt to be of theoretical interest. For many
years it had been believed that powdered oxidizers that were monopropel-
lants (like ammonium perchlorate) would burn erratically — or possibly —
when in the low bulk density state explode. However, it was felt that under
the right conditions combustion might be made to take place reproducibly
over - wide range of pressures. It was soon found that when using a non-
fuel insulating sample holder, combustion would not take place below
several hwr red psi. This confirmed the results of Friedman and others.
However, when the sample holde: provided some fuel value together with
insulstion, it was found that combustion readily took place even at sea
level pressure. In later discussions with E. Price of Naval Ordnance
Test Station it was found that their studies of tiring of rocket motors
loaded with pure A.P. had shown the same resuiis. When the A.P. in the
rocket motor was lined with even a few percent of a combustible insulation,
combustion took place in the range of 50 psi. Wher the combustible mate -

rial, which was only present as a small percentage of the A. P. was removed,

S o L ST ST
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combustion did not take place until the pressure was raised to several

hundred psi.

It was postulated that the reason for being able to sustain com-
bustion at lower pressures was the higher flame temperature (caused by
the fuel-oxidizer combination) feeding back a greater energy flux to the sur-
face. This greater energy flux is necessary to counteract a greater radi-

ant energy loss from the surface at low pressures.

Thus, the plan for this investigation was to devise : suitable
powder sample holder, determine the precision of combustion measure-
ments, and then to measure the combustion rates of various oxidizer

powders.

1. Powder Sample Preparation

Uxidizer powder samples were prepared from pure crys-
tallized material that had been dried, ground, and carefully screened to
get specific particle sizes. Powders were dried by allowing them to come
to equilibrium in a dry box maintained at less than 5% relative humidity at
75°F. U. 8. Standard Sieves were used in the screeciing operations. Most
of the powders used were passed through 40 mesh and retained on 50 mesh

giving them an average particle size of about 360 microns.
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2. B8ar'ple Holder Selection

Combustion of A.P. powders having a bulk density of about
1.0 g/cc was conducted at pressures ranging from 100 to 1000 psia; 100 psia
was chosen as a standard pressure for the first experiments in order to give
a longer sample burning time. The rate was determin;ad as an average over
a four inch long sample. Various kinds of soda straws and plastic tubes
were tried. Neither metal nor glass tubes were considered because of their
high thermal conductivity and heat capacity. In addition, as the powder
burned down deep into such a tube, it was felt that the high velocity flow of
product gases could alter the etatic pressure at the burning surface. It was
reaiized that plastic and cellulosic materials offered some fuel value; but

it was felt that the advantages given above were compensating factors.

The second citation under reference 10 gives an excellent
discussion of these problems, and presents experimental data for A.P.
powder burning in glass tubes. In those tests PDL was much higher by
comparison, and burning rates were much lower. It is believed that a

large portion of this difference is due to heat abstraction by the glass tubes.

After investigating a large number of kinds of tubes and
straws, five representative types were choser.. Then 10 replicates of

each of the 5§ kinds were loaded with -40 +50 mesh Ultra High Purity A.P.
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and tested in a strandburner. On the basis of the tests summarized in
Tables 3, 4, and 5, the 4 mm inside diammeter, common waxed paper soda
straw was chosen as the best. It uses a reasonable size sample (about 2
grams), is conveniently handled, and gives good precision for the rates

mesasgured.

The linear burning rate, measured normal to the ignited
surface, such as is measured for solid propellants, was 2.24 inches per
second for the powder at 100 psi. A 'reduced" burning rate was deter-
mined by multiplying the regular burning rate by the ratio of bulk density
to crystal density. (Considering as the limit the burning of a single crys-
tal, this would be 1.0.) The ""reduced" rate was 1.20 inches per second.
Thié correction puts all measuremente on an equal mass per unit volume

basit.

