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INTRODUCTION

Progress in the theory of combustion of heterogeneous solid propellants has
stagnated for many years as a result of continued ignorance of the decomposition
mechanisms (and kinetics) of propellant ingredients, the difficulty of measuring
the microscopic details of the combustion process, and the difficulty of
analytical description of this three-dimensionally- and chemically-complex
process. The research reported here was aimed specifically at these "stagnant
points” in the progress toward understanding. The research included two primary
strategies. One strategy was to develop means of observing decomposition of
ingredients by several complementary controlled heating experiments that spanned
the range of heating rates and temperatures from the Tow rates characteristic of
conventional differential thermal analysis and TGA to very high rates in laser

pyrolysis comparable to those in the propellant combustion zone. The second

strategy was to develop and use a combination of model combustion experiments
that collectively guided combustion theory to a more realistic representation of
the propellant combustion zone. The results of these two strategies are
presented in Appendices A and B, which constitute the bulk of this report. The
following is a short summary of these Appendices and of other activities not
contained therein.
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HIGH TEMPERATURE DECOMPOSITION

In order to establish the behavior of dindividual ingredients in the
combustion zone, experiments were set up to produce controlied heating of samples
while observing their response to heating. The following methods were

"assembled": x

1. Leitz optical microscope with heating stage (typical heating rate
1°C/sec)
2. Perkin-Elmer Model TGS-2 thermogravimetric analyzer (typical heating
rate 0.1 to 10°C/sec)
3. Perkin-Elmer differential thermal analyzer DTA 1700 (0.1 to 10°C/sec) ]

4. Custom built (see Appendix A) thermal gravimetric analyzer (heating
rate up to 200°C/sec)

5. 1200 watt CO2 laser (Penn Research Corp, Model FHI~140) (heating rate )\
105 0C/sec)

The above experiments were aided by a DoD Eguipment Grant (AFOSR-84-0183) 4
and are in varying degrees of use as described below.

Hot Stage Microscope

The microscope was purchased on an earlier AFQOSR grant (#84-0183) and the
heating stage, purchased with Georgia Tech funds, has been in routine use for 10
years. In the present contract, the "HSM" was used to verify the conditions for
melting, conditions for out-gassing, and character of dry residue from tests on
polymers used in companion experiments.

TGA and DTA

This apparatus was used to develop low heating rate data on polymer
decomposition (Appendix A). This data was compared with results from the Georgia

Sua \ - Y 1--u---;----Ili----llllllllllJ




Tech-developed high heating rate thermogravimetric analyzer (HHRTGA), first to
evaluate performance of the HHRTGA and tiaen to give a comparison base for
determining heating rate effects. Comparisons were made for HTPB and PBAN
polymers (See Appendix A).

The TGA-DTA unit was also used as a programmable heating control in some
tests on the HHRTGA.

High Heating Rate Thermogravimetric Analyzer

Development was undertaken of a novel device for high heating rate
experiments using a "Curie Point Pyrolizer" as a starting point. This device
uses radio frequency induction heating of a ferroelectric sample holder to
produce rapid heating. The test sample is deposited on the sample holder in a
thin film to assure tracking of the sample holder temperature. Heating rates of
up to 103 °
analyses are possible. In the present study, it was decided to concentrate on

C are attainable by this method and a variety of sampie and product

time resolved measurement of sample mass (hence the name, "HHRTGA"). In order to
make mass measurements, the ferroelectric sample holder was installed as the
outer extremity (free end) of a cantilever-mounted quartz tube. Provisions were
made for mechanical excitation of vibrations of the rod at its resonant
frequency, which was then measured as a function of time during sample heating.
Because the sample is at the outer (free) extremity of the vibrating rod, the
frequency is quite sensitive to samplie mass and sample masses can be relatively
small (.25-.50 mg). The change in vibration frquency vs time is a measure of
sample mass change. In a typical test, the sample 1is heated from ambient
temperature to 550°C in 10 seconds. The system records frequency and temperature
in digital form in a Nicolet Oscilloscope disk storage (as functions of time).
The data are transferred to an IBM PC, which uses stored calibration data to
convert frequency to mass and display mass fraction vs temperature. The computer
program also calculates effective activation energy and a pre-exponential factor
for an Arhenius rate approximation of the data. The system is now operational
and has been used to observe decomposition of PBAN and HTPB binders and ammonium
perchlorate (See Appendix A). Decomposition at heating rates comparable to
conventional DTA and TGA experiments yielded activation energies similar to
values from those experiments ( ~ 18,000 cal/mole: see the "VTGA" curves in Fig.
5-4b and Table 5-3b of Appendix A). The effective activation energy of HTPB




decomposition was much higher at high heating rate than at conventional rates (~
80,000 cal/mole: Table 5-5 of Appendix A), comparable to the weakest bond
energies of the molecules. This result suggests that the weight Toss during
conventional low heating rate experiments is governed by an evaporation process
and that the kinetics do not control the rate until rates of 10 to 100°%/sec are
used. In the case of PBAN polymer, the activation energy remained low even at a
heating rate of 50°C/sec (Fig. 5-4a and Table 5-4 of Appendix A). It is worthy
of note that the heating rates reached in the propellant combustion zone are
still 2-3 orders of magnitude higher than those achieved here, so that the
complex dependence on heating rate needs to be more fully explored, and extended
to higher rates (and temperatures). It was in anticipation of such results that
the present study included development of a laser pyroiysis facility.

QQZ Ltaser Pyrolysis Facility

This facility is intended to permit observation of polymer decomposition at
heating rates of 105 °C/sec. It is not proposed that time resolved measurements
be made during the heat-up event of any single mass eiement as this would require
time resolution more appropriate to burst heating. It is proposed to propagate a
steady state pyrolysis wave in a sample at velocities comparable to propellant
burning rates. Measurements will be made of velocity of the pyrolysis wave,
sample surface temperature, temperature profile in the thermal wave, and gas
composition above the surface. Planning for this project was started during the
present contract, funding for a 1200 watt Penn Research Corporation fast axial
flow laser was provided under DoD Equipment Grant AFOSR-84-0183, and the laser
was ordered for delivery in November 1985.

.




COMBUSTION ZONE STUDIES

As noted earlier, a combination of combustion experiments and theory was
used to determine the nature and dimensions of the flame complex that occurs
above the propellant burning surface and to study the coupled three-dimensional
heat field in the heterogeneous solid. This work was done primarily with
two-dimensional models of the propeilant (i.e., oxidizer-binder "sandwiches").
These studies were a continuation of earlier ones reported in Ref. 1, 2 and the
new results are summarized in Appendix B. The studies have established a
description of the flame complex shown in Fig. 12 of Appendix B, and of its
pressure dependence shown in Fig. 18 of Appendix B. Some of the novel features
of the combustion zone that are either established or strongly indicated by the
results are:

1. The AP flame that is usually pictured as occurring over all the AP
surface (at pressures above the AP low pressure deflagration limit)
does not occur in the region close to the binder, because of subsurface
heat fliow from the AP to the binder. In this "quenched" region of the
AP surface, the AP vaporizes by dissociative sublimation.

2. The rest of the AP surface deflagrates at a velocity that depends on
proximity of the hot oxidizer-binder flame.

3. The AP-polymer vapors diffuse together above the AP-binder contact
surface. The extent of mixing increases with distance above the
contact surface. At some distance above the surface, conditions be--me
favorable to support a local "pre-mixed" flamelet, which is the nearest
part of the 0-F flame complex to the surface.

4. The location of the "pre-mixed" flamelet is determined by the necessity
for heat release to balance upstream heat loss. The flame is held off
from the surface to a location where large fuel molecules are broken
down into "oxidizable" fragments and an adequate supply of 0-F mixture
is available for a self-sustaining flamelet. This was labeled the
"Kinetically limited leading edge flamelet" (KLLEF) of the 0-F flame
complex.




5. The heat from the KLLEF supplies heat to the surface to sustain surface
decomposition near the AP-fuel contact surface and to enhance
self-deflagration of the AP in a limited region where the AP surface is
close but not quenched (location 4 in Fig. 12 of Appendix B).

6. The balance of the 0-F flame consists of a diffusion flamelet trailing
beyond the KLLEF, generally too remote from the surface to affect
burning rate much. At low pressure, the KLLEF stands far out from the
surface, consumes a larger part of the 0-F mixture, and leaves less
reactants for the diffusion flame (Fig. 13, 18 of Appendix B).

7. At sufficiently 1low pressure, the KLLEF experiences a threshold
condition beyond which it cannot be sustained. This is related to the
thickness of the binder lamina (in a sandwich) or the size of the
oxidizer particle (propellant). In a sandwich, this yields a low
pressure deflagration limit. In a propellant, the mechanism causes
small oxidizer surfaces to pyrolize without near-surface attached 0-F
flamelets, reducing the effectiveness of fine particles as a means to
high burning rate (Fig. 11 of Appendix B).

8. At high pressure, the AP self-deflagration proceeds ahead of the Q-F
flame controlled region, dominating the burning rate (7-10 MPa) (Fig.
18 of Appendix B).
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XV

SUMMARY

An investigation into the rapid pyrolysis of polymers
ras been conducted; this investigation focuses on experimen-
tal methods to measure global Arrhenius parameters of
polymers under conditions approaching those found in combus-
riom. Prior work in the field of rapid pyrolysis |is
reviewed.

Fram theoretical considerations, it is concluded that
using Arrhenius parameters, determined at low pressures and
low~heating-rates, to extrapolate reaction rates to regions
far outside of this domain is unwarranted, and often incor-
rect. Global kimetic parameters of complex substances are
nrot mnecessarily constants, and must be measured 1in the
domain of interest, wherein "effective" energies of activa-
tion and pre-expanential terms can be interpolated based
upon the local conditions.

A novel "Vibrational Thermogravimetric Analyzer" (VTGA)
has been ronstructed which uses a vibrating quartz tube to
make continuous mass measurements during sample pyrolysis at
neating rates up to &0 °C/s. The samples, thin films coated
on a metal substrate, are rapidly heated using a non-contact
radio frequency induction heater; these samples are in

contact with a thermocouple throughout the course of the

neuthessth
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pyrolysis. Global Arrhenius parameters are calculated for

the thermal decomposition of Hydroxy-terminated
poly(butadiene) (HTPB), Poly(butadiene-co-acrylanitrile)
(PBAN), and Ammonium Perchlorate (AP); low—-heating-rate

results from the VTGA compare favorably with data obtained
under similar conditions using a conventional TGA. A
limited number of kinetic measurements have been made on
these materials at heating rates between 20 and 40 °C/s
- rates which would be relevant to the low pressure combus-
tion of polymers.

The work demonstrates that vibration 1is a suitable
technique to make rapid and continuous mass measurements of
samples undergoing pyrolysis at moderate heating rates.
Modifications to the VTGA are suggested which should permit

operation at heating rates in excess of 100 °C/s.




r CHAPTER 1

INTRODUCT ION

1.1 Background

Recent years have seen the ever Iincreasing use of

synthetic polymers in virtually all aspects of aeraspace

& engineering. Polymers are the essential ingredient 1in
; light-weight composite structural materials, as well as in
modern heat resistant fabrics. They are used in very iOw
temperature environments, such as space-storable systems,
and in very high temperature envirgnments where they are

required to retain their desirable mechanical properties for

. substantial periods of time. In addition, synthetic polym-

b ers have important applications in high temperature ablative
systems, and currently, are finding wide spread use in

advanced solid propellants. New classes of energetic

i polymers are emerging which will revolutionize solid propel-

lant technology. Consequently, polymers are exposed to a
wide range of thermal environmments. Continued effective use
é of these materials necessitates a complete mechanistic
{ : understanding of ¢the details of their degradation, pyroly-
sis, and combustion. A thorough understanding of these
' . details would figure prominently in analytically predicting

the behavior of solid propellants; quantifying the burning




o

characteristics of polymers, synthetic structural materials,
and fabrics; and predicting performance of ablation systems,
etc.

The capability of analytically predicting the behavior
of burning solid materials, and in particular polymers,
over a broad spectrum of 6onditions has long been the goal
of combustion researchers. However, due to the physical and
chemical complexity often encountered in the combusticn
environment, no such general capability currently exists.
The inner details of the combustion zone are ordinarily
extremely difficult to measure, primarily due to the micro-
scopicy transient, and hostile nature of the combustion
wave. Prediction and control of the burning characteristics
of solid materials continues to be an important and com-
pletely unresaolved problem.

A number of workers (1-9] have developed combustion
models which hold over a limited range of conditions.
Recognizing that the chemistry of the combustion zone
presents an insurmountable mathematical and experimental
dilemma, recourse 1is taken to global kinetics to describe
the chemical rate processes. For these models to haold over
a broad range of conditions, it is necessary to include
constitutive relations of appropriate functional form, and to
have an accurate knowledge of the associated physical and
chemical parameters for the entire domain over which the

model is to remain valid. These parameters include: the




thermal conductivity and diffusivity of the condensed and
gas phase species; coefficients of viscosity and mass
diffusivity; reaction rate constants, orders, Arrhenius
parameters; etc.

The chemical kinetic parameters, especially activation
energy, have the greatest impact upon the problem; it is
readily apparent from Table l-1 that small errors in esti-
mating the activation energy produce serious errors in

predicted rates.

Table t-1., Error Estimate in Arrhenius Parameters.

Arrhentus Faraaeters for
a Theoratical Polvaer

Ea = 45000.00 cal/nole
= 1.82 x 103 5t : R/T/Nh
T =2 500 °C
Prasused £, k Error tn €, Error 1n &
cal/eole 5t % H

35000, 17722. - a0 + 17622
40500, 132%. - 10 +o1e25
42750, 362, -5 + 22
45000, 100, 0 0
47250, 27. + 5 - N
49500, 7. + 10 - 9
4000, 4 + 20 -9




It is unfortunately not possible to calculate these
kinetic values for such complex systems,. Furthermore,
currently available analytical equipment does not permit the
measurement of many these gquantities at the temperatures,
pressures, and heating rates commonly encountered in combus-
tion. As the global kinmetic parameters can be strong func-
tions of the system state variables, it is also in general
not possible to extrapolate this data from the more manage-
able low temperature, low heat flux,; and low pressure test
environments used in contemporary thermal analysis equipment
[101. As a result there is clearly a need for analytical and
empirical methods which address these difficult test condi-
tiaons. It is the purpose of this work to investigate such
methods and apply them to study of selected polymeric

materials.

1.2 Statement of the Problem

The combustion zone in the vicinity of a polymer can be
loosely envisioned as composed of two parts: a gas phase
reactiﬁn 2one - the flame, and a condensed phase zone
encompassing a region at and slightly below the deflagrating
surface. Heat fed back to the surface via conduction,
radiation, and convection, produces: condensed phase reac-
tions, phase changes, and decomposition in the condensed
materials. The degree of decomposition is of course depen-

dent wupon the temperature and the heat flux to the surface
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- this is especially true of polymeric materials. The prod-
ucts of the decomposition vaporize, and provide new reactant
species to the gas phase reaction zone.

In a ¢typical propellant, burning at 34 atm., the gas
phase combustion wave has a thickness of 163 um, thermal
gradients as large as 30 °C/Hm, and temperatures on the
order of 103 °C C111]. .Polymeric binders in the condensed
phase exhibit surface temperatures of about 600 °C (the
exact figure is unknownl), and sub-surface thermal gradients
of about 1S °C/km (111, Overall burning rates are around 10
mm per sec. This translaﬁes into average heating rates of
the condensed phase material of the arder of 105 °C/g!

In contrast; a polymer burning at pressures of around 1
atm, has a much more expanded gas phase combustion wave with
thermal .éradients at the surface of about 0.285 °C/um [121;
this greatly reduces the heat-flux to the surface, and
therefore, reduces linear regQression rates to about 10-2
mm./s. The surface temperatures are still approximately 600
°Cy, however, with the result that average heating rates are
on the order of 10 9C/s,

Polymers used as ablatives in high temperature erasive
environments have linear regression rates which fall in
between these two extremes typically 10~ mm/s [7]. Assuming
a similar surface temperatures and sub-surface gradients
this gives average heating rates on the order of 103 oc/s.

Table 1-2 summarizes these order of magnitude estimates.
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Table 1-2. Order of Magnitude Estiaates of Various Combustion Jones.
Coabustion Zone Low Pressure Ablation Propellant
Cosbustion Cosbustion
GRS PHASE
Thickness, ke 19 - 192
Tesperature, 'C 103 - 103
Thersal Gradients. *C/ka .23 Convection kL)
CONDENSED PHASE
Thickness, fs 40 - 40
Surface Teaperature, *C 2500 2400 2400
Sub-Surface Gradients, ‘C/ia 1S 13 15
Burning Rates, ea/s 10~ fo-t 19
Average Heating Rates, 'C/s 10t 103 199
When analytically modeling such complex combustion

processes, the modeler is faced with the task of solving the
appropriate conservation equations of mass, species, momen-
tum, and energy for both the gas and condensed phases.
Gernerally simplifying assumptions are made to render the
problem tractable, but nevertheless the task is still
formidable. Of particular importance and difficulty are the
associated rate processes of species and energy conversion
in the condensed phase, which enter the analysis through the
conservation of species and energy equations, For the one

dimensional, steady case, and in a coordinate system which
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is fixed with respect to the regressing surface, these are
71:
r@i:_dMVJ+ w
dy —dy (1-1)
-1 _ dl A dT/dy] .
dy ijlci[r+vi] = dy ©2hiey (1-2)

i

where the last ¢terms in these equations are the rate af
species generation per unit volume and the rate of enthalpy
production due to chemical reactions per unit volume,
respectively. In practical situations the overall rate is
normally defined in terms of global zero-order kinetics [13]
and an assumed Arrhenius-type temperature dependence, Eqn.

1-3.

To use this relation in cormnection with Egns. 1-1 and
1-2, it is absolutely essential to accurately know Ea, "“the

energy of activation"” and A, the "pre-exponential term," as




a function of the temperatures and pressures over which the
model is to be used. This is particularly true of E&a wupon
which the burning rate is exponentially dependent. Again, it
is not possible to calculate these quantities; and the
modeler is forced to rely on their empirical determination
- gererally from thermal analysis/decomposition experiments.

Experimental difficulties and equipment limitations
have largely limited thermal analysis to temperatures,
heating rates, and pressures that are well below those faound

in combustion. There is no reason_ to assume that data fram

decomposition studies at conventional conditions are rele-—

vant to combustion situations, although, they are aoften used

for lack of better informationm., DSC, DTA, TGA, TVA, etc.,

with heating rates on the order of 0.5 °C/s, have been

used to estimate Arrhenius parameters aof a number of propel-

lant related materials. However, Bouck, Baer, et al. (141
note that "Several important questions concerning the
applicability of these laboratory tests to . . . caombustion
conditions have never been adequately answered.” The most

serious question concerns validity of extrapoclating data
obtained at heating rates of 1 °C/s to combustion situa-
tions, wherein the rates may range from 10! °C/s. in
one-atmosphere flames, to as high as 105 °C/s in propellant
combustion. While these low rate techniques are very
suitable for matérial characterization, for example, propel-

lant ingredient aging studies and polymer degradation, they




are not necessarily relevant to combustion and other high
rate phenomenun! F. Farre-Ruis and G. Guiochon [15]) have
shown that heating rate and heat flux to the sample are the
controlling factors in polymer decomposition. It has also
been shown [14] that various <crosslinked polymers gave
high-rate pyrolysis results that were quite different than
those in low temperature DSC studies. In addition, high
temperature exotherms were observed in high-heating-rate
experiments (conducted in air) that were naot ohserved in
psC.
Presumably, when temperature-sensitive materials are
heated at low rates to high temperatures, slaw
low-temperature reactions are permitted to proceed,
extensively modifying the virgin material before
high temperatures are reached; thus the same high
temperature pyrolysis mechanisms are not observed.
141
Indeed, at conventional heating rates, the sample |is

usually Completely decomposed long before reaching the

temperatures at which most of the décomposition occurs in

combustion. The relevance of typical decomposition studies
t mbustiaon i therefore necessaril suspect.

This situation dictates that new experimental methods
must be developed with a s.rateqy for applicability to
higher temperatures, elevated heating rates, and high
pressure environments. The experimental designs should be
predicated on: the objectives of the study, the nature of

the material under investigation, and most importantly, the
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conditions of the process to be emulated.

1.3 Present Work in Perspective

1.3.1 Thermal Decompaosition of Polymers

Polymers are a unique class of materials. Unlike low
molecular weight substances, their physical and chemical
properties; such as,; molecular weight, density, melting b
point, boiling point, thermal conductivity, decomposition p
temperature, vapor pressure, solubility, and reactivity are ]
not well defined. These properties often vary from sample to
sample or even within a sample; polymers have been shown to J
be non-isotropic with respect to thermal, mechanical, and 9
even chemical behavior. These unique praoperties are engen-

dered by variations in: molecular weight distribution, the

.

degree of crosslinking, crystallinity, methods of prepara-
tion, additives, as well as the ratios of constituents in
co-polymers. Indeed polymers may be viewed as composite
materials in their own right.

This comblexity underscores the need to interpret
experimental results with some reserve. These results can
depend heavily on the physical and chemical makeup of the
sample, with the result that inter-laboratory agreement is
often poar. Thorough characterization of samples is the anly

way to mitigate this problem.

Mass loss which occurs during polymer pyrolysis is

— e
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essentially a degradative-vaparization process; polymer
molecules are too large for vaporization to occur without
substantial ‘"cracking" (16]. Kinetically, pyrolysis can be
divided into three categories: rate proportional to surface
area - the rate limited by molecular vapaorization; rate

proportional to surface area and inversely proportional to

sample thickness - diffusion controlled vaporizatien; and
rate proportional to current weight of sample - kinetically
limited.

In kinetically 1limited pyrolysis, the rate of mass
loss, and hence vaporization, is controlled by the rate of
bond rupture, which would of course be directly propor-
tional to the weight of the decomposing polymer. Bond
rupture is normally the rate determining step in polymers
having no low molecular weight constituent, however, under
certain conditions the rate of vaporization can be the rate
controlling factor.

The maximum theoretical rate of vaporization of a
material at a given temperature will occur in a vacuum, this
represents the greatest upper bound on the mass loss rate
due to vaporization. As long as the rate of caonversion to
products remains less than this rate, the process will be
kinetically limited.

Diffusion controlled vaporization is primarily of
importance in cases where the sample size 1is large, and

decomposition takes place throughout the bulk of the sample.
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Due to the poor thermal conductivity of polymers, tempera-
ture gradients in combustion are large and thermal waves in
the solid are thin. Therefore, diffusion should prove
unimportant, although, it may be a factor in the low heating
rate pyrolysis of bulk samples. (See TGR results Figs. S-la
and S-1b.)

Several broadly defined mechanisms are recognized 1in
the non-oxidative thermal decomposition of polymers: a
number of polymers "unzip'" from the chain ends to vyield
almost one-hundred percent monomer, while on the other
extreme, many polymers exhibit a "random" chain scission
mechanism, vyielding varying amaounts of monomer along with
smaller and larger fragments. The behavior of other polymers
falls somewhere in between these two extremes. In addition,
some polymers, Poly(vinylchloride) for example, decompocse
through the elimination of small stable molecules. This can
occur with simultaneous or subsequent main chain breakup. A
given polymer can tranmsition among these mechanisms depend-
ing upon the physical conditions controlling the pyrolysis
at the time.

"Unzipping" to monomer is highly favored in polymers
with tertiary carbon atoms such as PMMA and poly(a-methyl-
styrene). This mectanism is characterized by the easy
volatilization of opyrolysis products with little or no
change in the molecular weight of the sample, at least in

the early stages of the decomposition. Monomer vyield isg




13

also favored in structures and reaction environments where
the formation of free radicals is favored. Large amounts of
available hydrogen and chlorinre (not fluorine), which
scavenge free radicals, discourage their formation, and
promotes the generation of random fragments. Teflon, for
example, completely devoid of hydrogen, yields 100%4 monomer
at moderate temperatures.

Even so-called random chain scission is not entirely
random; it has been demanstrated that many of these type of
polymers decompose through a ‘'"backbiting" mechanism, at
least at low temperatures. Chain ends loop back to faorm
ring structures with the main c¢chain, and chain scissian
occurs at the point of locop-back, followed by ring opening.
The number of carbons per ring is influenced by such factors
as ring-strain, steric hindrance, and stereo-chemical
factors. The most probable number of carbeon atoms in the
fragment are six or seven depending upon temperature. Random
chain scission is characterized by a rapid reduction in
molecular waight of the sample during the early stages of
decomposition,

These mechanisms hold below about S00 °C depending uponr
the thermal stability of the polymer. At temperatures in
excess of this value, the amounts of monomer are signifi-
cantly reduced, and products contain more fundamental
fragments. Table 1-3 gives the yield of monomer for various

polymers wundergoing pyrolysis in vacuum (the large mean-
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free~path eliminates obscuring secondary reactions); the
decreased monomer vyield with temperature is apparent.

The pyrolysis products of a particular polymer are,
therefore, not necessarily unique. The product yield can
depend upon temperature, heat flux, and pressure. Variation
in product distribution, which implies variation in the
overall mechanism, could also affect vaporization rates;
both could certainly influence the magnitude of measured of

global kinmetic values.

Table 1-3. Moncmer Yield of Polysers with Temperature, [17]

Percent yield of sonoamer
based upon total volatiles

Polyser At S0 C At 800 *C At 1300 ¢C
Folyethylene 2,¢3 3.3 24,4
Polypropylene 0.4 17.9 15.8
Polyisobutylene 36.5 89.0 13.9
Polvstyrene 510 10.3 0.0
Poly(aethylsethacrvlate! 9.2 31.8 12.9
Polyttetrafluorcethylene) 96.4 91.2 78.1
Poly(a-sethylistyrene) 100 38.5 7.7

1.3.2 Glabal Arrhenius Parameters

Virtually all combustion models to date [1-7) assume an
Arrhenius type dependence to describe the binder decomposi-
tion on the propellant surface, and, for the most part, these

parameters have been taken as constants - independent of
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temperature, heat-flux, and pressure. Only recently have
attempts been made to measure these quantities under condi-
tions similar to combustion. [18-30]1 1In the past, values
obtained at low heating rates and temperatures,; were often
used ¢to extrapolate reaction rate constants to regions far
outside of the domain of applicability; implicit in this
approach is the assumption is that the pyrolysis proceeds
through a one-step reaction whose rate 1i1s a function of
temperature and is independent of other physical processes.
More realistically these "global" values should be measured
throughout the domain interest, where "effective" Ea’s and
A’s cauld be interpolated based upon the "local" conditions.
Without a_priori knowledge of the details of the pyrolysis
process (which is often unavailable), Arrhenius parameters
must be assumed to be "global”". In order to examine how
these global parameters depend upon the details of the
system, it is helpful to recall some of the fundamental
aspects of chemical kinetics.

Energies of activation and frequency factors are
familiar and fairly well understood concepts of chemical
kinetics. They are usually explained in terms of elementary
gas phase reactions, In this context, the energy of activa-
tion can be loosely envisiorned as an energy barrier between
reactants and products, while frequency factors can be
related to the molecular collisian or vibration frequency,

and the reactant concentration. For the reaction to proceed
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to completion at an appreciable rate, there must be a
sufficient number of reactants or activated complexes
possessing energies in excess of this barrier potential.

This simple description can be extended to species in
solution or even to reactions in the solid state, particu-
larly if the reaction is a simple, one-step processes, which
occurs at modest rates. The literature is replete with
analytical and numerical methods to determine Arrhenius
parameters which are based upon this simple model. When an
attempt is made to apply these analytical methods to "com-
plex processes", where species can undergo a variety of
chemical and physical changes as function of the state
variables, serious questions arise as to the validity of the
calculated Ea’s and A’s.

Gontkovskaya, et al. 31,331, have recently investi-
gated the thermal decomposition of a material, subjected to
a linear temperature rise, decomposing yia two parallel

exothermic reactions, Egqn. 1-4.

P (1-4)

Here P is the reactant and n. and nm are the respective

products. Their theoretical investigation involved the
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salution of the following equations:

dn‘ 'E|/RT
f3r = A, € (1-n:-n2) (1-Sa)
s
d: £, /RT _
P L. (138

S

dT

-£./RT
CpB—dT; = 2 QAe Y
L

(T - T (1-Sc)

Jon

(L-m-n) - a

(1-3ad>

where Eqns. 1-Sa and b are the rates of generation of the
products, n, and ne respectively, and Eqn. 1-5c represents
the energy balance for the material in an environment
(subscript s) heated at a constant rate, 4. Egns. 1-3d,
state the 1initial conditions. In the numerical solution of
the non-dimensional form of these equations, &, and Qe the

heats of reaction, were taken as equal and E, was always
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less than E=. Calculations for varigus ratios of the

pre~expaonentials, and for ratios of the activation energies

show that, from the thermogqrams (decomposition curves)

-

alone, it is impossible to determine whether one or several

reactions are taking place! In any case, the first reaction

to start is always the one with lowest activation energy,
however, the question of how rapidly the second reaction
starts and by what path the bulk of the conversion takes
place, depends upon the ratio of the rate constants and the

heating rate. The higher heating rates promote the course of

the reaction with the higher activation energy, indeed, for
Am/A, = 104 and E,/E. = 0.8, over 90% of the reaction

proceeded via the path with the largest activation enerqgy!

It is further shown that, in principal, it is possible to
describe the net' rate of conversion of P decomposing by
several parallel reactions through an effective rate expres-
sion Egn. 1-4., where n represents the fraction of P remain-

ing at any temperature.

Q ) _ ,
.;1% - YAeffe["eff@/“ €e .., o)

In this expression, Gatt » is the effective nondimen-

sional activation energy where, Eett = Tofy -Ea.
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Eetr = 21 $E (1-7)

where ¢, 1is the relative rate of ¢the 1i-th reaction.
This implies that the effective activation represents linear
combination of the activation energies of all parallel
reactions which are in progress. These 4§’s and consequently
the Eetf depend upon heating rate. Since most traditional
methods of analysis presume that the kinetics are described
by Egn. 1-6, it is not surprising that results found in
traditional TGA experiments and high-heating rate work often
differ substantially.

The situation is further complicated if one considers
vaporization in the overall rate of mass loss. Chaiken [281]
observed a decrease in Ea at high temperatures to levels
which could not be accounted for on the basis of molecular
structure. (In principal, the lower limit of the activation
energy should be the bond energy of the weakest bond in the
molecule.) He postulated that an apparent activation energy
of 11 kcal/mole from the linear pyrolysis of PMMA at tempér-
atures above 4600 °C, corresponded to the heat of vaporiza-
tion of PMMA monomer - the mass loss is limited by the rate

of vaporizatiaon, The overall process can be represented by
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Egn. 1-8.
klv &
k] nlc nlg
P K (1-8)
k —_—
2 n2c nZg

The upper molecular limit for the vaporization of large
organic structures has been investiqgated by Wall (161].
Contrary to statements made in (91, it has been shaown that
the rate of mass loss, in grams/s,

due to evaporation can be

represented by an Arrhenius type expression, Egn. 1-9,

e.AE-' /RT (1-9)

AS R
-T2 [6.25 (- }éae =

from which may be derived a temperature dependent activation

energy, Eqn. 1-10.

€, 4B + RT/2 = &H_+ 3RT/2 (1-10)

vVaporization is therefore a result of the fraction of
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molecules which have sufficient enerqgy (Ea in the previous
equation) to overcome their cohesive forces of the medium.
Since both kineticg and vaporization have the same func-
tional form, both effects may contribute to the ogg¢. in Egn.
1-6. In addition, Since heating rate can influence the
overall kinetics of sequential reactions (32,33], under
appropriate conditions it is possible that either k,. or ka.

may dominate in Egn. 1-8. Therefore, the assumption of

cognstant Arrhenius parameters, implicit in virtually al

traditional data analysis schemes, is not necessarily

correct in the case of complex processes.

A global Ea is not an Energy of Activation in the
strict sense - a col point on a reaction-cgordinate vs.
potential-energy surface. It is a lumped parameter which
must be empirically determined. [t is "constant'" only in so
far as the relative contribution of the participating
reactions and physical processes do not greatly change
during the course of the decomposition. Therefore constancy
in these parameters can be safely assumed anly if the
decomposition is steady, and takes place over a relatively
narrow range iﬁ temperature, heat-flux, and pressure.

In connection with polymer pyrolysis, the Arrhenius
equation should be used as a heuristic relation based upon
notions from statistical mechanics and collisional gas
dynamic theory. The Arrhénius parameters should be taken as

representing some sort of weighted average of the individual
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parameters for the of instantameous reaction set. These
parameters should be viewed as merely numbers used to fit
the Arrhenius equation to the experimental data. However the
importance of the numbers should not be underestimated.
These numbers, if experimentally known, over the conditions
for which the model is used, represent the definitive
description of the processes occurring in the domain of
interest:

1.3.3 Rapid Pyrolysis - State of the Art

In recent years, a number of scientists [18-301 have
been designing experiments which try to more nearly approxi-
mate conditions found 1in combustion. Experimerits of this
type can be divided into two groups: "rapid uniform heating
or bulk-pyrolysis"” (RHBP) experiments, and the so-called
"surface or linear" pyrolysis (LP) experiments.

The bulk pyrolysis experiments attempt to rapidly heat
samples, sufficiently uniformly, such that thermal gradients
are reduced to 'a minimum and may be neglected in the analy-
sis. Some waorkers (18] assume that samples can be heated to
a known temperature without substantial loss of material, in
which -case, an "isothermal" analysis is applied at the
various final temperatures. OQther methods provided for a
non-isothermal analysis on samples subjected to a rapid
"uniform" temperature rise. In general, both methods require

extremely thin samples coupled with very powerful heating

techniques.
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Linear pyrolysis experiments are designed so as to
replicate details of the combustion as much as possible.
They attempt to reproduce the high heating rates, surface
temperatures, and high thermal gradients, found in combus-
tion. However, this is often coupled with some uncertainty
in these values; as these experiments become more "combus-
tion—-like", the same difficulties are encountered in measur-
ing these quantities as are encountered in actual combustion
situations. The benefits. of this type of approach over
conventional TGA normally ocut weigh these uncertainties. The
highlights of this work appear in a review by McAlevy and
Blazowski (241].

