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ABSTRACT

The decomposltion reactions of epoxy-cured polylmtadiene-acrylic
acid copolymer (PBAA) were studied at heating rates from 50 to 150°C per
second. Blackened films of material 100 microns thick were bonded to a
copper disk, 325 microns thick, which served as a thermojunction to
measure the temperature of the film-copper interface, and the free
surface was exposed to black body radiation in a tube furnmace. Special
techniques were developed for mixing, curing and cutting the films, and
for mounting them with negligible thermal resistance.

The interface temperature and the response of a photocell viewing

the polymer surface were recorded, then interpreted to determize the
events occurring at the heated surface. Weight loss measuremente were
also made. Both simple polymer and polymer mixed with burning rate
catalysts, ammonium perchlorate {AP), and glass beads were studied. The
ranges of experimental conditions were: furnace temperature, 800 to
1100%; gaseous environment, oxygen and nitrogen; pressure, vacuum to

5 atmospheres,

Specimens heated in vacuum indicated an endotherm at about 600°K,

the reaction having an activation energy of about 43 keal. per gm.mole,
Under nitrogen pressure, the endotherm was found to be pressure dependent,
having some of attributes of equilbrium vaporization, with a heat of

vaporization of 32 kcal. per gm.mole, but with very little weight loss.

A later reaction, signaled by the photocell and corresponding to a
i significant rate of weight loss, appeared to be equilibrium vaporization

with a heat of vaporization of 16 kcal. per gm.mole. A two-stage
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pyrolysis mechanism, the second stage being simple vaporization, is
postulated.

Corresponding tests in oxygen were characterized by an exotherm
followed by ignition. The expected increase in exctherm temperature
with heating rate was not found, leading to the inference that the
oxygen temperature had a significant effect. As the exotherm temperature
is lower than the endotherm temperature (observed with mitrogen pressure),
it is concluded that heterogeneous oxygen-polymer reaction precedes
pyroly: 1s; and further, that simple thermal decomposition of the polymer
is not a contributing process when hot oxygen is presend at atmospheric
and higher pressures.

When samples containing 5 to 10 weight per cent AP were heated
at 0.85 atm under nitrogen, the endotherm temperature was lowered, an
exotherm followed, and rapid gas evolution occurred still later. As
the AP loading was increased, the endotherm disappeared as the exotherm
temperature dropped lower and the rapid weight loss temperature dropped
also. The AP polymer interaction dominated, and again simple polymer
pyrolysis no longer played a role,

Corresponding tests in oxygen indicated that at low AP levels,
the oxygen-polyaer exotherm was the initial process, followed closely
by AP participati.on and ignition. As AP concentration was increased,
the effect of oxygen was less pronounced, Extraporation of the results
to AP levels typical of composite propellants indicates that the reaction
between polymer and AP (or its decomposition products) is the initial and

dominant process in polymer decomposition.
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Experiments with burning rate catalysts indicated that copper
chremite expedites the thermal decomposition of PBAA, lowering the
observed reaction temperatures by about 40*C, Iron oxide did not have
an effect, When glass beads were incorporated in the polymer and
samples were heated in oxygen, the estimated reaction rate indicated
roughly a second order dependence on available polymer surface.

Careful weight loss tests performed by use of an alternative
technique, which employed an imaging furnace, showed that, for the same
exposu-e, ammonium perchlorate-containing samples had a much higher
weight loss than samples of PBAA alone. The analysis of liquid decom-
position products also showed a result of interaction between the
oxidizer and fue.-binder. These results complement the thin-film data
in indicating the probable importance of heterogeneous reaction between

polymer and ammonium perchlorate {or its decomposition products).

xviii
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CHAPTER 1

INTEODUCTION

No one knows exactly when or by whom rockets were invented. Some
historians of rocketry believe that the first man ever to uze rocket
power in war was the Chinese conqueror Ogdai, the son of Ghengis Khan,
about 1230 AD, The rockete used then were probably propelled by a mix-
ture of slow burning saltpetre aad an excess of charcoal or sulphur
(the black powder which was invented about 200 years earlier). These
ﬁissiles were essentially arrows, a fact which explains why the Chinese.
word for rocket is "huo-chien" which means "fire arrow".

Later in the 13th Century rockets appeared in Europe. There is

indication that the first use was by the Tartars against the Polish in

the year 1241 AD, Later, as guns developed, the use of rockets as war
weapons died out in Europe until early in the 19th Century when the
British used Congreve's rockets against France and Demmark.

It is believed that the orly propellant used through all these years
was black powder which,“especially for wmodern uses, has several defic-
iencies. It has poor mechanical properties, it does not burn cleanly,
and it absorbs moisture. In the year 1888 AD Alfred Nobel, a Swedish
Chenmist, discovered the solvent and colloiding actions of nitroglycerin on

nitrocellulose and combined them into a more powerful propellant, called
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double-base propellant. Robert Goddard, an Americsap physicist and rocket
expert, employed the double-base propeliant and developed useful weapons
by 1913.

Composite propellants which consist of oxidizing salts and burning
rate modifiers distributed in an elastomeric matrix of organic polymer
were introduced in tha 1940's. These propellants are considered superior
to double-base propellants with respect to (a) safety in processing and
handling, and (b) mechanical properties. They have, therefore, displaced
double-base propellants in many applications, especially in large rocket
engines. OCne of the areas of fundamental research has been an attempt
to understand the behavior of these composite solid propellants during
the ignition and burning processes. The work discussed here is concerned
with the reaction characteristics of the polymer fuels in these propellants.

Rocket performance clearly depends on the combustion characteristics
of propellants. Much rasearch on propellants is premised on the basic
assumption that knowledze of the decomposition chemistry of each of the
ceveral ingredients of propellants is necessary to the rational develop-
ment of improved propellants. Black powder and double-base propellants
rontain only a limited number of ingredients. Since these materials have
been used for a long time, their chemistries, separately and together, have
been extensively studied [20, 22, 44, 52], There are only a few oxidizing
salts, ammonium nitrate, ammonium perchlorate (AP), potassium perchlorata
etc., which are used in the composite propellants. They too have been
extensively studied [2, 30, 42, 43]. Useful studies of decomposition
chemistry of polymers have lagged behind for several reasons, (a) many

kinds of polymers are used, and they behave differently, (b) decomposition




processes are ugualiy very complex, und (c) as discussed later in
Chapter II, suitable techniques have not been always used.

The assumption that the ingredients of typical composite pro-
pellants decompose independently in the precombustion phases of the
reactions has been the premise of some fruitful research. It is not,
however, compatible with certain experimental observations. For
example, char forms on the surface of some pclymers when they are
heated at flux levels typical of propellant combustion, yet no char
is seen on the polymer surface of extinguished propellant. Both the
mode and the rate of gasification of the polymer are apparently altered
by the oxidizer or its decomposition products,

Another assumption commonly made is that the decomposition
Teactions observed at the lowest temperature where pyrolysis rates are
appreciable are the same as those that occur at higher temperatures. It
is probably, though it has not been demonstrated for polymers as it has
for some other organic compounds, that the relative rates of :zompeting
pyrolysis mechanisms are reversed as temperature is increased. Heating
rates less than 100° C per min. are typical of pyrolysis studies. In
propellant combustion, on the other hand, the polymer is heated at the
rates of thousands of degrees per second. Very high temperatures are
obtained bLefore low-temperature pyrolysis reactions proceed to a signifi-
cant extent, and the high-temperature mechanisms are therefore dominant.

In the study reported here, neither of the two assumptions ia made.
Not only pure polymer but also polymers containing small amounts of
ammonium perchlerate and burning rate catalysts were pyrolyzed. Further-

more, heating rates considerably greater than those of mest pyrolysis
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studies were employed. The experimentsl complications attending these
aspects of the study precluded a comprehensive examination of many
polymers. Only one polymer, a copolymer of polybutadiene and acrylic
acid (PBAA), was studied,

In Chapter II of this paper, relevant research performed by
previous workers is discussed. In the following chapter (Chapter III)
the current theorics concerning the mechanisms of polymer decomposition
in inert and chemically reactive gases will be discussed. The cemposi-
tion of various test samples and the method of preparation are presented
in Chapter IV, In Chapter V, the detiils of experimental apparatus and
procedures are discussed. In Chapters VI, VII, and VIII, the results
of the axperiments are presented, along with an analysis of the data
and a discussion of their significance. Chapter IX comtains an attempt
to combine all experimental facts which have been found and from them
to draw significant concluaions which, hopefully, will further help
understand ignition and combustion mechanisms.

Appendices include a table of nomeuclature, a discussion of the
metihods for measuring the physical properties of variouc polymers, a
presentation of the calibration techniques for the apparatus used in
this study, a series of tables summarizing the experimental data and
finally the FORTRAN programs used for the numerical solution to the

transient-heat-ccnduction equations.




B

CHAPTER II

PAST STUDIES OF POLYMER DECOMPOSITION

The thermal breakdown of rubber to isoprene, dipentene and other
relatively simple and obviously related molecules was first dsscribed
over a century agc. It was also noted that monomeric styrene could be
recovered in high yield from the products of pyrolysis of the hard glasa-
like material formed when polystyreme is exposed to gentle heating.
Little progress was mads in the understanding of these dscompoaition
rsactions, however, until the 1920's, wiien the importance and natura
of chain reactions was appreciated, and it was proposed that polymera
are composed essentially of thread-like molecules built up from simple
molecule units jofzcd together by primary valence forces.,

By the early 1930's a good deal of information about tie decomposi-
tion of natural polymers had accumulated as a result of investigations
into the details of polymeric structure. The rapid development of the
synthetic 9lastics industry, some years later, stimulated studies of the
thermal dezcouposition of polymers. A wide range of problems associated
with the stability of large molecules, both natural and synthetic, was
encountcred. In pyrolysis studies, however, polymer: were subject to

only moderate environmental conditioms.




Since 1945, new uses for natural and synthetic polymers have
nultiplied, In a large number of such applications, high temperatures

and lz~-c heating rates are encountered.

Conventional Bulk Degradation

Becauge of the usual complexity of polymer decomposition reactions,
the degriadation of solid polymers is conventionally carried out at a
constant heating rate low enough that the temperzture is nearly uniform
throughout the test specimen. These studies of thermal degradation can
be divided into two principal categories. Onc category aims at finding |
(a) the thermal stability, that is, the temperatures for significant i
rates of polymer decomposition, and (b) the compositions of the degrada- |
tion products, including the residue, as a function of temperature and
pressure., The gecond category deale with measurements of rates of thermal
degradation to determine activa-ion energies and the mechanisms of de-
composition,
For studies in the first category, the most frequently used
experimental device s an irsulated vacuum chamber [34] which is heated
electrically, The decomposition products are anslyzed by use of gas
chromstography and mass spectrometry. For experiments in the second
catecory, the mcasurements involve use of a similar chsmber and usually
one of three other techniques:
(a) Differential Thermal Analysis (DTA), originated by Le Chatelier
in the 1870's, in which a comparison of the temperatures in
two samples is continuously made, one sample being inert and
the second the material under study, while both are heated

at a uniform rate,
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(b) Thermogravimetric Analysis (TGA), in which weight loss is
measured as a function of temperature.