The strandburner average pressure was between 105 and
110 psia (due to starting the test at 100 psia and encountering a rige due
to combustion products up to abnut 12¢ osia). The measure of precision
usad was the range of the burning rates taken as a percentage of the
average rate. An examination of the 4 mm paper straw data showed that
this percentage was the smallest by far indicating the least scatter and
best precision. Table 3 shows the interaction of strawmaterial and size

on burning rate. The paper straws were felt to enter least into the
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TABLE 3

SAMPLE HOLDER SELECTION:
INTERACTION OF MATERIAL AND SIZE ON BURNING RATE

Burning Rate,
Holder Material and Size in./sec

Waxed Paper

4.0 mm 2.24

5.5 mm 2.54
Plastic

3.5 mm 1.40

4.5 mm 2.14

6.0 mm 2.61
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TABLE 4

SAMPLE HOLDER SELECTION:
EFFECT OF INERT MATERIAL FRACTION ON RATE

Burning Rate,
% Inert . __in /sec
14.5 (6 mm plastic) 2.61
16.3 (6.5 mm waxed paper) 2.54
17.2 (4. 0 mm waxed paper) 2.24
18.5 (3.5 mm plastic) 1.40

30.5 (4.5 mm plastic) 2.14
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TABLE 5

SAMPLE HOLDER SELECTION:
EFFECT OF HOLDER TYPE ON PRECISION

Holder Type

4.0 m.n paper

6.5 mm paper

4.6 mm PVC

3.5 mm cellophane

6.0 mm polyethylene

Burning Rate Range as
% of Average

17.4

27.6

50.9

62'1

53.3
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combustion reaction.

‘ ) 3. Burning Rate Versus Pressure Tests (Constant Bulk Density)

For the data shown in Table 6 constant particle size was

g maintained at 40 +50 mesh UHP-A.P. and the packing density for all 50
samples was 1.11 £ 0.03 g/cc. The nitrogen pressure in the strandburner
was varied from 100 to 1500 psia. The burning rates increased from 2.11
in./sec to 12.31 in./sec in this range. The precision of the individual data
points was good at all pressures, but best (¥ 6%) at 1000 psia. The tests at
100 psia were a check for repeatability over a period of time against tests
with the same material run at 100 psia one month previously. The two
values for reduced rate were 1.20 in./sec and 1.22 in./sec; or a difference
in the averages of eight samples of 0.02 in./sec. This degree of precigion

was considered excellent for purposes of this study.

__ g This set of data showed that the currection to "reduced
rate, ' where conirol of sample bulk density is good, is not useful. It had

been first postulated that mass burning rate might be constant. but this was

r.ow proven incorrect.

It also showed conclusively that there was a relation Le-

tween powder and single crystal burning. This will be treated under Dis~

cussion of Results (Section IV).
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4. Pbotographic Observations

Since the data given above showad that burning rates at
1000 psia for the powder samples were two to five times higher than any
rates that have been measured for solid propellants, it was felt important
to get a photographic record of this burning. In solid prope''«nt strand
burning the surface generally does not depart more than 45° from an ori-
entation normal to the axis of burning. The same situation was found with

these samples.

The burning of these powders, even at high rates proceeds
at a "deflagration" speed (measured in inches or centimeters per second,
rather than in hundreds or thousands of meters per second as is found in
detonations) and nearly as a plane wave as can be seen in Figure X. Al-
though there are multitudes of free channels in the loosely packed powders
that conceivably could allow the flame to flash from top to bottom of the
sample almost instantaneously — this does not occur. This shows that
there is an important flame propagation factor that is operative. This is
approximately a ten power enlargement photograph taken of a powder sam-
ple encloged in a tube of 6 mm inside diameter burning at 9.30 inches per
second and 1000 psia. ‘The justification for using an adiabatic assumption
in the theoretical analysis of this burning is that the tube holding the sample

is not consumed until long after the flame passes — and thus the tube provides
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FIGURE X. AMMONIUM PERCHLORATE POWDER SAMPLE BURNING
INSIDE INSULATING TUBE AT 68 ATMOSPHERES
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good insulation against conductive or convective heat loss. At the same
time the tubing material cannot be contributing too greatly to the combus-
tion reaction since it is seen to remain largely intact during the critical

period.

Analysis of film taken 10 milliseconds after Figure X
against a light background, shows much the same burning zone structure.
The entire solid-gas zone seems to be about one diameter or six milli-
meters in thickness. The sample holder used in this test to improve visi-
bility was a translucent plastic straw. Other photographs taken of the 4 mm
paper straws, under the same conditions, indicated the same type of burn-

ing — but the characteristics of the zone were not easily distinguishable.