Surface pyrolysis measurements include surface regres-
sion rates and temperature; estimates of thermal gradients
are made where possible. "Surface kinetic" parameters are
extracted from this data using Arrhenius plots(28] . More
elaborately, Houser [9] determines these quantities from
"measured" surface temperatures, and estimated thermal
profilés at several mass regression rates. The HRBP exper-
iments rely on the more traditional methods of analysis of
Arrhenius plaots and modification of techniques used in the
slow heating rate methods [101].

Linear Pyrolysis. Experiments to investigate the
pyrolysis of materials in environments somewhat similar to
combustion began in the mid-nineteen-fifties. This work was

in part motivated by the propasal of Wilfong, Penner, and
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Dariels (8], that the burning rate of a solid material
should be equal to the decomposition rate of the solid at a
temperature equal to the steady-state temperature of the
burning surface, T¢ . They further proposed that the
rate-determining step would be the unimolecular decomposi-
tion of molecules at the burning surface. This all implied
that the rate of linear regression could be described using
the an Arrhenius expression and zero order kinetics, Eqgn.

i-11

r = A e E/RT (1-11)
(2ero order, since, the concentration of surface
reactant/area is constant (in a homogeneous material)

- surface molecules are continually being renewed by the
formation of fresh surface.)

Among the first linear pyrolysis experiments were the
so—-called "hot-plate" experiments oariginally devised by
Shultz and Dekker (261 and later improved by Barsh(271. In
these experiments, a sample is pressed with constant force
against a hot-plate of known temperature, and the linrear
regression rate is measured. Temperatures are either deter-
mined by a thermocouple in the hot plate or a thermocouple

sandwiched between the hot-plate and the sample. Arrhenius

e
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type plots of the mass regression rate vs. 1/T allow for the
calculation of apparent energies of activation. Shultz and
Dekker [26], using a "hot-wire" pyrolysis technigque, meas-
ured the Arrhenius parameters of PMMA and found Ea = 27.5
kcal/mole, A = 1.88 x 10®, at temperatures between 450 and
503 °C. They conclude that the rate controlling mechanism is
probably the same as that in low-heating-rate bulk pyrolysis
- the depolymerization of the condensed polymer on the
surface. In subsequent work by Cocates aon AP (23], the solid
hot-plate is replace by a porous plate, thus reducing the
build-up of pyrolysis.gas in the vicinity of the surface -
the principal cause for ambiguity in surface temperature in
earlier work. Pyrolysis gases are removed from the back side
of the porous plate through the application of a vacuum,
Coats work focused mainly on solid oxidizers. Chaiken, et
al. (281 applied the hot-plate method to the pyrolysis of
PMMA, using an apparatus that permitted much higher tempera-
tures than could be obtained by Shultz and Dekker, but,
without the benefit of the porous plate. (Presumably,
polymers would clog the porous plate). Investigations on
both linear and crosslinked PMMA revealed two distinct
energies of activation: =226 kcal/mole at temperatures less
than 400 °C, in close agreement with that of Shultz and
Dekker and a value of 11.2%0.06 kcal/mole at temperatures
between 6346 and 400 °C, The effect of crosslinking was to

increase rates across the entire temperature range but nrot
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affect the Ea’s. It is pointed out that this unusually low
value for Ea cannot be reconciled on the basis of bond
rupture as the rate controlling step, but, is more consis-
tent with surface desorption of the monomer whose heat of
vaporization is reported to be 9.2 kcal/mole at 100 °C. The
experimental data suggests that the polymer decomposes by a
"first-order" surface—-depolymerization to monomer which at
low temperature is kinetically 1limited. Whereas at high
temperature, the surface becomes saturated with monomer and
the vapnrization is the rate controll}ng step!

The principal criticisms leveled at the "hot-plate"”
experiments are largely aimed at the interferences of the
pyrolysis products with experimental measurements/condi -
tions. The actual surface temperature of the sample and
hot-plate may differ due to the interposed pyrolysis gas
layer. Moreover, the regression rate may be influenced by
the accumulation of gases at the interface; these emerging
pyrolysis gases flowing radially across the surface may
produce erosive conditions not found in combustian. As far
as is known to the author, no report of this technique being
used at pressure has been published. Whether this 1is an
oversight, or that experimental difficulties preclude this,
is not clear. Notwithstanding these limitations, the hot
plate technique, especially the porous plate experiments,
provides the most clear cut approximation to combustion to

date which permit a definitive estimation of the important

-

1




a7

variables.

In a attempt to overcome some of the uncertainties

associated with the hot-plate experiments, McARlevy et al.

[22), performed experiments using a "self-neating diffusion-
flame" technique. In this work, an oxidant gas is directed
at the surface of a PMMA sample and a diffusion flame is
establ ished above the surface. The sample, the lower portion
of which is water cooled, automatically advances, thereby
keeping the sample surface stationary. The "apparent
surface brightness temperature” is measured optically using
an infrared radiometer which "looks" through the pyrolysis
gases, and also by a 13rm bead thermocouple embedded in the
polymer. ' Using this apparatus, the authors were able to
determine '"surface energies of activation" for a number of
polymers, (but not pre-expanentials), at heat fluxes around
10 cal/cm2-s, surface temperatures around SO0 °C, surface
regression rates of .32 - .08 mm/s, and pressures of one
atm, Accurate measurement of pre-exponentials requires
precise measurement of the emissivity of the polymer sur-
face. Temperature data obtainmed fram thermocouple measure-
ments showed considerable scatter as was the case in earlier
studies (11]J. McAlevy found an Ea for PMMA of 37 kcal/mole
over a temperature range of S30 - 490 °C. A ligquid layer was
observed on the surface of the PMMA. It was concluded that
in the hot plate technigue, the temperature measured is that

of the solid-liquid interface, whereas the optical tech-
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nique measures the temperature of the liquid-vapor inter-
face. Values of E, reported for linear PMMA are between 47
and 62 kcal/mole while the values for the craosslinked
material are 39-47; it is not clear over what ‘“apparent
surface brightness temperature"” the PMMA data was collected
although it appears to be in the range 500 - 00 °C. The
spread in these values is interpreted as a temperature
dependence of the activatiaon energy, nevertheless, these
values are substantially higher than those obtained by
Chaiken. No explanation is given for this discrepancy. It
is concluded that there is not a single temperature indepen-
dent mechanism which controls the decomposition mechanism in
the case of PMMA., Experiments were performed on PBAN and
CTPB, but surface charring prevented. meaningful temperature
measurements: apparently, radiomefric temperature measure-
ments are unsuitable for the temperature measurement of some
important propellant binders.

Cohen, et al. (251, in an important paper, examined a
number of praopellant related polymers in a linear pyrolysis
experiment which used radiative heating to pyrolyze samples
at heat fluxes up to 200 cal/cm?-s and pressures up to 1000
psi. Mass loss was again measured by discontinuous weighing
of the sample on an analytical balance after an exposure to
various heat-fluxes for arbitrary periods of time. Surface
temperatures wére measured using an infrared radiometer

"looking" through the pyrolysis products of the samples;
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these samples contained carbon to permit the assumption of
black-body conditions. Kinetic and heat of decomposition
data were determined for the various paolymers, the results

of which are given in Table 1-4,

Table 1-4. Xinctic Constants from mef. (25]).

HTPO CTPB PBAN

Ea, kcaliaole 16.9 10.5 18,
Ay J/cad 299 12.8 270
2. calig 433 381 %64

=

As with the work of Chaiken, the striking feature of this
data is the unusually low values of the Ea’s; these results
cannot be correlated with polymer structure sirnce, for
example, the bond energies of the C-C bond are of the order
of 80 kcal/mole and C-H bond is about 108 kcal/mole in HTPB.
Without the presence of AP all polymers exhibited molten
surface layers. Evolved gas analysis was performed using a
mass spectrometer (low pressure tests). The major species
to appear were heavy hydrocarbons with the greatest variety
in the HTPB tests (mass numbers 82 and 84 predominate - a
value consistent with a backbiting mechanism); results

indicate that heavy hydrocarbons are more representative of
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fuel species in the AP-binder diffusion flame than the
previously assumed methane fuel. The authors also measure
heats of decompoéition for the polymers which are an order
of magnitude greater than previously assumed. Calculations
performed by Cohen (251, using these newly measured values
in the sa-called Derr, Beckstead, Price combustion model
(4], suggest that: the flame temperature and primary flame
kinetics are the mast important factors influencing the
burning rate, the heat of decomposition has anly a secondary
effect on the rate and, the magnitude pre-exponential term
for the pyrolysis has only a minor effect. In addition,
they arrive at the surprising conclusion that the kinetics of
polymer pyrolysis are independent of heat flux and pressure.
The various binders exhibit a range of kinetic constants,
but the activation energies do not =xceed 17 kcal/mole, they
believe that bond rupture 1is not the rate determining
factor. The magnitude of the forgoing kinetic parameters,
coupled with the mass spectrometer tests, appear to support
the work of Chaiken. The forgoing tends to lend support to
the argument of Chaiken that the rate determining step is
the vaporizationmn of large hydrocarbon fragments from the
surface - at least under conditions of high-heat-flux and
high temperature. If, however, vaporization 1is the rate
controlling mechanism, the rate, contrary to the findings in
2351, would certainly be a function of pressure. Consider-

able controversy exists in the literature as to whether the
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rate limiting step far the surface pyrolysis is a chemical
or physical process.

While all these linear-pyrolysis techniques have made
significant strides toward making meaningful kinetic
measurements, all possess certain limitations which impede
the accuracy of the data. Hot-plate experiments, which
permit the determination of excellent mass regression rates,
suffer from uncertainty in the temperature and possible
erosive effects. On the other hand the diffusion flame
approach of McAlevy also suffers from ambiguity in tempera-
ture measurement due to the lack of information of on the
emissivity of the polymer surface as a functiaon of temperé—
ture. This is partially overcome in Cohen’s work by the
addition of carbon black to the specimen, but here mass
regression estimates are made by discontinuous weighing
which introduces some uncertainty in the result. Neverthe-
less, this method permits samples to be pyrolyzed at heating
rates more meaningful to combustion thanmn do most other
approcaches.

Rapid Heating Bulk Pyrolysis. In 1961, S. Kohn [19], in
connection with work an high temperature ablation of polym-
ers, recognized the importance of elevated heating rates,
and designed a “"rapid" TGA and DSC. The "rapid" TGA suffered
from several shortcomings. Samples were heated by rapid
intrnduction into a furnace to effect heatiné; heating rates

were on the order of 20 °C per second. Mass measurements
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were made discontinuously - the experiment was interrupted
after a given time and the sample removed and weighed. Time
required to cool the sample prior to weighing was as much as
eighty seconds! This, the author points out, was a major
drawback of the apparatus which makes it difficult to
interpreg results. Sample sizes are relatively large, 100
mg and due to the poor thermal conductivity of polymer,
thermal gradients across the sample are large. Temperature
time relationships could not be determined during the tests.
Given these facts, determination of kinetic parameters
proved impossible; "at most, it may be expected that some
information about the endo- or exothermal nature of the
degradation may be. . ." ascertained.

Somewhat later, Shanmnon and Erickson (21], studied the

thermal decomposition of some polymers used as binders in

salid propellants. The methods wused 1included DSC (80
°C/min.), radiation furrnace (4 - 10 cal/cmi2-sec), and
flash—-heating techniques ( no " estimate given); the three

techniques being used to praovide three levels of heat flux.
In the radiation furnace method, samples were rapidly
inserted into a furnace for certain periocods of time, and
weight-loss was intermittently recorded as a function of
total energy absorbed. In' the flash-heating experiments,
samples were suspended from a micro-balance and mass conti-
nuously recorded as a function of total energy absorbed.

Results in all cases were largely qualitative in nature. No
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effort was made to estimate sample temperature, nor was any
attempt made to determine kinetics.

Some of the best work in rapid-heating bulk-Pyrolysis
and in high speed decomposition has been done by A. D. Baer
et al. [10,14,18,201. In 1973 (14] Bear reported work on a
high speed thermal decamposition technique which produced
data very similar to that aof a DTA. In this work, "unsup-
ported", 100Hm thick, polymer films were heated by radiation
from a 1200W projection lamp; heating rates were measured
using an infrared radiometer at about 300 °C/s. Since the
sample is not in contact with an "infinite'" energy reservoir
as in DTA,; heat evolved due to reaction produces a permanent
temperature change in the sample. The data is reported in
the farm of AT vs. T. Thedl is derived from the difference
in the measured sample temperature and a calculated tempera-
ture of an inert sample exposed to an equivalent heat flux.
Estimates of temperature differences across the sample were
not more than 10 °C. The principal advantages of the
arrangement are: low thermal inertia, small sample size, may
be operated at pressure, and is suitable for crosslinked
polymers. The principal disadvantages are that low heating
rates are not possible in this technique, therefore data
cannot be compared with classical methods; data is insuffi-
cient to estimate kinetic parameters; and that 4T estimates
rely in part on calculated values. The most significant

result of this wark is that paolymers exhibited high tempera-
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ture "exgtherms'" which were not observed in low temperature
thermal analysis! The authors suggest, that at the even
higher temperatures and heating rates characteristic of
propellant processes, yet other reactions may be observed.
In addition, polymers investigated remained intact ¢to
temperatures as high as 700 °K, In 1977, Baer, Hedges,
Seader, et al., in a singular paper (201, reported another
fast heating approach, which was used to characterize
materials used as ablative 1insulators. The instrument, a
form of TGA, heated 25 -~ 125Hm polymer films at rates of 70
°C/sec in a Ny atmosphere. Samples were coated on an
electrically heated 25Hm metal strip; the temperature of the
strip was determined using an infrared radiometer on the
side opposite to the sample coating. Pre-weighed samples
were heated at a constant rate to a predetermined tempera-
ture. Samples were then quickly cooled, by a blast of cold
nitrogen, at rates estimated to be 830 °C/s and subsequently
weighed. Repetition of this procedure . produced a non-
continuous set of data in the form of residual-weight as a
function of temperature for constant heating rates. Samples
were evaluated on this apparatus at variety of heating
rates, and on a conventional TGA at low heating rates. In
addition, the authors determine kinetic parameters for the
samples - three Neoprene/acrylonitrile butadiene composites.
The finding of major significance in this work, is that

decomposition curves predicted by extrapolation of the
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conventional TGA data are greatly different than observed
under the rapid pyrolysis experiment. As far as is known

this is the first example of kinetic data from a rapid bulk

pyrolysis experiment, unfortunately, no data is provided on
common polymers. Some wuncertainty is implicit in these
results, since mass measurements are made discontinuously,
and there is no way to determine the effectiveness of the
"rapid'" Qquench procedure. Some decomposition may occur in
the time between max-temperature and sample weighing. In
subsequent work in 1978 (201 and a related paper of 1981
(181, 1ignition and degradation test‘ were conducted on
several neat-polymers, however, these tests were performed
in air which makes comparison with the N2 tests impossible.
It would be forturnate if these tests could be repeated in
an nitrogen atmosphere and analyzed according to the methods
of C(141. The purpose of the work presented in (18] was to
investigate polymer ignitiom under approximated fire condi-
tions, and to determine polymer decomposition kinetics at
high heating rates. The instrument used in the .ignition
tests was similar to that used in the 1977 study; it heated
25 - 125um polymer films at 200 °C/s; this experiment
measured ignition temperature as function of heating rate.
In the decomposition work, unlike the 1973 study, samples
were heated in air at 1000 °C/s to a constant pre-defined
temperature, where the material was allowed to decompose

"isothermally". The implicit assumption of course is that
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no decomposition takes place during heating. The rapid
decomposition experiments produced mass loss vs. temperature
data. Somewhat arbitrary, mechanisms were proposed for the
isothermal decomposition of mylar and polyethylene; global
kinetic parameters were calculated.

The rapid heating bulk-pyrolysis methods permit pyroly-
sis to be performed under more definable conditions than |isg
apparently possible with linear pyrolysis. Rapid heating of
thin films, in contact with metal surfaces (heat sinks),
provides for uniform sample heating, and permits accurate
measurement of 'temperatures. Emissivities of the metail
supparts can be determined as a function of temperature, and
therefore permit more accurate optical temperature measure-
ments. These methods are also amenable to high pressure
operation. Besides the assumption of mo mass loss during
sample heating, the principal drawback of this type of

experiment appears to be discontinucus mass measurement.

1.4 Objectives

Mindful of the foreqoing, an investigation into rapid
pyrolysis was undertaken. This investigation focused on the
construction of a TGA which would operate at heating rates
beyond those obtainable with conventional instruments.
Samples were limited to pure materials, thereby avoiding the
compiexity of ingredient interaction.

The long term obijectives of the research are to
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underscore the need for experimental methods which address
the combustion environment, and to explore theoretical and
experimental techniques which can provide the‘needed data.
The short term objectives of this work were: firstly,
to review previous theoretical and experimental developments
in rapid pyrolysis. Secondly, build an apparatus capable of
measuring, at elevated heating rates, the extent of sample
decomposition as a function of temperature. Thirdly, to
extract Arrhenius parameters from this data, and lastly, to
apply the foregoing techniques to kinetically analyze HTPB

and PBAN during high rate pyrolysis.
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CHAPTER 11
APPROACH
2.1 Overview
The determination kinetic parameters during rapid
pyrolysis, requires techniques which can rapidly heat

samples, while simultaneously making the recessary high
speed mass and temperature measurements. Ag indicated in
the last chapter, the performance of any aof these tasks
independently 1is a relatively straight forward matter;
nowever,; designing an instrument to make the concerted
measurements is much more difficult. An investigation into
rapid heating and mass measurement technigues was therefore
conducted; this investigation resulted in the design and
canstruction of new type of thermogravimetric analyzer. A
sketch of this instrument is shown in Fig. 2-1. The device
relies on vibratiaon to perform rapid mass measurements. The
sample ( £ 1 mg. )y, a polymer dissolved in a solvent, is
“painted” on a small metal strip which has been cemented in
the free end of a quartz tube. [t is surrounded and pyro-.
.lyzed by a non-contact heating device, such as a furnace or

an RF induction~-heater.
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Fig. 2~-1 Sketch of the Vibration-based-TGA. (VTGA)

If the tube is excited in transverse oscillation, the
period of oscillation 1is directly proporticnal to the
instantanecus sample mass. As the material pyrolyzes, the
resonant vibration frequency of the tube (really the system)
increases. Monitoring the changé in frequency ar period
provides a means of estimating the instantaneous sample
mass. The frequency is determined using a laser-photodiode
pair. The laser ( 1.0 mWatts ) "looks" across the tube at
the photodiode, the output from which is a sinusoidal
signal whose frequency is identical to the frequency of the
vibrating tube. This signal is fed-back into the vibration
exciter which excites the tube at the current resonant

frequency of the system. This electrodynamic feedback-loop
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causes the tube to be continuously excited at the instanta-
neous resonant freguency, thereby making a continuous mass
measurement possible. The system can be calibrated by
application of known masses. The actual amplitude of
oscillation is less than a millimeter., Sample temperatures
are measured by a fine wire thermocouple "embedded" in the
metal strip upon which the sample is coated. This,; unlike
conventional TGA’s, places the sample in good thermal
contact with the thermocouple and permits the measurement of
the actual sample temperature rather than the furnace
temperature. The functional parts of the system are
enclosed in an chamber so that tests may be performed in an
inert atmosphere, Frequency and temperature data are
acquired on a two-crannel, 2 MHertz "digital oscilloscope
interfaced to a microcomputer, to which data is transferred
for subsequent analysis. (See Appendix A.) A typical output
is 1illustrated 1in the oscillograph shown in Fig. 2-2; this
figure shows the output of the mass and temperature data
lines during the low-heating-rate decompaosition of HTPB. The
top curve in this figure is the amplified thermocouple
output, while the lower curve is generated by passing the
feedback loop signal through a frequency to voltage con-
verter (FVC). This last curve, is proportional to the
instantaneous resonance frequency of the system, and there-
fore inversely proportional to the instantanecus mass

loading, represents the fractiom of material vaporized. In
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Table 2-1, the parameters asscciated with the data of Fig.
2-2 may be found. In essence, the system depicted in Fig

2-1 is a Vibrational-TGA (VTGA).
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Fig. 2-2. Oscillograph - Typical Output of VTGA.

In order to demonstrate the functionality of the
instrument several tasks were accomplished. Firstly,
selected polymers were kinetically analyzed on a conven-

tional thermogravimetric analyzer.
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Table 2-1. Parameters for Curves in Fig, 2-2.

Apparatus: VTBA
Material: HTPB
Heating Rate: 3.3 'C/s
Sample Size: 2 1.0 ag
Juart: Tube Geosetry: See Fig. 3-1

Secondly, Arrhenius parameters were then extracted from
this data using a modified form of a classical data reduc-
tion scheme from the literature. These values serve as
baseline data. Thirdly, these polymers were re-evaluated on
the new VTGA under comparable conditions. This was to
demonstrate that the new instrument is indeed a functional
thermogravimetric anmalyzer. Lastly, these polymers were
again evaluated on the VTGA at increased heating rates to
assess the capabilities of the nmew instrument; results are
examined in terms of the scant elevated heating-rate data in

the literature.

2.2 Pressure Dependence

No high pressure tests were performed in this work,
al though, the functional parts of this prototype instrument
were selected such they would be suitable for implementation
at high pressure. Unlike- combustion, results from the
proposed experiment should be a weak functions of pressure,

particularly if the rate conrtrolling step for the mass loss
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1s the surface decomposition kinetics. Strictly speaking,
rates of condensed phase reactions are independent of
pressure. In combustion situations, however, pressure
controls the position of the gas phase combustion wave
relative to the deflagrating surface, this in turn influen-
ces the heat flux to the surface. In the present experiment
heat flux 1is controlled by the power input by the heating
unit; a gas phase combustion wave does not exist. There-
fore, pressure 1is expected to have a minimal effect on the
overail results. If, however, the rate controlling process
is vapori;ation, pressure would certainly influence the
results. It is interesting to point out that in experiments
such as the diffusion flame work of McAlevy [22], and in most
combustion type experiments, the effects of pressure and
heat flux are coupled. In most RHBP, which includes the
present experiment, heat-flux and pressure are decoupled and
can be varied independently. Subsequent work should examine
the dependence of the results on the systematic variation of
these parameters. This also re-emphasizes the importance of
performing experiments under conditions where the heat-flux

matches that of the "real world" process being emulated.

2.3 Data Analysis
As is wusually the case in TGA analyses, reactions of

the form:
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a Als)—AB_ _pb B(s) + . .. + cClg) + . ..

o
]

0, or b # (o]

are considered. In general it is possible that several such
reactions may take place concurrently or consecutively 1in
the course of the decomposition, especially when dealing
with complex substances such as palymers, The calculation
of global Arrhenius parameters requires, in the isothermal
case [(34], an accurate measurement of the fraction of sample
decomposed as a fﬁnction of time, x(t), and in the non-
isothermal case (351, a measure of the fraction decomposed
as a function of temperature o(T{(t}). The ratio of the
change in mass to the total «change in mass provides a
convenient measure of «, a non-dimensional representation of

which is given by Egn. (2-1),

m - m

a=1-y= "0 (2-1)
My~ Mf
In this expression, o represents the "fraction reacted";

Y is the "fraction remaining”, m, is the initial mass of the
sample, my is the final mass of the sample, and m is the
instantaneous sample mass. The rate of disappearance of the
sampie can be described in terms of the so-called con;ersion

function, f(¥Y) in Egn. 2-2. This equation asserts that the
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rate of mass loss is proportional to a constant, k, the rate

constant, times some function of the remaining mass.

—%F = -k fly) (a-2)

Since ¥ is by definition equal to 1~a, Egqn. (28-2) becomes:

—— = k f{l-a) (2-3)

Implicit in the foregoing is the assumption used in most TGA

analyses that the sample is thermally thin ~ unifaorm tem-
perature throughocut. That is, the measured reaction rates
must be independent of the sample thickness;.this is espe-
cially impaortant inrrapid heating experiments [25] and must
be verifi;d on a case-by-case examination.

The principal difficulty in the determination of
1 ’ Arrhenius parameters from thermal analysis experiments is
that there is basically orme equation ~ the rate equation,
and three unknowns - E, A, and n. The general approach is
to integrate the rate expression and linearize the result,

such that a plot of the data in some reduced coordinate

system vyields a straight line, where the slope is some
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function of Ea and the intercept is some function of A; n is
determined parametrically.

In general, two main approaches are normally consid-
ered: isothermal and non-isothermal methods. If the exper-
imental method can ballistically heat samples to some nhigh
constant uniform temperature before substantial decomposi-
tion occurs, the balance of the decomposition will occur at
constant temperature and an isothermal treatment of the data
may be used. This is preferable since the functional form of
f(y) can be empirically determined in this type af analysis,
and a greater understanding of the decomposition bgechanism
is possible (361. If, however, a large weight loss occurs
during heat-up, recourse must be taken to a"non-isothermal
analysis; this is always accompanied by some ambiguity in
result, due to the uncertainty in ¢the functional form of
f(y). Farre-Ruis, and Guiochon [15] paoint out that substan-
tial decomposition occurs in thermally stable polymers even
at the highest heating rates. It is due to this and other
compelling practical considerations that a non-isothermal
analysis has been selected in this work.

There are many techniques in the literature ([(37] which
permit the calculation of Arrhenius parameters using non-
isothermal data if one assumes a general functional form for
f(?). Indeed, polymer decomposition in a combustion wave |is
a non-isothermal process, and in the final analysis one

would like to program the heating rate such that the sample
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would experience the same “thermal history"” as a small
volume element in the burning solid.
2.3.1 Non—Isothermal Data Analysis.

In the ﬁast 30 years, a number of techniques have been
proposed to estimate Arrhenius parameters from non-
isothermal decomposition data; these are outlined in an
excellent review by Wall [(37]. These can loogely be divided
inta: inteqral methods, differential methods, and difference
-differential methods, each method having its own advantages
and disadvantages.

Integral methods obtain Arrhenius values through direct
integration of the rate expression. These methods, are the
most straight forward,; but generally require a priori
knowledge of the order of reaction. Differential methods
suffer from loss of accuracy due to the amplification in
data scatter due to numerical differentiation, and at times
it may be impossible to use this approach with empirical
data (37). Difference-differential methods employ finite
difference relations which are applied to data that is
collected at various heating rates. This .analysis suffers
many of the same limitations as differential methods. All
share the following ey assumptions: that the Ea, so deter-
mined, is kinetically meaningful in a chemical sense, and
more seriously, that the Ea and the pre—exponential term are
canstant over the entire temperature domain of the decompo-

sition. ( This temperature range is commonly over 200 °(C. )




48

These methods, in addition, assume that Ea is canstant with
respect to the various heating rates employed. Some methods
assume first order decomposition while others determine the
order parametrically. All require a thermally thin sample,
i.e. thermal gradients within the sample are small. Cogni-
zant of "data scatter" associated with differential methods,
an integral approach was selected in the following work.

If the sample heating rate, a(T; = dT/d¢t, is wused 1in

Egn. (2-3), and an Arrhenius type dependence is assumed for

the rate constant, k, this relation becomes:

& - f(1-a) (@-u)

which is the basic differential rate expression for a
material decomposing under a programmed temperature rise.
The corresponding integral expression is given in Egn.

(2-5).

da A -E/RT g
e

_ T
flt-a) . g(T)

(2-35)
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If we assume in the first analysis, for low heating rate
cases, that f(l-«) = (l1-a)®, and that E, A, and n are
constant over the entire range of decompasition (which is
not necessarily true), and impose a linear heating program (

8 = constant), then Eqn. (2-5) becomes:

a T

A . A
Fla) = da = — | o ERT g1 = o (3-6)
(1-ai” 8 £

The left-hand-side of this equation evaluates easily to

Fo(ax) or Fola) where,

Fla)y = -in(l-a) (2-7a)
L - (1 -qiton
Fla) = (2-7b)
(l - n)
depending whether or not n = 1. The right-hand-side of

Egn. 2-4, however, has no closed form solution. The litera-
ture is replete with ;pproximatinns to this integral. Coats
and Redfern (35] have evaluated this integral by making the
substitution, u = E/RT and expanding the result in an

asymptotic series (381 to vyield,
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If the independent variable, u, is large (which is usually
the case in solids pyralysis), it is sufficient to neglect
terms of order 0(1/u®) and higher; through this procedure
one may obtain three Equations, 2-9a, b, and ¢, for the
zero, first, and n’th order cases respectively. Here M is
the "Coats and Redfern Ordinate” or the ordinate in the

reduced coordinate system.

_ a _ AR _2RT l . E -
L = In ™ = In i { E J T (2-%a)
L =in|ln L o-a) = In —gg— 1 -;ET— - ?ET (2-%b)
e ol dogt-a)lT? AR p - =RT - = (2-90)
n - T2(1 -n) - [ £ RT c




Unfortunately, as with all integral methods, evaluation
the Arrhenius parameters requires 3 priori knowledge of
thq ocrder of reaction. Many schemes have been devised
circumvent this problem where the arder of reaction

determined parametrically [(39,40,411.
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Fig. 2-3a. Solutions to the Differential Form of Fqn. 2-6.




32

Tabie 2-2. Fourth Order Runge-kutta Soiution Faraseters to Eqn 2-5.

Paraseters Initial Conditiens
Ea = 28,000.00 calories/aole Te = 370.00 *K
A = 4,00 x 19*11 g-t 1e 0.0 : 14 = 1.0
R = 1,987 calories/ aole / *K
I EO T - H
B D05 s

To 1illustrate one resolution ta this dilemma, the
differential form of Egqn. 2-6 has been solved numerically
using a fourth order Runge-Kutta method; the solution curves
for various reaction orders are shown in Fig &-3a and the
solution parameters are given in Table 2-2. The corre-
sponding differential curves are given in Figure 2-3b.

It has been observed [371]1 that, in the limit, as «
approaches zero, reactions of all orders follow zero order
behavior, Fig. 2-3c. This can be exploited to determine
Arrhenius parameters during the early stages of reaction
without prior knowledge or assumptiaon of the reaction order.
The?efore, by equation (2-9a2), a plot in the '"reduced
coordinates" of M 2 In(a/T2) versus 1/T, should produce a
straight line with a slope of -E/R, since (1-2RT/E) is
essentially constant and equal tc unity. The pre—-exponential
may be obtained from the intercept, I, and the relation A =

(RE/R)et. Applying this procedure to the theoretical data of

- . -

K'Y



Figure 2-~3a produced the curves shown in Figure 2-3d.

2~-3 contains the tabulated Arrhenius data so obtained.
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Tanle 2-3. Caiculated Arrhenius Data by a cero Order Analvsis - o.i0 < 12 « 0,30,

Actual Calculated Values assustng lero Order
Order Ea A Correlation
cal/nol2 FERURLLIN B Coefficient
0 30,180 83.9 L9991
) 29.489 35.6 9986
1 28,830 14.7 L9974
e 27,459 2.49 9961
3 244186 0,439 9937

It apparent tﬁat for « < 0.30, the data is virtually
independent of order. Analyzing the early stages of decom-
position frees the experimenter from the necessity of a
prigri assumptions as to order. In fact, "although there
are some special cases for which a theoretical order has
real significance, n must be looked wupon as a purely
empirical parameter, saometimes useful in curve fitting.
(371" Glaobal reaction order can be a complex function of
sample geometry, heating rate, etc., and depends largely on
experimental method. Moreover, analyzing the first 304 of
the reaction, has the added advantage of narrowing the
temperature range over which the Arrhenius parameters are
determine, and the temperature range over which they are
assumed constant. The foreqgoing is the thecretical basis

for the data reduction method which was applied to the TGA
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and VTGA data produced in this work; the exact details of

the analysis procedure will be explained in Chapter IV.
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CHAPTER 111

INSTRUMENTATION — DESIGN AND CALIBRATION

3.1 The Instrument

Recent years have seen an ever increasing level of
sophistication in the design of thermal analysis equipment
{421. These improvements have resulted in instruments which
are capable of more accurate mass and thermal measurements,
improved temperature control and automatic calibration, as
well as units with the ability of attaining higher and lower
ultimate temperatures. While these enhancements have facili-
tated the investigation of polymer stability and other low
rate phenomena, they have dorne little to improve the under-
standing of paolymer combustion. This is mainly due to the
inability of such devices to heat samples at rates much
above 1 9C/s without significant thermal lags between the
sample and its environment. In thermogravimetric analyses,
for example, the usual mass measuring device is the double-
arm micro—-balance; it has too much thermal and mechanical
inertia to provide the necessary response at more ambitious
heating rates. Factors such as buoyancy, condensation of
pyrolysis products on the cooler parts of the balance, and

the influence of the pyrolysis-product vapor on mass deter-
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mirnations, all combine to interfere with the.most sensitive
measurements. Moreover, in conventional TGA systems, the
thermocouple 1is rarely in contact with the sample, and is
therefore unable to detect endothermal and exothermal
transitions which normally accompany pyraolysis. In defini-
tive work, these thermal de;iations within the sample must
be minimized by placing the sample in contact with a good
heat sink, or they must be accounted for in the data anra-
lyses. The ability to overcome such limitations is incompa-
tible with the design of present thermal analysis equipment;
this necessitates the development of new techniques which
are mcre suited to operation at higher heating rates.

Therefore, in order to guantitatively evaluate polymers
at 1increased heating rates, a new type TGA was constructed;
this prototype instrument, unlike conventional TGA’s, uses
vibration for mass determination. Moreover, in this new
design the sample is in intimate contact with the thermo-
Couple. A considerable portion of present work was devoted
to the development of this apparatus and to the evaluation
of this method with respect to rapid pyrolysis.

The princimal features of the apparatus are illustrated
in Figs. 3-1 through 3-3. The main components are mounted
on trianqular "optical benches"” which have been bolted %to a
half-inch steel plate equipped with leveling legs; the whole
assembly is placed on a table fitted with anti-vibration

pads.
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Fig. 3-1. Front View of VTGA Apparatus.

The focal point of the apparatus is a cantilevered
quartz tube which has been clamped to a central mount
fashioned fraom a microscope stage and support. A ferromag-
netic metal strip with an imbedded fine~-wire thermocouple (1
mil) is cemented (2000 °F ceramic cement) in the tib of the
quartz tube. The positive lead of the thermbcouple is routed
through the center of the tube; the negative lead is routed
along the outside of the tube to prevent shorting of the
leads. These leads are soldered to the base of the thermo-
couple "pick-ups". The shaft of the vibration exciter is
brought into contact with the tube by means of the stage

z-axis vernier adjustment.
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Side views of the apparatus are shown in Figs. 3-2 and
3-3. In the farmer }llustration. the instrument is config-
ured with a low heating rate 1linearly programmed furnace,
while the later drawing shows the instrument configured with
an induction furnace. The point of contact of the vibration
exciter with the quartz "pyrolysis tube" is adjusted using
the x-y stage verniers. Likewise, the furnace maunt |is
configured with a vernier adjustments for positioning in the
zZz-direction and may incrementally positioned and locked in
other directions. The instrument can be functiomnally divided
"in to three main sub-systems: mass determination, sample

heating and temperature measurement, and data acquisition.