(¢) Differential Scanning Calorimetry (DSC), in which samples
are subjected to a yrogrammed tewparature history and the

L rate of energy input is measured.

Bulk Pyrolysis cf Polystyrene

Polystyrene (¥S) is prohably the moat thoroughly studied organic
polymer. The results provice a guide to an understanding of other
materials, The pyrolysis of polystyrene was carried out separately by
Jellinek [25, 26], Madorsky and coworkers [32, 23] and Grassie and Kerr
[16, 17]) at temperatures from 280° C to 360° C. Their results were in
fairly good agreement despite the great difference in the molecular
weights and purities of the polystyrene samples used. In all casea the
madlecular weight dropped abruptly during the first few per cent loss of
weight of sample to about 80,000. Beyond this the drop was gradual,

A glausible mechanism of the thermal degradation of this polymer,
which i8s in agreement with the experimental results, is as follows [33].
As the polymer undergoes pyrolysis its molecular weight drops rapidly
during the first 5-10% loss of weight and slowly thereafter. The range
in which the slow drop occurs seems to be independent of the initial
molecular weight or of the molecular weight distribution in the polymer
gpecies, provided the initf~1 molzcular weight is not below this range.
The initisl drop in molecular weight way be due partially to scission at
weak boads (for example, linkages formed by oxygen contsminstion and
carbon-carbou bonds adjacent to tertiary or quaternary csrbons) in the

polymers, but is mainly caused by random thermal scission in the chain.
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Thie continues to a point where the drop in molecular weight caused by
scission is nearly counterbalanced by the disappearance of smaller
chains through unzipping, mainly into monomers.,

The effect of presaure on the pyrolysis of polystyrene was studied
by Straus and Madorsky [48]. The results are summarized in Tables I and
TI, A comparicon of the data in Tables I and II indicates, though not
unanbiguously, that an increase in pressure tends to increase the amount
of heavier products vaporized.

It has been found that for polystyrene [48], the decomposition
products of pyrolysis at 500° C do uot differ essentially from those
obtained at lower pyrolysis temperatures. However, the results obtained
at 800° C and 1200° C show a difference in product distribution from
those obtained at or below 500° C. This difference consists mainly in
the appearance of more hydrogem and light hydrocarbons in the mora2
volatile fracticn for higher pyrolysis temperatures.

The rate of thermal degradation of polystyrene was studied by
Jellinek [26], Madorsky [32, 33], Grassie and Kerr [16, 17}. The
curves of rate of degradation versus per cent of degradation ordinarily
exhibit maxima., However, these maxima droaden into plateaus with lower-
ing of the temperature of pyrolysis.

Madcrsky [33] explains the maxima and plateaus as a balance of free
radical formation by scission and free radical disappearance by unzipping.
His explanation fails, however, to account for the increasing concentra-
tion of free radicals needed to maintain the rate in the diminishing
supply of reactant, especially as the scission process, which generates

the free radicals, is slowing down. Also he erronecusly assumes that




- TABLE 1

PYROLYSIS OF POLYSTYRENE IN A VACUUM AT ELEVATED TEMPERATURES

(Straus and Madorsky [48])

Temp. Volatilization Mass % Baaed on Total Volatilized
. 1 3
c per cent prr v§5 V_190
500 100.90 36.5 63.5 ————
800 99.7 28.2 71.8 ————
1200 98.0 3.4 65.0 0.6
TABLE 1T

PYROLYSIS OF POLYSTYRENE IN 1 ATM HELIUM AT ELEVATED TEMPERATURES

(Strava and Madorsky [48])

Temp. Volatilization Masa X Based on Total Volatilized
. 1 3
H per cent prr v§5 V_190
500 100.0 35.2 64.8 o
800 98.5 40.0 60.0 _—
1200 95.3 74.6 25.4 —

1 Material volatile at the temperature of pyrolysis but not at room
temperature.

2 Material volatile at room temperature but not at -190° C.

3 Material velatile at -190° C,
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s constant mass rate of volatilizatioen implies a reaction zero-order with

respect t¢ polymer. Using maximum and plateau rates, he calculates an

activation energy of 55 kcal/gmole. What process, if aany, this figure

can be attributed to is not clear.

Bulk Pyrolysis of Other Polymers

Polybutadiene is related to the fuel-binder investigated in this
vork. Its pyrolysis by a clow process was carried out by Straus and
Madorsky et al. [35, 47] in insulated apparatus in the temperature
region of 325° C to 425° C. The effect of temperature on the pyrolysis

products distribution noted in the pyrolysis of polystrene was also

otserved. The fraction V,  {volatile at 25° C), war too complex and

25
V—so (volatile at -80° C) was separated from it. The snalysis of V~so
portion by use of mass spectrometer showed that the monomer, 1,

3-butadiene, increased from 28.2 per cent to 58.9 per cent by weight of

v as the decomposition temperature decreased from 400° C to 325° C.

-80
Fraction prr, wax-like in appearance, was tested for average molecular
weight by microcryoscopy in benzene solution. An average value of 739

was obtained.

The rate of thermal degradation of polybutadiene in vacuum was
investigated by means of the tungsten-spring balance {47]. Initial rates
were high, diminishing sharply up to about 30 per cent volatilized, and
slowly thereafter. From the slower rates observed for temperatures from

380° C to 395° C, the overall activation energy was calculated to be 62

kecal/gmole.
Straus and Madorsky et al. also studied the thermal behavior of

styrene-butadiene rubber {$BR, 75% tutadiene and 25% styrene) and

R AL ) i e
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butadiene~acrylonitrile copolymer (NBR, 70X butadienme and 30X acrylonitrile)
[47). The general conclusions from these tests are similar to thoee from
polybutadiere tests. The fraction V25 for SER in vacuum and 30 min of
pyrolysis at temperatures from 320° C - 400° C consisted of 11.8 per cent
of total volatiles as compared with 14,1 for polybutadiene. For NER the
value was 14,5 per cent. Microcryoscopic analysis of the wax-like fracticn
prr from SER in benezene sclution showed an average molecular weight of
712. For NBER the value was 401 obtained by microcryoscopic analysis in
diphenylawnine. Rates of degradation of SER and NER were also studied by
means of a tungsten-balance. No definite conclusions can be drawn as to
the initial reaction rates and activation energies.

The pyrolysis and ignition behavior of PBaA {polybutadiene-acrylic
acid copolymer) in gases in a heated stainless steel tube has been
studied by Meek and Thompson [39]. This was essentially the aame polymer
used in this work. Pyrolysis rates calculated as weight loss per unit
time below ignition temperatures were found higher in nitrogen than in
oxygen. The data cannot be it to a simple rate law, probably because
of competing reactions. An activation energy of 25 tc 30 kcal/gmole
was calculated for the initial pyrolysis reaction in nitrogen. Samples
pyrolyzed in nitrogen changed from a goiden color to a dark brown and
from a rubber-like material to a tough plastic. Apparently thermal
polymerization occurred. Samples pyrolyzed in oxygen became brittle and
vere a glossy black., Apparently croes-linking involving absorbed oxygen
occurred. In all cases, the sample size was not diministied by the loss of

material, and pyrolysis occurred uniformly throughout the sample. Most

evolved polymer fragments were quite large and could be condensed at
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room temperature. Ignition in oxygen showed & dependence of minimum
ignition temperature on oxygen pressure, from 285° C at 1,53 atmg to
245° C at 10.4 atms. Several relevan: conclusions can be drawn from
these tests:

(1) PBAA polymer decomposes at significant rates in the tempera-

ture range of 250° C to 350° C by homogeneous decomposition.
Reacticns in this temperature range are important in
composite propellant iganitien. The character of the residue
after being heated in an inert environment suggests that
further polymerization has occurred.

(2) There are evidences of oxygen-polymer reactions. The lower
rate of weight loss of PBAA in oxygen than iIn nitrogen

indicates absorption of oxygen in the polymer. The change

in the physical properties of the residue indicates that
polymerization and cross-linking have occurred. The data
do not allow one to infer other possible effects of oxygen,
for example increased evolution rates of hydrogen and
carbon species as a result of oxygen attack or surface
molecules.

(3) Most of the evidence would support a gas-phase ignition
mechanism. The temperature and pregsure range for ignition
corresponds to the range normally required for the homogeneous
ignition of gaseous hydrocarbon-oxygen mixtures.

(4) There 1is no evidence of significant further polymerization or
cross-linking of polymer during burning of PSAA composite

propellants though oxygen-bearing species from oxidant
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decomposition are surely present. It is clesr, therefore,
thst the work of Meek and Thompson makes only a limited
contribution to understanding the burning process. If
polymer pyrolysis experiments are to be relevant to ignicion
and burning, they must employ the same time aczle of those
processes.

An important result ralating to the effect of pressure on poiymer
pyrolysis is illustrated by Lewis snd Naylor's work on polytetra-
fluorcethylene [31]. At pressure of a few millimeters, yields of the
monocmer (CZFA) from polytetrafluoroethylene approach one hundred per
cent. As the pressure is increased, increasing amounts of dimer and a
compound with the formula C3F6 appear, until at atmospheric pressure
these compounds comprise 84 per cent of the volatile products of
pyrolysis. A possible expianation of this pressure effect is that
apparently while the monomer is usually the primary product of the
decomposition reaction, increasing external pressure results in this
monomer remaining within the hot polymer for longer periods so thst the
probability of its taking part in subsequent resctions is incressed.
Whatever the explanstion is, thst there is a pressure effect on the

decomposition of muny polymers is very clesr.

Linear Pyrclysis

Another technique for the study of thermal decomposition of
polymeric materials involves the measurement of the linesr regcession
rste of the hested surface of polymers. Experimental devices fo#

hesting the surfsce are hot plates {2], flst diffusion flames [42] snd
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porous plugs [38], Such experiments are mostly performed in an attempt
to explain steady-state burning of solid propellants and are found to be

most suited for the study of the oxidizer crystal pyrolysis.

Andersen et al. [2], using a hot plate, studied the linear pyrolysis

rate of linear polymcthylmethacrylate (PMM) and PMM cross-linked with 2%
and 5Z, respectively, of ethylene glycol diacrylate. It was found that
for a plate temperature in a range of 440° C to 575° C, the effect of
increasing the extent of cross-iinking was to decrease the pyrolysis
rate at a given temperature; however, ihe apparent activation energy
(18.2 kcal/mole) appears to remain unchanged. fThey algo found that the
chamber pressure up to 70 atms had no detectable influence in the linear
pyrolysis rates of pure FMM. However, since in this experiment the
polymer strand was pressed against the hot plate by an external force,
the effective pressure at the decomposing surface ig not known.

In their study of linear pyrolysis rates for both linear and
cross-linked polymethylmethacrylate {PMM), Cnaiken et al. {12] found
that at a high surface heating rate the pyrolysis rate of PMM possessed
a lower activation energy than that which was reported for the bulk
degradation. At hot plate temperatures larger than 700° K, the activa-
tion energy obtained from the slope of a semi-log rate plot approaches
a limiting value of 11.2 kcal/gmole which 18 too low to suggest forma-
tion of monumer by chain rupture as the rate controlling mechanism.
Rather, it is more cousistent with a surface process of monomer desorp-
tion. The heat of vaporization of liquid monomer at 100° C has been

estimated from vapor pressure data to be 9.2 kcal/g-mole.
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Chaiken et al. propesed the reaction scheme of PMHM pyrovlysis as
follows. The duality of rate processes is probably associated with the
surface heating rate. At high temperztures the poiymer surface 1s
gaturated with monomer, &nd desorption nf monomer 1s the rate-controlling
step in the pyrolysis process. At lower temprratures, the polymer
surface is not saturated with monomer, Fo the nonomer formation may be
rate-controlling.