5. Ambient Pressure Tests

These tests were conducted in the standard laboratory
open-air environment of 14.7 psia and 75°F. Burning rates were determined
from burning times measured visually with a stopwatch as the burning sur-
face passed between two benchmarks four inches apart. The data is given
in Table 7. In these tests the sample tube burned completely about cne
millimeter behind the A.P. burning surface, and thus did not provide as
much insulation as in the tests at high pressures. Reproducibility was

higher than at the higher pressures. The range of values for ten samples
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was 10% of the mean value ( ¢ equal to about 5%). The pure A.F. samples
of -40 +50 mesh (360 micron average particle size) at a bulk density of 1.05
g/cc grve a rate of 0.033 in./sec. As is shown in the following section on
particle size-bulk density interactions, a fraction of smaller particle size,
-70 +120 gave a higher average density, 1.20 g/cc, but nearly the same

burning rate, 0.031 in./sec.

The good reproducibility of rates under ambient conditions,
and the ease of conducting the tests, suggest that the above method is a
good way to run preliminary screening of oxidizer combustion. The test
is only applicable to those oxidizers like A.P. that will burn at this low
pressure under the influence of the small amount of added fuel provided

by the sample tube.

Since the ambient pressure tests took place in air rather
than nitrogen, it “;as realized that the straw or sample holder material
could burn without the oxidizer. It was found that the fiame zone of an
empty burning straw moved at about ¢.055 in./sec, or nearly twice as fast
as the burning surface when the siraw was loaded with A.P. However,
combustion was not complete, andl char.ed or carbonized straw remained

after burning as a warped black cylinder.
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6. Bulk Density-Particle Size Effects on Burning Rate

The interest in bulk density effects is prompted by the need
to know more about flame reacticn propagation through a heterogeneous

medium.

Referring to Table 8 it can be seen that where bulk density
ie modified by changing the particle size fraction of the powder that is burned,
there is little effect on burning rate because the particle size (surface area)
effect works in opposition to the density effect. Therefore, one other method
was tried, that of variation of the ratio of coarse to fine particles in bimodal
blends. In this type of test, it was still true that increasing the fines pro-
portion increased the density, but the interesting factor was that there still
remained a significaut proportion of the coarse granules to exert their effect
as shown in Table 9. As will be seen from the data, this distinction was
important. Under these conditions, for the three powder blends tested, and
using average rates for at le:st seven semples, there ‘was the kind of an in-
verse relationship that might be expected between bulk density and burning
rate. The same relationship held at 1000 psia and at 100 psia. It is inter-
esting that the effect is the reverse of what is found in propellant burning.
However, this emphasizes the importance of voids in combustion propaga-

tion.
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TABLE 8
A.P. UNIMODAL POWDER COMBUSTION
BULK DENSITY-PARTICLE SIZE EFFECTS AT 500 PSIA

{34 Atmospheres)

Average . Average Average

Particle Bulk Burning
Size Density Rate

Mesh Fraction Microns g/cc in./sec
-30 +40 508 1.00 5.97
40 +50 359 1.11 5.92
-50 4¢3 274 1.26 5.29
-60 +"0 230 1.31 5.¢2

=70 +120 168 1.36 5.32




81

TABLE 9

A.P. BIMODAL POWDER COMBUSTION
BULK DENSITY-BIMODAL BLEND EFFECTS

Composition, Wt. %

Average

Average Bulk Burning
-30 +40 Mesh =70 +126 Mesh Density Presgsure Rate,

508 Microns 168 Micvrons g/ce psia in./sec
75.0 25.0 1.08 1050 15.44
66.7 33.3 1.4 iJ50 11 53
60.0 40.0 117 1050 10.78
75.0 25.0 1.08 100 2.54
66.7 23.3 1.14 100 1.82

80.9 4£0.0 1.17 100 1.71
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7. Chemical Modifications of Burning Rate

In the study of chemical modifications of monopropellant
oxidizers, it was planned that screening of burning rates be carried out
using powder kurning rates as the method for detecting gross burning rate
changes. The studies described above gave confidence that where samples
were carefuily prepared, real and important differences in burniug rate

could be found.