3.2 Apparatus

3.2.1 Mass Measurement

The problems associated with making a continuous mass
measurement of a sample during rapid heating have been
pointed out by Kohn [19]. He states, that:

. . « there are great practical difficulties in
making an experimental device to continuously deter-
mine the specimen weight durirg ( rapid pyraolysis .
Restrictions are set, on one hand, by the time needed
to determine the thermal equilibrium of the weighing
device, and on the other, by the difficulty of
calculating or of experimentally ascertaining the
weight corrections, made necessary by the variation
in the Archimedean pressure due to a density decrease
in the gaseous atmosphere of the furnace and by the
pressure caused by the gas emission accompanying
pyrolysis.




p-apthutedh

&2

Mindful of these difficulties, Th. Gast and H. Jakobs
[{43,44] have used vibration to make mass measurements of
materials subjected to rapid temperature increases. In their
work a platinum ribbon was mounted under tension between two
fixed supports. Samples were coated on this ribbon, which
was then heated by the passage of an electric current.
Temperature measurements were made by simultaneously using
this ribbon as a platinum resistance thermometer. A conti-
nuous mass measurement was made possible by fashioning an
electrodynamic feedback-loop3 however, no description of the
feedback loop is giveny, nor, is there any mention of how the
frequency of the vibrating ribbon is determined. Their
measurements included mass and heat capacity of the samples;
no attempt was made to extract kinetic data. On the whole,
the description of the details of their apparatus and their
method are somewhat sparse. While their approach is very
interesting with respect to the present work, it was felt
that it would be difficult to maintain constaﬁt tension in
the ribbon during heating; this problem; which was not
discussed by the authors, is pivotal to the success of the
measurement. After some deliberation, a method using a
vibrating cantilevered gquartz tube was selected as best
suited to the present work.

The mass measurement scheme of the present method
derives from the fact that the natural frequency of vibra-

tion of a cantilevered tube is inversely proportiornal to the
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linear density of the tube, Egqn. 3-1.
T er 14
e = | — (3-1)
ul

If a mass is coated on the end of a cantilevered tube,
the period of oscillation is directly proportional to the
instantaneous loading.

The basis of the system depends upon an electrodynamic
feedback loop, a block diagram of which is shown in Fig.
3-4. The essential features of this feedback system are: a
1 mW laseri a lens; to diffuse the laser beam; the quartz
tube; a photodiode; saome ancillary circuitry; an amplifier;
a power supplys and a vibration exciter. The photodiode is
positioned in such a way that the shadow of the tube par-
tially obscures the active part of this device. Transverse
motion of the tube causes more and then less of the diode to
be obscufed. This results in a sinusoidal output from the
photodiode, rather than a square-wave which would result if
the tube "chopped" the light beam. This signal is fed back
to the vibration exciter, via some electronics, to close
the loop. The purpose of the electronic circuit, shown at
the bottom of Fig. 3-4, is to "kill" any DC-offset induced
by the DC power supply and to prevent saturation of the loop

amplifier. By wusing the DC-Offset vernier adjustments on
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this amplifier, any remaining DC component may be precisely
set or eliminated, as necessary; this adjustment is crucial
to the fine tuning of the system. The true RMS signal
strength going to the vibration exciter is controlled by the

vernier gain adjustment also on this amplifier.
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I Computer
- Digital
yay %3 * Q'scope !
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1 —-..:——_:-P__ Floppy Disk ——l i

Fig. 3-4. Block Diagram of VTGA.

Any decrease in mass at the end of the tube causes
oscillation at a slightly higher frequency thereby producing
an analogous change in the output of the photodiode. This
causes the tube to be excited at this new natural frequency
of the system. Monitoring of the fregquency or period, makes

a continuous mass measurement possible.
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Interestingly enough, the system does not have to be
started! If DC power is supplied to the feedback loops, any
disturbance or vibration is sufficient to cause the system
to start oscillation and to seek its natural frequency. An
acoustic analogy may be drawn between the present system and
the “feédback” phenomenon common to audio speakers and
microphones. In the audio case, the speaker corresponds to
the vibration exciter, the microphone to the photodiode, and
the transverse oscillation of the tube to the longitudinal
oscillations in the air between the speaker and the micro-
phone. In ¢this case, if the density of the medium is
changed, as by the introduction of a foreign gas, the system
shifts automatically ¢to the new resonance frequency. When
properly adjusted, the system will automatically track the
variation in mass loading on the tube, the output signal
will be a near perfect sinusoidal wave, with zero DC offset,
whose period is proportional the instantaneous mass load-
ing. The quality of the signal produced by the oscillation
of the composite quartz/metal tube can be seen in the
oscillograph shown in the inset of Fig. 3-S5. This signal
was acquired at location A in Fig. 3-4 under the conditions
given in Table 3-1. The almost unimodal character of the
oscillation 1is further illustrated by the Fourier transform
of this signal shown in Fig 3-5. This signal, and hence the
tube motion, was only virtually unaffected by the magnetic

and RF fields generated by the induction heater during rapid
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neating. This is primarily due to the large frequency
difference between the mechanical oscillations (130 Hertz)

and the field oscillations (1.2 MHert2).
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Fig. 3~S5. Feedback-loop Signal and Fourier Transfarm.
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Table 3-1. Measured Parameters for Data in Figs. 3-3a and b. »

Quartz Tube . Metal Tube Composite Tube
Length + 5.40 ca 0.70 ca 6.1 ca
Outside Diameter # 9.35 as 0.33 sa -
Insi1de Diaseter ¢ 0.4 as 0.178 as -
Linear Density ¢ 5.71 agics -

foungs Modulus ¢+ 3.3 % [0'! dynes/ca?
Flattened Tip

Neight + 4.19 ag

Thickness + 101 pe
Syrface Area (one sidel+ 9.,0586 ca?

t Effective
+ Measured
% The values in this table are typical of those used in this work,
The linear density of the thermocouple wire is essentially negliqible.

3.2.2 Thermal Systems

In the low heating rate experiments, samples are heated
in a linear furnace, Fig. 3-2. For convenience, and ease of
comparison with conventional TGA results, the furnace used
in these tests is the very one used in the commercially
available TGA-2 made by Perkin-Elmer. The temperature rise
is programmed and contralled using the T3A-2 System 7/4
control device.

In the high heating rate experiments, an induction
furnace of the type found in Curie point pyrolyzers is used

to indirectly heat the samples. Induction heating uses the
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magnetic field from a high power radioc frequency (RF) coil
to induce eddy currents in a ferromagnetic conductor (or
heating element). At radio frequencies these induced
currents are confined to a small region near the surface of
the conductor. The depth of these currents is defimed as the
skin depth - that depth where the surface 6agnetic field
strength, H.s; drops to 1/e of this wvalue. Ferromagnetic
materials are characterized by very small skin depths due to
their large relative magnetic permeability, K-. The skin
depth, &, is a function of the frequency, 0, of the RF
oscillator, and the magnetic permeability, H. (See Egn.
3-2). The eddy currents release heat near the surface of
the conductor; ninety percent of the heat release takes
place in the first skin depth [46]. At radio frequencies,
- is of the order of 25 Hm. The computed skin depths and

specifications fur the induction heater used in this work

2 ¢ :
é = -
L8 (3-2)
are given in Table 3-2. These small skin depths permit

extremely high surface heating rates up to the Curie point
temperature of the ferromagnetic conductor ( the ferromag-
netic tip on a the gquartz tubes ). Proper selection of the

tube geometry and the RF field parameters causes the system
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to heat ballistically tos and stabilize at the Curie

Table 3-2. Calculated Skin Depths for Ferrosagnetic Materials

= 382 Qe

= 4t x 107® V-sec-turn/A-ca
= 1.2 MHert:
Z Hete

He
Yo
g
]

Material Curie Pt. Fe Resistivity §
U4 Cha-ca x [0® 1)
(58] &1)! 20 *C
|
Nickel 631 16.5 7.8 1.9 i
Iron 1043 30 3.1 20.2
30458 845 235 69.5 a4.7
Cobalt 1491 21 9.8 Il i
i
|

temperature. [t has been reported (431 that the surface
cf a 0.6 mm Fe wire, as measured by a 1| mil thermocouple,
goes from 20 °C to 760 °C in about 40 ms (RF agscillator 480
kHz3 magnetic field 1170 Oe; power generator 2000W). This
translates into an average heatirg rate of 25,000 °C/sec.
The heating rate can be modified by varying the power input
to the coil or the coil geometry. Different final tempera-
tures can be obtained by alloying the ferromagnetic heating

materials with various paramagrnetic metals.

—
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Near the Curie point, K, for the heating element drops
precipitously from a value of around five-hundred to about
unity. This significantly reduces further absorption of
energy from the magnetic field and cbnsequently limits
further heating. Any temperature decrease due to radiation
or conduction causes magnetic permeability to increase and
re-initiates heating to the Curie temperature.

Curie point pyrolyzers have been used for years in
cornection with pyrolysis gas chromatographys, and have
gained a reputation of very high precision. This is due to
very reproducible heating rates which can be obtained. The
principal criticism applied to RF induction heating by most
authors [46) is that the sample cannot be subjected to a
continuous range of temperatures, but only to the discrete
Curie temperatures characteristic of the ferromagnetic
material. They make the unwarranted assumption that the
heating time to the Curie point is essentially instanta-
neous. In their understandable desire to design an isother-
mal experiment, they fail to realize the potential of the
system iIn a non-isothermal mode. Also most authors give
very little concern to the heating rate at all,; and they
mistakenly concentrate only on the final temperature. ( Even
with induction heating, the half-decomposition time of
poly(tetrafluoroethylene), one of the most stable polymers
is less than the time required to heat the sample to 400 °C

£1S1.) Given this it is mot surprising that, there is only
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one report of using a Curie point apparatus to make kinetic
measurements [(46,47] (Mass measurements were not made
continuously.)

The elements of the temperature measurement system are
also shown in Fig. 3-4. Samples are coated on a flat
metallic surface at the end of the pyrolysis tubes. The
temperatures of the surface 1is measured wusing a type-E
thermocouple, which has been embedded in the surface. To
insure that the output of the thermocouple corresponds to
the published thermocouple tables (48,491, an electronic
"ice point" or compensator is included in the output line.
The output is amplified (#4, Fig. 3-4) and filtered to
increase the S/N ratio. Fabrication of tubes with embedded
thermocouples is described in Appendix A. In the finished
tube, the thermocouple resideé approximately SO Hm below the
surface; this |is within one "skin depth". There is an
additional advantage of using induction heating with type-E
thermocouples. Since the thermocougles are ferromagnetic
alloys themselves, they are also heated by magrnetic field,
but at a lower rate. Therefore their response time is
increased over that which can be obtained strictly by
conduction. In addition, the RF field generated by the
induction coil caused only minimal interference aon the
temperature data line; this high frequency noise was easily
eliminated using by low-pass filtering in amplifier #4, Fig.

3-4.
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3.2.3 Data Acquisition System

The data acquisition system consists of separate analog
data lines for the mass and temperature information as shown
in Fig. 3-43 these signals are sent to two separate charnels
of a digital oscilloscope. The electronic components of
the feedback loop and data lines were assembled from avail-
able equipment and are far from optimized. As a result,
undesirable signal characteristics arising from incompati-
bilities were eliminated by filtering of the data lines and
the use of differential inputs at the oscilloscope, Fig.
3-6. These measures limit the response of the system and
introduce a "time constant” in the data lines.

Thus this prototype instrument is limited 1in 1its
overall time response; this of course could be corrected in
a more ambitious electronic design. The digital oscillo-
scope samples data at a preset rate which can be varied from
200 s/point up to a maximum of 0.5 Hs/point (2 MHertz). A
maximum of sixteen-thousand . data points can be acquired
during a test with an accuracy af 112 bits in preselected
ranges of 2100 mV to 40 mV. The data from individual tests
are stored on a floppy disk on the oscilloscope disk drive
and are later transferred ¢to a microcaomputer through an
RS-232 serial port; the necessary data transfer software was
written [ Program 1, Appendix B ] to link the oscilloscope
and the computer. Raw data, in the form of Volts vs. time,

is stored on the caomputer’s disks for subsequent data
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3.3 Calibration
3.3.1 Mass Calibration
Prior to each calibratior of the mass measurement
system, the positions of the vibration exciter and the
photodiode are mechanically adjusted to produce maximum

signal amplitude at location A in Fig. 3-4. The DC power
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supply is adjusted such that the amplitude of oscillation
of the tube is approximately 1 mm. The input and output
DC-offsets of amplifier #1,. which has previously been
zeroed, are adjusted to give maximum sigrnal at location A
with a zero DC offset. The emf to the loop is again adjusted
to return the amplitude of the pyrolysis tube to 1| mm. The
peak—-tao-peak voltage of the sinusoidal wave at circuit
location A is normally about 0.5 Valts and has a frequency
less than 300 Hertz depending upon the geometry of the
pyrolysis tube. The purpose of amplifier #2 in the data
line is to boost the sigrnal strength sufficiently ¢to drive
the Frequency-to-vVoltage (FVC) converter. This amblifier is
nominally set to: DC offset = 03 gain = 205 and bandpass <«
1000 Hertz,. The signal from this amplifier is fed to the
FVC whose zero has been appropriately adjusted. This DC
signal is sent to amplifier #3 whose purpose is to increase
the sensitivity of the output to frequency changes. This
amplifier is set to: DC offset = A.R.; variable gain = 103
and a bandwidth of 10 Hertz to "“kill"” any &0 c¢cycle noise.
Since the frequencies of interest are outside of the cptimum
perfaormance range of the FVC, substantial AC nroise corre-
sponding to the signal frequency leaks through. This is
removed by splitting the signal anc using the differential
input capability of the digital oscilloscope. Due to the
crude electronics in the data line, éhe differential input

is critical to the success of the measurement.
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The net effect-of this circuitry is to produce positive
DC level change at the scope for a corresponding increase in
the mechanical frequency of the pyrolysis tube; the polarity
of this change can be reversed by reversing the polarity of
the coupling at the scope. Therefore, as material pyrolyzes
f;om the end of vibrating tube, the frequency of the tube
will increase and produce an increase in the DC level at the
scopes Fig. 2-2

The mass calibration is performed Qquasi-dynamically.
This is done by applying known masses to the end of the
cantilevered tubes, supplying DC power to the mass feedback-
loop, and recording the period of oscillation along with the
amplified output of the FVC. "shrink tubing" of the kind
used in the electronics industry provides convenient refer-
ence masses. Small lengths are cut and placed around the at
center of the flat heating element. Heat from a hot-air-gun
is applied . to insure good adhesion of this 0.5 mm PVC
tubing. Care is taken to avoid excessive heating which would
inhibit later removal. Power is supplied to the mass
measurement system and the periocd of oscillation is noted
along with the FVC output. The aprlied mass is carefully
removed and weighed on a micro-balance to the nearest
hundredth of a milligram. The required calibration curve is
generated by repeating this procedure for applied loadings

ranging from zero to 2.5 mg.
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Fig 3-7a. Period of Oscillation vs. Applied Mass.

Representative calibratian curves are given in Figs. 3-7a
and 3-7b. A straight lirne, and for comparisan a fifth order
polynomial have been fit to this data. For all intents and
purposes the caiibratxon is linear. With properly designed
electronics it could be made exactly linear. This is an
important realization. The implication is that rmno calibra-
tion is necessary. Since we are not interested in the
absolute mass, but only the relative change - a«y the frac-

tion decomposed.
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Therefore, the change in period is directly propor-
tiomal to the change in mass. This simplifies the measure-

ments considerably. If this were not the case, it wduld be
necessary to generate calibration curves for each new tube

mounted, as well as curves for various length tubes.

3.3.2 Temperature Calibration

The pyrolysis tube tip contains a type-E thermocouple
which has been fashioned according to the procedure ocutlined
in Appendix A. This type of thermocouple was selected due

to its large Seebeck coefficient and also because the type-E
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materials are ferromagnetic alloys. The output is refer-
enced to a battery powered electronic Type-E "ice-poinrt" or
compensator. This provides an output from which temperatures
can be interpolated directly from the Type—-E thermocouple
tables. Interpolation is facilitated through the use of a
ninth degree polynomial [48,49] which can accurately inter-
polate the table to within 0.5 °C. The output is in turn
sent to amplifier #4, Fig. 3-%, which has been previocusly
zeroed and configured: DC offset = 0; gain = 105 and band-
width = 10 Hertz which strips any AC noise. The thermocouple
is checked wusing the linear-furnace which contains an
independent type-K thermocouple. This procedure is carried
out at several temperatures bracketing the range of inter-
est. This is done mainly to check for shorting of the
thermocouple leads. Temperatures are compared at several

points spanning the range of interest.
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CHAPTER 1V

EXPERIMENTAL METHODS AND PROCEDURES

4.1 Low Heating Rate Measurements

A series of pyrolysis measurements were carried out on
HTPB and PBAN - polymers which are commonly used as binders
in solid propellants. These materials were evaluated on
both the TGA and VYTGA at low heating rates; tgis was done,
not so much to determine low rate kinetic constants, which
may be found in the literature, but mainly to compare the
performance of the two techniques. Due to the lack of
detailed information on the physical/chemical nature of the
polymer samples, it becomes necessary to perform both of
these tests on identical samples in order to make a reasan-
able compariscn of the two methods.

4.1.1 Thermogavimetric Analyses

All thermogravimetric anralyses were perfaormed on a
Perkin-Elmer TGA-2 analyzer equipped with a system 7/4
controller. A diagram of the experimental layout is shown in
Fig. 4-1. The main benefit derived from using the System
7/4 controller is that it permits an automatic temperature
calibration wunder the direction of an internal microproces-—

sor., The controller also allows the operator run samples
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Fig. 4-1 Thermogravimetric Analyzer.

using linear heating programs at rates from O to 3.3 °Crs.
During automatic calibration, the program temperature and
the "apparent temperature" (the measured furnace tempera-
ture) are constrained to agree precisely at three predefined
temperatures ( 300 °C, 450 °C and 600 °C were used in this
work. ) This "apparent temperature" is really the tempera-
ture somewhere in the furnace and is not necessarily identi-
cal to the temperature in the sample pan. The temperatures
in the sample pan were determined using Curie point stan-
dards. Small samples of ferromagnetic alloys were placed in

the sample pan, the apparatus sealed, and operated under a




Nitragen purge. A magnet was mounted slightly below
furnace/sample pan; the magnetic force on the sample pro-
duces an apparent weight increase in the sample. When the
furnace temperature approaches the Curie points of the
materials in the pan, an apparent weight loss occurs, si:rce

at their respective Curie temperatures the materials become

paramagnetic. Fig. &-2 shows the result of this procedure.
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Fig. 4-2. Curie-Point Temperature Calibration Curves

The curve for 304 Stainless Steel, the material in the tips

of the VTGA tubes, is also shown, and has a Curie tempera-
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ture of 827 °K. This experiment should be repeated for each
heating rate of interest, since the discrepancy between the
apparent temperature and the true sample temperature becaomes
greater at higher heating rate. The temperatures in the TGA
plots of Chapter V reflect carrections made by this proce-
dure.

The maximum heating rate obtainable with this unit is
3.33 °C/s, but, to guarantee thermal equilibration between
the sample, the sample pan, and the furnace, it is best to
use heating rates on the order of 0.05 °C/s in practice.

The microbalance was calibrated, using weights of known
mass, prior to each set of tests. A digital oscilloscope was
used to acqQuire both mass and temperature data, rather than
the wusual strip-chart recorder. The mass data-line was
amplified one-hundred times to permit good sensitivity for
samples sizes of less than one milligram. Acguired data is
stored on a floppy disk and is later transferred to micro-
computer for analysis.

Two separate TGA analyses were performed on each of the
polymers. These differed mainly in the sample preparation.
In the first set, sample were cut from the solid polymer;
these were '"conditioned” in the TGA at 110 °C for several
minutes to remove any moisture. Sample sizes were about 1.0
mg. The samples were subjected to a programmed linear
temperature rise as is typical in TGA analyses. These

results can be compared directly with those found in the
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literature. Mindful of the somewhat different sample
geometry and enviranment found in the VTGA apparatus, a
second set of tests were performed to facilitate camparison
of TGA data with VTGA data. In the VTGA tests, samples
dissalved in a solvent, are "painted" on the small pre-
oxidized metal strip at the end of the quartz tube; this
procedure results in very thin samples. In a similar fash-
ion, samples in the second set of TGA tests, were dissolved
in the identical solvent, and coated on the same type of
pre-oxidized metal strip. The strip plus the sample were
then placed in the TGA pan. The metal strip was included to
keep any catalytic effects due to the metal constant. What
could nat be nullified was the different convective envi-
ronments to which samples were subjected in the two methods.

The polymeric samples were obtained commercially, the
source and the details of which may be found in Appendix A.
All test were conducted in a nitrogen atmosphere, and
sufficient time was allow for the sample chamber to purge of
entrapped air prior to commencing the test.
4.1.2 VIGA Analyses

These tests were performed in the apparatus described
in Chapter III. Samples dissolved in appropriate solvents
are "painted" on pre-oxidized metal strip. Care is taken to
avoid any uneven coatings and to insure sample weight is
identical from run-to-run. To determine sample weight,

power is applied to the feedback loop» and the period
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measured. Run-to-run sample weight is judged to be identi-
cal, 1if after allowing sufficient time for solvent evapora-
tion, the period of ascillation is identical to the previaus
test. By comparing the periods of oscillation of the
"loaded" and "unloaded" quartz tubes with calibration
curves, like the one in Fig. 3-7a, estimates of initial
sample weights can be made. Sample weights for most VTGA
test were under 0.5 mg; the sample thickness is calculated
estimated to be approximately 40 Hm, This calculatiaon was
based upon the measured tip area,; which is given in Table
3~-1. The linear furnace, which has been preheated to 110
°C, is positioned around the sample and the sample is
conditioned until all solvent is removed. This is indicated
when the DC-level in the mass data-line (test point C in
Fig. 3-6) becaomes constant. The furhace mount is equipped
with a graduated scale to permit identical positioning of
the furnace from test-to-test. The system is "tuned" to
achieve the optimum sinusoidal wavefoém at test point A by
adjusting the DC-offset and gain controls on the feedback
loop amplifier, amplifier #4, A plexiglass chamber is
placed over the apparatus, and the entire enclosure is
purged with nitrogen. The nitrogen purge gas is manually
cut-off just prior to the onset of sample decomposition to
prevent the gas flow from interfering with the measurements.
As in the TGA test, the furnace is under linear programmed

control by the TGA System 7/4 controller.
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At the conclusion of the test the temperature is raised
sufficiently, to remove any sample residue which remains,
although it is sometimes difficult ¢to remove carbonaceous
deposits. This procedure 1is repeated for subsequent ana-
lyses; the same quartz tube and metal sample supports are
reused in these tests. These tubes are surprisingly durable
and can be reused on numerous samples; with care, thermo-
couple junction failure normally occurs before mechanical

failure of the tube.

4.2 High-Heating—Rate Measurements

The high heating rate measurements used the Fischer
Curie point pyrolyzer to rapidly heat the metal support on
which the samples were cocated. Procedures in these measure-
ments were identical to those in the low rate VTGA tests
except with regard to sample heating and the time required
for solvent removal from the sample. Very little control
over the heating rate was possible with the Curie point
pyrolyzer wused in this work. This is the principal drawback
to the present instrument design. The heating rate is a
strong function of the position of the indﬁction coil with
respect to the sample and it is not possible to precisely
predict the actual value ga prigri. The coil used in this
work was larger than the one supplied by the instrument
manufacturer; the ID of the redesigned coil was 0.50 inches.

This had more room for tube vibration. Heating rates
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obtained with this device varied form about 30 °C/s to about

&0 °C/s. Figure 4-2 contains an oscillograph showing baoth

the mass and temperature data.

0

e

Cava

I3

ol
W

Mas e

Ve oL,

du

.o

walo

.

! g'lh

“
"
[}

©
.VRII'] TUEY§VFjpvY Oy ‘YIIV‘Yr"“r""“l r T
'

’
[
;
4
b
;
r
T

Tumpur .t ¢

wu

o
(&)
[4
(=]
™
(%)
C
0.
o T
(=)
w
[
C
P
]
[
IS
[
C

Fig. 4-3 High-Heating—-Rate VTGA QOutput.

As can be seen, sample decomposition takes place near
the Curie temperature of the 304SS; the sample was posi-
tioned by trial-and-error with respect to the induction coil
in an attempt to avoid decomposition in the non-linear
region near the Curie temperature. This was a laborious
process.

Unfortunately, the Curie point pyrolyzers which are

.
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commercially available have been designed to be used in
connection with Gas Chromatography; they offer no way to
“throttle" the heating rate, and pyrolysis time is limited
to about 9 seconds. In addition, the only tube material
readily available for construction of the "heating element"”
was 30455 steel, thus limiting the wultimate temperature
which could be attained. These constraints ail combined to
seriously limit control over heating rates. In future wark

these constraints could be designed out of the system.

4.3 Data Analysis Procedures

4.3.1 TGA Data Analysis. Mass and temperature data
acquired on the Oscilloscope is transferred to the microcom-—
puter wusing Program 1, Appendix B; it is stored on disk in
the form of Voltage vs. time in two separate files. This
data 1is consolidated and scaled using Program 2. Program &
reduces this scaled data by the algorithm outlined in
Chapter II. Arrhenius parameters are extracted from this
data by application aof Program S.

4.3.2 VIGA Data Analysis The Data analysis procedures

used here are identical to those used in analyzing the TGA
experiments, with the exception that raw data files are
consolidated using Program 3, Appendix B, in place of
Program 2, aue to the different data scaling required in the
TGA and VTGA data. A thermogram from such'an analysis of

HTPB is shown in Fig. 4-4. This figure contains four
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separate decomposition curves run under identical condi-

, tions; precision is seen to be excellent.
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Fig. 4-4 Low-Heating—-Rate VTGA Thermaogram of HTPB
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CHAPTER V

RESULTS AND DISCUSSION

S.1 Baseline Data

In order to obtain baseline data and to test the
computational algorithms, the decomposftion kinetics of PBAN
and HTPB were measured in the TGA and computed. Thermograms
for PBAN and HTPB are shown in Figures S-la and S-1b,
respectively, and the calculated kinetic parameters are
given in Tables 5-1a and S-1b. Global Arrhenius parameters
for these polvymers have been computed for 0.10££0.303
Arrhenius parameters have also been computed for 0.10£xf0.90
to facilitate comparisan of the data with the literature.
The thermograms shown in these figures are for heating rates
varying fram 0.05 9K/s to 3.3 °K/s (3 9°K/min. to 200
°/min.) as is indicated in the upper left-hand corner of
each figure.

Several observations can be made concerning this data.
Firstly, as wusual, the decomposition shifts to higher
temperatures as the heating rates are increased. (See Egn.
2-4). Secbndly, this shift is proportionally less at higher
heating rates. Faor example, the difference in heating rate

between curves a and b in both of these figures is 0.033
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Fig. S—1a. TGA Thermaograms of PBAN - Bulk Sample.

9%C/s, whereas, the difference in heating rate between curves
g and h is around 1.67 °C/s. - aover fifty times greater.
Yet the shift in temperature is about the same. Thirdly,

precisiaon of the data appears to be quite good, and corre-

sporiding kinetic values in Tables S-1a and S-1b are in reason-

able agreement with values from the literature, Table S-1c,
making some allowance for the expected polymer-to-polymer
variability. Lastly, at heating rates of 3.33 °C/s, the bold
lines in Figs. S5-1a and S5-1b, both PBAN and HTPB exhibit

anomalies which could be interpreted as evidence of two
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Table 5-1a. T6A Kinetic Results for PBAN - Bulk Saaple

Ea : cal/mole
Ao osec! l
Bt s |
T + % i
Itea 12 Mater1al Ea A n [ de = 1y T Range Analysis  Source l
|
0.1440.3 |
I 240196-10 PBAN 11875 1.175E+) O §.0500 9.083-0.28 oe3-0¢ Cr TGA |
2 2401B4-09 PBAN 11269 1.096E+0 3 0.0833 9.081-0.28 s26-701 CR 756 f
3 2640186-08 PEAN 13556 l.141E+l 0 0.l887 0.082-0.28  543-71t CR 76A i
4 260186-11 PBAN 13932 2.547E+l ¥ 0.3333 9.081-0.30 653-723 iR T6A ?
S 200185-03 PBAN 17499 7.268E+1 ) ).8333 0.091-0.39 43e2-738 CR T6A
3 240186-02 PBAN 15239 1.368E+2 O 11,0000 0,085-0.29 673-739 CR 18R ‘
7 260186-05 PBAN 17719 1.392E+3 0 1.s667 0.084-0.29  489-749 CR T6A |
d 240186-07 FPBAN - - - 3.3333 - - -
0,15a80.3
9 200186-10 PRAN 16545 5.629E+l 90,0500 0.083-0.88 623-733 CR 164
10 26186-09 PBAN 15969 S5.249E+t U 0,.0833 0,981-).89  426-743 CR 164
11 260186-08 FPBAN 17719 3.231E+2 0 i.lse7 .082-9.86  643-750 ] 764
12 260186-11 PBAN 17309 2.347E+1 ¢ 0.3333 9.081-9.36 853-T4 R T6R
13 24018a-03 FBAN 20174 S.307E+3 ¢ ¢.3333 ).091-9.86 sd2-781 (R TG4
14 200186-02 PBAN 19473 4.04lE*3 0§ {0000 9.085-0,36 $73-789 CH T6A
15 240186-05 FPBAN 21225 1.9256E+4 ) [,8687 0.084=0.29  »89-794 CR 164
la 240186-07 PBAN - - - 3.,3333 - - -

competing chemical processes, which only become distinct
at the higher heating rates. This would perhaps be more
apparent if the derivative of these curve were shown.

Closer scrutiny suggests that the anomalies in the
higher heating rate curves are in reality physical processes
related to the geometry of the sample - most probably due to

entrapment and escape of decaomposition products or low

. T ——
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Fig. S-1b. TbA Thermograms of HTPB - Bulk Sample.

molecular weight material in the interior of the sample. This
conclusion was arrived at by repeating these test with
samples in the form of thin films.

Figures S-2a and 5-2b contain this data. The samples
were deposited on small strips of pre-oxidized stainless
steel in similar fashion to the VTGA sample preparation
described in Chapter IV. This procedure also facilitates
the comparison of the TGA data with the VTGA data. The
corresponding kinetic data for these curves may be found in

Tables 5-2a and S5-2b. It can be seen that no such armomalies
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Table S-1b. TGA Kinetic Resuits for HTPB - Bulk Sample
Ea : cal/aole
At osec-l
i ¢ -sec-t
T %
ltea ID  Materi1al Ea A ng I = Ay T Range Analvsis  Source
!
I
0. 15a80.3
1 290186-09 HTPB 32188 S5.334E+6 0 0,0500 0.10 -0.28  672-700 < 76
2 £90186-08 HIPB 29657 1.093E+s o 0.7833 0.10 -0.30 §75-708 R T6A
3 290186-06 HTPB 23729 [.549€+4 0 0.1847 (.10 -9.28 &87-725 CR T6A
4 290186-01 HWTPB 21938 7,432E+3 0 10,3333 0.10 -0.23  492-732 CR T6h
§ 2901846-02 HTPB 16102 1.952E+2 0 9.3333 0,16 -0.29  696-750 CR 164
5 230186-03 HTPB 16329 2.371E+2 0 1.0000 .10 -9.29 o98-7I93 CR 164
7 290188-04 HTPR 13624 4.391E+1 O 1.5667 0.10 -0.30  97-75% R T6A
3 290184-03 HTPB - - -~ 3,333 - - - -
9 290185-09 HTPB 40770 3.794E+9 O 0,0500 0.10 -0.87 872-723 CR TG4
10 29018&-08 HTPB 37384 4.437E+3 0 10,0833 0.10 -0.87 &79-732 CR THA |
11 290186-06 HWTPB 33732 2.998E+7 0 1,1887 0.10 -0.88  487-752 (R 68 g
12 290186-91 HTPR 30354 3.88%E+¢ 0 0.3333 0.0 -0.39 492-743 LR T6h |
13 290186-02 HWTFB 24851 1.289€+5 0 0.8333 0.10 -0.89 %¢-782 R 16A
14 2901846-03 HWTPB 24749 1.2974+¢3 o 1.0000 0.19 -0.90  498-788 R T6s
15 290186-04 HTPB 19845 6.273E+3 0 1,4667 0,10 -0.87  §97-794 CR T6R
le 230186-05 HIPB - - - 3,333 - - -
4
exist in the thin film data! This suggests that this

phenomenon is a function of sample geometry; most probably,
at higher heating rates, trapped vapors in the interior of
the sample can not diffuse Eo the surface with sufficient
rapidity. Gases apparently escape all at once when the
pressure within the sample rises to a sufficient level. The

rate of decompositinn becomes diffusion limited, at least in
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Tatie 3-1c. Literaturs Values af Kinetic Constants

| Ea i calisole
A 0 osec-!
s ¢ ¥K-sec-|
T oo
[tes iD Material Ea A n 3 a0 - af T Range Analysis  Scurce
i
Pl - HTPR 23228 3.33E+3 2 D157 D -1 - CR TGAL30,Th] 51
|2 - HTPB 26775 8.22E+4 0 0.0333 0=t - CR TBALS0,Thl 3]
k| - HTPB 25132 9.11E+4¢ O 10,0833 9= - CR T7BALSO,TB] S
4 - HTPR 28917 1.03E+s 9 0.1e87 g -t - CR TGAL30.THl S
S - HTPB 25532 .39€+5 0 10,3333 n- - CR TGALS0,TBI 92
8 - HTPB 22419 2.34E+s 0 §.8333 0-1 - CR T6ALS0,THL 51
3 - HTPE  1951a 7.44E+3 0 1.5687 -1 - CR TBALSY,THI S1
8 - CTPR 28000 3.4 E+§ ) -t - DSCISE, Thl 1]
!
(

the early stages. Thus the TGA 1s wunrnable to adequately
represent the thermal decomposition kinetics of these
polymers even at rates as low as 3.33 °C/s when a Dbulk
sample is emplovyed.