There have been questions concerning the validity of the hot plate
technique for pyrolysis measurements. Cantrell [10], analyzing his
experimental data on dry ice, concluded that the gas film thermal
resistance has an important effect on the linear pyrolysis of solids.

In agreement with Cantrell's conclusion, Nachbar and Williams [40]
showed by a one-dimensional, steady-state analysis that there should be
a significant difference between the plate temperature and the solid
surface temperature. They alsc suggested the use of a porous hot plate,
and data were obtained by Coates [13] for linear pyrolysis of AP by a
porous hot plate. Because the residual product of polymer decomposition
tendas to plug the porous plate, the device is not useful foi ,'‘olymer
astudies.

Only limited work has been done on the effect of a chemically

reactive environment on the linear pyrolysis of polymeric materials. 1In
one such study, McAlevy [38] used a technique which permitted experimental
variation of the test gas concentration at the heated, regressing surface.
He found that for conditioms typical of propulsion applications, 02 and

even C103F do not have a sufficlently fast rate of surface reaction with

either polystyrene (PS) or PMM to accelerate noticeably their thermal

G e
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degradsticn rates. Neither Cl2 nor N02 alter the degradation rate of
PM{, 5, however, is sttscked by Cl2 and N02 at a rate sufficiently
lsr; ;e to produce a noticeable increase in its degradation rate. These
findings show that reaction between oxidizing gases and polymer surfaces

probably cannot be described by convenient generalizationsa.

High Flux Pyrolysis

Considerable interest exists in the surface pyrolysis of polymeric
materials when they are exposed to high surface fluxes, both because of
the uge of such materials in propellants and because of their spplication
as sblative thermal barriers. More satisfactory than the hot plate for
providing the desired high level of energy flux are radiant source
imaginz furnaces, Xenon flash tubes, electrically heated radiation furnaces,
gaseous combustion products or shock-heated gas.

Csrbon-arc imaging furraces, which can produce a heat flux greater
than 150 cal/(sec)(cm)2 for a counciderable pericd, are used extensively
for high temperature research. However, there sre several serious
drawbarks to these devices; for example, at the image point a non-
uniform spatisl heat flux distribution exists and serious fluctuation
of the local heat flux with time occurs. These shortcomings discourage
the use of the carbon~-arc furnace for any serious quantitative studies.
Naglar {41]) used a carbon-arc imaging furnace to ﬁroduca steady regres-
sion of polymeric materisls at a variety of heating rates and at reduced
pressures. All the craters formed after exposure showed the effect of
the non-uniform heat flux distribution. - Also the character of the

degradation products he collected is at variance with that reported by
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experimenters using other techniqueas. The discrepancy 1s supposedly
due to the different heating rates at different points on the surface.
The machanisw of pyrolysis is determined by the temperature of the
surface and its thermal history, and these are influenced by the heat-

ing rate.

Ignition Studies

Research on the ignition of polymers and propellants throws
interesting light on the polymer decompositiom aspects af propellant
combustion,

The simplest adequate description of the ignition of polymers in
contact with a reactive gas (except those that, like nitrate esters,
decompose exothermically) considers the asurface heated by an external
source. Part of the heat is conducted into the body, part is conducted
out into the gaa phase, and part accumulates in the pclymer surface.

If the exteyrnal flux is great encugh, the surface temperature will
reach a level where significant decomposition occurs. Fuel vapors
diffuse into the gas phase where, when temperature and composition

are right, they eventually burn with oxygen in the ambient gas. Energy
feed-back from the flame sustains the process, and the external flux
can be cut off.

This description was qualitstively confirmed by Alvares (1), who
studied the ignition of alpha-cellulose using a Mitchell carbon arc (7]
with refracting optics. He found that the time to igaition decreased
as the total stmospheric pressure of dry air increased. Ignition

would not occur below 0.15 atmospheres. He also observed that the
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thermal conductivity of dilvent gas in an oxygen~cdiluent gas mixture
vhich was kept at a constant total pressure affecte the time to igni-
tion. Helium, which has a conductivity almost a factor of 10 larger
than nitrogen, always resulted in a greater time to ignitiop than
nitrogen while carbon dioxide which is approximately 10X lower in
thermal conductivity, resulted in a smaller time to ignition. At the
same total pressure, the ignition time was found to decrease smoothly
with increasing oxygen concentration.

The description is alsc a statement of the theory proposed by
McAlevy, Cowan, and Summerfield {37] for ignition of ammonium percnlorate-
nolymer composite propellants. They asserted that the oxidizer did not
participate in combustion until after tha gasified polymer-ambient
oxygen flame was established. They supported their theory by showing
the oxygsn concentration dependence of ignition time. Baer, Ryan [4, 45)
and Keller (28] showed the inadequacy of the theory by demonstrating
that propellauts with non-volatile, non-decomposcble fuels {(carbon black
and grrphite) ignited in the same way as those with polymer fuels. Keller
showed further (1) that if the exposed propellant surface is smooth, the
coxygen concentration of the ambient gas has no effect on ignitior time,
and (2) that the key reaction in propellant ignition by thermal stimulus
is ammonium perchlorate decomposition.

Clearly the theory is not generally applicable to propellant igni-
tion, and the question arises regarding its applicability to ignitinn
of pure polymers. Martin {36] introduced one complication by noting
that ignition in air of alpha-cellulose heated in an arc-imaging furnace

occurs at about the time hydrogen and light hydrocarbons first appear in
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the evolving products or decompositio.. Apparently the mechanism or the
degree of pyrolysis i1s & factor to be& considered.

Anderson et al. [3] suggested an alternste description of ignitiom
in oxzygen. Taking a cue from their experiments with hypergolic igeitlon,
they proposed that a heterogs=neous reaction of the oxygen with the polymer
is the critical step. The heterugeneous reactions may well be a very
important feature of propellaunt ignition and burning, though Keller's
results indicate that they are probably not rate controlling in thermel
ignition {[28]. They may be important also in polymer decomposition in

a reactive environment.

Summary
In summary, although the results of bulk decomposition studies
provide a good guide to understanding the parameters which might sffect
polymer decomposition reactions, for example, pvrolysis temperatures,
external pressures, chemical environments, they need critical interpreta-
tion when applied to the understanding of ignition and burning processes,
because:
(1) The pyrolysis products are so complicated that relisble
information about reaction mechanisms hss not been produned.
{2) For ignition, normally initial procducts are important, aud
bulk decomposition experimenters ususlly neglect tha study
of theum.
(3) In the bulk decomposition, many competing reactions are
possible because of prolonged reaction time, while in the
ignition process probsbly only a few initial resctions

predominate.




PrETTR

20

Linear pvrolysis data are hard to interpret with respect to the
ignition process, A survey of previous work shcws that the reg.ession
rate in pyrolysis may be either kinetically or flux controlled, and
reactive gaeges may or wmay not be important. In some work there is
evidence that pyroclysis rates may be function of surface temperature,
total pressure, and rate of heating. Ignition may be the result of
homogensous gas phzse reaction, or the result of heterogeneous hypergolic
reaction. In all cases, ignition probably proceeds through reaction

steps involving free-radicals or reactive intermediates.




CHAPTER II1

THEORY AND MECHANISM

The most useful theoretical treatm'nts of thermal decomposition
of polymers treat two mechanisms: scission of bonds and chain unzipping.
Scission of bonds can be further divided into random scission and
scission of weak links. Chain unzipping can also be further divided
according to kind of ipitiation, whether randomly along the chain or
at the end. Since the random scission and random initiation of unzip-
ping are probtably the most common degradaticm processes, at least
according to the theoreticians’ emphasis, they will be discussed in

some detail.

Random Scission

The fundamental assumptions of the theory oi random breaking of

links are as follows:

(1) The polymer sample under consideration is initially
homogeneous; that 1is, chains of one length only are
present. (The results can be generalized to eliminate
the restriction impozed by this assumption.)

(2) All links between the monomer units in the chain molecules

are of equal strength and equal accessibility, regardless
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of their positions in the chains and vegzrdless of the

length of the chains.
(3) The rate of breaking links is proportional to the number of
links present in the reaction system.
According to these three assumptions, the rate equations for the randem

degradation process are as follows:

de
[=]
v ~lp, - l)knpo ’ (I1I~1)

P

dN [}

E?E = 2k E Ni - (p-1)kN_, for p < Py * (I1i-2)
imp+l P

In this set of differential equations LR and p are original chain
length and chain length of intermediates respectively. N and N are
the number of chains of length Py and p respectively. k i: the rate
constant for the breaking of links.

The solution te Eq. (III-1) is a straightforward integratiom.

Letting No be the original number of chains of length Py we have

N = Noe—(po-l)kt .

(111-3)
pO

Eq. (III-2) can be solved by a method of mathematical induction. The

final result is given by

- aive~ (PHL)kE _ya"Pkt_ *(p-l)kg]
Np No[}po plle Z(po pPle (po ptlle .

(III-4)




23

Eqs. (II1-3) and (III-4) constitute the mathematical expressions
for the aize distribution as a function of time of degradation by
random scission., These two equations check with the results obtained
by Simhs, [46] for the same degradation process.

If the pyrolyzed polymer fragments with chain length p equal to
or less then m are volatile and leave the pyrolyzing polymer, the
number average molecular weight of regidue in monomer units can he

calculated by

P
Ma--REL o, (111I-5)

and the fraction of weight loas by

1 m
“f- -——N— Z pr . (III—G)
oo p=l

Using Eqs. (III-3) and (III-4) in Eq. (III-5), we have

5

kt

L .k
" - po-hntpo m-1)(l-e :
n

1+ (po-m-l)(l-e- )

or, ifp°>>m+1

kt)

)

. p9+mpo(1-e

M

A . (I11I-7)

1+ po(l-e-kt
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Using Eqs. (III-3) and (III-4) in Eq. (III-6), we have

p_-m p.m-1 _
0 e-mkt g =2 & (m+l)kt
0 Py

W= 1 -~ (mtl)

or, if Py > m+l

7akE 4 gy (PTLOKE (111-8)

w1 - (nrtl)e

£

It we differentiate Eq. (III-8), the rate of weight loss is found

to be

-mkt _ e-(ml)kt) . (111-9)

‘.’f
T n(etl) (e

Random Initiation Followed by Unzipping

At the other mechanistic extreme, it ls assumed that, as before,
there is first-order boud attack with rate constant k, but with each
attack followed irmediately by complete urzipping & volatile fragments.

Eqe. (III-1) and (III-3) are still valid, and we find

(II1-10j

- e (P Lkt (I11-11)

w
kf _(p°-1)kt (I11-12)
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Random Scission Wizh Some Upzipping

The intermediate cases of rdndom scission with partisl unzipping
or complete unzipping for only a part of the scissions are generally tco
complicated to formulate concisely. There is, however, one spacial
case that is tractshle, namely random scfssion with half the scissions
followed by rapid and complete unzipping. This case is equivalesat to
random scission with cne of the two fragments formed unzipping.