Those chemical modifications that greatly changed the com-
bustion environment were found to cause large changes in burning rate;
comparable to the large changes found when powder bulk density was changed

by 10 to 20% or combustion pressure was changed by about 50%.

For these tests, bulk density as a percent of crystal den-
sity, and particle size were held constant. The data is plotted in Figure XI
together with the data for pure A.P. 260 micron (1.11 g/cc bulk density)
and also the theoretical curve for pure A.P. singie crystals taken from the
data of Johnson and Nachbar!®. The brackeis marked "range'" show the
range in rate obtained for powder samples with particle sizes and densities

as shown in Table 8.
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(1) Rubidium Ion Doping of A.P.

Fine crystals of pure A.P. doped with 0.2% rubidium
ion were prepared. Flame phctometric analysis showed that the rubidium
ions had eniered the lattice in the same proportion as thst in the crystalliz-
ing solution. This was to be expected because of the nearly identical crys-
tal unit cell parameters of each of the two pure perchlorates. Combustion

was conducted in air at ambient pressure, 14.7 psia.

The difference in burning rate between rubidium doped
and pure A.P., cother factors held constant, was negligible at 14.7 psia

(0.034 in./sec doped versus 0.033 in./sec pure).

To test for possible elevated pressure interactions,
combustion was conducted at 1500, 1000, 500, 200, and 100 psia. These
latter samples were 10% lower in bulk density and as can be seen from
Figure XI, gave a higher burning rate as would be expected. Only the

500 and 1000 psia points are plotted.

(2) Nitronium Ion Doping of A.P.

Considering the much greater chemical reactivity of
nitronium salts when compared with ammonium salts, it was felt worth-

while to determine the burning rate of nitronium doped A.P. A sample of
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ebout 0.01% NO% ions in A.P. crystals was supplied by J. N. Maycock of
RIAS. The crystals were prepared from saturated nitric acid solution of
A.P. with a small amount of NOyCl04. Twenty-two samples were tested
for impact sensitivity; and the doped material was found to be considerably
more gensgitive than pure A.P. In a falling ball (modified JPL} type appara-
tus the value obtained was 41.4 inch-pounds as the maximum energy which
could be imparted by impact for 10 successive triais without visible re-~
action or decomposition. This value is lower than either A.P. (greater

than 100 inch-pounds) or N.P. (about 75 inch-pounds).

Combustion tests were run at 1000 psia and the average
rate was 15.0 in. /sec. The average bulk density was about 10% lower than
the pure A.P. line, and the rubidium doped results would give the better

comparison.

(3) Ammonium Nitrate

Ammonium nitrate was recrystallized several times,
and then prepared as 40 +50 mesh granules similarly to the A. P. samples.
The intent here was to get combustion rates for an NHZ oxidizer in which

the perchlorate ion had been completely replaced.

The oxidizer powder, as prepared, was in the same

particle size range as the A.P. reference material and had the same ratio
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of bulk to ;:rystal density (about 0.55). It is well known that ammonium
nitrate is difficult to ignite, as are ammonium nitrate oxidized propellants.
Previous investigators have added ammonium dichromate to the nitrate
which has improved ignition. ’n the test reported herein, the pure mate-
rial was used, although propellant was added at the ignition wire to help
initiate burning. It was still found thét burning woulq not take place below
1000 psia. At 1000 psia, a rate of 4.45 in./sec was found; approximately

one-~half the rate obtained for A.P. s




IV. DISCUSSION OF RESULTS

On the basis of the crystal and powder tests that have been conducted
it has been concluded that iwo combustion variables should be anaiyzed and
included in future oxidizer studies; and a third should be measured in some
way. The first variable is the intrinsic burning rate, r;; that is, the pure
single crystal linear burring rate in an inert atmosphere at a reference
pressure of 1000 psia. The second is the ratio of the actual burning sur-
face area (within the burning zone) of an oxidizer powder to the plane surface
area of a burning single crystal of the same dimensio:s as the powder sam-
ple. It is designated as the chara..eristic burning surface, A*. Once the
variation of A* with powder physical properties is known, r; can be cal-
culated and used as a fundamental variable in burning rate equations. The
third important variable is the minimum flame zone thickness, designated
Z¢, which will allow stable combustion at a given pressure. Z¢ has not yet

been measured, but order of magnitude estimates can be made.