It can alsa be seen that the decomposition tempera-
tures of the samples in these figures and those in figures
S-1a and b are virtually identical. It should be mentioned
in passing that it is doubtful if the temperature of the
sample and the furnace are in equilibrium at heating rates
much above 0.3 °C/s. This is why, in the most accurate
work, TGA analyses are normally run at heating rates below

this value.
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Table 5-2a. TGA Kinetic Results for FBAN - Thin Fila.
Ea s cal/aole
R 1 osec-l
$ 1 *X-sec-t
T o+ ¥
Item [0  Material Ea A n3 Tq - d¢ T Range Analysis  Source
0, 1:2i0.3
1 160186-10 PBAN 7087 t.ol13E-1 O 9.0506 9,10 -0.29 608-682 R TG6A
2 160186-09 PBAN 10026 3.24¢E-1 9 0.0833 0.10 -0.29  o19-586 R T6A
3 160136-08 PBAN 1104 2.38SE+0 0 10,1867 0.10 0,30 622-492 R T6A
4 160186-11 PBAN 11335 3.927E+0 ¢ 0.3333 0.10 -0.29 32-700 ] 764
S 1s0186-03 PBAN 15412 2,488E+2 0 10,8333 0.19 -0.29 457-711 R T6A
& 180184-02 PBAN 153911 4,159E+2 ¢ 1.0000 0.10 -0.29  640-714 CR 768
7 160186-01 PBAN 15709 3,322E+2 0 L.0000 0,10 -9.29 461-715 tR T8A
8 160186-05 PBAN 14397 9.219E+2 0 1.5647 0.10 -0.29 662-717 R T6A
9 150186-07 PBAN 17009 J3,522E+¢ 0 3.3333 0.10 -0.29 442-718 - -
|
|
10 160188-10 PBAN 13060 4.802E+0 O 90,0590 0,10 -0.9%  403-730 R 764 |
11 160186-09 PBAN 13957 1.4e9E¢f 0 0.0833 0.10 -9.90  §19-739 CR TBA
12 1o0186-0€ PBAN 13326 1[.593E+1 0 0.1867 0.10 -0.38  522-748 R 168
13 160186-11 PBAN 13552 3.133E+1 0 0.3333 §.10 -0.86 432-743 ] 164
19 160186-03 PBAN 15359 2,419€+2 0 0.3333 0.10 -0.86 857-775 R T6h
S 160186-092 PBAN 15442 2,972E+2 0 1.0000 0,10 -0,89  680-782 CR T6A
1o 160186-01 FPBAN 15474 3.481E¢2 0 1.0000 0.10 -0.86 661-773 (R T6A
17 160186-05 PBAN 15419 4,392E+2 0 1.5647 0.10 -0.87 4e2-788 R T6A
18 150186-07 FBAN 16132 {.179E¢2 0 3.3333 0,10 -0.87 442-792 - -
IR Y [~ 3 V-
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Tabie S-2b.

T6A Xinetic Results for HTP8 - Thin Fils.

gi : cal/aole
A1 osec-|
§ 1 ‘K-sec-t .
T ¢+ %
| Ttea 1D Material Ea A nood Gy - 1¢ T Range Analysis  Source
9.15a30,3
1 31{0184-02 HTPB 25418 4.919E+4 0 90,0509 0,10 -0.29  654-088 CR 764
2 310186-93 HIPR 20902 2.257E+3 0 10,0833 .11 -0.3%  §T4-092 CR 764
3 310186-01 HWTPB 19474 1.193743 0 0.le67 0.10 -0.289 361-792 R 164
4 310184-04 HTPB 18313 9.073E+2 O 0.3333 6.10 -0.29 6469-Tl4 R 16A
d S 310186-05 WTPB 18196 1.S11E+3 0 0.8333 0.10 ~0.29 479-726 CR 66
i 5 310186-07 HTPB 13827 2.3%6E+«3 0 11,0000 J.10 -0.29 483-728 CcR 164
TO310186-09 HTPR 19773 8,408E+3 O 1.6467 0.10 -0.30 489-734 CR T84
3 310186-10 HTPR 23117 1.563E+5 O 3.3333 0.10 -0.30  700-74l iR 164
¢.140:0.3
9 310186-02 HIFB 29383 1.1l6E+6 O 0.0500 .10 -0.38 434-722 [ T6A
10 31018603 HTPB 26144 1.437E+3 00,0833 0,11 -0.90  434-731 R T84
11 310136-01 HIPB 24361 S,452E+4 0 D,15687 0.10 -0.90  5ol-T4s R T6R
12 31618a-06 HTPB 22820 2.834E++ ¢ 0.3333 0.10 -0.89  469-757 R 68
13 310186-05 HIPB 20715 1.037E+4 O 10,8333 .10 -0.90  579-777 R 168
14 310186-07 HIPB 21125 1.573E+4 0 1.0000 .10 -0.88  633-778 R 768"
1§ 310186-99 HTPB 20428 1.383E+4 7 1.a567 .10 -0.89  489-797 R 168
1o 310186-10 HTPB 20051 [.723%E+s¢ - 3.3333 0.10 -0.90  700-302 R 166
e __‘4 L —
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5.2 Low-Heating—Rate VTGA Data

In order to demonstrate that the VTIGA was a functional
thermogravimetric analyzer, a series of thermal decdomposi-
tions experiments were performed on PBAN and HTPB at low
heating rates; in this work every effort was expended to
insure that conditions matched those found in the previous

thin-film TGA experiments.
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Fig. 5-3a. VTGA Thermograms of PBAN

[t must be recognized that low-heating-rate VTGA
experiments are similar to, but not identical with, the

thin-film TGA tests. Samples in the VTGA are subjected to a
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much different convective environment during sample pyroly-
sis. Data from these experiments is presented in Figs. 5-3a
and S-3b and the correspanding Arrhenius data may be found
in Tables 5-3a and S-3b.

In this low—-heating-rate VTGA work, four decomposition
experiments were run at each of three heating rates. The
curves have the same aoverall appearance as those found in
Figures S-2 and display the same dependence upcn heating
rate as found in the earlier TGA work. The precision in
these VTGA curves is excellent! Note, however, that the
temperature range over which the decompositions occur, at
any heating rate, is abaut 20 °C lower than found in the
corresponding TGA data. This was found to be the case in
all VTGA experiments in this work., It is believed that this
is the result of the different convective environments in
the two experiments.

Both PBAN and HTPB polymers decompose via a random
depolymerization mechanism, producing products which are
both liquids and gases. Providing of course that the decom-
position is nat diffusion limited, gases formed upon decom-
position immediate leave the sample, and consequently
produce an immediately weight loss. However, this is not
necessarily the case with liquids. Liquids formed during
decomposition in the TGA can remain on the sample or in the

sampie pan and evaporate at some later time.
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Table S-3a. VYTGA Kinetic fesults for FEAN - Low Rate.
€a : cal/mole
A 5 sec-l
3 i -sec-!
T+ K
[tee ID  Material Ea A no3 Ig - d¢ T Range Analysis  Source
O.4:a3 0.3
1 130286-01 PBAN 19994 L.714Ees 0 1,0000 0.10 -0.29 s44-686 (] TG
2 130286-02 PBAN 20749 2.32SE+e 0 10000 0.0 -0.30  8S0-892 R 164
3 130284-03 FPBAN 20928 3.97{E+a 0 [.0000 9.10 -0.29  o4u-s82 R 754
4 130286-04 PBAN 21944 8.138E+s 0 L0000 0,10 -0.30  850-487 R 184
S 130286-05 PBAN 23639 4.03SE+S O [.0867 .10 -0.30 458-693 R T6A
& 130285-06 PBAN 33732 3.999E+5 0 l.0607 .10 -0.29  662-095 R T6A
T 130286-07 POUAN 24410 T7.105E+S 0 1.5087 0.10 -0.29  660-693 (] T84
3 130286-08 FOAN 20706 o.384Eed U 1.0087 0.10 -D.29  §52-491 CR 160
3 130294-09 PRAN 22879 3.104E+6 U 3.3333 0.10 -0.29  449-706 CR 164
17 130286-10 PBAN 25704 S.730E+a ¢ 3.3333 0.10 -0.30 474-70s (R T6A
11 1302846-11 PBAN  2b4ch 4.763E+s 0 3.3333 0.1l -0.29 373-701 CR T6A
12 130286-12 PBAN 24705 1.322B+4 0 3.3333 4.10 -0.29 468-701 R 168
Uodie:0.9
13 130286-01 PBAN 20239 2.103E+4 0 [.0000 0.10 -0.39 936-735 CR T6A
le 130264-02 PBAN 21263 +.273E+¢ O 1.0000 (.10 -0.89  aS50-735 R Tan
19 130286-03 PBHAN 18730 6.967E+3 0 L0000 9.10 -0.89  844-737 cR TGA
te 130286-04 PBAN 20123 1.392E+4 O 1.0000 .10 -0.87 850-73% R T6A
17 130286-05 PBAN 19353 1.420E+¢ o [.5667 .10 -0.88 458-749 R T6A
18 130284-06 PBAN 19029 1.039E+d O 1.4647 0,10 -0.89  se2-755 CR 164
19 130286-07 PBAN 19826 2.000E+4 O 1.5667 0.10 -0.89  660-750 R 764
29 130286-08 PBAN 17362 3.163E+3 0 1.5647 0.10 -0.38  649-748 CR T6A
12 130286-09 PBAN 19260 1,926E+¢ 0 3.3333 9.1) -v.98  649-748 ] T6A
22 130286-10 PBAN 18487 1.083E+4 O 3.3333 0.11 -0.38  74-749 CR T6A
23 130286-11 PBAN 18557 1.188E+4 0 3.3333 0.1l -9.89  473-749 R ToR
24 130284-12 PBAN 19049 1.781Ee4 0 3.3333 0.10 -0.87  646-769 CR 164
N _ Sna - et ———————
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Taole 5-3b. YT8A Kinetic Results for HTPB - Deposited on 304SS froa Toluene
Ea : cal/nole
R 1 zec-!
g & 'K-sec-l
T ¢+ %X
[tea 10 Materwal Ea A n 3 Tq - Ae T Fange Analvsis  Source
9.144¢ 0.3
| 09028s-13 HTPB 18510 4.887E+3 0 [.0000 0.10 -0.30  647-690 CR VTBA
2 090284-14 HTPB 17703 2.540E+3 0 1.0000 0.1t -9.29  630-692 CR Y764
3 090284-15 HTPB 18442 4,342E+3 0 1.0000 0.10 -9.29 632-4%4 CR YTBA
4 030286-16 HTPB 17109 1.851E+3 0 L[.0000 0,11 -0.29  648-691 R Y164
S 09028601 HIPR 18901 2.487E+3 0 l.ee67 0.10 -9.30  542-890 (R YT6h
6 090286-02 HTPR 20815 4.822E+4 0 1.8647 0.10 -0.30  550-493 CR V164
7 090288-03 HTPE 18153 4.40%5E+3 D l.e667 0.10 -9.30  443-589 R YTER
8 090286-04 HTPB 13337 8.919E+3 0 1.6647 0.10 -0.30 638-483 CR YTEA
? 090284-05 HIPR 177401 7.340E+3 0 3.3333 0.15 -0.29  632-700 R Y754
10 090284-06 HTPB 18173 1.032E+4 0 3.3333 0.1l -0.28  454-097 CR VT6A
It 090286-07 HTPB  1S573 1.445E+3 0 3.3333 0.10 -0.29  b46-698 CR Y16k
12 090284-08 HTPR 22254 2.263E+5 0 3.3333 0.10 -9.29  662-699 R YTGA
|
9.1:0:0.9 |
l
13 090286~13 HTPB 17922 3.092E+3 0 10000 0.1y -9,87  de7-Tis (R VTG |
14 090286-14 HTPB 18025 3.333E+3 0 1.0000 0.11 -0,90  850-745 R VT6a ?
15 090286-15 HTPB 18371 4,127E+3 O L.0000 0,10 -0.87 4S2-Thé CR JT6A !
I6 190286-16 HTPB 17198 1.784E+3 0 1.0000 0.11 -0.89  548-T4e CR VTG4 |
17 090286-01 HIPB 16271 1.S5I1E+3 0 1.6667 0.10 -0.89  bed-747 (R VTGA
13 090286-02 HTPR 17507 3.512E+3 0 1.4467 0.10 -0.98  450-7%2 CR VTBA
19 090285-03 HTPE 146060 1.209€+3 0 1.4687 .10 -0.90 ak3-7Sk R VTGA
20 090286-04 MWIPB 15883 1.207E+3 0 1.5667 0.10 -0.89  438-747 R Y164
12 090286-05 HTPB 15020 8.57bE+2 O 3.3333 0.10 -9.89 452-773 R VT6A
2 090286-06 HTPB 15716 1.524E+3 0 3.3333 0.11 -0.90 4a%54-770 CR VTGA
23 090286-07 HIPB 13834 J.663E+2 0 3.3333 0.1l -0.87  84e-770 CR VTBA
26 090284-08 WTPB (5864 1{.570E+3 0 31,3333 0.10 -0.88  4e2-772 R VT5A
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Thus even though the sample has decomposed, there is no
apparent weight loss until the sample is at a higher temper-
ature. In adqition, liquids farmed can condense on cooler
parts of the apparatus and obscure the results; this was
actually observed in the decomposition of these polymers,
particularly with PBAN. In the VTGA, on the other hand,
liquids formed during decomposition would vaporize much more
readily, due the much greater convective environment in
which the sample pyrolyzes.

In Table 5-3a are the calculated Arrhenius parameters
for PBAN obtained with the VTGA. This data shows fair
agreement with that obtaimed in the thin-film TGA work.
Global energies of activation are slightly higher than in
the TGA work, this may illustrate that evaporation is a
significant factor in the TGA decomposition of PBAN. Results
for HTPB, Table 3-3b, are in excellent agreement with the
thin-film TGA work. Global energies af activation are
graphically presented in Figures S-4a and S5-5b for both the
low—-heating-rate TGA and VTGA work; data points for the VTGA
results in these figQures represent the average of four
distinct experiments.

Given the precision in the VTGA curves and the ability
to measure reasonable values of Arrhenius parameters for
these polymers, the claim is made that this device is indeed
a functioning therm;gravimetric analyzer possessing some

distinct advantages over the conventioral methods. These
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advantages include: small sample size, 0.5 mg; samples are
thin films in contact with a goed heat sink, minimizing
thermal irregularities with in the sample; sample tempera-
tures are measured directly; condensation on the cooler
parts of the instrument waould not significantly affect
results; results are independent of buoyancy and vapor
pressure effects in the sample pan, and elevated heating

rates are possible.
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Fig. S-4a. Low-Heating-Rate Global Ea’s for PBAN.
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5.3 High-Heating-Rate Results
35.3.1 PBAN

A series of pyrolysis experiments were conducted on
PBAN at increased heating rates., Heating rates varied from
around 20 °K/s tao 60 °K/s. It is worth mentioning again
that very little control over the heating rate was possible
with the induction heating unit used in this work, and the

upper temperature limit was restricted to values below about

gebannih,
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830 °K. The upper bound on the temperature was mainly
imposed by the availability of materials for heating element
fabrication. (The only available ferromagnetic fine gauge

tubing available at the time was 304 stainless steel.)
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Fig. 5-5. VTGA Thermaqrams of PBAN - High-Heating-Rate.

Figure S-S5 contains typical results for the decomposi-
tion of PBAN. Sample sizes were between 0.25 mg and 0.5S0 mg
which of course were applied as a thin film to both sides aof
the strip -~ about 0.125 mg to 0.25 mg per side. Heating
rates are over an order of magnitude Qreater than those

presented in the previous section.

T
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Comparing the data 1in this figure with that of Figs.
S-2a and 9S-3a,; several differences are apparent. The
temperature range of the decomposition has shifted to
slightly higher values, and this range has become narrower.
This implies a higher rate of decomposition as can be seen

by the steepness of the curves. This translation to higher

Table S-4. VTBA rinetic Results for FBAN - High Rate.

E Ea : cal‘acie i
!a : sec-| i
18 1 Y-sec-t !
T & |
i
itea [0 Material Ea A nooa to - af T Range  Analysis  Source i
i
= i
‘ 0,143 9.3
I 190294-10 PBAN 33386 2.457E+9 0 7.4 310 -0.29 714745 CR v1GA
2 190296-09 PBAN 26495 1.USSE+T 0 4e.e .10 -0.30 728-743 R YT6A [
3 190286-13 FBAN 23013 3.040E+s 2 Se.a D10 =9.29  740-77% R JT6R
4 190284-11 PBAN 24072 9.447E+s v 59,1 0,10 -4.38  743-784 CR vTGA |
|
| !

temperatures is more pronounced in the early stages aof the
pyrolysis, and pyrolysis at these higher heating rates
occurs over a much narrower temperature range. The kinetic
constants for PBAN are presented in Table S-4. The global
Ea’s for PBAN presented in the previous section were about

25 kcal/mole with A’s of about 10®; the values presented in

-
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Table S-5 are for all intents and purposes the same. This
coupled with the similar shaped pyrolysis curves would
suggest that about the same physical/chemical processes are
occurring at these elevated heating rates as are occurring

at the lower rates.
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Fig. 5-4. VTGA Thermogram of HTPB - High-Heating-Rate.




S5.3.2 HTPB.

F1g. S5-6 contains the results of the high heating rate
experiments on HTPB. As with PBAN, sample sizes are between
0.25 mg and 0.350mg. These were deposited on the pre-oxidized
heating element from a solution of the polymer in Toluene.
There are very obviocus differences between thermograms in
this figure and those found in figures S5-2b and 5-3b. Not
only are the overall shapes different, but the decomposition
has shifted to slightly lower temperatures. Comparing these
curves with those in Fig. S5S-3b shows that with the exception

of curve a the onset of the decomposition is at about the

Table 5-5. VTGA Kinetic Results for HTPB - High Heating Rate.

Ea : cal/aole
A 3 osec-i
g ¢ W-sec-i
T '+ ¥
[tee [D  Material €a A nooa Is - ar T Range wWnalvsis  Source
O.tsa 0,3
I 170286-16 HTPD 89601 7.564E+31 9 20,5  9.10 -0.30  Ad4-si2 R Y164
2 170286-19 HTPB  &9%u43 2.803E+23 0 26,6 0.10 -0.29  s34-0us LR YT6A |
J 190284-92 HTPR 92830 8.321E+27 0 2%.& 0.1l -0.30  438-s48 R VTGR
b 190286-03 HTPB 79153 1.97SE+26 0 2B.9 0.0 -0.29  545-454 CR VTBA
3 170286-20 HTPB 78499 S5.922E+25 0 28.5 0.1' -0.29 452-66d R YTEA
5 170286-17 HTP8  @4al2 2.483E+27 0 37.7 Q.11 -0.30 663-874 R VTGA
7 170286-13 HTPB 71930 2.976E«22 0 49.7 0.1 -0.29 489-701 CR VTEA
3 190286-06 HTPB 96880 1.038E+30 0 38.5 0.'l -0.28 710-720 CR VTBA

temperature, but the rates are significantly higher.
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The lower portion of the curves are much more protracted,
possibly, but not necessarily, indicating a shift in the
apparent order of the decomposition. (See Fig. 2-3a.) With
but one exception there is a trend to higher temperatures as
heating rate to the sample is increased. Examination of the
calculated kinetic parameters presenteﬁ in Table S5-6 shows
that there has been a dramatic change in the global Arrhe-
nius values. Ea’s have increase from below 20 kcal/mole to
around 80 kcal/mole. All this would indicate a radical
shift in decomposition mechanism. These values are start-
lingly high compared to the previous results, and to the
high-rate data in the literature. In mitigation, it must be
remembered that bond energies in HTPEB are around 80
kcal/mole; if the global energy of activation is interpreted
in terms of the weakest bond in the molecule, then these
values do naot seem as wunrealistic. These larger values
could also be explained in terms aof the finding of Gontkov-
skaya, et al. [(31], discussed in Chapter I. In this work
the authars solved rate expressions with heat transfer for
the cases where the decomposition proceeded via several
parallel reactions. They showed that an increase in heating
rate promotes the course of the reaction along the path with
the highest activation energy. Real-time chemical analysis
of the decomposition products would be necessary in order to
draw any meaningful conclusions as to the details of the

processes which are occurring.
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S5.3.3 AP

The VTGAR was designed to measure pyrolysis data on
polymers. It was felt that crystalline materials would not
adhere to the heating elements during rapid heating. Several
runs were made on ammonium perchlorate to demonstrate this.
Surprisingly, it was possible to make kimetic measurements
on this material wusing both the linear furmace and the
induction furnace. Sample size was again between 0.25 and
0.30 mg only in this case it was deposited on the metal
strip from an acetone solution. Many applications of the
solution were required to build up a sufficient quantity of
sample. Several pyrolysis curves are shown 1in Fig 5-7a.
Curves a - and b were obtained with the linear furnace while
curve ¢ was obtained with the induction furmnace. The inset
in Fig 5-7a shows curve ¢ as it was recorded. The abrupt
weight loss at 3545 °K corresponds to the temperature of the
crystalline phase change in AP; apparently this is suffi-
ciently violent to loosen some of the AP which was affixed
to the heating element. Normalizing this pyrolysis curve
produces curve ¢ in the main figure. Corresponding kinetic
data may be found in Table S5-6. A comparison of this data
with the literature values given in the lower portion of the
table is shown in Fig. S-7b. (The numbers in Fig. S-7b
refer to item numbers in Table S-6.) It is well known that
the Ea of AP is strongly dependent upon the temperature of

the decomposition, the data in this figure is presented as a




function of temperature,

data in Table

S-6, items 1 through 3.

where the box represents

the

Table 5-4. VTBA Kinetic Results for AP - Deposited on 30453 froa Acetone

VTGA

t

Ea : cal/aoie

b osec-|

g ¢ "W-sec-l

T + %

[tes 1D Material E£a A n 8 20 - 12f T Range Analysis  Source

g,43a8 0,3

1 130286-13 AP 25168 B8.953E+7 0 1.00 il -5.28  S58-578 CR VT6A
2 130294-15 AP 28172 S.906E+8 0 3.3 0.10 -0.29  584-~404 CR Y164
3 190236-15 AF 36145 7.0lbE¢ll 0 32.8 Tt -9,29  §32-o%e R IT6A
4 AP(90ra; 230000+ - 1 0.16-0.3 29 - | 813-483 DSH TBA(S4)
S AP(90Rm) 560008 - 1 - o~ 873-713 OSh  TBALS4)
8 AP 25100 - 1.2 - 0.0 - 0.2 583-373 13 6 (35
7 AP(BOre; 44700 - 2 - 0 -1 " b43-473 cc 6 (S5]
3 APtShra) 35700 - 2 - b= 17 543-873 cL 5 (33)
9 AP(20rei 31000 - 2 - -1 7 543-673 cc 6 (SS)
10 AP 33490 8.950E+10 3 - 3 -17 - AE § (331

+ Actual Yalues for
§ Pre-decosposed on

in tesperature range were reported as "slightly less than 30 kcal/eole.

DSC to investigate high teepera’ure region.
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CHAPTER VI

CONCLUDING REMARKS AND SUGGESTIONS

6.1 General Remarks

In the previous chapter it was demonstrated that it is

possible to make a mass measurement of a sample during rapiad

pyralysis at heating rates up to &0 °C/s. Pyrolysis curves
s0 obtained, agreed well with curves obtained wusing a
conventional TGA. The precision demonstrated in Figs. S5-3a

and S-3b is excellent. Kinetic values are 1in reasonable
agreement with the TGA and the literature. With a better
inductive heating unit and data-line frequency response, it
should be possible to attain rates of several hundreds of
degrees per second. Nevertheless, given the serious limita-
tinns 1in the current induction heater, results obtained at
the these higher heating rates are fairly good - at least
reasonable. Maoreover, the work demonstrates that using
vibration to make sensitive mass measurements is feasible.
As far as is known to the authar, this is the first device
which will maké continuous mass and temperature measuremenés
on sub-~milligrams sample at heating rates above about 3.3

°C/s.




6.2 The Method - Advantages and Disadvantages

VTGA apparatus has several advantages over existing TGA
equipment. However, in its present form, there are also
scme glaring design deficiencies which need to be re-worked
in order to have a routinely usable instrument at heating
rates of 100 °C/s or better. It is believed that by cor-
recting some of the design deficiencies; the most important
of which is the high-heating-~rate control and frequency of
the data-line, the instrument would be capable of routine
analyses at heating rates of 100 °C/s. Thermal decompasition
experim;nts at heating rates, which would be relevant to
;olid propellant combustion, would of course require a new
experimental approach using high-energy lasers of 1000 Watts
or more to heat the sample.

6.2.1 Advantages

The instrument has several clear advantages for the
thermal analysis aof palymers over the traditiornal TGA which
uses the double-beam balance. In TGA’s, buoyancy and
convection can affect the most sensitive mass measurements;
this would be particularly true of energetic materials
which give considerable off-gassing during decomposition., It
has been shown (53] that significant pressures of pyrolysis
products exist within the weighing pan during decomposition.
Moreover, condensation of pyrolysis products on the cooler
parts of the balance mechanism can effect overall results.

This would be a minor concern in the VTGA. Rapi1d-off




gassing would still affect the motion of the tube to some
degree, but, this would occur only at the highest rates.

Conventional TGR’s, suffer from problems in the accu-
racy with which they can measure temperature. The sample is
not in contact with the heat source nar is it in contact
with the thermocouple. This results in considerable thermal
inertia and limits heating rates to very low values. Mare-
over, due to exo- and endo-thermal processes taking place
within the sample, the actual sample temperature may De
significantly different than the indicated temperature; this
has been shown to be critical in the amalysis of results
(31). Since the samples in the VTGA are thin films, this is
not expected to be as great a problem; these films are in
intimate contact with the heat source and the thermocouple.
This heating element/thermocouple is a good heat sink -
thermal gradients across the sample will not be as signifi-
cant. Thin film samples also reduce trhe problem of diffu-
sion of subsurf;ce gaseous products to the exterior. The
relative importance of each these limitations are pointed
out in Ref. (353].
6.2.2 Deficiencies

The present design of the apparatus is far from opti-
mum, Improvements can be made to the laser, and signal
conditioning and data lires; major improvements need to be
made to the heater control system.

The Laser. Low mW lasers, like the ane used in the




VTIGA frequency detection system, are mainly used for align-
ment of optical systems, with the result that the quality of
the emitted light is often poor. [t may contain consider-
able 60 cycle noise, particularly if a low quality power
supply 1s used. The photocell can not differentiate oetween
noise in the light source and the sigrnal generated by the
oscillation of the tube. The presence of noise requires
oscillation of the tubes at amplitudes greater than 1| mm. To
a certain extent it impacts on the sensitivity of the
measurement; also, the higher the amplitude the more pro-
ngunced is convection in the area o% the sample. By switch-
ing to a higher gquality laser during this work, it was
possiﬁle to determine the period of oscillation to another
decimal place. Presumably, better gquality lasers would
further improve results.

Signal Conditioning and Data Acquisition. Time
resalution of the apparatus could be improved by going to
nigher frequencies; shaortening the tube is of course the
simplest way of doing this. As the sample volatilizes, the
amplitude decreases, and frequency increases. At times, the
amplitude decreases sufficiently, such that the S/N ratio in
the feedback loop is high enough to cause the motiom of the
tube to stop. For this and other reasons it is desirable to
maintain the amplitude constant during the test. This
indicates the need for a servo-loop as indicated by the

dashed box in Fig. 3-4. This servo-system would increase

- o L
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the emf to the main feedback-locop when a decrease in RMS
voltage was detected in the circuit. [t would function in
much the same way as does a radio which maintains constant
volume as the automobile travels into areas of varying

signal strength.

The FVC currently used, operates at O to 10 wvolts for

an input of O to 10000 Hertz; thus, at 180 Hertz, we are
operating on the outer limits of its performance range. This
necessitates the use of extensive filtering of the signal
and the use of a differential input at the scope, Fig 3-63;
both of these seriously limit the frequency response of the
mass data-line. It would be much more desirable to replace
this with a frequency to voltage converter operating at O
-10 Volts over O -1000 Hertz, or better still, a zero
crossing detector/counter combination.

Heater Control. The principal limitation cf the VTGA is
in heating rate control at high heating rates and the
ultimate temperature attainable. Improvement to the heating
rate control would require the constructian of an induction
heating wunit which permitted a variable power output to the
induction coil and longer heating times. (The ome used in
this work was limited to 9 s.) A iemperature-heating rate
servo-loop to linearize and control the heating rate would
go a long way to improve the results. In subsequent wark in
this area, small ferromagnetic tubes should be manufactured

s0 that heating-element/thermccouple combirations can be

.
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fabricated which are capable attaining higher temperatures.

6.3 Suggested Wark.

6.3.1 Experimental

A very interesting experiment would be the modification
of Baer’s and Hedge’s rapid pyrolysis experiment (101 to
include the feedback-loop/mass measuring system used in
present work. Their experiment is briefly described in
Chapter I. Baer was able to rapidly heat thin films of
pol}mer which were mounted on a thin metal strip which also
served as a heating element. This heating element was fixed
between two supports and heating was accomplished by passing
a strong electric current through the strip. Mass measure-
ments were made discontinuously by "quenching" the sample
with a cold blast of air arnd weighing the strip. Sample
temﬁeratures were measured using an infrared radiometer
“looking" at the back side of the heating element rather
than at the sample itself; this eliminates the problem of
radiation absorption by pyrolysis products. Radiometers are
available with 8 Hs response times, a significant improve-
ment over the thermocouple (3 ms). (A similar radiometric
temperature measurement scheme could be used with the
present quartz tube arrangement.) If Baer’s 25 Hm thick
heating element were mounted in such a way that it could
vibrate, introduction of the feedback-loop system used 1in

the present work would make a continuous mass measurement
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possible. Mareover, with this arrangement it should be
possible to aobtain higher frequencies of vibration than with
a cantilevered tube, and hence, obtain better time resolu-
tion. The frequency of vibration would depend upon the
tension in the vibrating metal ribbaon. The tension of
course waould have to bhe kept constant; this difficulty has
apparently been overcome by Gast and Jokabs [&43,441. Such
an arrangement could effectively be implemented at pressure.
And heating rates up to several hundreds of °C/s would not
be unreasonable with such an arrangement.
6.3.2 Theoretical.

In the linear pyrolysis experiments reviewed in Chapter
1, reported values for global energies of activation for
HTPB and PBAN are between 10 and 17 kcal/mole. The bond
energies for the weakegst bonds in these molecules are,
nowever, closer to 80 kcal/mole. The relatively low values
for €a have been attributed to evaporation being the rate
limiting step at the higher heating rates. (It was pointed
out in Chapter I that evaporation could be expressed in
terms of an Arrhenius type expression, Egn. 1-9.) This
argument has also been used by Chaiken [27] to explain the
shift to lower values of Ea when PMMA is decomposed at
higher heat fluxes. It would be interesting to determine if
this shift to lower values has a plausible theoretical
foundatiaon.

In Chapter [, the wark of Gantkovskaya, et al. {30,323
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was described wherein they analyzed the kinetics of decom-
position with heat transfer for a material decomposing via
two parallel reactions. Numerical solutions to the differ-
ential equations showed that higher heating rates promoted
the process with the higher activation energy! This result
would seem to be at odds with the explanation of Chaiken and
others.

In related papers they analyze and numerically solve
the case of sequential reactions. (32,331 In a similar
fashion, the decomposition/vaporization of a polymer can be

described as a sequential processes; Egn. &-1:

k
P lﬁ;nl K: o n, (b-1)

where, nl 1s the caondernsed phase decompositior product of
the polymer, P, and n2 is the product of vaporization of nl.
K, and ke are the rate constants for the decaomposition and
vaporization, respectively. The following equaticons would

describe the process:

dt

dp, -
= - Al e EI/RT B (&-2)
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dn, i
= - R+ Ae EMRTP: (6-3)
dt
dT S
cp =0 Aae BRTL LR AH -« (T-T (6=-4)
dt v \% s
with the initial conditions,
= / - T = -
5 dT/dt‘ T - IS - I}, pl = I’ ’71 = O (b 5)
where R is the rate of vaporization of ni, given by

the non-dimensional form of Egn. 1-9. ;t would be interest-
ing to see if the numerical solution to this set of differ-
ential equations, for plausible values of the various
parameters, would vield situations where vaporization would
be the rate limiting condition. Reasonable values for some

parameters may be found in [(12] and (153.

6.4 Canclusions
1. Global Arrhenius parameters are 1in general not
constants and must be empirically determined - this is
particularly true for complex substances such as polymers.
2. Arrheﬁius parameters used in kinetic and combus-

tion models must be empirically determined under conditiaons
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similar to those over which the model is to be used and
considered valid.

3. Global kinetic parameters can be strong functions of
the experimental conditions,; for example, heating rate,
pressure, and temperature; calculations which determine
Arrhenius parameters from experimental data, should make
this determination over as narrow a range in these condition
as is possible.

4. In order to obtain the maximum benefit from high-
heat-flux experiments, numerical techniques for the smoo-
thing of thermal analysis data, and for the integration of
the rate expression over finite limits, need to be devel-
oped;

3. An algorithm which wuses only the early stages of
decompositian for determimnation of Arrhenius parameters
necessarily requires fewer assumptions as to the details of
the decomposition; no assumption as to reaction order is
necessary.

6. Glaobal reaction order is an empirical parameter
dependent upon the details of the experiment.

7. Construction of a thermogravimetric analyzer which
uses vibration (VTGA) to measure small changes mass of thin
polymer films is feasible. Moreover, it is possible to
construct such a device where the sample is in contact with
the thermocouple. Such a device is not impaired by effects

such as buoyancy, condensation of products, and to a certain
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extent, sample off-gassing.

8. The VTGA developed in this work 1is capable of
measuring the decomposition kinetics of thin polymer films,
at heating rates up to 3.33 °C/s, with a precision and
accuracy at least as good, and probably better, than a
conventional TGA.

9. The present VTGA design can measure decomposition
kinetics of polymer films at heating rates in the range of
20 - &0 9C/s. ;3 major redesign of the induction heater and
FVC will be necessary to precisely and accurately represent
the high-high-heat flux kinetics of polymers at varied and
reproducible heating rates. Such a redesign should provide
for programmable heating rates - not necessarily linear.
Redesign should permit operation at heating rates in excess
of 100 °9C/s.