Eqs. (III-1) and III-3) are valid as before. Eq. (III-2) is

replaced by

dN_ ‘i '
T k Ni - (p-l)kNp y for 1 < p < P, » (I11-13)
i=p+l
and dN Py
~Lawe*ily V7 -y . (111-14)
dt o 2 p=2 P
Integration gives
-kt -2kt -p kt
Ze " -e -8 "0
N, = N_(p - o ) (III-15)

1~e

'(p-l)kt_e-pkt

and Np = No(e ), forl <p < P, - (III-16)

If Eqs. (III-3), (III-15) snd (III-16) sre used in Eqs. (III-5) &nd

{I1I-6), we have
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-kt_e—(po-m)kt

-kt ? (11I-17)

M - ol - Be
n

l-e

1 (m+l)e-mkt_me-(m+1)k:_e—p°kt

s
£ Po 1 -:g kt

(I11-18)

L] _ —p k
L. —ﬁt—; [m(m+1)e DL (1) ™ E4p e °j
p,(1-e

1
+ 7 [(m-lvl)e

p,(l-e )

-(m+1)k:_me-(m+2)k:_e"(Po+1)k‘]

(111-19)

Comparison of Csses

The differences found for the three csses of the dependencies of
residue molecular weight, weight loss, and rate of weight loss on time,
initial chain length (po), and the least size of molecule in the
residue (mt+l) make a graphicsl compsrison very difficuvlt. We attempt
it nevertheless in Figs. 1, 2, znd 3, where values of 1000 are assumed
for Py and 5 for m. For obtsining better compsrison, Fig. 2 uses two
time scales, and Fig. 3 different scales for the rste of weight loss.
The symbol & represents the fraction of scissions followed by unzippiag.

Fig. 1 shows moleculsr weight as s function of time ir units of
sversge bond life with respect to scission. The interesting festure
is that the simple scission and the scission-half-unzipping csses are
virtuslly ‘ndistinguishsble. The moleculsr weight for the case of total
unzipping stays constsnt ss expected.

On the other hand, Fig. 2, giving frsction weight loss as a

function of time, makes the total and the half-unzipping cases sppesr
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1100

:

MOLE. WT. RESIDUE, (MONOMER UNITS)

|
02 04 06 08 0.1
DIM. TIME, kt

Fig. 1. -- Number average molecular weight of a pyrolyzing polymer as a

function of time for different decomposition mechanisms. 0 is

the fraction of scissions followed by unzipping. In this plot

m is 5, and p_ 1s 1000, For 6 = 1 and 6 = 1/2 the valuea are
o

so close that only one curve 1s showmn.
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kt

2 .3 4 .5 .6
DIM. TIME, kt

Fig., 2. ~- Loss~in-weight for a Pyrolyzing polymer as a function of time
for different decomposition mechanisms. 6 is the fraction of
scissions followed by unzipping. In this plot m is 5, and
P is 1000.
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RATE OF WEIGHT LOSS/RATE CONSTANT

6=|

RATE OF WEIGHT LOSS/ RATE CONSTANT

0 2 4 .6 .8 1.0
FRACTION WT. L0SS
Fig. 2. -- Rate of volatilization for a pyrolyzing polymer as a function

of fraction wei~ht loss for differant decomposition mechanisms.
3 is the fracti. of scissions followed by unzipping. In this
piot m 18 5, and Py 1000.
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very similar. Maximum rates are at zerc time and the half-unzipping
case also has a rate decaying very rapidly in time except very late ig
the process. In contrast, simple scission gives a very small initial
rate of weight liss and a maximum rate at about 30 per cent weight loss.
Another interesting feature of simple scission is that the rate of
weight loss is nearly constant from about 15 per cent to about 45 per
cent loss. Some experi.enters have erroneously interpreted this
nearly constant rate as signifying zero-order reaction.

Fig. 3, representing a commen way to present experimentesl results,
shows rate of weight loss versus weight loss. For total unzipping the
rate of weight loss i2 the highest at the beginning, and decreases
linearly with the fraction volatilized until complete vaporization.

The rate of weight lcss for half-unzipping case also gives the highest
value at the beginning, and decreases almost lineariy with the fraction
volatilized until very late in the process. The rate of weight loss at
the start is about half cs big as that of total unzipping. The
interesting feature of the simple scission case, a meximum in rate of
weight loss, has been mentioned.

Theoretically, the activaiion energy of bond breaking can be
evaluated from the measurement of rate of weight loss at different
pvrolysis temperatures. The method is not always simple. Take 6 = %
for instance. Eq. (11I-19) suggests thst there is no simple way to
calculate the activation energy from the data for rate of weight loss.
However, for 6 = 1 and 6 = 0 simple methods can be found. When time is

equal to zero Eq. (I11-12Z) becomes




1

. -E/RT
¥ (po-l)k (po—l)&e . (111-20)

Bence for 8 =» 1 the activation energy can be calculated by plotting the
logarithm of initial rate of production of volatiles versus reciprocal
pyrolysis temperature. The difficulty comes in determining the initial
rates., Alternatively, for O = 1, we can write

\'@"

= -(p,~Lk = -(pt.,--l}ufuz'wRT - (I111-21)

l- wf

Then the logarith~s of slopes of ﬁf versus l-wf lines for different
temperatures may be plotted against reciprocal pyrolysis temperatures
to give a line whose siope is the activation energy.

For pure random scission or © = 0 the activation energy can be

evaluated from the measurement of the maximum rates of production of

volatiles. This maximum rate of volatilization is found to be

m - \ m _
¥ max =™ {ﬁi’\ k = m (ﬁi’) ne E/RT (111-22)
\

The activation energy is obtained by plotting logarithm of ﬁf -
versus %-. As temperature increases, larger fragments become volatile,
that 15, m is increased. However, the temperature derendence of the

function of m (also that of the factor A) is weak compared to that of

the exponential factor.




Generalization to Eliminate First Assumption

It was mentioned that the sasumption of uniform P, Was unpecessary.
The number of chains of length p has been derived on the bssis of No
number of original chains of length Py (See Eq. (11I~-4).) 1If the totsl
number of chains of chein length less than P, is represented by Np , the

0
original numher of chains of . ize P, is found to be

and the mess of these cbsins in monomer units {s found to be

Hence the number average molecular weight of virgin polymer in monomer

units is given by

0
M (0) = 2o (111-23)

As the degradation reaction goes on, the total number of chains pro-

duced from one origin~l chain of particular length P, is

I n_(p,p,.t),
p=m-+1 P °
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vhere n =
P

OZ'UZ

The totsl mass of residue from one original chain of particular length

P, is

E pn_(p,p, .t} .
prml P o

Hence the number average molecular weight of residue at lster time is

given by

"dN ‘i’
—B, pn_{p,p. .t} ¢/ dp
d[dpo p=m+l P ° °

M (t) = . (I11-24)
: ad_Nno E n_(p,p,t) | dp
5 90 " |p=mtl poe ©

The mass of polymer fragments volatilized in monomer units from

cne original chain of length Py is
P v (P m,t) .

The tota. weight loss summed over all values of Py is

L dN
f ( &) 2 g
P W-ip_,W, P .
o © f o dpo o

Hence the totsl weight fraction volatiiized is given by
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[+)
P ¥ (P, rBst) . dp

0
o de

L - dp

dp o
o o

Other Theoretical Considerations

o
. (I11-25)

wf(t) -

Experiments on the degradation of long-chain melesules lead in
some cases to the conclusion that weak links are distributed in the
polymer chains. These weak links are ruptured more easily than the
normal links or may even be, under certain conditions, the only links
which are broken. One case of depolymerization of random breaking of
weak links which are distributed at random sver each chain has been
discussed theoretically by Jellinek [24]). A detaiied discussion of
weak link theory will not be presented here. It sufficies to mention
that weak-link scission can be treated as a process like the
concomitant random scissien between monomer units but with a much
larger rate constant. The first phase of the combined process is
therefore one in vhich there is a rapid reduction in residue molecular
weight ancompanied by little weight loss, weak-link scissien giving,
for the most part, non-volatile fragments. In the zecond phase, weak-
link scission is virtually complete, gnd the slower processes already
described come into play, but with P, taking the wvalue characteristic
of the molecules left after weak-link sciseion.

There are also polymers which decompose by initiation at the
chain ends followed by unzipping. 1If the average kinetic chain length

(which is the number of moromer units which sre split off on the average

b =
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from one activated chain erd) is bigger than the number of monomer
units in the original polymer, then once & chain is activated, it
unzips completely into monomer units. In this case the number average
molecular weight of residue will not change with time. Por simplicity
only the kinetics of initial stages of degradation will be considered.
Assuming that the unzipping reaction is very fast compared with the
initiation reactiorn, we have

dN*

inictiation po

dt - k'ou ’

Po

rate of production of monomers

dm dN
_..._.Po Po.kNP
dt dt op o °
0
%o
As N = P Ve have
o o
dml
T komo . (111-26)

In these equations N: is the number of activated radicals by
breaking off one monomeric :adical at the chain ends, my is monomer,
ko is the rate constant for initiation, and LR is totnl number of
monomer units in the polymer sample. Eq. (I1I-26) sﬁows that for
chain end initiation and unzipping the initial rate of monomer forma-

tion is independent of the initial chain length but proportional to

the amount of polymer.
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Application of Theory to Past Work

Ttws theories of thermal decomposition of polymers discussed on
these psges have been found satisfactory in explaining the experimental
results of some of the earlier works. The pyrolysis of polymethyl-
methscrylate has been explained by a chain-end initiation followed by a
complete unzipping with a slight amcunt of random scission, because
for this polymer the molecular weight of residue changes only slightly
over the first 10 to 20 Z conversion, and the rate of volatilization
versus per cent conversion decreases mcnotonously [18, 49]. Poly -

a - methylstyrene has a similar pyrolysis mechanism, but the unzipping
is not complete; a continued drop of molecular weight of residue with
time is observed [?]. The thermsl decomposition of linear polyethylene
is very close to simpie random scission; tne number average molecular
welght ot residue drops bty a factor of about 1000 within 2 2 couversion
{49), and the plot of rate of weight loss versus time shows a maxinum
[50].

The pyrolysis mechanism of polyotyrene is an example of an
intermediate type [34]. For this polymer there is evidence of the
further complication that for the larger molecules, unzipping is not
complete after initiation, Random scission is suspected to be respons-
ible for the decrease of molecular weight of residue.

In some polymers there are linkages which are weaker than the
regularly~spaced honds where simple random scission occurs, for example,
sites where contsminating oxygen is attached or chain branching exists,
These weck links are more likely to rupture in the initial stage of

degradation.

e e
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Application of Theory to Present Work

As just discussed, the theories of thermal decomposition have
found spplication in explaining the pyrolyeis of some polymers. Thay
ara, however, found not adequate to explain the results of this work.
in this work it appears that the decomposition reaction (corresponding
to the eadotherm in the temperature history of pyrolysis, to be
discussed later) requiresa a reversible formation of volatiles, and
that a significant vaporization process cccurs later; both are pressure
dependent, Despite these additional complications, some fundamental
mechanisms of polymer decomposition, like random scission, random
initiation and unzipping, scission of weak links atc., are active
during one cor other stages of degradation.