A. Intrinsic Burniug Rate, rj

This value, measured as the linear burning rate of single crys-

tals at 1000 psia (68 atm.) provides a fundamental rate value for oxidizer

87
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combustion. It is an overall rate determined by the following concurrent
processes: high temperature decomposition of a crystal lattice, desorption
or vaporization of the fragments into the gas phase, and finally the flame or
combustion reactior of the oxidizing and reducing species to form stable gas
products. It is most interesting that for a given closed system initial tem-
perature and constant inert gas pressure, the only variable remaining is the
chemical composition of the oxidizer. It is believed that obtaining r; for a
variety of oxidizer chemical compositions will open the way for relating
burning rate to chemical composition. Probably the most important physical
characteristics that affect crystal burning are thermal conductivity and con-
densed phase changes. A high thermal conductivity will allow rapid heat
transfer away from the burning surface and tend to raise the temperature
of the solid‘region just below the burning surface. This is thoughi to be the
major reason for single crystals burning slightly faster than any powders
pressed to high density. The pressed powder presents an intermittent gas-
solid path for heat conduction and thus offers greater resistance to heat
flow, and keeps the subsurface layers cooler. Although the thermal con-
ductivity has not been measured, an analogous variable, the sound velocity,

27 and co-workers for both single crystals

has been measured by Evans
and pressed powders of A.P. The value jumps from 2.18 to 3.90 mm per

microsecond when going from powder to crystal, with a concurrent density

increase of only a few percent.
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B. Characteristic Burning Surface, A*

Since far more data can be readily collected on the burning of
powders (as compared with single crystals) under a wide variety of con-
ditions, it is important to relate powder burning to the more fundamental
sicgle crystal burning rate, r;. The most direct way of doing this is pro-
posed to be the assignment of a relatively greater surface area in the powder
burning case. Based upon the high speed photographs of powder burning,
there is a zone into which flames penetrate during burning of several milli-
meters, and the zone thickness for a given type of sample is relatively con-
stant. If one assumes the combustion mechanisms to be nearly the same
in either powder or crystal burning, then the chief reason for a difference
in linear {or mass) burning rate lies in the greater available surface area

for burning in the powder samples.

The dimensionless measure of this greater area is proposed to
be A* = powder burning surface area : crystal burning suriace area, when
both samples present a unit area plane surface normal to the burning axis.
In the following derivation, p = density, r = linear burning rate, and m is
the mase generation rate of combustion products for a vnit area plane sur-
face normal to the burning axis. The subscript "i" stands for the single
crystal intrinsic burning ca.e and "p' for the powder burning case. The

units used need only be consistent in both cases. The equilibrium
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combustion pressure is taken as 1000 psia, or 68 atm. A¥* is obtained from

hurning rate data as follows:

For the crystal burning case,

lhi = (py (ry (1)

and for the powder burning case,

mp = (pp) (rp) s
also,

mp = (pp) (1) (A% 3)
then,

(pp (rp) = (pp) (&) (A% (4)
and

, _ (ep) (p)

(pp) (rp

(9

Using A.P. 360 micron powder as an example with densities

in g/cc and rates In in./sec, we obtained:

A* = !1-112 19-30! = 16-05
(1.95) (0.33)
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To obtain an estimate for the A* salue of ammmonium nitrate
(A.N.) 360 micron powder burning under the same conditions, data of -

Schuitz, Green, and Penner17

was used. They gave a value of 0.103 in./sec
for the pressed powder rate of A.N. at 1000 psia. Making the assumption
that the crystal burning rate for A.N. is higher than the pressed powder
rate in the same proportion as found for A.P., an estimetzd A.N. crystal
rate of 0.127 in./sec is obtained. Then substituting in equation (5) above,
this rate, together with the low density powder rate taken from Figure IX,
and the bulk density for that rate:

Ax = (0.97) (4.54) -0 g5
(1.73 (0.122)

Although a number of estimates and assumptions have been made,
these two calculations indicate that a similar fraction of the available surface

takes part in the combustion reactions of both A.P. and A.N. powders.