10. OQver the small variations in mass used in the
VTGA, the calibration is essentially linear; this greatly
simplifies the use of this device.

11. Tﬁe TGA could not successfully determine kinetic
constants for bulk samples of HTPB and PBAN at heating rates
3.3 ¢9Crs. At heating rates above this value it is likely
that the decomposition in bulk samples is diffusion con-
trolled. It is also doubtful that thermal equilibrium exists
in the TGA test cell even at this low rate.

12. Data indicates that PBAN 1is likely to decompose

via the same mechanism at heating rates of 0.5 °C/s - 3.3
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°C/s as it does at heating rates of 40 - 460 °C.

13. Data indicates that there is a change the control-
ling mechanism or the path in the decomposition of HTPB when
heating rates are changed from values around 1 °C/s to
values of about 40 °C/s,

14, It is possible to determine kinetic parameters of

crystalline materials in a VTGA-type apparatus.
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APPENDIX A

EQUIPMENT, INSTRUMENTATION, AND MATERIALS

Equipment and Instrumentation.

Item.

1. IBM-Personal Computer

Manufacturer: IBM Corporation

Configuration: S15K Ram Totalj two 360K Floppy disk drives;
Quadboard II Expansion Board, w/ two Serial
Ports, Clock, 256K Ram; Amdek 300A Monitor;
Hercules Color Card w/Parrallel Port; HP
7470A Digital Plotter; Okidata 92P Printer.

prtfatalhadueu

2. Nicolet 4094 Digital Osciloscope

Manufacturer: Nicalet Instrument Corporation
S5225-2 Verona Road
Madisaon, WI 53711

Configuration: Model 4562 two-channel plug-in, up to two
MHertz sampling rate both channels; single
Floppy Diskette Drive; RS-232 Computer
Interface.

3. Vibration Exciter (Mini-Shaker), Type 4810

Manufacturer: Brel & Kjaer
DK-2850 Naerum, Denmark

Specifications: Force rating 10 Newton Sine Peak; Frequency
range 10 Hz to 18 kHz; Max. bare table
acceleration Sé6g; First axial resonance
above 18 kHz.; Max. displacement & mm.

4. Neff Model 122 DC Amplifier

Manufacturer: NEFF Instrument Corporation
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1088 East Hamilton Road
Duarte, California @@1010

a. Configuration: without bandpass filter.

b. Configuration: with bandpass filter.

S5S. DC Power Supplies

Manufacturer: Hewlett-Packard Co.
1501 Page Mill Road
Palo Alto, CA 94304
a. Specifications: HP 6215A, 0 - 30V, O -S00 mA.

b. Specifications: HP 6228B Dual Power Supply, O - S0 Vv, 0

-1 A,

c. Specifications: HP Harrison 6204B, 0 - 4 VvV, 0 - .3 A; O
-20 4V, 0 - .6A

é&. Laser

Manufacturer: Uniphase, Inc.

Confiquration: Model 1101
Max-Power | mW, Beam Diameter 0.63 mm
Power Supply, Extermnal Type, Model 1201-1

7. Qptical Bench and Maunts

Manufacturer: Ealing Corporation
Pleasant Street
South Natic, Mass. 01740
a. Specifications: Model 22-68%4, | meter.

b. Specifications: Model 22-6837, 1/4 meter.

8. Qurie Point Pyrolyzer

Manufacturer: Fischer
S309 Meckenheim/b. Bonn
Insustriepark Kottenforst

Specifications: Model 0310, 1.2 MHertz, 2000 W output, 382
Oe. coil Field Strength.
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9. Electronic Compensator ("Ice Point'}

Manufacturer: Omega Engineering
One Omega Drive
Box 4047
Stamfard, CT 06907
Specifications: Model LXCJ-E, Type~E(Chromel-Constantan).

Configuration: Self-Powered by Battery

10. Electronic Digital Balance

Manufacturer: Mettler Instrument Corporation
Box 71
Hightstown, NJ 08502

Specifications: Model AE-160, Range O - 1&2g,
Reproducibility S.D. .1 mg., Linearity +/-
.2 mg., Readability .1 mg.

1l. Thermocouples

Manufacturer: Omega Engineering
One Omega Drive
Box 4047
Stamford, CT 06907

Specifications: Type E, Chromel SPCH-001, Constantan
SPCR-001

12. Thermogravimetric Analyzer

Manufacturer: Perkin-Elmer Corp.
Instrument Division
Norwalk, Comnecticut 0683564
203-762-1000

Specifications: TGA-2 and System 7/4 Controler
Maximum Programmable Heating Rate 200°C/min
Temperature Range: Ambient - 1040°C
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13. Freguency Meter

Manufacturer: John Fluke Mfc., Co Inc.
P. 0. Box 43210
Mountain Lake Terr., WA 98043
206-744-2211

Specifications: Model 19004 Multi-Counter

14. Photodiode Support

Manufacturer: Brinkman Instruments Inc.
' Cantiague Road
Westbury, NY 11590
S16~-334-7500

Specifications: Model RP-1V Micro-manipulator

15. Photodiode.

Manufacturer: TRW, Inc.
Specifications: Phato-transistor, TRW-0P80O2W

16. Freguency—to-Voltage Converter

Manufacturer: In-House Built Unit

Specifications: Unit designed around Teledyne-Philbrick
4710 low drift 100kHz F/V Converter. Out-
Put set to yield 0-10 Volts for O-1lkc.

Supplier: Teledyne-Philbrick
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Materials

Item.

1. Quarts Tubes

Manufacturer:

Specifications:

Vitro Dynamics Inc.
114 Beach Street
Rockaways New Jersey 07866

Convenience Vials.

2. Steel Tubbing

Manufacturer:

Specifications:

3. Pglymers

Manufacturer:

Specifications:

Small Parts Inc.

&901 N.E. Third Avenue
P.0. Box 381736

Miami, Florida 33238-1736
305-715-08S6é

304 Stainless Steel, Hypodermic Tubbing
304 Stainless Steel, Thin Wall Tubing

Scientific Polymer Products, Inc.
6265 Dean Parkway

Ontario, N. Y., 14519
716-265-0413

PBAN

Acrylonitrile/butadiene Copolymer
Acrylanitrile Content 21%
Average Mooney Viscosity 35
Density 0.9S5

Soluble in MEK, Toluene, THF

HTPB

Polybutadiene, cis and trans
9% Vinyl 1.2

Nominal M.W. 200,000

Nominal M.N. 946,000

Density 0.90

Tg - 93°

Solubility Parameter 8.38
Nomes = 1.9178

Soluble in THF, aliphatic, cycloaliphatic,
and aromatic hydrocarbons.
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Preparations and Fabrications

1. Composite Pyrolysis Tubes

The quartz pyrolysis tubes are actually composite

tubes formed by cementing a metal tube of smaller outside
diameter to the end of the quartz tube. This metal tip
serves several purposes: it mainly functions as a support

upon which to coat the polymer samples, however, it also
provides a canvenient paoint of attachment for thermocouple
leads, and is consequently an excellent medium for heat

transfer between the sample and the thermocouple. In
cases where induction heating 1is employed, it camn also
function as a heating element - the metal is ferromagnetic

and is fabricated from 304 stainless steel tubing.

To construct one of these pyrolysis tubes, a 3 cm
length of stainless steel tubing is cut from tubing stock
with a typical 0.D. of 0.013 inches and an I.D. of 0.007
inches. Cutting is performed using a hand grinder equipped
with a very thin grinding wheel; this is used so as not to
collapse the tube ends. These ends are polished with the
grinder, if necessary, to remove sharp edges and to insure
that the tube is open at both ends. 0One lead of one-mil
thermocouple wire is inserted through the tube ( a hypoder-
mic cleaning wire is often helpful to drag the wire through
the tube). In a similar fashions the second lead 1i1s also
inserted. The respective leads are marked with tape for
later identification, and the leads are cut leaving about
six 1inches af both leads extending from this tube section.
The tube is placed between two pieces of hardened tool-
steel} about a millimeter of the tube on the side with the
long thermocouple leads is allowed to protrude outside. This
is the serve as a "stem" which will later be inserted into
the quartz tube. The edges of these tool-steel pieces have
been sanded to a rounded edge so as not ta cut the stainless
steel tube section. This assembly is placed in a 30,000 1b.
press and pressed for a short time. The resulting piece,
when removed, resembles a spatula blade with the thermo-~
couple leads extending from the stem. The flattened end of
the "spatula" is trimmed the desired length. The '"stem®
inserted into the end of a quartz tube of slightly larger I.
D. routing one lead of the thermaocouple through the center
of the quartz tube. The stem is cemented in place using a
2000 °F ceramic cement; the remaining lead is spirally wound
around the outside of the tube and secured at the opposite
end with a small piece of shrink tubing. The thermocouple is
checked for continuity and the entire assembly is mounted in
the experimental apparatus and the thermocouple leads are
‘soldered in place. Where ferromagnrnetism is not important
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lighter metal tubing, such as aluminum could be used.

Note: Orne of the most difficult tasks of the project
was to find a method to make these metal tips complete with
thermocouples. Several other methods were attempted but
wlth out success. For example, ferromagnetic materials were
chemically deposited on a gold substrate on the tip of the
quartz tube. The gold was sputtered coated on the tip. The
materials so formed, did not heat well in the induction
heater and thermocouples could not be readily applied.
Welding the thermocouples proved difficult and welds would
not hold. Clearly if a method can be found to apply low
weight ferromagnetic materials to quartz tubes or ribbons,
and thermocouples could be attached or temperatures measured
with a radiometer, the sensitivity of the method would be
greatly enhanced. A large penalty is paid in sensitivity by
the necessity of wusing the rather Hheavy (about 7 mg)
stainless steel tube for the heating elements.

—




.

135
APPENDIX B
COMPUTER PROGRAMS
Program 1. This program, written in MS-BASIC,

transfers data from memory of a Nicolet 4094 Digital QOscil-
loscope to an [BM-PC/XT/AT; temporary files and data are
stored on Drive C:. Data transmission rate is 9600 BAUD via
an RS-232 interface; data transmission requires the use of a
nul-modem since both the oscilloscope and the computer are
configured as data terminal equipment. Data is stored in an
ASCII file in two columns - time and volts.

‘redttpdteaiestted [BN-PC - NICOLET DATA TRANSFER PROGRAM stististesietinsses
Y Y Y Y Y Yy Y Ry Ny Yy Yy Y Yy N Ry LY LR R I Iz IS

"#8 futhor: Robert ]. Fowers. Aercspsce Engineering Dept.. Georgia Tech

L) T

THERRRLRR BRI R IR R P R0t MAIN PROGRAN ¢4 0400000000 3040400404004 4
"## CONFIGURATION, [BM-PC : RS-232C PORT 3ET UP A COM PORT t

3 “+% CONFIGURATION. NICJLET: RS- 33eC ADDRESS 30 (ASCII] CHARACTER N);

9

~3 & wn &

e DATA TRANSMISSION RATE 9500 BAUD
1’
1S OIM TITS4) N8(11) W(B.4)
20 0PT = 9

40 CLS :LOCATE 1,25

30 COLOR 047

60 PRINT “IBM-PC - Nicolat":

70 COLOR 740

30 PRINT * Data Transfer Prograa’

90 PRINT:LOCATE 3,37:PRINT “Version 1.00*:PRINT

100 FRINT * .
110 PRINT * "
120 PRINT ° l. Imtialize Data Transfer (C)iB) .
130 PRINT ° .
140 PRINT * 2. Nicolet Disk Storage and Retrieval (R}(S}(U) .
150 PRINT ° .
150 PRINT * 3. Display Wavefore Data in Nicolet Mesory (W) *
170 PRINT * .
200 PRINT * 4. Transfer Data in Nicolet Memorv to FC (DI (N) .
210 PRINT * '
220 PRINT * 5. #dd Title to Waveforas in Nicolat Mesorv (T) .
230 PRINT * ) .




240 FRINT * [ 5. Extt to Svstew [
250 PRINT * .
35y PRINT * .

270 LOCATE 2441

280 INPUT "Select Option: *.QPT
e CLS
300 [F QPT
3y IF QPT
3e) IF GPT
339 IF OpT
330 [F OPT
335 IF OPT = & THEN 3YSTEM

335 LOCATE 2a,1:FRINT * b

349 6OTO 20

343 END

J4a °

347

348

350 Treeterterisbirriteted INITIALICATION SUBROUTINE teddédetddttntstbesbesss
JOU THRer R et R R R IR R BRI E LRt RSN R PR R AR RO Rt R R Rt REAR IR
+10 CL5

420 JPEN “COMI:9850.N8 1. LF" A5 M1

425 CTRLAS = CHRS1 )

+30 PRINT &1, CTRLASION":

40 PRINT #1093 030 10"

480 CLOSE #!

482 OPEN "COML:940GN.841.LF" AS M

wdh PRINT #1,°8"

+d6 [NPUT #1.28

+88 CLOSE %1

w99 £ = VALIES:

So0 [F € - 0 BOTO 330

! THEN 6OSUB 350
2 THEN 60SUB Séu
3 THEN a05uB 200
3
]
8

THEN GOSUBR 5041
THEN 50SUB 1397

[} n

S10 PRINT * [nttralization Successfull '*

S19 LICATE 2%1:INPUT *Press Return to conttnue’.DUN

20 o070 S50

S30 PRINT * imtializatien €rrer Detected ! Error Code = 3

340 PRINT E$

545 LOCATE 23.1:INPUT *Press Return to Continue®.OUM

S50 RETURN

S60 Teresrrberserstanerer NICOLET DISK ACCESS SUBROUTINE etrtdereedetritiesiess
565 * FRRRRRRE IR0 00000 R R F Rt R bR R R R A R BB PR A AR L RSP R BSR4 S 4RI LI 4
570 CLS

580 LOCATE 1.30

599 COLOR 0.7
500 PRINT * Nicolet Disk Access *
810 COLOR 70

520 PRINT ° "
230 PRINT * Neaorv Section § Mesory Section i
s4) PRINT * d °
550 PRINT * ! Al .
s PRINT ° 1 : P '
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370
LE
830
)
M)
720
730
749
750
T8
0
730
799
300
310
320
339
849
3%
KD
370
380
390
900
910
920
930
740
&S0
760
970
980
99¢
1000
1019
1080
1030
1040
1950
1066
1270
1080
1699
1100
110
1120
1139
1149
1156
1180

FRINT * i
PRINT *
PRINT *
PRINT °
PRINT °
PRINT *

o wn & L

@2
a3
Q4
Rl
He

LOCATE 14.36: PRINT * *1:LOCATE 1441

LINE INPUT: *Select Mode (R = Recall. S = Store. E = End): *; NODES

[F MODE$ = *R* THEN 5370 789

[F MODES = "G THEN GOTQ 940

[F MODES = *€* THEN GOTO 1294 EL3E GOTO 730

OPEN "COML:600,N.8.1.LF" AS §t

LOCATE l4val

COLOR 1a.7

PRINT * RECALL *

COLGR 7.0

LOCATE 24.1

INPUT *Enter -- Trace #. Meaorv Sectien: . ANWMG
N$ = STR$(RN)

S$ = STR$(NS)

BS = "R® + *," » 0% + NS o+ " x5S

PRINT #1.R$

LINE INPUT #1.EY

CLOSE #

LOCATE 2441

PRINT * “1:LOCATE 24,1
LINE INFUT; *Mora 7 *i DUMS

iF DUMS$ = *v* QR DUMS = “Y" JR QUMS$ = °YES® R DUM$ = "ves" THEN §QTQ 730

5070 1290
OPEN “COM1:9500.8.3,1.LF" AS #1
LOCATE (4.0l
COLOR 16,7
PRINT * 3TORE *
COLOR 7.0
LOCATE 24.1
INPUT: *Enter -- Meaorv Section. Track Number #: " MS.TN
N$ = STR$(TN)
5% = STR$(MS)
RS = *S,0."*N$+*, "5
FRINT B1,R$
INPUT #1.E$
CLOSE M1
IF E$ = 02" THEN 1100 ELSE 6OTQ {250
LOCATE 24.!
PRINT * b
LOCATE 24,1
BEEP
PRINT "Track®i:FRINT N8:1:PRINT * i write protected!™:
LINE INPUTS® Unorotect and Retry if or N7 ".[UMS
\F CUMS = “y* OF DUMS = °Y* THEN 5070 !170 ELSE 60TD {350

117 OPEN "COM1:9500.N.8.1.LF" ~§ §!

3
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1180 PRINT #1.°U. 0. " +N$+33

1199 INPUT #1,E3

1200 PRINT #1,R$

1210 INPUT #1,E$

1220 CLOSE #1

1230 6070 1090

1240 LOCATE 2441

1250 LOCATE 24, i:PRINT *
1LOCATE 24,1

1260 LINE INPUT: *More ? "i0UMS

1270 IF DUM$ = "v" GR DUMS = *Y* OR DUM$ = °YES" OR DUM$ = "yes® THEN 60TO 730 ELSE 5070 290

[T

1280 IF DUM$ = *y* QR DUMS$ = *Y' THEN 6070 [170 ELSE 60TO 1359

1290 RETURN

{1301) 'reeiireasdbprerbists WAVEFORM DATA SUBROUTINE ¢dessisc sttt essitiiriesses
1305 "HERERERF RN LR R R R IR R R ER AR R R IR R RNt R AP PR R R R R B IR EA R R R RRR €S
107 FR I =170 8

1309 FOR I = 1 TD &

1310 Wil = 0

1312 NEXT ]

1315 NEXT 1

1320 OPEN *COMI:9600,N.8.1,LF® AS ¥

1330 PRINT #f.°W"

1340 INPUT #1.E3

1350 INPUT #1.W1

1360 FOR J = 1 TQ Wl

1370 FOR I =1 T0 8

1330 INPUT #1.W(1. D)

1390 NEXT I
1500 NEXT ]
1410 CLOSE #1
1420 LOCATE 2!
1430 PRINT *

1449 PRINT * Wavefors Number

1450 PRINT * Extra Data

1460 PRINT * Number of Data Points
1370 PRINT * Noramalization Set Nuaber
1480 PRINT * Normalization Step

1490 PRINT * Channel Nuaber

1500 PRINT ° Retain Reference Status
1510 PRINT * Title Nusber

1520 PRINT *

1S3OFR T =1T7038

1540 LOCATE 1+2,43

1545 COLOR 15,0

1550 PRINT USING *$R888H8° 00, 1M1, 2)NIL 31 Wi Tvw)

1555 COLOR 7.0

1560 NEXT [

1570 FETURN

1580 "rensseeesspsrescreirs DISPLAY TITLING SUBROUTINE besdéetredeptoeetosscte
1980  H et R R IR R TR AR IR R R SRR R R R R R0 » (BRI RO R 2R 4244
1590 CL5
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toud LOTATE [.32
1310 COLOR 0.7
1629 PRINT “Display Titiing®
1630 COLOR 7.0
1340 PRINT
1650 PRINT *

1860 PRINT
1870 PRINT

Title &

Mesorv Section

1690 PRINT
1700 PRINT
1710 PRINT
1720 PRINT *

1880 PRINT *

& ad T e—

a1 H1.ALL
22,42

Q3

24

1730 LOCATE (4,30

1749 PRINT * "

1750 LOCATE {3130

1750 PRINT *

1770 LOCATE 17,30

(780 PRINT *

1790 LOCATE 15.13

1800 INPUT *Enter -- Titla #: . TN
1810 LOCATE 17,13

1820 PRINT *Enter -- Title : °*
1830 LOCATE 15,30

1340 PRINT * ,

1850 LOCATE 17.32

1860 INPUT **,T$

1870 OPEN "COM1:9800,N.8,1.LF* 4S §1
1880 0 = STRSCTN)

1890 PRINT #1, *T.1,*+M1D$(D$.2,1)
1900 INPUT #1.E

1910 PRINT #1. USING "\

1920 INPUT #1.E

1930 CLOSE #1

1940 LOCATE 24,14

1950 PRINT * ¥

1960 LOCATE 2441

1970 LINE INPUT :"More Titles ° ":DUMS

1980 [F QUNS = “v* OR OUMS = *Y" OR DUMS$ = *YES® R OUMS = *ves® THEN GOTO (30

1990 RETURN
2000 LOCATE 1,23
2010 COLOR 0,7

2020 PRINT * Data for Waveforas Currently in Mesorv *

2030 COLOR 7,0

2040 LOCATE .1

2050 50SUB 1300

2060 LOCATE 24,1

2070 INPUT *Presc Return to Continue®.DUM
2080 RETURN

S000 “rracrseiteseessrressers DATA TRANSFER SUBROUTINE ¢eetettsnsessssrctsttens
010 “l!o.i!ilflii0!00!!400&60&00*&*&!‘06looflfoo0"000000IQQQOQQQOQOQQOQQQOQQG

R ]
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5020 °

SO0 THeRbILERRERERESRLEALERRE 4R bRt et bbar DISFLAT CURRENT WAVEFORM DATA

5049 CLS
5050 LOCATE 1.39

$060 COLOR 0,15

5070 PRINT * Data Transfer *

$080 LOCATE 141

5090 COLOR 7.0

S100 60SUB 1300

110 LOCATE 2,7

§120 COLOR 0.7

S130 PRINT * Current Wavafora Data *®
S149 COLOR 7.0

S150 OPEN *COM1:9600.NB,1.LF" AS §1
SISO FOR 1 =1 TD &

SI170 13 = STRS« L}

5180 PRINT #1.*T.0.* + [$

S190 [NPUT #1.E¢

3200 INPUT L, TITSCD

S210 NEXT |

5220 CLOSE ¥t

5230 LOCATE 12.!

€240 PRINT *

5250 PRINT *
5260 PRINT *
5e70 PRINT °
5280 PRINT *
5290 PRINT °

5292 LOCATE (8.
5293 PRINT °

529 FRINT *
5295 FRINT *
5296 PRINT *

S300 LOCATE 12,4:€OLOR 9.7:PRINT * Title ¥ ™:
3310 LOCATE 12.25: PRINT * Titles *: COLOR 7.0
SROFOR [ =170 4

5330 LOCATE {2 + 1.3

G340 TITS(I) = LEFT$(TITS(1).32)

S350 PRINT * *i:PRINT Ii: PRINT *, °i:COLCR 1S,0:PRINT TIT$¢1):COLDR 7.0

5360 NEXT I

§370 LOCATE l2,57:PRINT '=—‘____——'
5375 LOCATE 13.52:PRINT *Waveforn &: °

5376 LOCATE 13.06:FRINT *Orq: ‘

5380 LOCATE 14,32:PRINT *Start:"i:PRINT *

5390 LOCATE 15.52: PRINT “Step: b
3400 LOCATE 15.,52:PRINT “Total Pts: '

5405 LOCATE 18,10:COLOR 0. 7:PRINT " Transfer Status *:COLOR 7.0
S04 LOCATE 19.10:PRINT *Status:s®i:LOCATE 19.32:PRINT “4:*(;LOCATE (9.38:PRINT *To: *

{1LOCATE 19,35:PRINT “Origin: "

S407 LOCATE 204 10:PRINT *Start: °*1:LOCATE 20.23:FRINT "End: "i:LOCATE 20,4G:PRINT *Step: ":

:LOCATE 20,55:PRINT *Total Pts: "
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G100 LN EREREIRRPIILRLRLIRORERI N2 0000000042 SETUP FOR DATA TRANSFER

5420 OPEN "COM1:9400.N.8,i.LF" AS #1

3430 LOCATE 24.1

5440 LINE INPUT; *Select Option (T = Transter:i € = £x1ts: *, DUMS

S450 IF DUMS = °T" OR DUMS = *t* THEN B0TO S460 ELSE CLOSE:RETURN

5440 LOCATE 24,1:PRINT * “
5470 LOCATE 24,1: LINE INPUT: "Enter -~ Target File Naame: *, FILES

5480 FILENANES = “C:TENP.RAN®

3490 TWREETS = FILES

5500 LOCATE 24+1:PRINT * - "t

5510 LOCATE 12.57: COLOR 0.7:PRINT *To: “+TARGET$:COLOR 7.0

552¢ LOCATE 24, 1:INPUT; *Enter -- Wavefora §: *,NUM

5321 LOCATE 13,63:COLOR 15+0:FRINT NUM:COLOR 7.9

3525 LOCATE 24 1:PRINT * “:
3525 LOCATE 24.1: LINE INPUT: "Select Origin iN = Norsal: K = Resetd: *.ORIGS

5328 IF ORIGS = “R® OR ORIGS = “r® THEN NUMERICS$ = “Reset® ELSE NUMERICSS = “Noraal®
5529 LOCATE 13.71:PRINT * *:LOCATE 13.71:COLOR 1S5,0:PRINT NUMERICS$:COLOR 7.0
SS30 CRRERERERRERRRFLI LT LA RRRANL IR RR AR 4443 RETRIEVE NORMALIZATION DATA
95490 SET$ = STR$( W(4.NUM)

530 PRINT #1, *N." » GETS

3560 INPUT #1.E$

SST0FOR T =1 70 it

5530 INPUT #1.N$iD)

5600 NEXT |

2610 INPUT #1,E%

SH20) THRRRERRRLLRRRRRR I RIS R deetetrrrtrte [ALCULATE NORMALIZATION PARAMETERS

5690 RHZERO = VAL{ N$(11))

700 HZERT = ( HZERU » 45538 ) + HZERL

J710 THIREER IR RRRE R AR LR R R IR AR 4R 44 SPECIFY DATA TRANSFER LIHIT§
5720 LOCATE 24, L:PRINT * "t
3730 LOCATE 244 1:LINE INPUT: *Enter -- Starting Point & iC = Cursor Position): *.3RTS
5700 IF SRT$ = *c* OR SRTS = *C" THEN S750 ELSE 5849

5750 LOCATE 24.1:PRINT * '
5780 PRINT #1, "M, 14"

$770 INPUT 81,8

5780 INPUT #1,E

5790 INPUT #1.VPQS

800 INPUT B81.E

5810 YPOS = VPOS - 49464

$820 SRT = VPOS/(15872/W(3.NUM))

5825 SRT = INTISRT)

%830 6070 5850

%840 SRT = VAL(SRTS)

$84S SAT = [NTISRT)

5850 LOCATE 14,58:COLOR 15.0:FRINT SET:COLOR 7,0

3630 VNORM = VAL’ N$(5) )
5640 HNORM = VAL{ N$(4) )
3830 VIERQ = vAL: N$(TY
5680 HZERU = VAL( N$(8) )
3870 HZERL = VALi N$(9)
5680 RVZERD = VAL( N$(10))
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5850 LOCATE 24, 1:PRINT ' “

870 LOCATE 24.1:LINE INPUT; *Enter -- End Point (C = Curser Positioni: °.ENDSS

£330 IF ENDSS = *C® OR ENDSS = *c* THEN 5890 EL3E 5930

S890 LOCATE 24, 1:PRINT * “:

5900 PRINT #1, *M,14°

5910 INPUT #1.E

5920 INPUT #1,E

5930 INPUT #1,VPOS

534G INPUT #1.E

5950 vPQS = VPOS - 49454!

5940 ENDS = VPOS / (15872 / W(3.NUM)}

59465 ENDS = INT(ENDS:

5970 8QTD 5990

5980 ENDS = VAL(ENDSS)

5985 ENDS = INTIENDS)

€990 LOCATE 14,70:COLOR 15,0:PRINT ENDS::COLOR 0

5000 LOCATE 24, 1:PRINT *° 3

5010 LOCATE 24,1:INPUT: "Enter -- Step Size: *\§TP

5011 LOCATE 15.57:COLOR 15,0:PRINT STP:COLOR 7.0

5012 TOT = INT.((ENDS - SRT) / STP)+D»

§014 LOCATE 18.42:COLOR 15.J:PRINT TQT:CGLOR 7\

5920 LOCATE 24, L:FRINF * *

3030 LOCATE 24.1

5040 LINE INPUT: “Enter -- A to Abort; C/R to Contlnue: "5 DUMS

3050 1F DUM$ = "a® OR QUM = “A* THEN :CLOSE:GOTQ 3370

5054 COLOR 23.0

4055 LOCATE 19.18:PRINT *Transfering °

4053 COLOR 7.0:LOCATE 19.34:FRINT * “i:LOCATE 19.,34:COLOR 13.0:FRINT NUM:COLOR 7.u

5059 LOCATE 19.42:PRINT * ’

8070 LOCATE 19.42:COLOR 15.U:PRINT TARGET$:LOCATE 19,43:PRINT * *:LOCATE 19443
tPRINT NUMERICSS

5076 LOCATE 20,14:PRINT * '

5077 LOCATE 20,29:PRINT * ’

5078 LOCATE 20,45:PRINT * .

5079 LOCATE 20.65:PRINT ° ¢

5080 COLOR 7.0

5082 ' HIEREERFEERERRCICRRERARERLELRC PR AR R R 40 PREPARE FOR DATA TRANSFER

5090 I0FF$ = CHR$(19): XON$=CHR$(17}

5100 OPEN FILENANES FOR QUTPUT AS 2

1 5110 WN$ = STRS(NUM)

§120 ST = STRS$(SRT)

4130 TPTSE = STRS(TQATY

- afatelhs

1:LOCATE 20.1a: PRINT GRT
1:LOCATE 20.29: PRINT ENDS
1:LOCATE 20,45: PRINT 3TP
1:LOCATE 20.65: PRINT TOT

5140 SEP$ = STR$(STP)

1 5150 " REEERARMERILERIRRREEIREIEELERRORRL4RS SEND STRING TD BEGIM DATA TRANSFER
4150 PRINT $1,°040," + WNS +¢,°¢ STS #° .+ TPTSS ¢, "+SEPY

J 5170 INPUT #1,E

S180 HEREEPREERRERCREERLAERRE 4RI EEERRRERIRR 41 (OFF/ XON HANDSHAKING ROUTINE
£190 WHILE NOT EOFt1:

5200 COUNT = 0

3210 WHILE LOC(1) £ 20 AND COUNT - 10

5220 COUNT = COUNT + |




9330 WEND

5240 FRINT #1.10FF$

6250 WHILE NOT EQF (1}

0250 0% = INPUTS(LOC(L), 41)

8370 PRINT #2.,0%:

4360 WEND

8390 PRINT #1,40NS

5400 WEND

6418 CLOSE #2

420 TRRERFEFREEFRRELRRREEHEEIR R RG RN bbbt bertebtertrs NORMALICATION ROUTIN

5425 OPEN FILENANES FOR INPUT AS 2

7000 QPEN TARGETS FOR QUTPUT AS 3

7060 POINTMUM = 5RT

7070 FOR 1 =t 70 10T

7080 INPUT #2.0¢

7090 0 = VAL1D$)

709 [F NUMERICSS = "Reset® THEN GITG 7115

“100 TIME = ( POINTNUM - HZERT) ¢ HNOQRM

7110 VOLTRGE = (D ~ VIERQ) & YNORM

7114 6070 7120

7115 TINE = ( POINTNUM - RHZERO) ¢ HNORN

7116 VOLTAGE = ¢ D - RVZERD ) » VNGRM

7120 PRINT 23, USING “¥8. 88444~ *TINEL

7130 PRINT 83, * %

7140 PRINT #3, USING °#8. 8443~~~ *;YQLTAGE

7150 POINTNUM = POINTNUM + STP

7150 NEXT [

7170 CLOSE 83

7180 CLOSE #2:LOCATE 24.1:FRINT *

7190 KILL FILENAMES

7200 CLOSE M1

7810 LOCATE 19.19:COLOR (S.0:PRINT “Coaplate ¢ “:C0LOR 740

7220 LOCATE 24 1:LINE INPUT: *More * *,DUNS

7230 IF Cums = *YES® OR DUMS = “ves” OR DUMS = *v* OR DUMS$ = "y THEN LOCATE 19,i8
:COLOR (S.0:PRINT *Previous '+COLOR ".u:e0TQ 5370

724 RETURN
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Program 2. Program 2 consolidates and scales raw TGA
data files. The two data files, mass and temperature,
transferred using Program 1 are converted into a single file
cantaining mass and temperature data. The program camputes
xs T and 1/T.

PROGRAM TGA
P ERE PRt R PRt R AR R iR A R Rt b bt R R RN R bR AR EEEEEEE
¢ This progras converts and consolidates raw Tom data. acduired on 3 t
s d1gital oscilloscopes and pruduces & file containing aass, fraction ¢
¢ reaaining. or fraction decoaposad. as a function of tise, or *
1 tesperature. _ Yersion 21 Jan 86 #
b ORRE FRECRREAE RN AR IR R R PR R LR L R R R R RN AR SRR RS E R b 0021

INTEBER FLAG. FLAGI

REAL NTINE.MASS MASS0.LMASS OMALFA
CHARACTER#14 FNOUT.FNMASS,FNTDESC
CHARACTER*14 DuMMY

CALL CLEAR

FLAG
FLAGL

WRITE(#.'(Ry//)7) ° ¢ TBA: Nicolet Mass-Tespersture Data Convers:
lon and Consolidation - 3ljanBe ¢

WRITEi#,'{Av)") ' Enter Mass Data File Mase: -
READ(#. ' (#17) FNMASS

WRITE(#."(AVi") ' Enter Mass 3cale Factor: *

READ( .47 SFMASS

WRITEi ¢, 1AV)7) ' Enter Temperature Qata File Naae: '
READ(#."(A}"} FNTDESC

WRITE(#,"(A\)") * Enter Tesperature 3cale Factor: '
READ(#.#) SFTENP

WRITE!(#,"(AV)’) 7 Enter Output File Naae: -
JEAD(+, 7 A) 1) FNOUT

OPEN(I,FILE=FNOUT, STATUS = "NEW’ )
50 OPEN(L.FILE=FNMASS,STATUS = "0LD")
OPEN(2FILE=FNTDEGC.STATUS = "OLD"

100 READ{1.#,END=200) NTIME,NASS
PERD(2,#i TTIME,TDEGL

MASS = MASS * 3FMASS
TDESC 2 TDERC + 1,E+3

IFiTTIME .NE. MTINE) THEN




105

200

ARITE{#."(A)7) * WARNING #+# TIME MISSMATCH
ENDIF

IF (FLAG .EQ. 0) THEN
MASSO MASS
FLAG t

ENDIF

[FIFLAG1 .EQ. 1) THEN

ALFA = (MASSO - MASS) / (TOTAL)
OMALFA = 1. - ALFA
TDEGK = TDEGE + 273.15

WRITE(3,105) TTIME.TDEGK . MASS,ALFA,OMALFA
FORMAT(1X,F7.2,30,F7.2,30,F 2.4, 3X,F12.7,38,F12.7)
ENDIF

6070 100

IF(FLAGL .ER. 01 THEN

LNASS HASS

TOTAL MASS0 - LMASS
FLAG! {

CLOSE(1)

CLOse )

6070 S0

ENDIF

[N T 1}

CLOSE(1)
CLOSE(2)
CLOSE(3)
510F "NORMAL Prograe Teraination’

END
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Program 3. Program 3 consolidates and scales raw VTGA
data files. The two data files, mass and temperature,
transferred using Program 1 are converted into a single file
coantaining mass and temperature data. The program computes
a, Ty and 1/T, Voltage readings from the tempe~-ature data
file are converted to Temperature using a ninth-degree
polynomial from Ref. [ 1.