When there are chamically reactive agents in the enviroument,
for axample oxygen, 4 multitude of reactions may occur. The most
important oneé are perhaps:

(15 The raactive agent may halp initiate tha polymer

decomposition reaction.

(2) The intermediats steps may he accalarated.

(3) The raactive agents may react excothermically with

geaeous producta of decomposition.

That the reactive agant haa entered into tha initiation step of
dacomposition reaction can he illustrated hy the oxidetion of polyatyrene.
The mechanism of oxidation ia likaly that hydropercxidas ara formad
first on the tertiary carhon atoma. These hydroperoxides provida scission
sites, and also dacay to free radicals which initiate chain reactions.

The reaction betwaen tha chemically reactive agent and gaseous products
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of decomposition is a spontanecus combustion reaction. The energy fed
back to the polymer surface contributes to the further degradation of
polymers.

When there is solid oxidizer, for example ammonium perchlorate,
in the polymer, several effects are possible. First the initiaticn
reaction may become easier because of the increase of the number of
weak links from the formation of oxygen linkages. Second, the oxidiz-
ing species produced by decomposing oxidizers may accelerate the
degradation reaction of polymers by affecting the intermediate reaction
steps. Third, the d=acomposed oxidizing species may react exothermically
with the gaseous products of degradation of polymer. As a result of
these possible reactions it is anticipated that bocrh oxygen and ammonium

perchlorate enter into the pyrolysis reactions.

Pz ————— -~ e = - - _— — _— —_— —
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CHAPTER 1V

TEST SAMPLES AND THEIR PREPARATION

A totsl of nineteen formulations of PBAA polymer with and without
dispersed solids were used in this study. See Table X for complete
compositions, Table XI for thermal properties and Appendix A for the
measurements and estimates of thermal properties. For convenience they
are classified into four categories as follows: (a) straight polymers,
(b) polymers with combustion catalyst, (c) polymers containing glass
beads, and (d) polymers containing ammonium perchlorate.

The method for preparing these polymeric and propellant-like
msterials were the same. First, all the ingredients were carefully
weighed, then mixed to make a sample of total weight equal to 25 to
)0 grams. The mixture was then blended in a beaker until all the
constltuents appesred homogeneous tc the eye. This mixing required
15 minuvtes to half an hour depending upon the quantity of solids to be
dispersed. Becsuse close examination revealed that scme agglomerates
werz still undispersed, a second stage of mixing was required.

Because of the small quantity of the mixture, none of the conven-
tional mixers could be employed. Satisfactory dispersion required a
special technique., A thick glass plate, 18 inches square, was used as

a platen. Four to five grame of the mixture were poured on the plste
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and repeatedly smeared with a asmooth cylindrical ber of stainless steel.
This waa a time-consuming (15 to 20 minutea) but very effective procedure.

The homogeneous mixtures were carefully poured into apecial
aluminum molda. The mold, an aluminum diak 2 inchea in diaumeter snd one
quarter inch thick, had a shallew crater milled in cne flat surface.
This shallow crater waa 1.5 inchea diameter and 0.06 inchea deep. Tﬁe
inner face of the hole wae polished and aprayed with a thin layer of
Rulon Spray, a mold releaae compeoitnd. The durability and performance
of tils mcld release agent were much improved by heating the coated
nold to 500° F for half an hour after coating.

Except for the PO polymer, three parts carbon black per hundred

of the reat of the formulation was always compounded inte theae materiala
to render the teat aemple opaque to thermal radiation. The quantity of
carbon black added was selected on the baaia of a seriea of teata in
which 1, 2, 3, 4, and 5 per cent of carbon black was mixed with the
polymer. After the carbon black particlea were completely diapersed, the
polymer mixture waa examined for transparency by apreading a thin layer
of the mixture between two thin zlaaa platea. Three per cent waa
aelected becauae the aamplea were opaque and black enough for the purpose
of the experimenta performed.

The mixing proceas introduced fine bubblea of air inte the mix-
ture. Deaeratlon waa neceaaary prior teo polymerization. The deaeration
waa accompliahed by placing the sgluminum mold containing the uncured but
viacoua polymer inaide a bell type vacuum chamber {51] which could be

evacuated to 20 microna Hg. Satiafactory deaeraticn could be obtained

|
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by intermittently applying gentle redistion heat to the surface of the
polymer. Three to five hours were needed for complete deaeration.
The mold was then transfered to a thermostatted, sealed oven,
The sealed furnace was needed because the curing process in the presence
of air always leads to contamination with oxygen which mus* be avoided
for reilisble experiments, .The polymerization reaction took place in
helium at atmospheric pressure and at 80 + 1° C for seven full days.
The approximately 0.15 cm thick sheets of cured polymers and
propellant-like materials we.z quite flexible. Once removed from the
aluminum molds, these sheets were placed in numbered aluminum dishes
and stored in a silica-gel containing desiccator to avoid absorption of

moisture from the air.




CHAPTER V

AFPARATUS AND EXPERIMENTAL PROCEDURES

Radiation Furnace and Auxiliery Devices

The radiation furnace discuz2ed here was originally constructed to
measure the ignition characteristics of solid propellants in a gaseous
environment of controlled composition and pressure. This furnace is an
electricslly heated tube furnace; Fiz. 4 is a side section of the furmace,
and . "g. 5 shows two photographic views, The heated tubular core is an
alumina tube 1B-inches long and 2-inchea inside diameter with a helicsl
groove on the outside in which a 96-foot length of 18.-gage Nichrome wire
is wound. The alumina core is supported on annular disks of Johns-
Manville "J-M" Superex insulsting block. The core and insulating block
were housed in a 6-inch achedule 40 pipe to which 300-pound flanges were
welded., Modified 14 mm spark plugs are used to make electrical connec-
tion to the Nichrome wire heating element. The temperature irside the
core is measured bv a Chromel-Alumel thermocouple; the control of the
furnace tempersture is achieved by a aimple "high-low" control system
which includes an ON-OFF controller, a relay and a rheostat. Because
of the temperature limitation of the heating wire, the maximum practical
operating temperature of the furnace is 1150° C.

In one end of the furmace a system is used tc introduce oxygen

and nitrogen and to accommodate the test sample injection rod. The test
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Fig, 5, -~ Two photographic views of the radiation furnace
and its accessories. The picture on the tap shows
the photocell observation end of the furmace. The
temperature controlling system can be seen. The
picture on the bottom shows the sample injection
end of the furnace with the injection rod in the
waiting position.

44
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sample holder and Injection rod are housed in a 1 1l/4-inch pipe which
is connected to the furnace flange. Water coocled copper coils are
wrapped around that part of the pipe where the test sample 7as held
before it was thrust into the furnace. A gate valve with a small hole
in the center is also installed in the mounting pipe between the sample
rest position 23 the furnsce core,

On the opposite end of the furnace another system is installed
to permit (a) connecting the radiation furnace to a vacuum pump, (b)
mounting a photodiode, (c¢) mounting a thermocouple and (d) installing
an exhaust valve, A RCA 1P40 gas photodiode, which mounted in a tube
at the end of the furnace, had a narrow angle of view down the axis of
the core. A two-inch diameter cylindrical inaulating brick plug was
inserted in the furnace core near the photocell end of the furnmace;
the plug has & 1/4 inch diameter hole in its center to give the photo-
cell a view along the center line of the core. With the exception of
thia hole, a test sample thrust into the furnace is in view of only
isothermal radiation. The furnace can be operated at pressurea from
vacuum to 10 atmospheres.

The sample injection rod ia constructed from a 1/2 inch o.d.
stainless ateel tube, 38 inches lwng. Fig. & shows a sketch cof the
injection rod and its accessories. The rod can move freely along the
axis of the 1 1/4 inch o.d. pipe. The injection rod is aligned and
the furnsce sealed from the atmosphere by O-ring seals around the rod.
A normally open switch is attached on the end of the pipe. A Z inch

o.d. arnular ring, connected to the injection rod ¢ inches from one
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end, closes the switch when the injection rod is inserted into the
furnace and the sample is in test position. Four electrical leads were
placed insice the injection red; two were connected to a galvanometer
in the Visicorder; the othera to an oscilloscope. The other enda of
the four leads were soldered to a 4-prong aocket which was to receive
a2 copper disk sample aupport.

Fig. 7 shows a detailed sketch of the copper disk aample support,
which also served aa a calorimeter. Alac shown in the figure ia a
protective ahield for the calorimeter. The copper disk waa made of
pure copper metal. 0.0325 cm thick (for teats in the vacuum the thick-
nesa waa 0,09 cm), 1,3 cm diameter with the surface flat and smoothly
polished. On the back face two tiny holes were drilled, one in the
center, one half-way between the center and edge. Intc the center hole
a 0,025-cm diameter conatantan wire was silver-soldered. Into the
other hole a copper wire of the same gage was soldered. Thus the diak
was one junction of a copper-constantan thermocouple. The other ends
of the thermocouple wires were soldered to a 4-prong plug. The wires
between the disk and -i¢ plug were carefully wrapped first with tape
then a layer »¢ ~i:ziinum foil to strengthen the assembly and to reduce
heat transfer between the wires and the protective shield. During the
experiment the copper disk was housed in a fired pyrophyllite ring.
The pyrophyllite ring was also covered with aluminum foil. A hole in
this foil z2xpnsed the central section of the test sample to rsdiation,.
Four sizes of holes were employed in this work, i.e., 1.11, 1,19, 1,25,
and 1,31 cm diameter. Since aluminum has a high reflectivity, the
temperature of the pyrophyllite ring was close to room temperatuvre during

the short time of an experimental test.
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(top) and shield (bottom) used in the polymer decomposition
study. The sample holder was held inside the shield by use of

a small screw through the slot shown on the right. The male plug
on the sample holder conn-cted with a matching socket, which wss
attsched to a long injection rod, which was, in turn, mounted in
guides. The test-film sample holder and shield were then thrust

into the interior of the sealed radia.ion furmace. All dimensions
are in centimeters.
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Two typee of recording instruments were used in this work. One wss
a Direct Recording Visicorder Oscillograph, Model 906B, manufsctured by
the Honeywell Company. Three galvanometers were used simultaneously for
recording., One of them was of the electromagnetically damped type, No.
M-100-350, which was very sensitive and used directly for recording the
emf output of the thermocouple. The other twe were of the fluid damped
type, No. M-1000, and were used to indicate the time when the injec-
tion rod reached its stop position and to trigger the oscilloscope.

The sensitivity of these galvanometers depends upon the series and
narallel resistances connected with them. The sensitivity for each of
six circuit combinations was calibrated using a copper disk gage, a
thermometer snd a potentiometer, and the resu ts are shown in Table XVI.
The calibration procedure is discussed in Appendix E.

The second recording device was a Tektronix Model 502 Jscilloscope.
One channel in the oscilloscope was uged in parallel with the Visicorder
to record the emf developed by the copper disk thermocouple during each
experimental run. The other channel was used to record the signal from
the photocell. At high sensitivity, a careful grounding was necessary
to eliminate 60-cycle AC interference. The vertical semsitivity of
the oscilloscope was calibrated against an external precision potentio-
meter after every five to six tests. A Polaroid camera was used to

12cord the oscilloscope traces.