C. Minimum Flame Zone Thickness, Zf

The fact that powder burning is many times faster on a lirear
basis than single crystal burning, and that it becornes slower as density in-
creases, indicates that some minimum unobstructed dimensicn is requized
normai to a solid surface to establish a stable flame zone. For the tightly

packed powders, although there are voids present, apparently they are not
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of sufficient dimensions to allow flame propagation or else even the tightly
packed powders would have a mass burning rate considerably grecter than

the single crystals.

Although we have no accurate measurement of this dimepsion,
for the tightly packed powders which respond nearly like a plane surface,
the voids would be on the order of a micron. For the low density powders,
high speed photographs have shown that there is considerable flame penetra-
tion, approximately 5, 000 to 10,500 microns, where the voids cross section
is of the order of 100 microns. These rough estimates would indicate that
for A.P. there is a minimum flame zone height, Z; of the order of tens of

microns.

It is of interest that in independent tests of the ability of flames
1o penetrate into prepared A.P. propellant cracks; it was found that at 500

psia (34 atm.) nc burning would proceed into cracks of less than 25 microns.

D. Comparison Between Powder Combustion and Detonation

Evans in reference 27, studying the detonation characteristics
of A.P. powders, has measured the longitudinal sound velocity (the limit-
ing wave velocity for a wave of infinitesimal pressure and material velocity)
in those powders. The sound velocity is zerc at minimum bulk dersity,

the '"pour’ density. The velocity, though dependent on particle size, rises
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to five to ten times its minimum value at about 1.10 g/cc as density is
increased to 1.90 g/cc from the pour density which is near 1.00 g/cc.
However, when increasing density to the single crystal value, 1.95 g/cc,
the velocity value increases by 1/3, a rather large jump for the smasll

density increase.

In combustion on the othcrhand, at the minimum bulk density,
tac velocity (burning rate) is probably apprcaching a maximum. The com-
bustion velocity decreases to about orn=-thirtieth the low density value at
1.90 g/cc bulk density. Trea as density is incxzqased to the single crystal

state, the burning rate increases about 10%.

This comparison of tests seems to point up certain differences
between burning rate and detonation rate. In the burning case, larger void
space increases rate. In the detonation case larger void space decreases
rate. In both cases, however, larger surface area at a constant bulk den-

sity tended to increase rates.




V. CONCLUSIONS

1. Single crystals of A.P. burn at 0.33 in./sec at 1080 psia, where-

as high density packad powders burn at 0.28 in./sec, and low density pow-
ders burn at 8.30 in./sec.

2. Low bulk density ammmonium perchlorate powders burn stably

over a wide pressurs range when insulated and partially fuel assisted.

A.P. powders burned stably in the range from one atmosphere tc ane hun-

dred atraospheres.
3. '"Doping" of A.P. can produce easily detectable changes in
powder burning rate. NOE (Nitronium) ion added to the A.P. lattice at

about the 0.01% level increased the rate by about 50%.

4. Differences between oxidizers can be readily detected. Am-

monium nitrate powder vurned only 1/2 as fast as an equivalent particle

size A.P. powder at the same pressure. These powder rates ranked in

the same order as the crystal or high density rates.

5. The burning rate versus pressure slopes for both A.P. powders

and crystals were about the same, and equal to approximately 2/3 over the

94
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range 500 to 1500 psia.

6. The mass burning rate is not constant for varying densities. At
densities of less than 80-30% the importance of flame penetration into the

packing voids becomes important.

7. Increasing void fraction at constant particle size increases rate.

8. Decreasing particle size (increasing surface area) at constant

void fraction increases rate.

9. The natural packing characteristics of finer particle size frac-
tiocns which give higher bulk densities (less voids) compensates for the
greater surfacz area of the finer particles and the linear rate stays approxi-

raately constant.