PROGRAN VTGA
FoART FRREEERR RN PRGN R AL R R AR R AR RN R AR RN NI PR R R NI R AR R RS
* This program converts VTGA a1llivolt readings to fraction decomposed, *
¥ av and teaperature. The conversions are based on the assuaptions that ¢
¥ the YTG6A aass calibration is linear and that theraocoupie autputs ¥
+ correspond to the type-E tables. R. J. Powers Version: Feb8é t
AR IR T2 IR 22T 2 2 2 222 22 Y2222 RIS RSSTLIZIRILZIZIZILIZIZLIZ 122222

INTEGER PTND, !

REAL MTIME, TTIME, TIME MVOLTS, NTVOLTS VOLTG.MVOLTL ALFA
REAL DELTA

CHARACTER#14 FNQUT,FNMASS,FNTEMP

CALL CLEAR
WRITE(#."(R)") * & VTGA Mass-Tesperature Dats Conversion and Conso
{l1idation-9FebBes’

WRITE(#. 8}
WRITE(¢, 1)

b #4# [nitialization eee
WRITE(#,’(A\}') ' Enter Mass Dats File Name <fname.ext: : ’
READ(#, (A} "} FNMASS
WRITE(#, {A\)") " Enter Temperature Data File Name «fname.ext; :
READ(#,’ (A)’) FNTENP
WRITE(#,"(A\)") * Enter Output File Nase .fnase.ext: : °
READ(+."1A)7) FNOUT
WRITE(®#." (A"} * Enter Thersocouple Aeplification Factor: ’
READ (%, %) ANPFACT

OPEN(3,FILE=FNOUT, STATUS = "NEW® )
OPEN{ L FILE=FNMASS,STATUS = "OLD")
OPEN(2,FILE=FNTENP,STATUS = "OLD"!

b +#¢ Find Max-Min Values of the Mass Voltage “alues ¢4
READ(1,#) WTINE,MVOLTS '
HVOLTO MVOLTS
MVaLT1 KVOLTS
[ 1

40 READ(1.®.END=507 MTINE, MVOLTS




¥ EEE
30

¢

t béd

90

100

¢ 43
]
)
¢

1F: MVOLTS .LT. AVOLTO » MVOLTD = WVOLTS

IF{ MVOLTS .6T. MVOLTI » MWVOLTL = MVOLTS

I =1+l

60T0 40

Nuaber of Data Points and Mass Voltage Change
PTNG =

DELTA = WVOLTL - MVOLTO

CLOSE(])

OPEN(1,FILE=FNNASS.STATUS = "0LD")

Read Voltages and Convert to #lfa, Gamea, and Tesperature
00 100 1 =1, FIN

READ(1.#) MTINE, MVOLTS

READ{2.¢) TTIME, TVOLTS

IF(TTINE .NE. NTIME) THEN
NRITEi #,°(&) ) * WARNING ®e# TIME MISSMATCH '

ELSE

TINE = TTINE

ENDIF

Convert vWolt Readings to Alfa. Gamea, Ana Teaperature
ALFA = ( MVOLTS - MVOLTO ) / DELTA

GANNA z 1.0 - ALFR

CALL TEMP(TVOLTS,AMPFACT MTYOLTS, TDERC)

TOEBK = TDEGC + 273.15

Send Qutput to Data File ¢#¢

WRITEi3.90) TIME.MTVOLTS.TDEGC. TOEGK MVOLTS.ALFAGANNA
FORMAT(1X.F9.2.2% F9. e dXoF7. 2,204 F7. 2,30 1PEL2. 4. 24, UFF 10, 84
1 31,F10.a}

CONTINUE

CLOSE(D)
LOSE(2!
CLOSE(3)

STOP 'NORMAL Progras Teraination’
END

SUBRQUTINE TEMP(TENPVOLTS.AMPFACT MVOLTS. TDEGC:

[ I Iy SRR S R IR S AR T T 2T S IXTITLASALIZIZSS LR L2222 222222222
This Subroutine converts VOLTS froa a type-E theraocouple and returas ¢
aVolts (MVOLTS) and tesperatrue in Deg. C. (TDEGC): an asplification ¢
factor (AMPFACT) must also be suoplied. 4

[y Yy Y E Y YA Ry R Y 2R AT R IR T YR YIRS IIDTILIL LSS L2 A 22422224 2R 28 A 8l

& Hhé

REAL MVOLTS
DIMENSION &1

Polvneaial Coefficients
DATA & #0.104947248.17189,45282,-232639. 85012695339, 5,-448703084
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Loael 1098000+104-1,706070¢11,1,713420+12,-9.192730+12,2.981320¢13/

(TENPVCLTS/AMPFACT) # «1.0E+3}
TEMPYOLTS/ANPFACT

AVOLTS
H

TOEBC = (ALL) # XR(AL2) + LREAL3Y + {RALY) + Y#(RIS) + XR(ALG) +
10 #AlT) + QRLALG) » 1#(AL9) » AL1OI#N)) )

RETURN
END
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Program 4.
file of Praogram 2 or
Redfern coordinates"”

149

This program operates on the output data
3 and converts these 1into “"Coats &
from which Arrhenius parameters may be

extracted using Program 5.

+
4
L3
)
L
L

PROGRAM CR

PEE PRRRERRRAERRERE IR R ISR LI E AR RN AL AR R R R PR RN R R R R R LR R

The following progras reduces TGA data using the algoriths of Coats & ¢
Redfern. (35,42] Required inputs are Tesperature, T, and the fraction ¢
deccaposed, a. OQutputs are: data point nuaber, input data, the Ci t
coordinates, and the zero order ordinate. R. J. Powers Versien 28JANBS+

thE PRRRRERR R RN R R R RN PR R R F R AR P R RN R R AR AR R AR R G R R R RN AR

REAL+9 ToALFAVALFAT (ALFA2 COLUMNGX 1 NG C

INTEGER NNJACOL, TCOL.NCOL

CHARACTER®14 FNDATA,FNOUT

DIMENSION TO1000) ALFACION0) COLUMNGCL2) XTL000) 1 E100G) (211000}
DATA NN O/

CALL CLEAR

WRITEi#.7{A,//)") * s&# Cpats and Redfern Kinetic Analysis - 31Jan
185 ##¢ ’

WRITE(#, {A\)’) ’ Enter [nput Data File Naae:

READ(#.7(A)") FNDATA

WRITE(#, (A\}’) ’ Enter Reaction Urder:

READi#.#) N

NRITEi#,"(A\)’) ’ Enter - ¥ colusns, T coluan, alfa colusn: °
READ{#,#) NCGL.TCOL.ACOL

WRITE(#,"(A\I’) ' Enter [miti1al a: °

READ{#,%) ALFAl

MRITE(#,’(A\}') ' Enter Final a: ’

READ(®,#) ALFAQ

WRITEi®,’{A\)’) ' Enter Qutput File Name:

READ(#,"{A)') FNQUT

OPEN(3.FILE = FNDATA. STATUS = 'QLD"
OPEN(4FILE = FNOUT, STATUS = 'NEW")
[ =1 »
308 READ(3.#,END = 700) (COLUMN(I), I =1, NCOL)
[F (COLUMN(ACOL) .LE. ALFAL .OR. COLUMN(ACOL) .GE. ALFAR) GOTD 408
NN 2NN+ L
ALFALD) = COLUMNCACOL)
Ty = COLUMN(TCOL)
[ =1+
8070 508
“00 CONTINUE
_ N >




- - o o

L L I

77

IF{ N .EG. 1.D0 ) THEN

CALL ORDERI( T,ALFA(RNy X.¥,2 1
ELSE

CALL ORDERN( T.ALFAJNN.N, (.Y,2 )
ENDIF

WRITE{#,77) NNJALFAL,ALFA2
FORMAT(1Xs/ 414" Data Points Read between ¢ = ".Fa.3," and 1 = '

1F6.3, /0

7
35

(22

(22

(22

[ 22]

0035 1 = LN

WRITE(#,37) [ TED ALFRCTHXCD) W YUDD 20T
FORMAT{1X41344X,F7.2,80,F8.3,4K, IPD12. 404, 1PDI2. 4,41, IPDI2. 4}
CONTINUE

CLOSE(3)

CLOSE (&)

STOP * NORMAL Program Termination’
END

SUBROUTINE ORDERI( T.ALFA,NN. Xif4Z )

FERER R LR ER R R R R R R R R R R R R R R PR R PR R R R R PR R R PR R R PR R R bR LR R ES

Variabie List *

H = First order CIR absissa J

y = First order CIR ordinate +

< = Zero order CiR ordinate ¢

P32 2 2SR R R R R R R I IR R R SR I R R R R R R R YIS R PR R TR I IR SIS YR ST )
REAL+8 TWALFAGLL YL

DIMENSION  T{106G) ALFACI000), 1110001 Y1000} Z{1000}

io o I = L,NN

"I = DLOG( ¢ -DLOGYL.D0 - ALFALTY) o+ ;o (Til)e® 2,000
oun = 100/ T(D

2(h = DLOG( ALFALD) /7 € TiD#+2,00 3 )

CONTINUE

RETURN

END

SUBROUTINE ORDERN( T,ALFAJNN.N, %.¥,2 )

FREFFHAERR R R R R R R RN RE R R R AR LR AR AR R R R4 R TR BRI R R E R R R LR LAY

Yariable List 4

1 = Nth order CIR absissa ¢

y = Nth order CIR ordinate #

l = 2aro order CIR ordinate ¥

PR R PR R R R R R R R R R R R R R R R R R R R 4 2R R4 R E 4 2R R 24424 R 1A
REAL €8 TWALFAK, Y NG E

DIMENSION TULOUN) ALFACI000) X 1000} F (1000, 2 1000}
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00 19 I = 1NN

T = JLO6(  § 1.DO - € 01,00 - ALFATLD) ## (100 - N) )
1 At 100 - N CT(L) w2 200 1) )
Hh 1.00 /7 T¢I

w n

it

10 CONTINUE

DLOG( ALFACIY 7/ ( T(Ii##2,00 }

RETURN
END
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Program S. This program calculates

parameters from the output of Program 4.

]
1]
t
+
+
L4
)
4
1 4

(12

{223

700

PROGRAM CREA
a2 e R R A I T IR RS I IR T2 2122222322222 2222222222222
This prograa calculates global Arrhenius paraaetars froa ChR ¢
data by fitting a least squares line to the values. ¥
{nput data are the recriprocai of the temperature and the LR ¢
ordinate. Qutputs are the global sctivation energy, pre- t
exponentiai. 4and the corrolatian coefficient for the fit, ¢
+
Author: R. J. Powers Version: | Feb 86 ¢
PERRCE PP R AR R R R A R R AR PR R TR L AR R BRI R R R AR LR LS

REAL#S COLUMN X ¥ (RATE.E,A+ B RV TRUNC ALPHAL (ALPHAZ AL A2
REAL+8 XTEN, XSTART, XEND/START, YEND,LEN.TL.T2

INTEGER ACOL . XCOL,YCOL,NCOL , NuM

CHARACTER#L REPLY

CHARACTER#14 FNDATA.FNOUT

DIMENSION  COLUMNCL2) W R(S00}, {1300

CALL CLEAR

WRITE(#,’{As// 1’} " ¢#¢ Coats and Redfern: Arrhentus Paraseters -
11Feb84 ##s’

WRITE(#,"{AV)7) ° Enter [nput Data File MName:
READ(#, {Ai") FNDATA

WRITE{#.(A\)’) ’ Enter Heating Rate - 'K/seC.:
READ(®.#) RATE

WRITE(#.7(A\)’) * Enter =~ # columns, a cols 17T colol/%, C4R ard
! col:

READ(#,#: NCOL,ACOL, XCOL,YCOL

WRITE(#,"(A\)’) * Enter Inrtial a :

READ(#.#) ALPHAL

RRITE(#,’ (A\)") " Enxr Final 2

READ(e #) ALFHAQ

QPEN(IWFILE = FNDATA, STATUS = "0LDM)

[ =9

READ(3,+,END=701) (COLUMN(I)« T = 1. NCOL)

IF € COLUMN(ACOL) .LT. ALPHAL .OR. COLUMN(ACOL) .BT. ALPHAR )
1 60TQ 700

[ =1+

IF{T LER. 1) At = COLUMN(ACOL)
IFUT e, 1) T = COLUMN(R)
Y = COLUMNCLCOL)
Y = COLUMN(YCOL)

Ac = COLUMNCACOL)
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T2 = COLUMN(2)
? 8070 709
701 NUM z |
WRITE(#,33) NUM,AL,A2
38 FORMAT{1X,/,13," Data Points Read between a = ',F7.3,’ and ¢ = ',
{ F7.3)
WRITE(#,3%) T1.T2
39 FORMAT(1X. 3%,° T2 F7.0 and T 2",
1 FT. 0L
CALL LINFIT(X,Y,NUM, M,B,R)

3
TRUNC
A

N e (-1,98700)
C1.00 - ( (2.D0 # 1,987 ® (1.D0/4cNUMYY) / E ) )
DEXP(B) ® RATE # E / { {,987D0 # TRUNC :

} NRITE{#,800)

800 FORMAT(1X.'E
WRITE(#.810)

910 FORMAT(IX.'A
WRITE(+.820; R

820 FORMAT(IX."R = ", 19D12.4)

"\2PD12.4)

" > uom

TFDI2, )

dRITE(#,'{/,A\1") ' Generate This Line (1/N) 7 '
READ(#,{A)’") REPLY

IFC REPLY ,EQ. 'y’ .OR. REPLY .EQ. 'Y’ i THEM
WRITE(#."{A\)") * Enter Output File Nase (fname.ext): ’
READ{+.'(A}') FNOUT

a OPEN(S.FILE=FNQUT.STATUS='NEN")

ATEN = 0,000 v
WRITE(#."(A\)’) * Enter Extension Factor %1
READ(#,#) ITEN

.- T —

{TEN = XTEN /1.002
LEN = DABS( X{NUM} -~ (i)
{START = DMINLL CONUMY, L0L)
YEND = DMAXLC X(NUM), X(1)
ISTART = XSTART - { LEN ¢ YTEN)
1END = XEND ¢ ( LEN * XTEN )

i YSTART =B+ (M& ISTART )

‘ YEND =B+ (Mo IEND )

! WRITE(S,17) (START. YSTART

1 . NRITE(S.17) YEND,VEND

) 17 FORMATCLIXVIPELL. 45X ELL. 4}
CLOSE(S)

‘ : ENBIF

!
CLOSE(Y)

STOP ' NORMAL Teramtnation’




END

SUBROUTINE LINFITiX,V.NNy MsB,R)

R I A YR 2 Y R Y X I I I IR TS I Ry R R RIS RIS 2222 22222222221
t The following subroutine fits the best straight line to a4 given #
* set of *NN* data points. Input data is contatned in arravs % and ¢
# Yi the outputs are the slope, the Y-intercept, and the +
+ corrolation coafficient - M.B,R respectivelv, t
* - 4
+ Variable List H
[} [ ]
J R = Lorrolation Coefficient *
] * B = Intercept )
* h] = Slope '
1[ ¢ SuRx = Sus of ¢ +
¢ Sumy = Sum of ¥ ]
¢ SUmLY = Sua of (#Y t
* sume2 = Qua of (## )
+ sumy2 = Sum of Veed *
J + +
R I I R IZR TR R R R R I I I s R e I e el Rt g2 sl
o
] REAL#8 X, Y,M,B.R,DUMY,SUMY,SUMY,SUMX2 . SUNY2, SUMXY A
t INTEGER NN
DIMENSION X{S00).v(S0G!
J synx z 0,900
. SUNY = 0.000
{ SURtY = 0.000
SuMse = 0.900
sumy2 = 3,300
DO 120 T =1.NN
sunx = Sy + 1D
auny = SUNY + (D)
sumrz = SUMX2 ¢ ¢ XED) & ({1 )
SuNy2 = SUMY2 + (Vi) YL
Sumxy = SUMKY + ¢ (D) e YET
100 CONTINUE
ouny = DBLE(NN)
A = SUMX2 « DUMY - (SUMX ® SUMS:
B = {SUMX2 & SUMY ~ SUMX & SUMIY ) / &
hi = (SUMXY * DUMY - SUMX#SUMY 1/ A
‘ R = (B & SUNY + M « SUMIY - SUMY ® SUNY /QUMY)/
! {SUMY2 - (SUMY # Sumy/0umY))
RETURN
END
i/
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AP self-deflagration
/‘surfoce

Recessed binder.j Leading 'edge
40 pum thick of profile

Fig | Surfsce of & quenched ““sandwich'’ of AP-PBAN-AP laminace (region of surface

near binder lamina)

wer and Price (3, 4], Boggs et al. |S], Netzer et
al. (6, 7], Nadaud {8), Ermolacv et al. [9]). It
has become evident 1 recent work [10, 11] thas
relevance to propellant combustion requires that
binder laminac in sandwiches be very thin (10
avoid anomalous cffects such as binder melt
flow that would not occur with high solids AP-
HC binder propellants). It 1s also imponant that
interpretation of resulis address observations
near enough 10 the oxidizer-binder interfaces to
correspond 1o possible on propell
surfaces (where the surfaces of exposed oxidizer
panticles are typically 100 ym across). In hind-
sight, these considcrations may seem obvious,
but a significant amount of published work on
sandwiches of propellant ingredients has ad-
dressed either situations or aspects of resulis
that were only marginally relevant to conven-
tional propellants. The present studies, involv-
ing sandwiches of ammonium perchlorate and
typical hydrocarbon binders. used primarily
sandwiches with binder laminae of 10-100 um
thickness.

Earlicer tests [3, 5, 10, 11) had shown certain

critical features of quenched thin binder sand-
wiches of interest, which are summarized here
so they can be used in interpretation of results:

1. The larger features of surface profiles are
shown in Fig. 2 (see Refs. [10-12]). The
figure shows that the AP self-deflagration
is slower than the propagation in the

Fig 2 Surface profiles of AP polymer sandwiches a-c,
150 um binder, d-1. SO um binder 2, 0.7 MPa, b. e $
MPa. ¢, /10 MPa
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Fig 3 Dewls of suriace profiles 1n the region near the
tamina interface plancs (a) Effect of binder thickness at §
MPa_ (b) Effect of pressure for 70 um binder lamina

*sandwich’" region at low pressures (Fig.
2a,d.e), and that the AP scif-deflagration
leads the burning front at the high end of
the pressure range tested (c.g.. 8.5-14
MPa), implying that the oxidizer-fuet (O-
F) flame is important to steady state
burning at low pressure. The figure also
shows that thick binder laminae tend to
protrude above the adjoining AP, indica-
ting that the central pants of the thick
laminae depend for their pyrolysis upon
heat flow from outer regions of the O-F
flame. Protruding binders usually show
evidence of softeming, mchting, and flow
of melt over onto the AP surface.

2. The details in the vicinity of the binder
lamina are shown in Fig. 3. Part a shows
the trend with binder thickness at 5 MPa.
Part b shows the trend with pressure (for a
binder thickness of 50-70 ,um). Figure )
shows certain features of surface quality
that are persisicnt in varying degree for all
tested conditions on  AP-hydrocarbon
binder sandwiches with thin binder lami-
nae, described further below (see Refs.
13-5. 10-17)).

3 Al test samples from tests above 2 MPa
exhibited regions of the AP surface (‘'dis-
tant”’ from the binder lamina) with the
characteristic surface qualities of AP self-
defNagravion (Fig. 1), including flaky resi-
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due of a surface melt layer, and larger
scale surface patterns of ridges and depres-
sions (e.g., Refs. [3-§, 10-19)).

4. All thin-binder test samples showed (Fig.
3a,b) the binder lamina to be recessed
relative to the region of the oxidizer
lami i diately adjoining the binder
[3-5, 10-12) (binder lamina thickness less
than 40 um).

5. Alltest samples showed a region of the AP
lamina centered 25-75 um out from the
binder interface plane that was the leading
edge of the AP surface regression, i.c., the
AP closer to the binder protruded {10-12}
(Figs. 1, 3).

6. The surface of the AP in the protruding
region adjoining the binder showed a
distinctive, relatively smooth quality, with
no fake relic of the AP melt (Fig. 1). This
“‘smooth band'' adjoining the oxidizer-
binder interface was evident even with a
binder (polysuifide) that pyrolized without
evidence of a melt state [10-12], suggest-
ing that the smooth surface is not due to
the binder melt flows commonly observed
in thick-binder sandwiches [3, §, 6, 16,
17).

The present studies pursue the investigation
of sandwich burning in further detail, with the
goal of establishing a correct description of the
flame lex. It is hasized that direct
measurements of the flame are precluded by the
*‘smaliness’” and complexity of the reaction
region. A correct description depends on a
process of inference from systematic observa-
tions of global combustion behavior (e.g., burn-
ing rate); measurable combustion zon: micro-
structure  (quenched samples); independent
nformation about ingredient decomposition and
combustion; and basic flame theory. Iln the
following, several new investigations of sand-
wich burning are described. and the results are
combined with the abave sources of infocmation
and the previous results summarized in 1-6
above. The result is a relatively dctailed de-
scription of the combustion zone. In the interes)
of brevity, the experiments and results of the
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present studies are first summarized below with
a minimum of discussion, and with frequent
reference o other sources for details.

EXPERIMENTAL PROCEDURE

The experiments will be described in sequence
in very brief form. This will be foliowed by
descriptions of preparation of test samples and
test procedure.

The Experiments

1. Interrupted burning tests on sandwiches
with laminae of uniform thickness, 10
determine the nature of the burning sur-
face [10-12, 15]. In these tests, the sam-
ples were quenched by rapid depressunza-
tion and the burned surfaces were
cxamined in a scanning electron micro-
scope (SEM). The test variables were test
pressure, polymer lamina thickness, and
substitution of other materials for the
polymers (e .g.. mica, gold, and 8 blend of
polymer and line ammonium perchlorate
powder). The effect of these variables on
the burning surface profile and sucface
quality provide indirect evidence of what
is happening to the flame structure.

2. Burning raie of sandwiches as a function
of binder thickness and pressure (18). In
these tests, PBAN lamunae of particularly
uniform (hickness were used, and burning
rate was measured by combustion photog-
raphy

3. Deflagration himits of AP-polymer sand-
wiches [10, 11, 15, 20, 21]). Constant
pressure tests were run on sandwiches wih
“tapered’” polymer laminae. Samples
were ignited along the thick-binder edges
of the sandwiches, and burning proceeded
with progressive decrease in binder thick-
ness. Al test pressures below the AP selt-
deflagration limit, the -amples spontane-
ously quenched before complewe burnovut,
and the thickness of the binder at the
quench surface was measured in the SEM
Tests were run nver the presscere range
0.1-2.4 MPa, with HTPB, PBAN, and
polysulfide binder

E. W. PRICE ET AL.

4. Effect of oxidizer particle size on pro-
pellant burning rate. A family of propel-
lants was prepared and burning rate deter-
mined over a pressure  range. The
propellants were formulated (o test the
relevance of a *“sandwich-based’" concept
(regarding combustion zone structure) to
the propellant burning situation. The pro-
pellants used bimodal oxidizer particle
size distnibation, with the size of the fine
component being nominally 18, 49, and 82
sm. Burning rates were determined by
combustion cinemicrophotography

Test Samples

Sandwich samples were prepared by methods
and 1o sizes described previously [10, 15, 18}
Ammenium perchlorate laminae were prepared
from Kerr-McGee high purity AP (nominal 100
um particles). The powder was pressed at 210
MPa tor a minimum o1 20 nun in a stainless sieel
die, yielding laminae (.3 mm 1hick. Most
sandwiches were made by bonding two laminze
together with the polymeric binder. Thickness
of the binder was controlied with spacer shims
Two types of polymer sandwiches were used.
Planc-paralle! laminae were used on burning
rate tests and depressurization quench tests.
“Tapered™ polymer laminae [10, 11, 15, 21)
used in spontaneous quench tests were prepared
by using a spacer shim in one edge of the
laminate only. Light pressure during cuning
resulted in the thin edge of the binder lamiaaz of
such samples being less than 10 pm thick.

In order 1o assure that no extrancous combus-
tion effects would sesult from unsuspected char
actenistics of the pressed AP laminae, their self-
deflagration was compared with that of sigle
crysial samples. The quenched surface charac-
teristics were similar to those of single crystals,
except for somewbat greater icregularity in
surface pattern Burning rates were close w
those reperied by Boggs for single crystals [14,
19} Samplen were prepared v th differem AP
parucle size, and with reduced compaction
pressures (131 and 61 MPa), and uszd an
guench-burning tests on sandwiches. No etfect
was ¢vident in the charactensucs or profifes of
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quenched surfaces. Some concern that fuel
species might migrate into the surface layers of
the AP laminac before testing was allayed by
these results.

Sandwich samples were also made in which
the binder (fuel) lamina was either omitted or
replaced by a sheet of mica or gold (20, 21).
The objective was to clarify the hanisti
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TABLE

Test Conditions for Saadwich Tests with AP-Filled binder
Laminse (10 pm AP, lamins thickacss approrimaicly 80
s, unless noted otherwise)

effects of the binder lamina. Efforts to dry-press
these "‘binderless’’ s ndwiches to assure good
thermal and phys:  contact between laminac
were unsuccessfui, so the dry sandwich laminac
were held together during tests by light pressure
from a metal clip. Whilc the test results suggest
that contact between laminae was not perfecily
uniform, burning behavior was fairly regular.
Sandwich samples were also made in which
the fuel lamina was a mixture of binder and 10

Pressurc
Serial 1.4 MPs 4.2 MPa 6.9 MPa

No. Varisble (200 psi) (600 psi) (1000 psi)
i Cossrol-PBAN biader  x x x
2 171 AP/PRAN x x x
3 M3 AP/PRAN x x x
4  Comrol-HTPB bindes  x x x
s W1 AP/HRTPB x x x
6 3 APIPBAN

lamina 40 um thick x
7 13AP/IPBAN

lamins 140 um thick x
8 13AP/PBAN .

famina 65 um shick x

»rm AP (20, 21]). These were plane-parallel
samples for use in dep ization quench
tests.  Samples were made with scveral
*‘binder'’ laminae thicknesses, and in AP-
binder mix mass ratios of § : 1 and 7 : 3. The
mix was prepared by hand stirring for 20 min,
followed by settling in a for 15 min 10
remove air bubbles. Sandwiches were then
prepared in the same way as with pure binder
faminac. Table | shows the binder thickness-
mix mass ratios sctually tested.

The experiments with bimodal propellant
samples called for a series of formulations in
which a relatively coarse fraction of AP (400
um) was bined with & relatively fine f
(i.c., bimodal AP size distribution). The series
of propellants called for a graduated sequence of
particle sizes of the fine component of the AP.
For the i ded purp it was desirable to
have a narrow size distiribution within cach size
mode, and it was judged that the fine component
mcan sizes should be in the range 20-100 pm
(see Discussion). These specifications were not
fully achievable from availabie resources; ac-
cordingly, propellants were prepared with less
ideal specifications as described in the follow-
ing. Commercial high purity AP was available
in 2 nominal size of 400 um. This material was

screencd to Jimit its size variability to a range of
425-355 um. Finer p were prepared
in nominal sizes of 17.5, 49.0, and 82.5 um by
screening ground high purity AP. These nomi-
nal size designations arc simply the midpoints of
the size ranges, established by the screen mesh
sizes used, which were 37 mesh pass for
nominal 17.5 um; 45 and 53 mesh for nominal
49.0 ym; and 75 and 90 mesh for nominal 82.5
pm. No attempt was made to quantify the size
distributions within these sized samples, be-
cause the objective of the experiment required
only demonstration of a specific qualitative
difference in burning rate behavior of the pro-
pell propeli were prepared by
hand-mixing 4 g batches in an open beaker. The
AP, monomer, and curing agent were measured
in amounts that yielded 71 % 400 um AP, 16.5%
finc component AP, and 12.5% PBAN binder.
Afier |5 min of mixing, the mixture was placed
under v at room. temp for 30 min.
The mixture was then transferred to rectangular
molds of dimensions >d mm x 12 mm x 2.5
mm and hand pressed by lapping the mixtuce for
20-30 min with a | cm diameter cylindrical
Tefon stick. The samples were then cured in an
aven at 72°C for 7 days. The cured propellants
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were cut into rectangutar samples (10 mm x 6
mm x 2.0 mm) for burning rate tests.

Test Procedares

Experi | hods in the p work are
mostly routine and reported elsewhere (10-12,
15, 18, 20, 21). Sandwich samples were nomi-
nally 10 x 6 x 2.8 mm; they were mounted on
a pedestal in a nitrogen-filled high pressure
vessel and ignited on the top (6 % 2.8 mm) cdge
by an electrically heated wire. Propellant sam-
ples were 10 x 6 x 1.6 mm, mounted and
ignited in a simil to the sandwiches.
For combustion photography, a flushed win-
dowed pressure vessel was used, with illumina-

tion of the ple from ide. For q
tests, a nonflushed pressure vessel was used that
is cquipped with p e-rel burst dia-

phragms. Characterization of samples afier tests
(quench tests) consisied primarily of surface
quality, surface profile, and dimensional details
as revealed in the scanning electron microscope.
The thickness of the binder lamina of quenched
samples, as reported in the Results, was mea-
sured in the SEM. In all tests on plane-parallel
sandwiches where the Jamina thickness of the
entire sample was needed, the edges of the
sample were examined before the test in-an
optical microscope or SEM 10 provide an esti-
mate of average thickness and 10 disqualify

ples with iform thickness. This was
particularly important in tests on burning rate,
because rate is sensitive 10 thickness and there is
no quenched sandwich to measure afier the test.
Variation of edge thicknesses of a binder lami-
nac of more than + 5 um disqualificd samples
for burning ratc tests; with carc in sample
preparation, this led to a rejection rate of about
50%.

Burning rates of both sandwiches and propel-
lant ples were ed by proj of the
maotion pi and of timing
marks and burning surface recession. This per-
mitied any instances of uncven burning 10 be
recognized and excluded from the rate data.
Thirty percent of all tests were run in duplicate
to monitor reproducibility; the test conditions
for duplicate tests were selected randomly be-
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fore any testing. For duplicate samples that
burned evenly (most samples), no significant
differences in rate were obtained.

RESULTS

The experi | Its ase ized in the
following; because several separate investiga-
lions are ¢ d, Its of cach inv i

are accompanied by some interpretation as
needed to explain why the tests were run. Then
in a subsequent section, the interpretations arc
enlarged and combined to provide a qualitative
description of the processes of sandwich burn-

Sucrface Profiles and Burning
Surface-Binder Substitutes

The persisience of the smooth band and protru-
sion of AP at the AP-binder interfaces was
noted in carlier work and in the Introduction
(Figs. 1, 3), and observed also in the present
work. This effect was attributed in an carlier
report {20, 21] 1o the effect of lateral heat flow
from the oxidizer to the endothermic binder.
Tests with other materials substituted for the
binder were run to test this postulate. The choice
of mica was made because it is a nonburning
material with low thermal conductivity. The
choice of gold was made because it is a nonburn-
ing matcrial with high thermal conduciivity.
Presumably, the effect of lateral heat flow
would remain with a gold lamina, and would be
absent with a mica lamina. The tests with two
AP laminae in direct contact were run as a
control 10 test the cffect of dry contact with no
intervening lamina. The test results are typified
by the examples in Fig. 4. Part a is from a
control test with a 100 um thick lamina of
PBAN. Part b shows the details of the sandwich
surface from a 4.2 MPa test on a sandwich with
a mica lamina in place of the binder (the right
side of the picture is the somewhat delaminated
side of the protruding mica lamina; the AP
surface on the left is in the region normally
occupied by the smooth band). The detail shown
in this figure is typical of the imerface region in
these "*mica’” tests. It is also typical of the self-
deflagration of AP, normally exhibited on the
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Fig 4. Sandwiches with substiutions for binder lamina (pressure 4.2 MPa). (a) PBAN
tinder, approxtmaiely 100 um. (b} Mica lamina. (c) No lamina (2 AP slabs, initially ia
contact). (d) Gold lamina

AP laminae of sandwiches only at surface sites
further from the interface. With mica laminae
there was no smooth band and no protrusion of
AP in the wntecface region.

Part ¢ of Fig. 4 shows the quenched surface of
# sample consisting simply of two AP laminac
held 1ogether during burning by a meial clip.

The figure shows the characteristics of simple
AP deflagration, uninterrupied up to the inter-
face plane. Under high magnification it was
cvident that the surfaces of the two slabs were |
together during burning; surface patterns near
adjoining edges are correlated, and the edges
show some matched features indicative of sepa-
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ration of a contiguous surface layer that is liquid
during burning. There is no protrusion of the AP
laminae in the interface region. Scparation of
the two laminae, visible in the example, occurs
during handling afier the test.

Part d of Fig. 4 shows the quenched susface of
an AP sandwich in which the binder lamina was
replaced by a IS um layer of gold. Such samples

i ly showed ded burning (protrud-
ing AP) in the vicinity of the gold lamina, and a
relatively smooth surface there. This behavior
was not as uniform along the lamina as with a
binder | but was predomi The non-
uniformity is auributed 10 the difficully in
achicving uniform thermal contact between dry
laminae.

fis d that the ** h band"* ph
enon described here is not a manifestation of the
binder melt flow reported in many carlier
studics. With thin-binder sandwiches used in the
present studics, melt flow is minimal [10-12,
15] and available results show that the smooth
band is present even with 8 nonmeliing poly-
sulfide binder [10] and with the gold lamina.
The combined results are very strong evidence
that the smooth band and protruding AP near the
contact planes of conventional thin-binder sand-
wiches are caused by lateral heat flow into the
binder lamina, with some corresponding modifi-
cation of the AP decomposition-deflagsation in
the smooth band region. This conclusion is in
contrast to that of Boggs [5), and of the present
authors in carly reponts [15), who atrribuicd
smooth bands to binder melt flow (most investi-
gators agree on the presence of melt flow with
thick-binder laminae; most i s have
not done extensive testing with the thin-binder
laminae studied here).