Preparation of Thin Polymer Film Test Sarples

Satisfactory techniques fcr preparing uniform and reproducible

polymer f£ilms, and for mounting them on the copper disks were developed




50

only after a long, systematic effort. Techniques based on peinting and

spraying of the filme were tried and rejected. One of the aerious prob-
lems with the painting technique is that tiny air bubbles which atrongly
resisted elimination were introduced into the films. When films wera
sprayed, the uncured, viscous polymers tended to coagulate and form
wave-like and uneven surfaces. Both painting and spraying produced

thin films with convex surfaces after cure. Also it was difficult to
control and measure the thickness of the film.

The technique for producing and mounting thin films which proved
successful and was used throughout this work will be discussed next in
more detail., The preparation of cured polyrers and propellant-like
sheets has alrescy been discussed in Chapter IV, These sheets were cut
into small disks of 1.5 c¢m diameter (slightly bigger than 1.3 c¢m of the
diameter of cooper disk). The final test films were cut from thes:
disks. The siicing process was performed by a manually operated micro-
tome (A0 Spencer Table Microtome). Fip. 8 shows the microtome,

microtome knife, and CO, cylinder.

2
According to the apecification of the manufacturer, the device is
capable of cutting thin films of 5 to 500 microns in thickness, if the
material to be cut has a proper degree of hardness and resistance. The
polymera and propellant-like materials studied in thia work wvere all
rubber-like, and freezing was necessary to produce a material of proper
hardness for smooth cutting. This freezing was done by expansion of

carbon dioxide from a pressure bottle to produce a cold gas to chill the

pol* .r disks. The material to be aliced was placed on the top of




Fig. 8.

-- This picture shows the equipment for slicing
thin test film. They are microtome, microtome
knife, knife chilling bottle and CO2 cylinder.
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freezing attachment which was wet with water. The disk was theu frozen
in place. The thickness of film to be cut was determined by a feed screw
at the bottom of the microtome. For a successful cut, the microtome
knife was chilled beforehand in ice-water. The cutting of materials
highly loaded with solids was fairly simple; however, cutting polymer-
rich materials required the cooperat:on of two persoms, with one operat-
ing the microtome knife and the other holding a tweezer to keep the film
from sticking to itself. This precaution waa necessary because the
unlpaded polymer was quite tacky and the film tended to curl when the
film thickness was less than 200 microns. Except where noted, the
thickness of the test film was always 100 microms.

The mounting of the thin test films onto the copper disks required
several steps. First a very thin bonding layer of uncured polymer, PO
(see Table X), wss applied on the surface of the copper disk which had
already been carefully cleaned with analytical grsde benezene. The
test film was then placed on the disk and smoothed out cautiously with a
tiny nylon reoller to eliminate as much of the trapped air as possible.
The trapped air at the interface, even in a very small quantity, was
highly undesirable. Complete elimination of small bubbles of air at the
film-disk interface was accomplished in a vacuum bell jar [51]. The test
samples were placed in the jar, and the surface o the film was rolled by
a nylon roller which could be manipulated from outside the jar. This
operation was conducted under vacuum. An hour or two were required for

this process. The test samples were then put inside a sealed oven and
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the bending layer wss cured under 0.85 stz helium at 80 + 1*°C for threo
full days. The mounted test films were then placed inside a desiccator
until used. A sketch of the copper disk gage and the pyrophyllite shieid
have been shown in Fig. 7. Fig. 9 shows pictures of the finished test

sample and shield.

Experimental Procedures, Radiation Furnace Tests

Experiments in the radiation furnace forred the major part of this
work. Before any test, the furnace wss turned on and kept at the planned
temperature for more than four hours until a steady condition wss
attained. All recording instruments were turned on one hour before use,
The test procedures are summarized below:

(1) The copper disk mounted sample was removed from the desiccator
and weighed carefully, 1f the knowledge of weight change was
desired.

{2) The 4-prong plug of the copper disk gage was inserted into the
socket at the front end of tne injection rod.

(3) The aluminum-foil-wrapped pyrophyllite shield was positioned and
the whole assembly was wrapped with several layers of thin
aluminum foil.

(4) The injection rod holder was attached to the end of the radia-
tion furnace.

(5) The furnace wss evacuated, then filled to the desired pressure
with either N2 or 02.

(6) The temperature resding of the furasce was closely observed.

The condition wss close to readiness when the on snd the off
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Fig. 9. - Copper disk test sample and pyrophyllite protective
ing, On the far left is a copper disk holder with
polymer test sample. Cn the far right is a pyro-
phyllite protective ring wrapped with a layer of
aluminum foil. 1In the middle are a coppper disk gage
without polymer film and a copper disk test sample
inside a protective shield,
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parts of the relay opersting cycle were about equal in time,
"Go" time was one-half minute after the relay switched to off
in any subsequent on-off cycle.

{7) The paper drive motor of the Visicorder was turned on, end a
switch was closed to leave a mark on the recording paper and
st the same time to trigger the oscilloscope. Finally the
gste valve was opensd and the iujection rod thrust into the
furnace as quickly as passible. The final act could be
completed in 0.1 to 0,15 sec. VWhen the injection rod reached
the stcp position, it contacted a normally open sw.tch which
resulted in the placing of another mark on the recording paper.
The temperature history of the ccpper disk was recorded
simultaneously by the Visicorder and the oscilloscope. Radia-
tion fror» or near the surface of the sample was detected by
the photocell and recorded by the oscilloscope camera.

(C) Uhen the temperaturc of the copper disk gage reached the
maximum permizsible temperature, the injection rod was quickly
withdrawn from the furnace. The Visiccrder paper feeding
motor was turned off. When the assembly was cool, the copper
disk gage wss detached from the injection rod and put inside
the desiccator. After several hours the exposed copper disk
gage was weighed, if the knowledge of weight change was desired.

Normally the complete experimental cycle for a test required 20 to 30

minutes.
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Imaging Furnace and Auxiliary Devices

The imaging furnace used Iin this work was originally conatructed
by L. S. Bouck for a study of solid propellant ignition [6]. It was
modified for the purpose of this work, Fig. 10 ahows a zketch of the
optical system. Figs. 11 and 12 show photograplis of the furnace. The
reflectors are Heyer-Shultz metal reflectors Model 165( with stendard
rhodium finish. They have a diameter of 16 inches, a primary focus of
6 7/16 inches and a secondary focus of 35 inches. A 1200 W projection
lamp (G.E. CYS) with a small built-in reflector was used as the energy
source. The lamp was placed at the focus of the source reflector and
the image accordingly appeared at the primary focus of the image reflector.

A 3-inch diameter shutter from an alrcraft camera was modified and
installed at the common secondary focus of the two reflectors. The
shutter could be opened and closed in 3-5 milliseconds by DC solenoids,
The durstien of the opening was contreolled by a timer, A sample testing
chamber (3ee Figs. 13 and 14) was placed at the focus of the image
reflector. This testing chamber was built to be operated at pressures
from vacuum to 10 atmospheres. A gas sampling system was also installed
to collect gas products in s stainless steel chamber for anslysis. Liquid
products were collected on a thin glass plate which was placed in front

of the test sample. (See Fig. 13)

Lalorimster for Heat Flux Measurements

Fig. 15 shows pictures of the cslorimeter used to cslibrste this
furmmace. The calorimeter design was an sdsptstion of one described by

Broido aud Willoughby [8]. The receiver was constructed from s copper
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Fig., 11. -- Two photographic views of imaging furnace. The
picture on the top shows the complete assembly snd
instruments. The shutter and two DC solenoids are
seen in the picture on *he bottom.




Fig. 12. -- Viewa of imaging furnace. The picture on the
top ahowa aource reflector and projection lamp
inaide the lamphouae. The picture on the bottom
ahowa image reflector, teat chamber and gaa
sample collecting chamber.
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Fig. 15. -- Calorimeter and its components. The picture on the
top shows steel cover (left), aluminum foil shield
(center) and blackened copper receiver ingide the
holder (right). The picture on the botton: shows the
assembled calorimeter.
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digk, 0.0508 cm thick, which was pressed into a spherical segment with an
inner radius of 0.53 cm ard an inner height of 0,25 cm. Initially the
inner surface was blackened with electro~deposited platinum dlack. Thia
platinum black became ineffective after some use and occasional over

heating, and was later replaced by a coating of optical black lacquer

nanufactured by Thos. Parsona & Sons Ltd. The manufacturer recommends
the use of a layer of undercoat before applying the top black lacquer to
t improve the lacquer-metal bond. However, to reduce the weight of the

3 applied film only a final coat was applied. The resulting aurface was
very black, yet the weight increase was only about 0.8 per cent of the
receiver weight. A plane aluminum foll shield, 0.127 cm thick, with

an aperture of 0.151 cm radius was placed in front of the concave
surface to limit the area of the beam intercepted by the caiorimeter.

The shield was placed approximately 0.05 cm from the rim of the receiver

with the center of the aperture on the optical axis of the system. A
0.025 cm diameter copper-constantan thermocouple was silver-scldered

{prior to aurface blackening) to the back side of the receiver 0.1 cm

from the rim. The two thermocouple wires were separated by 120° to
avold contact with each other. The receiver was supported only on the
two wires t reduce the heat transfer between the copper receiver and
its environment.
The physical constants of the receiver were:
k = thermal conductivity, 0.91 cal/(cm) (°C)(sec).
Pe ™ density, 8.92 g/cm3.

c. = gpecific heat, 0,093 cal/(°C)(g).
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6 = thickress, 0.0508 cm.
m_ = mass, 0.5547 g,
e = thermal diffusivity, 1.095 :mzlsec.

Bzyer, McCulley and Evana [5] designed a simila. calorimeter and
demonstrated mathematically that the measurement of temperature at the
edge of the calorimeter gives a good approximation to the average
temperature of the whole receiver, Thus the average heat flux, f, at
the plane of the aperture and ovar the aperture area may be calculated
as:

mrccAT

35S a A At
ra

where

f = average heat flux, cal/(aec)(cm)z.

AT = temperature rise, °C.

a_ = absorptivity of receiver, 0.95 by assumption.
A = aperture area, cmz.

At - exposure time, sec.

Measurement of Heat Flux Dengity Distribution in the Focus Volume

The calorimeter discussed in the last paragraph was used to measure
the heat flux distribution in the focus volume of the imaging furnace.
The heat flux distribution was measured slong three directions at a
projection lamp output of 1065 W, Tables XII, X¥III, and XIV give the
result of the heat flux distributior tests for longitudinal {axial),

vertical and hori-ontsl (transverse) traverses. These dsta are plotted
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in a normalized form in Figs. 16, 17, and 18, From these figures it can
be seen that the energy fluxes were essentially coastant over a square
area of 0.75 cm x §.75 cm,
In the earlier stages of study, a regular projection lamp, G.E,

1000 W DFD, was cmployed. It was discovered that an exact image, only
smaller, of the lamp filament was formed on the focus plane. The TYPE
CYS lamp, which has a built-in reflector, effectively smeared the fila-
ment image and gave a uniform flux field. A weak filament effect was,
however, still observed on the plane of maximum heat flux denmsity. The
most satisfactory working position was found at 0.16 cm from the posi~
tion of maximum heat flux in the direction of the center of the optical

system.