10. A%, the characteristic burning surface, for both NH,Cl04 and

NH4NO is nearly the same when the oxidizers are burned as physically

3

similar powders; thus Zg, the minimum flame zone thickness is the same

for both.




i V. RECOMMENDATIONS FOR FUTURE RESEARCH

The overall goal of future studies should be to give further definition
to the combustion characieristics of crystailine oxidizers. Emphasis should
be placed on identifying those physical and chemical properties which govern
crystal burning rates and the pressure range in which burning is stabie.
Special attention should be given to the combustion effects of oxidizer varia-
tions in: erystal lattice structure, io» chemical type, ion sizes, ion charges,
decomposition activation energy, crystal surface structure, particle size,

packing density and physical state changes during combustion.
The following are typical specific tasks that should be accomplished:

1. Prepare ""doped" crystais of A.P. with the NHZ ion replaced
with ions like NH3OH+, NH3CH3+, NO,*, or PH4+, or simiiar ions to study

effects of chemical environment and ion size changes.

2. Study the effects of using ions iike Sr++ or Ai+++ to affect
electron transfer reactions at the beginning of crystal iattice decomposition.

Relate effects to electrical conductivity changes.

26
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3. Determine minimum crack width into which A.P. crystal flames
will penetrate. Determine whether the flames will be extinguished if two
crystals are brought tight tcgether at their burning surface. Obtain better

estimates of 2.

4. Run combustion tests on single crystal A.P. samples in a
window-bomb and record burning results with high speed motion picture
photography in the pressure range 2000 to 10,000 psia. This is to determine
whether or not there will be a change in combustion mechanism in this range

which is usually critical for propellants.

5. Correlate crystal lattice chemical composition and physical
structure with rj, the intrinsic burning rate, and determine A* values by

conducting powder tests.

6. Prepare deuterated A.P. to determine whether oxidation of ND,
during combustion will be slowed to the extert that overall burning rate will

be reduced.

7. Observe the combustion of oxidizers that liquify to determine
how the flame propagates when powders are in the low density state. Com-
pare A* results with those of oxidizers which sublime or decompose with-

out melting.
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8. Determine whether or not there are key surface or gas phase
reactions that are catalyzed by specific wavelengths of radiation that could

be made available in the gas phase by addition of specific dopants.

9. Utilizing these experimental results, determine how the re-
maining parameters that have been empirically fitted into currently used
equations can be better estimated from other physical and chemical data;
in particular, the gas phase activation energy for the A. P. combustion

reaction, since this is the most important yet undetermined parameter.

10. To be able to predict burning rates, :aodify the thcoretical
treatment and equations of Nachbar and Johnson with regard to energy
losses and to make them more applicable to single crystals and powder

burning. Apply equations to oxidizers other than A.P.

11. Rank all oxidizers and modifications studied with regard to

burning rate and combustion properties at a reference pressure.

12. By extrapoi.tion and interpretation of above data, predict
structures for new oxidizers or these crystal modifications that will

give higher and lower burning rute (extended range) oxidizers.
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VIII. APPENDIX — PREDICTION EQUATIONS; A TRIAL ANALYSIS

Referring to goal number 5, *'the study of reaction mechanisms, "
(under Part I, Infroduction) it is useful to be able to take expected variables
and determine their interdependence. The best method of deing this is a
step-wise plan. First, a guess is made as to the most important variables
based upon a model description of the phenomena. Then, the results are
analyzed to determine how good a correlation there is between variables.
Then by examining results of this analysis, an iinprovement can be made in
the model. This is done by either rejecting some variables or by adding
new ones; or by changing the kind of relationships between variables in the

model equation.

To study ways of using this method to improve models and theory,
two new prediction equations for lattice energy were developed. The cor-
relation between variables was analyzed by multiple regression analysis.
U, (lattice energy) values have been measured for many compounds, and
many equations have been set up for their calculation. The lattice energy
of an ionic crystal is defined as the increase in internal energy at absolute

zero when the component ions are separated from each other at such a
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_dlstanoe that there are no longer any interactions betwcen them. The forces

holding the lattice together are non-coulombic.

A. The Kapustinskii Equation

The more rigorous methods of calculation of lattice energies are
restricted to salts for which the crystal structures are exactly known(1),
For less simple structures than those of the alkali halides the extended cal-
culation of lattice energies becomes increasingly laborious as the symmetry
decreases. If however, only the first two terms (out of four kiown terms)
in the lattice energy are considered, that is, U, is taken to be Uy, - U,

(Madelung term — repulsive term) then U, may-be written as:

N, v mz.zez
UO.-=( 23)(.- :oz ) (1— P/ro)

This is the form of the original Born equation, developed around 1920. The

number of ions in the chemical molecule is v, the number in a mole is Nav
and Q= Nyv/z. The madelung constant, M, a measure of the electrostatic
interaction of the ions in *.e lattice, is proportional to the number of ions in

the chemical molecule and ience & is indepeident of this. z; and zy are the

(l)Waddington, T. C., "Lattice Encrgies and Their Significance in Inorganic
Chemistry, " of "Advances in Inorganic and Radiochemistry," 1, p 157,
Academic Press, New York, (1959).