In addition to the above tests designed specifi-
cally to explore the cause of the smooth band
and AP protrusion adjoining the contact sur-
faces, many other tests are reporied here that
were run for other purposc.. In all cases where a
pure binder lamina was used, the features | -6 of
the profiles and quenched surfaces as described
in the Introduction were evident in a manner
consistent with the trends described here.
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Burning Rate of Sandwiches

The results of the sandwich burning rate tests
[18] are shown in Fig. 5a. At large binder
thickness the rate appears to approach a limit at
cach pressure (the limit is of only peripheral
interest in the preseat study). As binder thick-
ness is reduced, the burning rate increases (o a
maximum at a thickness of 65-85 um, and then
decreases for thinncr binder. Al pressures above
the AP self-deflagration limit, the AP rate is
approached as the binder thickness goes to zero.
At lower pressure, decreasing binder thickness
leads tn a quench limit (measured in the “‘ta-
pesed’” sandwich tests; see broken curve, lower
left, Fiy. Sa). The enhancement in burning rate
by the binder lamina is strongest in the interme-
diate pressure range. Under conditions of rate
enhancement (over the AP rate), the combustion
front burns down the sample and leaves a
trailing oxudizer profile that is V-shaped (Fig.
2¢) when the iest is above the AP sclf-deflagra-
tion limit, and U-shaped (Fig. 2d) below the AP
self-deflagration limit. 1t was noted earlier [10-
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Fig. 55. Ratc versus pressure (data poimts are cross-plot points from curves in Fig. Sa).

.12 45, 20, 21) and in Fig. 2c, f that at higher
pressuses the AP scif-deflagration leads the
sandwich burning front, so it may be concluded
that the family of curves in Fig. Sa would consist
of hori | lines m p much higher than
reported in the figure. A partial cross plot of the
curves in Fig. Sa as burning rate versus pressure
is shown in Fig. 5b. This figure shows the AP
self-deflagration rate (lower curve); the condi-
tions for maximum sandwich rate (10p curve);
and the *“thick slab limit,"" i.c., asymptotic rate
for thick binder (middle curve). By extrapola-
tion of the curve of maximum sandwich rate, the
enhancement in rate over the AP rate is seen to
80 to zero around 10 MPa. The thick slab rate is
seen 10 approach the AP rate at about 5 MPa. In
summary,

L. AP does not burn below 2 MPa, but
sandwiches burn down to about atmo-
spheric pressure unless the binder is too
thin.

2. Between 2 MPa and 10 MPa, sandwiches
with “‘optimal’’ binder thickness burn
faster than AP alone.

3. Above 10 MPa, all sandwiches burn at the
self-deflagration rate of AP.

These limits may differ with different binders.
The trend in 3 probably does not apply o
pressures above 14 MPa, where a transition in
AP behavior occurs [14, 22).

Deflagration Limit

Results of the spontancous quench tests on
tapered sandwiches are summarized in Fig. 6 for
three binder materials [10, 11, 20, 21). The
crror bars on the data points vepresent the range
of variation of thickness of the binder lamina
along the q hed edge, as ed in the
SEM. Over the pressure range of 0.4-2.0 MPa,
the sandwiches with ary particular binder
tended 1o quench at roughly the same binder
thickness. Above 2.0 MPa, samples usuatly
burned to compliction, a result that is consistent
with the fact that AP scif-deflagratcs above 2.0
MPsa. At pressures below 0.4 MPa, the binder
thickness for self-quenching became increas-
ingly p dependeat. Limited ing was
made with samples with different degrees of
taper of the binder lamina 10 test the possibility
that the quench limit might be dependent on
details of the approach to the limit. No statisti-
cally significant effect was evident. The differ-
ent binders yielded significantly  different
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quench limits in the 0.4-2.0 MPa range. Figure
7 shows a scanning clectron microscope picture
of a typical sp ly quenched pl
The general feawres are similar to those of
samples with binder lamina of uniform thickness
quenched by rapid depressurization from com-
parable pressures. This indicales thal approach
of the tapered sandwich to self-quench does not
involve de of any singular f of
surface configuration. The thickness measure-
ments in Fig. 6 were obtained from SEM
pictures similar to Fig. 7, with suitable magnifi-
cation,

AP-Filled Binder L.amina Sandwiches

Test di are ized in Table |.
Results of tests are summarized in Figs. 8-10.
Figure B shows a comparison of quenched
sandwiches with pure binder and with 1 : | AP-
filled binder {20, 2t]. From these tests (6.9
MPa, nominal lamina thickness 70 um) there is
an obvious diffcrence between the behavior of
sandwiches with and without AP in the binder.
From extensive examination of samples with |
: 1 laminae. it was evidem that the region of

protruding AP is widened and protrudes less
with AP-filled laminac. The | rotruding region is
flat on top, and the surface quality is smooth.
The binder lamina is recessed and the surface of
that lamina shows undulations of the same
dimensional scale as the AP filler. However, no
distinguishable AP particle surface is evident
there. The details conform qualitatively to the
general features 1-6 noted in the Introduction,
but differ unambiguously from those of sand-
wiches with pure binder laminae in the details
noted above. The differences become less evi-
dent a1 lower pressures.

Use of a higher mass ratio of AP 10 binder (7
1 3) in tae “‘binder’’ lamina resulted in more
conspicuous deviation from the results with pure
binder laminae. The basic difference is illus-
trated for 6.9 MPa in Fig. 9 (upper right), which
shows regions of both AP and binder adjacent o
the AP-binder interface planes that are recessed
relative to the protruding AP.

The comparnison in Fig. 9 1s for samples with
filled vinder laminae that are about 70 am thick.
With i 1 AP-binder laminae. the profiles were
not critically dependent on lamina thickness.



oV

SANDWICH COMBUSTION

391

Fig. 7. Surface of a spomancousty quenched sample (tese pressurc 2.08 MPa).

However, for the 7 : 3 laminae it was found that
the profile was highly depend on lami

pressure curves. The step occurs at higher

thickness (6.9 MPa) as shown in Fig. 10. With
very thin laminae, the profile was similar to that
with the 1 : 1 mixture. As lamina thickness
increased, the lamina region became increas-
ingly recessed. and the overall sample profile
vecame V-shaped (a configuration indicating
that the lamina-interface region is dominating
the sandwich burning rate). As 7 : 3 lamina
thickness was incrcased (Fig. 10), and increased
burning rate resulied, the protrusion of the AP
in the interface region became less and disap-
peared. The smooth bands also became localized
very close 10 the interface planes. In that lacal
region the AP surface was concave upward
(evident in oniginals of Fig. 10), but the AP no
longer protruded.

Burning Rate of Bimodal Propellants

The burming rates are shown in Fig. 11, The
singular feature of the rate versus pressure of
these propellants 1s a step in the burning rate-

p! when the particle size of the fine
fraction of AP is small. This wrend is discussed
further in the section *‘Interpretation of Results
with Bimodal Propellants.”’

DISCUSSION

The experimental results presented in this paper
and its predecessor [10] represent pans of an
evolving interplay beiween theory and experi-
ment. Because of the complexity of the sand-
wich combustion process, it was judged at the
outset that in the short term a realistic and
comprehensive two-dimensional  analytical
model would be iatractable. Accordingly the
theory is based on qualitative arguments, and
the experi were d d to guide in
formulation and evaluation of the theory . 1n this
discussion, the qualitative theory will be pre-
sented in the form of a detailed description of a
flame complex, accompaniced by the basis for the
details. To the extent that the basis for the
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Fig. 8. Comparisos of queached surfaces of sandwiches {6 9 MPa). (a) Pure PBAN
binder lamins. (b) | : 1 AP-filled PBAN binder lamina (c) Pure HTPB binder lamina. (d)

1.0 AP-filled HTPB lamina
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Fig 9 Surface profiles of sandwiches with differemt AP-
binder ratios in the binder laminsc, and differest pressures
(PBAN bindcr, lamina thickness appronimately 70 um)

details involves the present  experimental
results, the results will be discussed more fully
later (in interp i ions) after outl
the theory of the flame complex.

Before presenting the flame theory, attention
is dirccted 10 five previously reported features
of combustion of AP and AP composites that
will be treated as axiomatic in the theory and
subsequent discussion.

I. Ammonium perchlorate self-dcflagrates at
pressures above about 2 MPa. This pres-
sure limit is sensilive to temperature, AP
purity, and heat losses, presumably be-
cause of the rather modest lame tempera-
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Fig 10 Effect of lamiaa thickness o quenched surface wih AP-filled PBAN binder
laminae (SEMs) AP binder ratio 7.3, 6.9 MPs
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ture available 10 “‘drive’’ the combustion
(4. 13, 14, 19, 22, 23-27)

. Self-defagraion of AP proceeds by a

combination of a complex reaction in a
surface liquid froth, along with a gas-
phase Aame. Heat release occurs in vary-
ing degrees at both sites [4, 13, 14, 16, 20,
22, 23, 25]. There are many references in
the literature 10 condensed phase reac-
tions, but such references do not acknowl-
edge the unequivocal evidence for the
existence of the reactive froth or distin-
gussh what is meant by condenscd phase in
thai context. When the issue is reduced 1o
one of real dimensions, the reaction region
in the wave in the solid is so thin that it
would be difficult to separate condensed-
phasc, surface-, and gas-phase reacpons in
the froth. However, the gas-phase flame 1s
generally treated as distinct from the froth
under most conditions [25].

. Heat release in reactions between AP and

hydrocarbon binders occurs primarily in
the gas phase [3-5, 10-12, 15-17, 23,28
(Contrary views can be found in carly
literature, and are often argued by invesu-
gators whose primary investigalive 1ools
are thermal analysis instruments )

. Burning rates of the composite systems are

dependent on the structural details of the
systems. This is gencrally attributed to the
effect of propellant microstructure on lo-
cation of gas-phase reaction sites (flames)
(e.g.. Refs. |1, 8,15, 29-33)).

. The gas-phasc oxidizer-binder flames

consist of a lcading edge portion involving
vapors that have already mixed, and a
tradling portion governed by continued
diffusion of oxidizer and binder vapors
The leading cdge portion 15 described as
having the properties of a kinetically Jim-
ited premixed Name, and the teailing por-
tion has the properties of a diffusion-
limited flame |1, 9-12, 15, 2}, 23, 31,
32] Derails and the relative importance of
the two portions of the flame are marters of
speculation, but are examined later in the
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context of the present results (the subject
comes up in several of the later sections on
interpretation of results of different exper-
iments).

Theory of the Flame Complex

Figure 12 is a sketch of the combustion zone of a
burning sandwich, based on currently available
evidence. The skeich represents only that por-
tion of the combustion zone within about 150 um
of the plane of symmetry of the sandwich, and
represents  conditions for thin-binder sand-
wiches burning at intermediate pressures (3-0
MPa). The numbers in circles in the sketch
designale regi in the comb zone with
unique features, regions that will be discussed in
detail in the following. It should be understood
that the objective of discussing these features of
the combustion zonc is 10 obtain a reasonably
complete description that can be used to under-
stand detailed cxperimental observations (or
design experiments to test the model), and 10
begin to explain such global combustion behav-
ior as burning rate and dynamic response of
1 in the flow environ-

comb 10 0s¢

ment.
Region (1) The Binder Lamina. The cx-
poscd binder lamina is recessed in quenched
thin-binder sandwiches {3, 5, 10-12, 15-17, 21,
23, 28]. The appearance of the bottom of the
recess suggests that it was molien during burn-
ing (most binders tested). The recessed condi-
tion could be an artifact of the quench, since
real-time obscrvations during burning do not
have sufficient resolution to validate the quench
test results. However, it seems clear tha the
thin-binder laminac do nol protrude during
burning, as such a state would require that the
protrusior: be solid (in which case it would
remain alter the quench). Further, the specula-
tion that the recess is caused by ejection of melt
during quench {5] is put in doubt by the resulis
with pol,sulfide binders, which burn without
evidence of a melt but yield recessed binder
laminac  Progressive increases in thickness of
binder faminae lead to a change 10 protruding
biader For the most extensively tested binder
(PBAN). the laminac became somewhat pro-
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one

and p a8

suggested by accumulated results: |, binder lamina; 2, isterface plane between binder and

. 3. oxidizer surface

djoining binder

h band); 4, leading cdge of the

oxidizer burming fromt: 5, oxidizer region that regresses at the mormal AP self-
deNagration rate; 6. AP Mlame: 7, leading edge region of AP flame; 8, oxidizer flame,

dified by the Tous d
9 dizer- fuel diff region, with

s the smooth band (flame may be queached);

ic surface i

di d by broken line;

10-11, kinetically limsted leading edge flame (KLLEF) (fuel-rich and oxidizer-rich
sides); 12, diffusios flame; 13, up of diffusion Rame.

truding in the 50-90 um thickness range (some-
what pressure-dependent), decidedly protruding
for thicknesses over 110 um. The trend was
similar for HTPB and polysulfide binders.

Region (2) The Interface Plane. The oxi-
dizer-binder interface is never the lcading edge
of the burning from (3, 5, 10, 15, 17, 21, 23,
28], an observation that scems to rule out
binder-oxidizer interfacial reactions as signifi-
cant contributors to burning rate at the pressures
tested. The binder recess leaves a side wall that
appears (0 be vertical in the interface plane,
suggesting no AP decomposition in the recess.
The bottom of the recess has the appearance of a
meniscus, and there may be a film of binder on
the sidewall of the recess (no evidence re-
ported).

Region (3) Protruding AP-Smooth
Band. Under all conditions tested (present
work and Refs [3, 4,10, 17, 21, 23, 28, 29)),
the AP deflagration n the region near the
nterface plane appears 1o be retarded relative to
region (4), and the AP surface there has a

h quality suggestive of a differcat mode of
decomposition than that occurring further out
from the interface plane [3-5, 10-12, 15, 17,
21, 23, 28). In earlicr studies, these features
were attributed to binder melt flow over the AP
surface [3, S, 16, 17, 21, 28], a conclusion that
appcars 1o be valid with thick laminae of
meltable binder. However, the smooth band and
protruding AP occur also with thin-binder lami-
nac where flow is less probable, with nonmelt-
ing binders, and with a gold **heat sink’’ lamina
in place of binder. As a result, it is theorized
(21] that there is appreciable lateral heat flow
into the endothermic binder, resulting in a lower
AP surface temperature and a less exothermic or
an endothermic surface decomposition (proba-
bly dissociative sublimation). This interpreta-
tion of region (3) behavior has been supported
recently by detailed calculation of heat flow in a
two-dimensiona!l model of the combustion of
contacting slabs of oxidizer and fucl {34}, which
shows that lateral heat flow into the binder
lamina occurs.
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Region (4) The Leading Edge in the AP.
This region is generatly located 25-350 um from
the interface planes (present work and Refs. {3,
5, 10-12, 15-17, 21, 28)); a transition from
smooth to ‘‘flaky'" surface occurs here on
quenched samples, indicating a transition in the
nature of the surface decomposition to an exo-
thermally reacting froth more typical of AP self-
deflagration. Region (4) represents that point on
the surface profile where the energy flux from
gas phase flames, surface reaction, and two-
dimensional heat flow in the solid (including
binder) yicld the highest heat flux in the direc-
tion of burning. At low pressure (e.g., <1.4
MPa), the thickness of the thermal waves in the
gas and solid are so large that surface heat fluxes
are more uniform, and localized effects such as
the region (4) leading edge arc inconspicuous.
The transition in AP surface decomposition
disappears as the pressure is reduced below the
AP sclf-deflagration limit—the evidence of re-
acting froth no longer is present anywhere {10,
21, 28, 36, 37).

Region (5) AP-Self-Deflagration. This rz-
gion shows a surface cssentially the same as for
AP scif-defagration (including evidence of re-
active froth), and surface regression rales are
approximately the same as for self-deflagration
(15,21, 22). At low pressure, the surface curves
up toward vertical (Fig. 2a.d), reflecting the
absence of sufficient heat flow from the AP-
binder flame to sustain pyrolysis of the AP (1the
sandwiches were fuel-lean in overall stoi-
chiometry). In contrast, ac high pressure (e g.,
8-14 MPa), the AP sclf-deflagration rate ex-
ceeds the sandwich rate (Fig. 5b) (which is now
overwhelmed by the heat drain to the endother-
mic binder), and region (5) becomes the leading
edge of the AP burning front (Fig. 2¢,N.

Region (6) The AP Flame. This flame is
generally presumed to be present under condi-
tions where AP self-deflagration is recognized
to be possible, and such a flame is postulated in
propellant combustion models [25}. The chems-
try and location of the flame are matiers of
speculation, as the flame appears to be 100 close

E. W. PRICE ET AL.

10 the surface 1o be resolved cxperimentally.
The heat release of the AP sclf-deflagration
apparently is apportioned between the surface
froth and this flame, probably in a way that is
sensitive to pressure and other factors affecting
encrgy balance and surface iemperature {4, S,
14, 23, 25}. Atthis point it is not certain that the
flame is a ‘*sheet.”’ The irregular and frothy
nature of the AP surface probably gives rise 10
nonuniform flow and a correspondingly nonuni-
form flame. Combustion photography has been
reporied [4, 37) to show turbulent flow from
sclf-deflagrating AP, but it is doubtful that the
AP flame rcgion is resolved in such photogra-
phy, and the ‘‘turbulence’’ may be surface-
coupled nonuniform flow. I has been suggested
[4. 14, 25] that the heat release shifts to the gas
flame (6) from the froth site (5) as pressure is
decreased toward the self-deflagration limit, and
that the limut is related to loss of the reacting
froth.

Region (7) Leading Edge AP Flame. This
is & continvation of the AP flame into a region
that must receive some heat from the AP-binder
flame, leading to the higher regression rate of
the surface at (4). This, in turn, implies a higher
surface temperature in region (4).

Region (8) Smooth Band Flame. This rec-
gion is unique in that the vapors from the
underlying surface [regioa (3)] are postulated 10
be different from those for the rest of the AP
flame. Lacking any direct experimental cvi-
dence, specylation about the nature of the lame
is a precarious exercise. Indeed, this region may
not have an AP flame at all—an interpretation
that would be consistent with the idea that loss
of the surface froth reaction is associated with
defagration limits (4, 14, 25). Diffusion of
heavy fuel molecules into this region may
actually suppress the AP flame; thus it may
instcad be a thermal and chemical induction
zonce for a later AP-binder flame n region (1)
[0, 1.

Region (9) Oxidizer-Fuel Diffusion Re-
gion. The dotted line in Fig. 12 represeats the
stoichiometric surface in a region of molecular
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diffusion of vapors. This *surface’* bends out
over the region above the oxidizer surface
because the oxidizer is relatively dilute com-
pared with the fucl. While the vapors are fairly
hot (roughly 600°C as they leave the burning
surface), the initial vapor mixing occurs in 8
region of high hcat loss, so oxidizer-binder
reactions cannot raise the temperature precipi-
tously, and rates remain low until further out in
the mixing region. This region (9) merges with
region (8), and the unccnainty about an AP
flame in region (8) translates into an uncenainty
about decails of region (9). This same unces-
tainty has confronted propell busti

_ - - - -
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However, it is important 1o note that every free
(unattached) diffusion Nlame has a kinctically
fimited leading edge of some kind. The KLLEFs
are of particular importance in the present
problem because, under some conditions,the
majority of the oxidizer-fuel reaction occurs
in the KLLEFs (no fucl left for the diffusion
flames). Such (KLLE) flames have been ob-
served in studies of flame propagation in strati-
fied air-fuel mixtures at | aim {38, 39); such
flames show a leading edge at the stoichiometric
surface and trail off on the fucl-rich sidc {region
(10)) and oxidizer-vich side fregion (11)). An

I kinetically limited region of the flame

modelers, who generally resolve it by somewhat
arbiteary ptions about ‘‘ignition delays"’
and/or Name structure. For the present, it will
be assumed here that the AP Alame reaches s
quench limit somewhere in region (8), and that
region (9) is a diffusion ““fan’’ in which
reaction rates are low because unfavorable
balance of heat flow and insufficient mixing and
chemical preparation of reactants prevent rapid
temperature rise. However, one must keep in
mind the qualitative features of regions (8), (9).
and (10). Their interaction may be very pres-
sure-dependent, and may oscillate during oscil-
lations of the combustion environment.

Region (10-11) Kinetically Limited Lead-
ing Edge Flame. The diffusion region (9) pre-
pares 8 flow in which an increasing oxidizer-
fuel mixture develops by diffusion as convection
carries i gqases away from the surface. At
some point in this mixing fan, the temperature
becomes sufficient, relative to the two-dimen-
sional heat flow, to support a lame. This flame
is the leading edge of the diffusion flame, but
unlike the diffusion flame ([region (12)], its
position in the mixing fan is sirongly dependent
on reaction kinetics, sianding as it does ina
pantially premixed flow. Accordingly, the name
“kinetically limited {cading edge flame,"’
KLLEF, is used here to designate the flame. The
existence and nature of such a flame in sandwich
burning is simply postulated on fund |
grounds, since no direct observation has been
made, duc to the problem of spatial resolution.

is generally invoked also by modelers of propel-
lant combustion (1, 29, 30-33|, and has been
postulated in reports on combustion down the
interface between oxidizer and fuel slabs {9-11,
22, 23, 31}. Of panicular note is the work of
Fenn {31}, who discussed the nature and role of
a kinetically limited reaction region he called
the ‘‘phalanx flame.’' Because of its importance
in the present work, the nawre of the KLLEFs
will be discussed in some detail in several
following sections.

Region (12) Diffusion Flame. In the re-
gion downstream from the KLLEF (Fig. 12),
continued reaction occurs as furnther interdiffu-
tion of fuel and oxidizer vapors occurs. The
temperatures are high duc to heat retease further
upstream and diffusion of hot reaction products,
and the reaction rate is ly controllied
by the rate of mixing, rather than by reaction
kinetics. The extent of this diffusion-limited
portion of the flame is determined by the extent
to which reactants have already been consumed
by the KLLEF, and the extent of the fuel and
oxidizer supply (i.c., thickness of the laminac
that supply the r ). According to classical
theory, the diffusion lames locate themselves in
such a way that oxidizer and fuel species will
diffuse into the f) in stoichi i prop
tions, with the reactants being fully converted 10
products at the flame surfaces. Thus the diffu-
sion flame surfaces are continuations of the
stoichiometric surfaces of regions (9); however,
there are no oxidizer species in the space
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between the flame surfaces in region (12), and
no fuel species outside the flame surfaces. While
this idealized “*flame surface’” approximation
may not be quantitatively valid in the mi-

! of the p work, it is still
a helpful concepr for qualitative description of
the situation.

Region (13) The Stoichiometric Tip. la
Fig. 12 the flame complex 1s drawn for a thin-
binder lamina, with oxidizer laminae thick

gh to rep a sample with oxidizer-rich
overall stoichiometry. As a result, the diffusion
flame sheets close over the fuel, yielding a flame
tip that is referred 1o here as a stoichiometric tip.
The region above the tip p bly ¢ i
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thin-binder PBAN sandwiches and test condi-
tions used most extensively here. In this con-
text, it is appropriate (0 note that many obscrva-
tions of these nonideal features of sandwich
burning that have been reported in the past have
been based on obsesvational methods that are

isleading (c.g., limited spatial lution) or
test conditions and test samples not relevant to
the studies reported here (e.g.. thick binder).
However, the issues raised merit continsing
consideration in the future.

Interpre(stion of Results of Binder
Substitutions

The foregoing qualitative theory was evolved as

litile or no fucl specics when the diffusion flame
is present in region (12). However, later discus-
sion concerning the results of deflagration limit
tests will involve the implications of a situation
where the KLLEFs and diffusion flames fail
be cstablished in the mixing region, and the
entire region [levels (9)-(12)) is simply a two-

alfr rk in which to understand the emerg-
ing results of the present studies. One of the
more pi experi } results was the

smooth surface quality and protrusion of the AP
in region (3). It was proposed that this region of
the sample was deprived of hcat by lateral
transfer to the binder lamina, thus tending to
hold down the surface temperature. Substituti

of a ductive mica lamina led to elimina-

interface diffusion region. In that
there are still stoichiometric surfaces and a
stoichiometric tip, but the concenirations of fuel
and oxidizer will not go to near zero al the
stoichiometric surfaces as they do where the
flames are present. In the configuration used
here (thin-binder lamina), the mixture in the
absence of a flame then will be increasingly
oxidizer-rich as a function of distance above the
ichi ic tip, a dition that would be
expected to affect the stability and locanon of
any flame that might occur above the tip.
There are many features of sandwich burning
that are not encompassed in the above descrip-
tion, features such as irrcgular burning a1 high
pressure  [10); unsymmetrical burning with
some binders {S]; melt flows with some binders
and thick laminac {3, 5, 16, 17); possibility of
turbuient smearing of the fame complex [S);
intermittency of flames |5, 10, 15); and general
breakdown of the two-dimensional symmetry of
the flame. These fcatures are probably cach
significant under some conditions, but were
ly not qualitatively important with the

e

tion of the features of the profile atiributed 10 the
lateral heat drain, while substitution of a con-
ductive gold lamina presesved these features.
This result iends 10 support the latecal heat drain
argument. Al the same time, computer modeling
of the heat flow problem was undertaken (34),
and results of numerical studies indicale that
heat flow would indeed occur from oxidizer 10
binder under the conditions of AP-HC binder
sandwich burning. As will be seen later, the
results of sandwich burning rate measurements
also indicate that lateral heat flow 10 the binder
occurs. Given the rather marginal heat balance
situation characteristic of AP self defagration,
it ir then not surprising that the AP surface
regression is retarded in region (3). The persist-
ent association of this with modified (smooth)
surface quality suggests that the entire deflagra-
tion process is disturbed by the heat drain. This
is interpreted here as a transition from normal
sclf-deflagration with an exothermic froth layer
to simple dissociative sublimation. The resulting
loss of surface heat re) h

of course es
the retardation of surface regression. In effect,
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the AP in region (3) is behaving as if it were
below its seif-deflagration limit, being pyrolized
by heat flux from the gas-phasc flames.

In this context, it may be imporiant 1o notc
again that the features of region (3) have been
attributed in the past to flow of molten binder
over the AP surface. In experiments with binder
laminac of thickness greater than 125 um this
interpretation is probably partty correct, at least
with binders that yield high temperature surface
melts. This is an unfortunate complication of the
two-dimensionality of the experiment, which
must also affect the gas-phase flame structure.
This complication has been largely avoided in
the presently reported work with thin-binder
laminae, particularly PBAN binder.

laterpretation of Deflagration Limit Results

The initial motivation for deflagration limit tests
was to exploit an experiment that would be
sensitive 1o the details of the flame complex and
reaction kinetics. The systematic trends in the
resulis (Fig. 6) at pressures below the AP self-
deflagraiion limit posed a challenge that has yet
to be exploited fully. However, some significant
interpretation can be made now, intcrpretation
that has been carried over to design of the
bimodal propellant experiment and borne out by
resulis of that experiment discussed in a later
ion about bimodal propell

In interpreting the deflagration limit, one
turns to arguments rcgarding the two-dimen-
sional cnergy ﬁcld and what happens as the
binder | increasingly thin while
approaching the quench point. Flgurc 13 shows
the trend one would expect of the combustion
zone details with binder thickness. As the binder
thickness decreases, the mixing regions above
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Fig. 13. Tn.d in onidizer-biader combusiion zone struc-
ture with thickaness of ihe binder lamins (flames for
different binder thickaesses superimposed). A. Very low
pressure (p < 0.4 MPa) (stoichiometric tip i retracied for
biader thickness #1).

present situation, this may occur in either of iwo
rather different ways that can be scen in Fig. 13.
In part a, behavior at relatively low pressure is
skeiched. As binder thickness is reduced at
p . the stoichi ic tip [regi
(13) in Fig. 12] retracts until it is coincident
with the oxidizer-binder KLLEFs. Any funther
decrease in binder thickness would place the
KLLEFs in a location beyond the stoichiometric
up The flames would not be stable in that

the AP-binder interfaces move closer h

and the stoichiomelric tip retracts toward the
surface. The total fuel supply decreases, with a
corresponding decrease in available combustion
energy. Since this encrgy is dissipated two-
dimensionally, one would expect burning rate
and flame temperatures eventually to drop off
with decrcasing binder thickness. In such a
situation. the encrgy balance ultimately be-
comes unstable and the “*fire goes out.’” In the

b it is a region where fucl
concentration becomes more fuel-lean with dis-

tance from the surface, with a corresponding’

decrease in available flame temperature. Thus,
if the flame doe« not quench spontancously by
the time the stoichiometric tip retracis to the
flame position, it will do so then. Quench due to
1ip retraction is more likely at low pressure,
where the flame stands relatively far from the
surface, and it is postulated that the sieep, low
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P < 2.0, the approach to quench evidently does
not depend on stoichi ic tip ion, and
the trend with pressure accordingly is differem
from that at lower pressure. The relative insen-
sitivity to pressure suggests that approach to
quench is governed by pressure insensitive
diffusion processes, but this nceds clarification
by appropriatc quantitative analysis. As in all
quench events, the chemical kinetics become
critical at the approach to the limit because of
decreasing flame temperatures. In this fimit
domain, the final retreat of the flame may still
be precipitated by withdrawal 10 the unsiable
region beyond the stoichiometric tip due 10
falling flame temperature, cven in this higher
p range. P bly this is a *“terminal
aspect”’ of quench, which no longer dominates
the p depend of the q h fimic.
The effect of binder type on quench limit (Fig.
6) in this “*diffusion dominatea™> domain ap-
pears to be related to the mode of decomposition
of the polymer, and corresponding nature of the

pressure parts of the curves in Fig. 6 corresp
to quenches involving approach to the tip retrac-
tion. The dotied exicnsion of the stecep part of
the curve at higher pressure is intended to
suggest the locus of stoichiometric tip retraction
that would result if the flame position were to
continue to change with p) ¢ in the

of the low pressure curve.

Following the above interpretation, the exper-
imental resulis (Fig. 6) suggest that around 0.4
MPa the flame stability becomes marginal be-
fore stoichiometric tip retraction. At higher
pressures, the KLLEFs are located near the

fucl molecules in the mixing region (9). PBAN
binder (which quenchés at the lowest binder
thickness) is expecied to yield relatively smali
vapor molecules, while HTPB will yicld large
molecules that must be further brokep down to
support a flame. It is postulated that this chemi-
cal induction process requires a longer time with
HTPB than PBAN, with a correspondingly
larger KLLEF standoff distance and lower flame
bility. The calculated stoichi ic flame
temperature of the HTPB/AP flame is higher
than that for PBAN/AP, a condition that adds
lausibility to a fuel kinetics explanation of the

sample surface under stable burping conditi

By the time the binder thickness has decreased
10 40 um or so (Fig. 13b), the mixing regions
and KLLEFs have substantially merged and the
entire flame complex has become very small,
but the KLLEFs siill stand well down in the
mixing regions. The limit of flammability be-
comes dependent on the encrgy balance of this
small flame burning down a narrow slot in the
sample. With decreasing binder thickness, the
burning rate drops off, and quench occurs when
available hewt from the flame can no longer
suppont the losses. In the pressure range 0.4 <

difference in quench limit.

The arguments regarding pressure depen-
dence of quench limit due to stoichiometric tip
reiraction (Fig. 13a) can be stated in simple
analyncal terms by application of diffusion
theory (o determine the height of the stoichiome-
tric tip. At pressures approaching the quench
limit, the KLLEF is near the tip, and the
stoichi x)meinc surface is almost entirely below
the flame. If onc assumes the entire stoichiome-
tric surface 1s within a simple laminar mixing
flow, the stoichiometric tip height can be esti-
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mated by the same analysis used in the Burke-
Schumann diffusion flame theory [40} (in that
analysis, it is d that the coupling functi
ay — (g, is equal to zero at the flame, which is
assumed to be at the stoichiometric surface with
a; = a, = 0; however, the analysis does not
depend on ay = a,, = 0, snd the ‘‘flame
surface’” calculation is really a stoichiometric
surface calculation whether or not a flame is
present). While the Burke-Schumana theory is
only approximate, and cast in cylindrical coor-
dinates, we shall adopt the quatitative result that
the stoichiometric tip height can be obtained as a
di ional function of fuel-oxidi stoi-
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doff di , & situation that is conducive to
a decisive role for the **loss of KLLEF** due to
retreat into the unsiable situation at and above
the stoichiometric tip. As noted above, loss of
the KLLEFs depends also on a detailed two-
dimensional energy balance. which apparently
plays a more important rolc at higher pressure
(0.4-2.0 MPs), where the very thin binder
simply cannot maintain a sufficient fuel supply
(and heat release) to overcome the heat losses.
Under these conditions the KLLEFs apparcnily
remain below the stoichiometric tip until the
heat balance is so unfavorable that low flame

perature oa the stoichi ic surface lcads

chiometry and relstive thickness of fuel and
oxidizer laminae. This height, g, is related to
the dimensional height by

n.mkyD/v = ky,(pD)/(pv). [{)]
where k depends on the relative dimensioas of
the oxidizer and fuel flows, y, is the actual tip
height, D is a diffusion coefficient, and v is the
convective flow velocity. In such analyses it is
usually satisfactory to assume that the product
pD is independent of pressure [40). The product
pu can be represented for pyrolizing solids as
pv=pf, @
where p, is the density of the solid and 7 is the
regression rate of the surface (which is viewed
in this analysis as remaining far). If 7 is
represented by a typical burning rate function
such as

t=Cp*, [£}]
thea

yo={(pv)n/k(pD),

%=p,Cp"a/koD,

».=(p.Cn./koD)p*, “
where the expression in p h is i i
tive to pressure. Thus the tip height increases
with pressure according to the factor p*, where
n is typically between 0.2 and 0.6.