Samples for Imaging Furmace

The preparation of test epecimens for the imaging furnace was much
simpler than for the radiation furnace tests. The first step was to
cut off a few thin layers of polymers from both sides of the originally
prepared thick polymer samples, so that the surface was smooth but not
shiny. A No. 2 cork bore was used to cut out small cylinders of polymers
0.45 cm in diameter. The thickness of these cylinders was 0.14 + 0.01
cm. The final step of preparation was to attach the cylindrical sample
of polymer on a copper strip with a bit of rubber cement. The finished
samples were kept inside + desiccator waiting for experiment. Fig. 19

shows a picture of test samples and their holders before and after test.




‘@oruany Jupdewt jo asunjoa
8NJ0] ayl uyyITA uopIngraasyp XNn1j] aeay (1eT™E) Teulpnijduoy pPazyre@mioNy -- g1 314

W ‘SIXV IVIILdO WON4 JONV.LSIa

Sl Oi +10) 0 G'0- Ol- Gl-
! 0o

ab

0

wo [G1°C = VIQ
34N LY3dV
P 22 = my
3SHIAVYL

[ IYNIGN LIONOT

hs
o

XWRi/4 'XN1d LV3IH 3AILVI3Y

90
o

@
o

=

— e ) ) - B L T




67

*1032937J31 32Inos Jo
UOFIDBATP BYI UT XNTJ IBIY WNUWIXew Woij uInl auo uorlysod TeurpniySucy

3 BuWNTOoA SNJ0J 8yl UTYITA UOTINATIAISTD XNTJ IRy [BIUOZTIOY pazflemioN -- */T 914
wo ‘SIXV IVIILdO WOMd4 IONVLSIA
Gl ol G0 0 G'0- 0'l- Gl-
| 0
20
wo ‘0D =
ISi"0 = VIQ 0
IHN LY AdV
ASUIAVHL 80
VLNOZINOH
_ g0
o'l
]

Xvni/4 'XN14 LV3H 3ALLVI3Y




*1031259T73J23 221In0E JO
UOTIDBITP Byl UT XNTJ IBIY WnWIXew WOlJ WAN] Juo uojifsod [eulpniITRuoy

¥ 2uNTOA SNYOJ IYI UTYITAM UOTINQFIISTP XNTJ IRaY TEITIISA PazfTRWION -~ *QT °*S1J
2 wo ‘SIXV IVIILJO WOMd 2ONVLSIA

S o1 G0 0 S0- 0'l- G'l- ﬁ
3 0 |

20

m

r

=

w 0O = —

IS1°0 =VIa b0

JYN.LYIY -

PRI 12 = xvm >

_ 90 =

[ 3su3aaval -

TV OILN3A -

.-x

80 =
& |
..... o |




T

Lpaair

Rzl

a——

69

vy

I_”’l”:,’l”'l”‘!”'l_“,,'__l"'!'“

Fig. 19, ~ Polymer sample on copper strip for imaging
furnace test. Two on the right are samples
before test, and two on the left are after
test, Uniform regression of surface can be
seen from the two tested samples on the left,
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Procedures for Image Furnace Tests

Two types of experiments were performed in the imaging furmace,
Welght loas versus energy input was determined and the gas and liquid
products were collected for snalysis. The general procedures were the
same, and they are described below:

(1) The small cylindrical sample and its copper strip were

removed from the desiccator and weighed five times. The
samples were handled with tweezers.

(2) The copper strip was inserted into the sample holder by

use of the tweezers, then the polymer was covered with a
perforated aluminum shield to protect the edge of the plane
surf_ze and the curved surface of the cylindrical sample from
the radiation.

(3) The sample holder was turned and locked to the test chamber,
then the vacuunm pump was started to evacuate the test chamber,
The sample was held under vacuum or the chamber was pressurized
with helium, depending upon desired experimental conditioms.

(4) The shutter timer was set f r the desired exposure time, and
the DC geunerator which powered the shutter solenoids was
turned on. The oscilloscope and camera were readied.

(5) The pover to the projection lsmp, which was constantly conled
by two blowers, was turned on and the voltage on the lamp
was adjusted to the desired value,

(6) The oscilloscope was triggered by pushing a normally open

switch. The manually operated lamphouse douser was opened
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immediately and a button pushed tc actuate the solenoids. The
shutter was opened and closed by the pull and push action of
the solenoids according to the time set by the timer.

(7) 1I1f gaseous products were desired, the test chamber was pressur-
ized, and after five minutes the gaseous products were collected
in the pre-evacuated stainless steel sample chamber,

{(2) The sample holder was unscrewed, the copper strip was detached,

weighed both right after the test ard again after five hours in

the desiccator. The latter weighing was repeated five times
% and the results averaged.
The liquid products were collected on a thin cover glass, 2.2 x

2,2 cm to a side, placed at 0.5 cm from the surface of the test polymer.

Test showed that the presence of the cover glass in front of the sample
reduced the heat flux by 10.6 per cent., For most of the loss-in-weight
experiments no cover glass was used, Before each series of tests the
oscilloscope was calibrated and the heat flux was measured. Weighing was

done on a Heusser Model $M120 balance to a precision of + 0.0l mg.




CHAPTER VI

RADIATION FURNACE EXPERIMENTS: INERT ATMOSPHERE

In this chspter and the following two chspters, the results of

i experiments employing the radiation furnace will be presented and
discussed. For the convenience of presentation, the pro-edure of dats
snelysis which involves the applicstion of hest transfer theory to the
physicsl system used in this work will be discussed first. The pro-
cedure described spplies, in genersl, to all pyrolysis and ignition

experiments in the rsdistion furnsce.

The Technique of Dsta Analysis

The copper disk temperature measuring gage and the finished test

gsmple csn be depicted in terms of a simplified model shown in Fig. 20.

No surfsce regression will be considered in this model, for insofsr

88 dsta can be analyzed with confidence, only the events occurring

k before sppreciable surface regression are pertinent. The circumferential
srea of the test film and copper Jdisk sre so smsll compsred with plansr
surface areag thst hest losses from the curved sreas are neglected. Since
the tempersture grsdient through thz copper disk is negligible, the tempera-
ture messured by the thermocoujle on the back fsce of copper disk can be
taken as the tempersture st the interface. This can be justified from

the focllowing considerstion. The characteristic thermal equilibration
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Fig. 20. -- A sketch of experimental model used in
this work. ‘

time for heating a body by surface flux iz lzlu , where L 18 distance
below the surface and a is thermal diffusivity. For the copper disk

used here, zzlu is about 107> sec. The least time iuterval which is to
be discriminated in the experiment is about 0.1 sec. For the purpose

of thia work it is therefore safe to assume that any energy reachirg the
copper 1s instantaneously and uniformly distributed in it.

For application to the polymer film, the one dimensional, transient

heat transfer equation assumed to describe temperature as a function of
time, position and chemical parameters is:

for 0< x <12

2
aT T -E /RT
PCaE ks 3 + Ae a . (VI-1)

X
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The boundary conditions are

(a) t=0, T= TO . (VI-2)
® x=0, k2Eacs +Beb/MaceB/RIy 46 (V1-3)
aiIx 8 s C
R . o _a_T_ - 1.1 d_T -
(e} x= 1, aeksax alp'c (dt)x:E(Lv+Ld + Lrb) . (VI-4)

X = distance from the surface of test film, cm.

A, B, C = pre-exponential factors of condensed phase reac ion and

surface reactions, —cal for A, —gcal for B and C.
(sec) (cm) {sec) (cm)

Ea’Eb’Ec = activation energies of condensad phase reaction and
surface reactions, cal/g-mole.
€ = surface emissivity, 0.90 by assumption.

2
area of exposure, c¢m .

a [ ]

e

a = area of copper disk gage, cmz.

ks = thermal conductivity of test sample, cal/(°C)(sec)(cm).

13
n

thickness of test film, cm.
L = thickness of copper disk, cm.
p, p' = densities of test film and copper disk, gi(cm)s.
¢, ¢' = heat capacities of test film and copper disk, cal/(g)(°C).
' Lrs,‘Lrb = radiation losses from the surface of test film and back
face of copper disk, cal/(sec)(cm}2 for Lrs’ cal/sec for Lrb'
La; Lv = conduction loss and convectivn loss, cal/sec.

GC = energy gain through convection, cal/(sec)(cm)z.
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The energy gain &... loss by convection have been evaluated experi-
mentally as a function of pressure and temperature, as discussed in
Appendix B. The radiation losses were estimated from the Stefan-Boltzmann
law by assigning a surface emissivity of 0.9 at the film surface and 0.6
at the back face of copper disk. The ccnduction losses were evaluated
by considering the thermocouple wires as two semi-infinite bodies.

Eq. (VI-1) is a non-linear partial differential equation, for which
no analytical solution is known. In addition, the boundary conditions
are so cumbersome that the solution te this equation must be handled
numerically, The method and procedure of numerical solutions are pce-
sented in Appendix B.

The pruuent application of the results of numerical solutions require
some known and relisble method to confirm the accuracy of the numerical
solutions. In this case, the solutions were to be checked against
linearized {orme of Eq. (VI-1), i.e., equations formed by excluding only
the reaction and heat ioss terms. -Eq. (VI-1) and its boundary conditions

now become

for 0 <x <t
2
aT 3 T
T ks 2 (Vi-5)
ax
The boundary conditions are
(a) £t=0,Te= To R (VI-6)
(® x=0, kL act =F (VI-7)

BIx B

e ¢ L _ . 4y (4T -
{(c) x= &, ksax Lp'e (dt)x.g (VI-8)
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Eqs. (VI-,‘S} to (VI-8) can be solved by the method of Laplace trars~
formation. The detailed procedure of the solution appears in Appendix C.
Only the final answers are ghown here. The temperature as a function of

time and depth is given as

2
0 I WO 13)
T-T =+ + = -
o] ks L+ e (£+E)2
2
af
cos B (1 - '&)- L B sin B (1- 5) exp(- ) ,
8 | A 8 £ £2 (VI-9) i
2% ’
g 7 .2 |
8 2 £ Bs E
BB cos BB(1+ L + = 5 )

£ [

where Bs's are rootz of the equation

tan Bs = —(—i-) Bs f (VI-10)
£ - 1‘-2;—"' (VI-11)

At thz interface, x = £; and

Y

9 aBszt
-é-w.+3a) exp (- 2 )
7 - B 72 |
(4+E) s , AL
Bs cos Bs(1+ 5 + ""';E"‘)J

F at
Bt k| e -

(VI-12)

At the surface, x = 0; and
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1 .
228 fha3p)
L4+E L+E

g 6 (eHE)2

£B, ap 2
z (cos By - < sin Bs) exp(--—Eg— t)
=24 g 7 3 . (VI-13)
) J

5 8" ¢
2 £ 8
Bs cos Bs {1+ 3 +

12

The FORTRAN programs assembled for the solution of Eqs. (VI-9) to
(VI-13) are shown in Table XXXVII. A comparison of the numerical solution
of Eq. (VI-5) to the analytical solutions, Eqs. (VI-9) to (VI-13; showed
agreement wichin(.03 per cent. The numerical computational procedure as
applied to the llnear equations is thus verified, and confidence estab-
liahed in epplying it to solutioms of Eqs. (VI-1) to (VI-4),.