104
ior valencies, e is the charge on the electron, r, is the equilibrium distance
between unlike ions in the crystal and p is a constant. Although & is not
identical for different lattice types, Kapustinskii found empirically that in
passing from one lattice type to another the change in the constant & was
proportional to the change in the interatomic distance. Every crystal may
then be considered to transform into a rock-salt lattice without change of
lattice energy if the coefficients O and r,, are simultaneously modified so as
to have the values corresponding to the ions in a rock-salt lattice. U, can
now be found either by measuring rq, and the crystal structure and calculating
M and hence @ or by putting r, =rp + re, the sum of the Goldschmidt ionic
radii for coordination number 6, and taking & = 1.745, its value for a rock-
salt lattice. The substitutions Ly = TR ¥, Xngstrom units, P =0.345 X,

G =1.745, and Naez

287 2v lez 345
U(J = (al/mole
(re, * Ty)

If the ions are nonspherical there is consicderable difficulty in

=329.7 cal/A give Kapustinskii's formula:

specifying radii; this is particularly true with complex ions.

Referring to the Born equation, Kapustinskii's replacement of
ro, the interatomic distance, by r At Te introduces some error. There are

many salts iz which the uniike ions are not "touching, " for example, Nal,
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where the lattice spacing is determined by I” to I” contacts. Also, the assign-
ment of Zonic radii can only be regarded as approximate even in the alkali
metal halides. In spite of these objections the Kapustinskii formnla remains
a useful guide to approximate lattice energies, especially in those cases
where the structure is unknown. As shown in Table IV, the values for lattice
energies given by the Kapustinskii equation fall on the low side of the experi-

mental value obtained from the Born cycle.

B. New Lattice Energy Prediction Equations

In looking for new variables (those not explicitly used in available
equations) for a U, prediction equation, it became evident that molecular
weight (M) was important by examining a listing such as Table I. Beyond
that, it was postulated that the ability of the ions to pack together was im-
portant, and thus a factor such as the ratio of ion sizes (fg) should be con-
sidered Next it was felt that some measure of density could indicate the
strength of the lattice in pulling ' self to minimum volume. The normal
crystal density (Px) and an "ultimate™ density (PJ-) were uged. The ultimate
density is just the molecular weight divided by the volume of the ions in a
mole, assuming they are hard spheres with their ionic radii. It was felt
that the boiling point (t;)) and the solubility (s) in a commcn solvent such as
water would give a measure of the difficulty in breaking up the lattice and

separating the iors.

i
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Table I shows these values for the aikali halides.

Table II shows the form for the simple model equation proposed,
and the results of the regression analysis performed on the 20 sets of data

given in Table I.

An examination of the "t'" test values shows that molecular weight and
pj, a measure of the ultimate density of the material, were important. It
also showed by the negative coefficient that the relationship between molecular
weight and U, was inverse. Based on this information, a second equation was
set up and another regression analysis run with the results as .shown in Table
TI. The coefficient of correlation increased from about 0.85 to 0.91 showing
tkat an improvemeant in prediction of U, had been made. In Table IV it is
shown that the average error in estimating U, had been reduced from 6.8
percent in the first prediction equation to 5.7 percent for the second equation.
For this particular set of data the Kapustinskii equation gives an average
error of 4.5 percent. Thus, we have a valid estimation equation of U, for
alkali halide compounds. This equation was also tried for sodium nitrate,
another univalent ions compound, and whereas the Kapustinskii value was
176 Kcal/mole the value for the number two equation was 175 Kcal/ moie, a

surprisingly close check.
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It appears that the multiple regression analysis technique will be
of. valuable assistance in getting models showing the dependence of crystal

burning rate on the variables believed to be important in combustion studies
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