The foregoing arg . albeit simplistic in
nature, suggests that above the quench limit, a
gradual reduction in pressure would lead 1o a
decrease in tip height and an increase in KLLEF

to either spontancous quench of the flame or
retreat of the KLLEFs into the unsiable region
beyond the tip. The difference in the nature of
the quench limit trend for the different binders
in the 0.4-2.0 MPa range suggests that flame
kinetics still play a significant role in that
pressure range. Above 2 MPa, sandwiches with
thick oxidizer laminac burn regardless of binder
thickness, because the AP burns as a monopro-
pellant. Thus, the binder thickness limit for
quench goes to zero at higher pressure in Fig. 6.

Sandwich Burning Rate

The experimental results indicate that the over-
all burning rate of the sandwich is dominated by
the AP rate st pressures Setween 10 and 14
MPa, but that the AP-binder (lame can have a
significant cffect at lower pressure (and, of
course, dominate the rate below the AP self-
defagration limit). This is evident in Fig. S, and
is consistent with the larger features of
quenched burning surfaces (Fig. 2). In terms of
the lame complex in Fig. 12, one would expect
that burning rate would be governed by heat
release in 8 region of the flame complen rela-
tively close to and on the burning surface. This
region has been refer. :d to (18, 20, 32, 33] as
the *‘propagation velocity controlling’* (PVC)
region. Under conditions where the sandwich
rate is higher than the AP raic (Fig. 5b), the
PVC region encompasses pan of the binder-
oxidizer ame, including the KLLEF. The PVC
region is the region in which encrgy flow affects
the tcmperature at the leading cdge of the
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Fig. 14, Propag velocity g feglons  (8)
Thick binder lamina. (b) Biader lamima 70-100 ym (<)
Binder lamins ~ 30 ym

burning front. When the binder lamina is thick,
the flame complenes above the two intecface
planes burn independently. There is a PVC
region for each interface plane (dotted circles,
Fig. 14a). In this siwation, diffusion of heat
(and chemical specics in the gas) proceeds much
as if the binder lamina were of infinite thick-
ness, and (he burning rate is independent of
binder thickness. There is 8 threshold thickness
of the binder lamina around 150 um for PBAN
binder below which burning rate becomes sensi-
tive to binder thickness (Fig. 5). This corres-
ponds to the onset of interaction of the two PVC
regions (Fig. 14b}. Under these conditions, heat
transfer from the AP laminac to the fuel |
is decreased (becausc there is a smaller heat
sink). The heat that is transferred is retained
within the PVC region and is reflected as higher
temperatures in the flame in the PVC region. [n
addition, fuel dilution of the mixing regions on
the fuel-rich sides of the stoichiometric surfaces
will be reduced in the gas-phase diffusion field.
One would anticipate that the fuel-rich portion
of the KLLEF [region (10) in Fig. 12} would
therefore be hotter and extend further into the
fuel-rich region, with correspondingly larger
heat release. In effect, the AP at the leading
edge of the burning front experiences less lateral
heat drain in the solid and more heat supply
from the gas flame, with a corresponding en-
hancement of burning rate.

As binder thickness is reduced further, the
total fuel supply is reduced wntil it is all
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consumed in the PVC region (i.e.. none is lefi
for the outer region of the trailing diffusion
flame). Continued decrease in binder thickness
thus cventually leads to decrease in heat release
in the PVC regions, which are also substantially
overlapping (Fig. 14c). Following the increase
in burning rate caused by concentration of the
1wo PVC regions, this trend to limitation in fuel
supply must lead with thi binders e Hy
to a decrcasing burning rate (Fig. 5a). When
pressures are above the AP sclf-deflagration
limit, the sandwich rate will drop off with
decreasing binder thickness until the AP defla-
gration rate is reached. At lower pressure, the
rate will drop off until a combustion limit is
seached (Fig. 6). ’

It 1s interesting to note that the foregoing
arguments did not draw on the details of behav-
ior in regions (8) and (9) of Fig. 12, which have
been described carlier as unknown. The results
of quench tests indicaie that the protrusion of AP
acar the interface planes and the characteristic
smooth surface of the AP there persist over the
whole range of test conditions and are evident
even on spontancous burnout of tapered binder
samples. This suggests that behavior in regions
(8) and (9) is not changing qualitatively. This, in
turn, seems to be most compatible with the view
that the AP vapors from this region are diluted
by fuel vapors and fail 10 esiablish a near-
surface AP flame, delaying heat release unul the
KLLEF location. At low pressure, the leading
edge of the burning fromt [region (4)) receives
heat primarily from the KLLEF and secondarily
from the trailing diffusion flame. Above the AP
self-defiagration limit, the leading edge receives
heat also from the AP reactions in regions (4)-
(7). Above about 7 MPa (10 MPa for "*optimal*”
binder thickness), the leading edge receives heat
primarily from the AP reactions in regions (4)-
(7). Thus the character of the propagation
velocity ¢ lling region changes with binder
thickness and pressure, and the burming raie
trends suggest the nature of the changes (see
later discussion of pressure dependence and Fig.
18 presented there)
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Sandwiches with AP-Filled Binder Laminse

The range of test conditions in the investigati
of AP-filled binder laminac was rather limited,
and the results consequently are probably more
provocative than enlightening. The i igati
was done before the burning rate study, and, in
retrospect, the choice of 6.9 MPa for most of the
tests probably limited the amount and intcspret-
ability of the results. However, they do merit
some discussion.

The presence of a protruding region of the AP
laminac on the tests with thin-binder lamina
(Figs. 9, 10) indicates that lateral heat flow from
the AP laminae to the filled binder lamina is siill
a factor in these tests. The smooth surface
quality of the protsuding region is still present.
The peak of the protruding region is flauened
off, compared with the pure-binder sandwiches.
This suggests that the AP-binder flame is in
closer proximity to that region, a conclusion that
would be consistent with the fact that much of
the oxidizer for that flame is premixed in the
binder lamina. The recess of the binder |
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which case the flame would be more nearly a flat
premixed flame over the 7 : 3 lamina. While
these are rather speculative extensions of the
results of tests on sandwiches with pure binder
L} , they are i | to the nature of
the flame over the surface of the AP-filled
binder lami This pt of stability of a
KLLEF in the mixing fan from AP panicles is
pursucd further in the bimodal propellant tests.

q

Interpretation of Resulis with Bimodal
Propeliants

The idea of stoichiometric tip retraction that was
proposed to explain the p ilive pans
of the deflagration limit curves (Fig. 6) has
much broader relevance than the tapered sand-
wich experiment. In propellant combustion,
there are stoichiometric surfaces and KLLEFs
also, and the presence or absence of the
KLLEFs on the stoichiometric surfaces would
be expected to be important to the burning
characteristics of the propellant. Of course, the
issue is not a simple onc of a deflagration limit,

and lesser recess of a thin region of the adjacent
AP, in the tests with 7 : 3 AP/binder mix in the
binder | seem 10 be indicative that the 7 :
3 mix burns on its own, a result consistent with
past propellant experience e.g., Ref. [41]).
Increasing the thickness of the 7 : 3 AP-filled
binder lami fted in an i in sand-
wich bucning rate, as revealed by the develop-
ment of V-shaped surface profiles (Fig. 10). The
burning rate of the 7 : 3 AP/binder mix alone
was not determined, so il is not possible 10
determine from the present data whether the
KLLEFs on the stoichiometric surfaces contrib-
uted significantly to the rate or not. The details
of the flame structure over a 7 : 3 AP/binder
propellant with 10 um AP are also not known.
However, the observations and imierpretations
of ‘*smooth bands’' near AP-binder interfaces
suggest that the 10 um AP panticles sublime
(i-e.. the solid and surface processes n the
“fuel'’ lamina are still endothermic). The
results of the sandwich deflagration limit tests
suggest that KLLEFs may not hold in the
individual mixing fans of small AP particles, in

b the propellant surface is a chaotic array
of oxidizer and binder surfaces of different
dimensions. Yet onc may rcasonably ask of cach
point on the surface, is there a KLLEF on the
neighboring mixing region, or not? P bly
the will depend on p , and the
dimensions of the local fuel and oxidizer sur-
faces. In that case, at low pressure, KLLEFs
may be atached to individusl mixing regions
only at focalities on the surface where relatively
wide fuel and oxidizer surface clements are
involved. As pressure is increased, conditions
become more favorabis for holding of KLLEFs,
50 these near-surface, high-temperature flame-
lets will be present on a larger range of oxidizer
particie sizes. This Las obvious implications for
pressure dependence of burning rate, but in-
volves a very different argument than those used
in present burning rate models. In particular, it
suggesis a role of p.opellant microstructure that
acts through p dependence of stability of
near-surface microflames, rather than the usual
mixing rate arguments.

In view of the difficulty of cither abserving
the postulated microflame behavior or con-
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structing analytical models to test the forcgoing
concepts, an cxperiment was sought in which the
relevance of the concepts would be revealed by
singular burning rate behavior. The burning rate
tests on bimodal propellants were run for this
purpose (Fig. 11). The virtue of bimodal propel-
lants is that the burning surface can be viewed as
consisting of ‘‘large’’ areas of oxidizer (each
large particle) interspersed with areas of a
binder-fine oxidizer mixture (this description
applics if the particic size of the coarse oxidizer
is much larger than the particle size of the fine
oxidizer). In such a propellant, the question of
KLLEF holding on the local mixing fans be-
comes less statistical, since mixing fan: are
divided into two calegorics (fine particle fans
and coarse particle fans). The thesis of the
experiment was that KLLEFs would hold on the
coarse particle mixing fans over the whole range
of pressures of interest, but hold on the mixing
fans of individual fine oxidizer particles only at
high pressure. If this reasoning were correct,
onc would expect that a curve of burning rate
versus pressure would show a break 1o higher
burning rate at the p for establishment of
KLLEF holding on fine particles. Further, onc
would expect the break in the curve 10 occur at
higher pressure when the fine particles are
smaller. The break in the curve would be sharp
if the size distributions in the 1wo oxidizer
modes were very narrow, and less abrupt with
broader size distributions.

The burning rate results in Fig. 11 constitute a
test of rhe foregoing arguments, and show the
breaks in the burning rate curves, with the
predicted dependence on size of fine AP parti-
cles. These results not only support the mecha-
nistic argument, but also provide an interesting
means of tailoring burning rate. lt should be
recalled that the size distribution of the fine AP
in these propellants was not particularly narrow;
since the effect on burning rate is nonctheless
clear-cut, there appears to be considerable lati-
tude for control of the burning rate curve by
careful combinations of narrow-cut panicle
fractions.

The reader may have noted in the foregoing
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steady burning arg that a deflag
limit concept previously called *‘stoichiometric
tip reteaction’* was being used as a concept of
KLLEF holding or nonholding. In the sandwich
defl ioa limit the stoichi ic
surfaces were closed over the binder in an
oxidizer-rich system. In the propellant, the
overall stoichiometry is fuel-rich, so one may
imagine that the sioichiometric surfaces close
over the oxidizer panticles. The stoichiometric
tips are close to the surface for small particles,
far from the surface for large particles, a
condition on which the rest of the argument is
founded. However, the KLLEF holding-non-
holding arg depends on the local oxidizer-
fuel mixture being far enough from the sioi-
chiometric condition 1o provide a strongly
fuci-rich condition above the stoichiometric tips
of the fine particles. If this condition were not
met, the KLLEFs might hold at any height; i.c.,
the instability above the tips would be removed.
This effect was demonsirated in the sandwich
burning tests with AP-filled binder laminae,
where a 1 : 1 AP : fuel ratio in the lamina
appeared to yicld no near-surface flames in the
10 um AP, while a 7 : 3 AP : fuel ratio caused
the thicker laminae 1o burn down ahead of the
normal sandwich burning froat in spite of the
smaill AP particle size. It is not likely in this
latter casc that the KLLEFs were held on the
individual mixing fans, but they nonctheless

blished | close gh 10 the surface
to dominate burning ratec when the mixiure was
not 100 fuel-tich. In the case of the bimodal
propellant tests, the mixture ratio of the binder-
fine AP matrix was chosen to be very fuel-rich
to assure that KLLEFs would not hold close
above the stoichiometric tip.

0. d

P of the Combustion Zone

Detuils on Pressure

The model of combustion zone structure in Fig.
12 corresponds to the region of the sandwich
and Nlame complex within 150 um or less from
the oxidizer-binder interface planes, and for a
midrange pressure (3-5 MPa). The differences
in surface profiles with pressure have been
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described in the foregoing. These differences
are indicative of sub ial p depen-

dence of the flame complex, and a proper use of
the model of combustion zone structure would
require consideration of these differences. Be-
cause pressure dependence is so importaat to
ion of propell the relevant material
on pressure dependence of the sandwich flame
plex is di d more sy Ity hete.
The discussion is confined to thin-binder sand-
wiches snd pure binders that do not produce
melt flows onto the AP surface in such sand-
wiches. The di will add the regi
(H-(13) of Fig. 12 prog ly. The p
range covered is roughly 0.4-10 MPa.

Region (I). The binder lamina here is re-
cessed relative to the immediately adjoining AP
for lamina thickness less than 40 um. and
protrudes for binder thickness greater than
about 80 um. The trend has not been catalogued
in detail, but is not notably pressure-dependent.

Region (2). The intesface planes of this
region do not show evidence of interfacial
burning or other singuisr behavior over the
range of conditions noted here.

Regions (3) and (4). The AP immediately
adjoining the interface planes [region (3)] pro-
trudes under all conditions (relative to the AP
further from the interface). This is also the
‘*smooth band’’ region. At low pressure, the
protrusion is only marginally evident (0.1
MPa). At high pressure (see Fig. 3), the protru-
sion is dramatic (10 MPa) {10, 11, 15). The
width and nature of the smooth band fand
location of associated outer edge al region (4))
are relstively insensitive 10 pressure except to
the extent that height of the region of AP
prowrusion changes. The lateral distance 10 the
outer edge of the smooth band has not been
determined systematically, but is typically in the
20-50 ym range. Thus the leading edge of the
AP surface [region (4)] is always some di
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Fig. I5. Temperature ficld in the solid phase. (Dosted Yimes
are caicuisted isolberms, Ref. (34{).

Qlat profile (Fig. 2) all the way to the outer edge
of the sample (depending on binder thickness),
indicating that sthe AP burning rate exceeds the
rate astributable 10 the sandwich (consisient with
Fig. Sb).

Region (5). The p depend of this
region was described carlier. It behaves like
scif-deflagrating AP (above 2 MPa), and con-
wrols the burning rate above 7-10 MPa (Fig. 5b).
Below 2 MPa the AP is pyrolized by the AP-
binder Mame.

From the results just summarized {(1)-(5)], it
can be inferred that the maximum heat flux to
the solid phase (snd maximum AP surface
emperature) occurs at region (4). The tempera-
ture field in the solid must then be qualitatively
similar to the sketch in Fig. 15. Such profiles
are consisient with carlier observations of the
boundary of the crystal phase change layer
(240°C isotherm) in quenched samples (3], and
with profiles calculated in a two-di ional
model of the two-s'ab burning problem [34].
These results scem to establish unambiguously
that hcat flows from the AP to the bindes over
the whole pressure ringe.

The cxtent of the region in the AP in which
lateral heat transfer is important must be of the
same order as the thermat wave thickness in the
solid. The thickness of this heated layer can be

from the imerface plane, being located just
beyond the smooth band. This is the point of
maximum heat flux to the surface. At pressures
above 7 MPa, the leading cdge may extend as a

tculated from d thermal properties of
the ingredi surface temp and bura-
ing rates (which are pressure-dependent). The
thickness can also be estimated from experimen-
tal observations of the thickness of the crystal
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hed AP ples 3,

phasc change layer on q
39). The iatter results show that the iemperature
falls from $50-600°C down 10 240°C in a
distance of 8 um at 10 MPa, and a distance of 58
um at | MPa. These resulls are consistent with
estimates based on thermal properties and burn-
ing rates. The resulting dimensions are of the
same order as the width of the region of retarded
AP regression and smooth band [region (3)),
indicating not only that lateral hear transfer to
the binder is present (based on isotherm pro-
files), but is effective in the dimeasional domain
postulated in the model. The total effect of the
lateral heat drain from the AP on the surface
regions depends upon its effect on the flame
compiex (heat source disiribution). Thus, the
total cffect of pressure on the condensed ‘phase
temperature ficld or surface profile cannot be
estimated without consideration of the pressure
dependence of the flame complex. Judging from
the wide change 1n surface profile in region (3)
(Fig. 3 and Ref. [15]) over the pressure range
(especially above 7 MPa), the pressure depen-
dence of the heat source distribution is a major
factor in determining this part of the surface
profile and temperature field in the solid.
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AP-binder flame, because the burning rate of
the underlying AP is higher than the AP self-
deflagration rate (Fig. 5b) at pressures below 7-
10 MPa (depending on binder thickness). Above
this p ¢ the AP b is not enhanced
locally by the oxidizer-binder flame, and re-
gions (4) and (7) cease 10 have unique existence
(the curves in Fig. 5b converge into a single
curve, which is the AP self-deflagration rate).
The minimum pressure for the AP flame to be
present at region (7) is not kinown; below the AP
self-deflagration limit, its presence would de-
pend on the presence and condition of the AP-
binder flame.

Region (8). As noted carlier, the status of the
AP flame 1n this region is uncertain at all
pressures. From the extreme protrusion of the
AP in this region a1 Wigh pressure, it scems
likely that there 1s no local AP flame; 1.¢., the
AP flame in region (7) encounters a quench limiat
on the region (8) side due to lateral heat dran
into the solid and reduced heat supply from the
AP-binder flame 1t is this reasoning that led to
the speculation carhier that there was no AP
flame in region (9). The evidence for this is
convincing 8t high pressure because of the

Region (6). The p dependence in this
region is simply that of the AP self-deflagration
flame [25]). It seems likely that more of the toal
exothermic reaction of the AP occurs 1n this
flame at low pressure than at high pressure,
since evidence of the froth reaction on quenched
samples becomes | as the low pressure

self-deflagration limut of the AP is approached.
Below that pressure, the gas-phase AP flame
may still be present in locations where heat
losses are low and heat flow from the oxidizer-
binder flame can support the AP flame. Since no
direci observauons of the AP flame have been
reported, the above arguments are inferences
from indirect evidence, and arc, at best, of only
quahitative vahdity

[ AP protrusion, but presence of a
quench limit for the AP flame between regions
(7 and (9) seems plausible also at lower pres-
sures. This hypothesis is supponied by the
relatively low pressure sensitivity of the related
features in the underlying surface (smooth band
and AP protrusion) in the lower pressure range

Region (9). This region 15 a mixing *‘fan’’
betwcen oxidizer and fuel flow Such regions
occur in pairs, and the members of each pair
interact increasingly with each other al greater
diszance out from the surface. While these
interactions have been stressed in explaining
buruing rate trends and deflagration limats, a
quantitative analysis of such pawrs of mixing
fans 1s not available. Some insight nto pressure

Region (7). The qualitative arg con-
cerning the AP flame in region (6) s also
relevant 1o region (7). but in this region there 1s
no doubt that the flame receives heat from the

dependence of the flame complex can be gained
by examining a simpler, more tractable repre-
sentation of the single mixing fan problem. For

that purpose, it will be assumed that oxidizer
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surface. The initial mixing is primarily close 10
the interface plane where concentration gradi-
cnts are high, and the boundary conditions at
*‘large’” x have little effect. Assuming this to be
valid in all of region (9), the solutions 10 Eq. (6)
in the region of interest are closely approxi-
mated by a single pair of time-dependent mass
fraction profiles (one for Y, and one for Y,),

Y= Vit :)=Y.(z.f). i=o, 1. @

where y/v reflccts the convection time of the
layer outward from the surface at velocity v out
to the height y. :

To the extent that pressure does not affect the
validity of p about boundary condi-
tions at ““large* x, a st of solutions, ¥ = Y(§),

and binder vapors leave the surface as parallel
flows of equal velocity, v, and temperature, and
that this condition is preserved out to the
KLLEF [regions (10, (11)]. In that case, a layer
of gas emerging from the solid at a specific time
can be | d later at a definite *'y"’ iti

cor ding 10 various values of 1, applies for
all p i the p depend is con-
tained in wie relation of £ 10 x, and of £ 10 y,
which are necessary to convert Eq. (8) into
concentration ficlds in x and y coordinates. The

{ation of ¢ 1o x in Eq. (7) depends on pressure

(Fig. 16) that is proportional to time. It witl be
assumed that mixing of the two gases in &
convecied layer proceeds by molecular diffu-
sion, and only in the lateral direction (i.e.,

through D, which is inverscly proportional 1o p
{40). Thus

vertical diffusion velocities are small pared
1o convective velocity). Using the equations for
a binary system with diffusion cocfficients D,,
= Dy, diffusion in the x direction in a convec-
tive layer proceeds according to Fick's Law

dy
V= _-D-——
| 4 D o (5)

where Y is a mass fraction of one of the gases
and V is diffusion velocity. For a given volume
(length) element in the moving layer of gas,
conservation of a species Y requires that

ar__ ov_ar ©
dt dx? d?

where

EmxD '\, o

For this purpose. note that the initial condition
on Ys the same for all pressures;ie., Y = | at
the oxidizer surface and ¥, = | at the fuel

x=(Kp V)¢ [t
The y position for a given ¢ is given by

y=ut, (10)
where v is the velocity from the surface, as-
sumed to be p ¢ depend but indep

dent of y. Applying mass continuity at th~
surface, and assuming the burning rate deper
on pressure according 10 Eq. (3) (where n
typically beiween 0.2 and 0.5), and the continu-
ity expression (2) is used;

v=(p,C,*/p,) = Kyp* ', (U}
where K, is independent of p, then
y=Kyp" lt. [43]

» is the distance a layer iravels from the surface
in the time, f. Suppose onc coansiders mixing
fans a1 different pressures, and secks the trans-
verse concentration profile in cach fan thm
corresponds to a specific convection time 1,.
Equation (12) indicates the y coordinate of that
concentration profile, Eq. (8) gives the concen-

PV I
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Fig. 17 Depeadence of the location and spas of a com-
vected layer of gas in the mizing fam on pressure The spans
w are the ¢ b specific P lines

= P 10 the and diffh ume 1,
showa for three differems pressures. (Figure 13 sketched 10
show rend, aot calculated )

tranion profile for that time 1, (in the § coordi-
nate), and Eq. (9) provides the conversion of the
profile 10 the x coordinsie. Examining these
equations, the 1, profile moves in closer (o the
surface as pressure increases, and the profile
contracts in the x dircction. This pressure
dependence of the mixing region is illustrated
qualitatively by the skeich in Fig. 17. The span
of the layers sketched in Fig. 17 corresponds to
a specific span of ¢ for the time ¢ = 1), and
corresponding mass fraction profile Y, (¢).
However, the mass flow through the segments at
different pressures arc not the same. Thus, if the
width of the segment is designated by **w,”’
m=puw,

which depends on pressure according 10
map p*t-pti=prid (13
The reason for addressing the trend of condi-
lions in a specific span of Y, (£) as a function of
pressure is explained in the following.

Region (10)-(11) refers 10 & wransverse Name
n the mixing region. While there is no direct
obscrvational data about such micro flames,
their behavior will be argued here on the basis ot
more traditional theory and observation of
macro flames. The "KLLEF "' is probably cres-
cent-shaped {38, 39) with leading edge on ‘the
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stoichiometic surface. lt extends outward later-
ally into the mixing region 1o an extent limited
by flammability limits in the off-stoichiometric
mixture. Presumably, the location (y coordi-
nate) and span (width in the mixing ficld) are
dependent on pressure. The flame is kinetically
limited 1n the sense that it siands in a premixed
flow, but that flow is a diffusion fan, and the
response of the flame to pressure (c.g., standoff
distancc from the surface) depends also on the
state of mixing as a function of y. This will be
examined by a very simplified model in the
following.

Suppose that, under a given set of conditions,
a KLLEF exists and is approximated by a planar
flame analogous to the mixing layers described
for region (9) (Fig. 17). Then this KLLEF
would be associated with a specific concentra-
uon profile [Eq. (8)], flow time from the
surface, and a span of § corresponding to fuel-
rich and oxidizer-rich Aammability limits. At a
higher pressure, assume that these same concen-
tration condittons determine the flame location
and span (1.c.. that the position of the flame is
d d by adiabatic flame temperature).
Thus the preceding description of pressure
dependence of seg of the mixing layer
applics also 10 the KLLEF, and the flame
position and span at cach pressure are given by
applying Eqs. (9) and (12) 1o the 7 and  span of
the flame at the higher reference pressure. Thus
the flame would move closer to the surface and
contract laterally as pressure increased in the
manncr described for the mixing fan analysis
and Fig. 17 (including decrease in mass flux
through the KLLEF with increasing pressure).

Described in the foregoing terms, onc might
ask, in vhat way does the description reflect the
““kinetically limited'’ aspect of the flame? This
1s embedded in the postulaic that the flame
positions itself at cach pressure so as 1o maintain
the same flame temperature profile and chemical
induction time. This scems to be a reasonable
approximation n view of the exponential tem-
perature dependence of reaction rate on temper-
ature. However, the molecular collision rate

.

-
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does increase with pressure, and the flame
probably advances more than the amount pre-
dicted by Eq. (12). In doing so, the span of the
flame would be further reduced, and the mass
flux through the flame would be reduced more
than indicated by Eq. (13). Thus the advance of
the flame with increasing pressure also contracis
the lame and decreascs the total heat release.
Given the two-dimensional nature of the heat
transfer from the lame, a more complete two-
dimensional analysis would be required to quan-
ufy the argument further. In such an analysis it
would be necessary to consider more carcfully
the boundary conditions. We have argued car-
her that interaction of adjoining mixing fans is
an important factor in the effect of binder
thickness on buraing rate and deflagration lim-
its, indicating the necessity to quantify the above
simplistic argument for realistic description of
pressure dependence of KLLEFs with thin-
binder sandwiches and/or low pressures.

The Dverall Flame Complex

The details of the flame complex and 1ts depen-
dence on binder thickness and pressure are
summanzed in Fig. 18. The stoichiometnic tip is
shown with a height that decreases moderately
with decreasing pressure (row | — 4), due 1o
lower mass Aow rate {Eq. (4)] and decreases
with binder thickness (columns a —~ ¢) The
KLLEF standoff distance increases (row 1 —~ 4)
as pressure decreases {Eq. (12)), and a corre-
spondingly large portion of the fuel is consumed
in the KLLEF at lower pressure [Eq (13))
When the binder thicknesses decreases (columny
a —~ ¢) the amount of fuel 10 be consumed
decreases, and the KLLEF consumes a corre-
spandingly larger portion In the process, the
KLLEFs stand closer together (Figs 13, 14)
This merging of diffusion fields is more con-
servative of encrgy n the PVCs, giving nise to
the increase 1n burming rate with decreasing
binder thickness (Fig 5a) (the earlicr arguments
regarding wndividual mixing fields, and Eqs
(12) and (13). are less applicable to this situa-
tion] in the liour of very thin binder, the AP
binder flame makes a decreasing contribution
(row 2. column ¢), and burning rate returns
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toward the AP rate (Fig. Sa), or quenches (row
4, column ¢) if pressure is below the AP self-
defagration himit (Fig. 6)

The AP Name is present at all pressures down
10 2.5 MPa or lower, and dominates the burning
rate in the pressure range 10-14 MPa at ail
binder thicknesses, and at extremes of binder
thickness dJown to about S MPa (Fig. 5a.b). The
AP flamc may be estabhished locally at lower
pressures in locations of maximum support from
the AP-binder flame (rows 3, 4, column a).
Over the range of conditions of interest, the heat
release from the AP decomposition is appor-
tuoned between a surface froth reaction and a
flame reaction, the zxact proportionment and
dependence on pressure being matters of specu-
lation

The components of the flame are interdepen-
dent in ways that are established in only qualita-
tive terms. Some portion of the inner ends of the
AP Names scems 10 be quenched by heat loss to
the binder lamina (in the smooth band region),
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Fig 19 Quenched burning surface ol an AP PBAN propeltant burned at | 24 MPa
(bimodal AP size distribution) showing teatures anatogous 10 quenched sandwiches

with the resull that the mixing fans apparemily
always nvolve Intcrmediate  decomposition
products of AP This must be a ssgmificant factor
in the location and nature of the KLLEF, which,
n turn, affects the amount of reactants remain-
ing for the diffusion flame In any consideration
of burning rate of 4 propellant or ot steady or
nonsteady interaction of the flow enviconment
with rate these details of the eraction of
different parts of the flame complex. and aysoc
ated spatial distnibution of heat release. gre
crucial yuestions about which more quantitative
ntormation 1s necded

COMMENT

The pracuical purpose ot studies of sandwich
burning 1 to clanify the controlling mechanisms
of composite propellant burming  There should
be no ollusions about the sirategy It Cannot
clarily all cclevant aspects of propellant com

bustion, and the difficulties of siudying propel-
lams do not all go away when one turns 0
sandwich studies The present results do indi-
cate that a good deal can be learned .about
combustion zone structure i the context of the
csimple’” sandwich system. It should be no
surprise that the resulting view of the combusy-
non zone 15 two-dumensional, Aot one-dimen
sional, since the sandwich system is two-dimen-
sional  However, it should be recogmized that
those (iwo-dimensional) features of the sand-
with combustion zoae that are within 50 um of
the interface planes between laminae have their
counterpart on propellant surfaces, where oxr-
dizer crystais are typcally {00 {50 um 0
dramcter 1 we are 10 understand composite
propellant combustion, we must deal with the
same multidimensional teatures of the combus
tion zone that are present in sandwich burning.




SANDWICH COMBUSTION

41}

as inferred from prescat studics. Note that

Fig. 20. Flame for sm AP prop:

**closure’" of the diffusion Mame is only locsl, i.c., may seem to close over the fue! in
locations where the binder is this, but sppears 1o close over the AP at & location further
around the AP particle where the fuel is thicker. These features change with time during
buraing of panticles, as docs the surface peofile of the particle itself. Note: sumbers
desigmate regions of the Name complex described in Fig. 12 and in the text. The letters
represent (A) flame closure over a region of thim binder; (B) Name closure over oxidizer
in 8 fuel-rich region; (C) 8 region where closure is in traasition between closure over fucl
and closure over onidizer (i.¢., o closure when viewed threc-dimensionaily).

hi

The sandwich results show the gas-phase, sur-  complex can also be postulated with

face, and subsurface processes to be all multidi-
mensional, and all closcly coupled. Pyrolysis of
the binder is aided by lateral heat flow from the
oxidizer. The heat drain from that region of the
oxidizer causcs a local change in the mode of
vaporization of thy oxidizer, and a change in site

confidence (Fig. 20). In the case of the propel-
lant, some further consideration must be given
to propagation of the flame between successive
particles {42], and 10 the question of the least-
time plll\ of the burning front through the more

of its heat release. This anomalous vaporization
must have some cffect on the near-surface
oxidizer-binder flame. While there are condi-
tidns (€.g., high pressure) where this locally
coupled aspect of the behavior in the PVC
region may not be important to the mean burning
nle. u nppcars llm under most rocket motor

deling of cither steady or
unsteady combusnon of AP-HC binder propel-
lants must address the three-dimensionally
coupled nature of the processes in the entire
combustion wave. It does not require much
imagination to sec the same surface features on
quenched propellant samples (Fig. 19) that have
been discussed here for sandwich burning. By
the same token, the structure of the flame

pellant matrix (15].
One ﬁml note is owed to all dlscermng
readers. In h on propell

the difficulties of either analytical modeling or
dnec( mecasurement of the flame complex lead to
strategies of postulate and proof. An
inevitable consequencc is that “‘proofs'’ are
genenally inferences based on qualitative argu-
ments related to indirect evidence such as
burning cate and combustion limits. We have
striven to amass as much unambiguous evidence as
ible in support of our interp ions, but do

noi want to leave any illusions about ou(sundmg
problems. For example, the concept of a
kinetically limited leading edge flame has been
used in onc form or another by various modelers
without rigorous modeling. It is pictured in the
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present report as a transverse flame sheet in the
O-F mixing flow. But we are uncerain what
ceactants are present in the mixing flow, what
**induction’’ reactions occur in that flow, or
whether the concept of a flame “‘sheet’’ is
relevant in such & microscopic domain. The
cvidence suggests that the *"KLLEF'" concept is
qualitatively relevant and useful, but the desails
are oot amcnable to direct obscrvation by availa-
ble methods, and have not yet been realistically
modeled analytically. Further, the presence of
the KLLEF poses a problem in correct calcula-
uon of the diffusion flame and height of lhc

E. W. PRICE ET AL.

Abraham, M., iil, and Netzer, D W., Combustion
Science and Technology 11:75-8) (197%)

Nadaud, L., Combuse. Flame 12.177-193 (1968).
Ermolacy, B. S, Korotkov, A 1., asd Frolov, Yu
V.. Fivika Goreniya t Viryve 6:217-283 (1970).
Price. E. W., Haadley, } C.. Panyam. R R,
Sigman, R. K, and Ghosh, A., 4144 J. 19.380-386
(19814,

Prsce. E. W, Sigman. R. K., sad Panyam, R. R,
Geoegia Iastitute of Technology. Atlamia. GA, Sep-
tember 198,

Prce, E. W., Panyam, R. R, and Sigmsa, R K.,
CP{A Publicatios No. 329, Vol |, Novembes 1980,

pp. 30-51.
Hightower, }. D., and Price, E. W.. EleventA
S ium ([rternationai) on Combustion, The

stoichiometric tip that has not been add

'l‘he sketches in this paper suggesting KLLEF
i and stoichi ic tip heights are

based on i y with the arg in the

inter ton of Its (including those in Ref.

¥

Combusiion lastitute, 1967, pp. 463-472.

Boggs, T. L., Pricc, E. W., and Zuma, D. E
Thirteenth Symposium {International) on Combus-
fion, The Combustion Instiuie, 1971, pp. 995-1008.
Price, E. W., Handley, ). C., Strahle, W. C.,
Sheshadri, T. S.. Sigman, R. X, and Ghosh, A,

[34]). The real behavior may lnvolve dy
behavior or vortical breakdown of the dnffuslon
fans or diffusion (lames, and the concept of
stoichi i tp i {loss of the
KLLEF) suggested in the discussion of experi-
mental resulis may be a nmplmlc interpretation
of & more pli These
issues are stressed here as n mater of scientific
integrity, and in the imerest of a more dynamic
attack on remsining problems.

The research reporied here was conducted
under sponsorship of the U.S. Office of
Naval Research, with technical monitorship
by Dr. R. §. Miller.
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