The temperature history measured by the copper disk is actually the
tempersture history of the test film-copper interface, wheraas the
events of interest occur on the exposed surface of the sample. Since
there 15 a significant temperature drop across the film and the chemical
reaction rates are strcng functions of temperature, the interestiug
history of the exposed surfaca must be inferred from the cbserved history
of the interface. From the known thermal properties of the film, the
equations just presented can be employeéed to calculate the surface tempera-
ture-time relationship from the measured copper disk temperature, at
least up to the time when significant reactions occur. The techaique
involved is essentially one of trial and error. An example is discussed

in the following paragraphs to illustrate the general procedure.
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Shown in Fig. 21 are the ''raw'' data from s pyrolysis test of PCC
polymer at 1100°C and 0.85 atm nitrogen. Galvanometer sensitivities
and thermocouple charactcristics are used to convert the "inches history"
of a test record into a temperature history. The numerical solution to
Eq. {Vi-1l) can now be employed to convert this measured copper-polymer
interface temperature history into a surface temperature history. The
procedure is tu select parameters which will give an interface temper-
ature history which will match the measured one, Either surface or
condensed phase reactions were considered for a single run, sometimes
both.

In the analysis of the data of Fig. 21, three setr of kinetic

E
parameters were assumed for the Arrhenius expression, Aexp (- §§):

A E
Set cal/(seq)(cm)3 kcaltg-mole
1 2x10t3 30
It 7x10'8 40
11 2. 5%x10%* 60

Reasonable values of Ea were assigned, and values of A taken such that
the calculated intexface temperature agreed with the experimental value
at the time the onset of reaction was perceived,

From a plot of the calculated results it was found that the
measured Iinterface history fell between the results calculated from the
first two sets of kinetic parameters. The values 6x1015 call(sec)(cm)3

and 37 kcal/g-mole for A and Ea respectively were found to produce the
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best-fit to the interface temperature history. The activation energy
determines the sharpness of the break in the temperature-history curve;
and since the matching of this "sharpness™ 1s not precise, the activa-
tion energies are approximate. Once the interface temperature history
was matched, the surface temperature history and temperature gradient
across the polymer film could also be calculated.

Since the interface temperature was measured by the copper disk at
& position 100 microns behind the exposed face, a time lag existed
between the events occurring at the test film surface and the subsequent
detection at the interface. In Fig. 22, where the experimental interface
temperature (data of Fig. 21) is compared to the calculated surface
temperature, one can clearly see the time delay between the occurrence of
endothermic reaction at the surface and the detection of the reaction at
the interface. The time delay for this experiment was about 0.1 sec,
which is close to the value estimated from the characteristic thermal
equilibration time, Lzla . The exlstence of this delay was also noted
in the case of an oxidative reaction when high pressure oxygen was the
ambient gas. The photocell light signal denoting a diffusion flame
occurred instantly when the event was detected, therefore the correspond-
ing surface temperature must be calculated by adding to the Interface
temperature the total temperature drop across the polymer film at the
time of the event. By this method, the surface temperatures occurring
at the start of endgthermic reaction, exothermic reaction and photocell

response were calculated.
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Pyrolysis Tests Under Vacuum

Although the results of the pyrolysis tests conducted under vacuum
have little direct practical significance, in this work such tests
yielded information concerning the nature of the kinetic limitations on
the processes since, presumably, rapid vaporization occurred and there
could be no accumulation of decomposition preducts at the very low
pressure. Slow pyrolysis under high vacuum is als¢ used to obtain
information on the molecular structure and bonding strength of polymers
and the result of the fast vacuum tests may be related toc auch information.

Reproducibility of the vacuum pyrolysis tests was not as good as in
the case of tests at higher pressures. It was necessary to make a large
number of runs at given conditicns and to average the results to obtain
reliable information. The variability was, possibly, caused by expansion
at the disk interface of minute bubbles of gas which affected the thermal
resiatance at the interface., Also, the assumption that variations in
prezssure at a total pressure less than 200 mm Hg would not affect the
process may be invalid. Neo provision was made to accurately measure
these low pressures. Since the thickness of copper disk used in these
vacuum tests was 0.09 cm which was about three times as big as that used
in other experiments discussed later, sensitivity was also iow.

Fig. 23 shows typical data for PC polymer (see Table X for identifi~
cation of polymers) pyrolysis in vacuum, reproduced from the Visicorder
record. The data are summarized in Table XIX. The temperature trace
starts to deflect at an interface temperature of 269 + 15°C, 349°C at

the surface, a temperature at which endothermic decomposition of polymer
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attains an appreciable rate. Part of the scattering of data may be
attributable to the external residual presaure, which was not accurstely
measured., Since external pressure tends to increase the endotherm
temperature (discussed lster), the endotherm temperature in high vacuum
is probably best represented by the lower limit of the reaction temper-
ature shown in Table XIX, which is aﬁout 600°K. After the endotherm

the temperature resumed the previous rate of increase in about one-half
second, since the regression of polymer surface quickly starts and the
regreassion coupled with the condensed phase reaction depletes the
available reactive polymer.

The aignal detected ty the photocell is intereating. A slow rise
of the signal is seen at an interface temperature of 230°C, before
appreciable endothermic reaction occurs at the expoaed surface. This
rise may be caused by the effusion of very light components which were
loosely bonded to the main polymer chain, or the change of surface
emissivity as the result of the melting of the solid. A ateep rise in
the photocell signal, supposedly corresponding to an appreciable gaa-
ification process (this point is discussed later) occurred after the
endothermic reaction waa detected by the copper disk gage, indicating
a time delay between the first significant decomposition and the produc-
tion of appreciable volatile products.

Fig. 24 showa data for a "copper chromite" containing polymer,

PCC at 1100°C. The data are aummarized in Table XX. While the results
shown in Fig. 24 are similar to those for the uncatalyzed polymers,

there are at least two diatinct differencea:
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(1) On the average, the endotherm temperature at the interface is
42°C lower (50°C lower at the surface) In the presence of

the catalyst. For catalyzed (PCC) polymer the interface
temperature is 227 + 16°C, 299°C at the surface.

{2) There are no detectable changes in the photocell trace before
eudothermic reaction. While a slight bint obvious change is
always observed for uncatalyzed (PC) pouymer, it 1is seen only
at temperatures greater than the PCC endotherm temperature.

The effect of copper chromite can be expressed in terms of the

activation energles and nre-exponential factors for the pyrolysis of

these two polymers, calculated by the trial-and-error procedure previously

described. Table III summarizes the results of these calculations.

TABLE III

ACTIVATION ENERGIES AND PRE-EXPONENTIAL FACTORS FOR CATALYZED
AND UNCATALYZED PRAA POLYMERS IN VACUUM

Heat Flux
cal/(sec)(cm)

Catalyzed
{Copper Chromite)

E A
a

kcal/g-mole cal/(sec)(cm)3 kcal/g-mole cal/(sec)(cm)3

Uncatalyzed

E A
a

4.82 37 1551012 43 ax10t7
3.035 37 25x101° 43 5x1017
1.798 37 25x101° 43 s5x1017
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Although values of the kinetic psrameters are probsbly not exact, it is
evident thst the burning rate cstalyst has a pronounced effect on the
pyrolysis of PBAA,

The heating rate hss the expected effect on the pyrolysis resction.
A decrease in heating rate decresses the surface temperature at which
the significant endothermic reaction is observed. These results are

summarized in Table IV.

TABLE IV

SIGNIFICANT ENDOTHERMIC REACTION TEMPERATURES
FOR POLYMERS IN VACUUM

PC PCC
Surface Heat Interface Surface Interface Surface
Flux
cal/(sec)(cm)2 *C °C °c °C
4.82 269 349 227 299
3.035 284 335 233 280
1.798 294 324 248 276

This effect of heating rate 15 predicted by the calculations employ-
ing an average of the parameters EB and A from Tabie IV. Quantitative

agreement is within the experimental error.




Pyrolysis of PC Pelymer in Nitrogen

e

The pyrolysis data obtained when the radiation furnace cortained
inert gas at high pressures were much more reproducible than were the
vacuum data. Three to five tests for each condition were sufficient to
obtain an accurate representation of the temperature history of the
copper disk for a film of a particular polywmer or propellant-like material.
Three heating rates were employed, i.e., 4.82, 3,035, 1.987 call(sec)(cm)z,
correspending to furnace temperatures of 1100°C, 950°C, and 800°C respec-
tively. Four to five pressures were used at the highest heating rate to
determine the pressure effect. Except where noted all polymers aad
propellant-like materials were investigated under an inert ges (nitrogen)
envircument.

Heat transfer by natural convection supplements the radiation flux,
The effect on the rate of interface temperature rise was estimated to be
only one degree centigrade per sec at 0,85 ztmospheres, Even at the
highest pressure used (5 atm), the iIncrease in the rate of temperature
rise as a result of convection was less than 4°C per sec, The data in
Table XXI would iIndicate that such a small increase in heating rate would
produce no significant increase in the temperature at which reaction is
observed.

At 0,85 atm Nz, the surface temperature at which the endothermic
reaction was first dete ted for PC (carbon blackened PBAA) polymer was
on the average 21°C above that for vacuum conditions at the same furnace

temperature. The difference was even greater ac higher pressures. This
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pressure effect is one of the most important experimental firndings of
this work, as will be discussed later. The increase in the aurface
endctherm temperature from 0.85 atm to 5 atm was about 50°C,

Fig. 25 shows five typical oscillograms for pyrolysic of PC poiymer
under different external pressures., A comparison of there tracrs shows
that the endotherm temperature (at the interface) anc the time lag
between the appearance of the endothermic reaction and the sharp break
of phctocell trace increases as the total pressure 1s rsnised. These
effects are explsined by postulating that the PC polymer decomposes by
a two-stage process. In the first stage, most energy absorbed ia for
the initial decomposition of polymer and only a small portion of pyrolfzed
products escape from the surface. As the temperature is further increased
polymer fragments evaporate from the surface carr;ing the carbon black
particles with them., Radlation from the heated carbon produces & response
from the photocell. Additional evidence supporting this explanaticn is
ptesented below. A more detalied mechanism of pyrolysis will be dis-
cussed later in the chapter.

4 serles of experiments was conducted to dctermine the magnitude of
the weight loss and to observe the surface changes. All the test samples
were carefully weighed prior to insertion into the furnace. The time the
test sample was to remain inside the furnace was selected so that the
maximumr temperature at the interface was in the vicinity of the endo-
therm temperature as observed there, The tcst sample, gquickly removed
fror the furnace and cooled, was carefully weighed again and the polymer

surface =xamined.
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au Run NG. 25-1-2 b- Run NO. 25-1-8
Ef: 0.85 atm nitrogen Pf: 1.48 atm nitrogen
Tf: 1100°C Tf: 1100°C

¢. PRun Ko. 25-1-12 d. Run No., 25-1-19

Pf: 2,85 atm nitrogen Pf: 5.0 atm nitrogen
Tf: 1100°C Tf: 1100°C

e. Run No, 25-2-3
Pf: 0.85 atm nitrogen

. 0
Tf. 950°C

Fig. 25. -- Tyvpical oscillograms of interface temperature histories
(diagonal trace) and photocell traces for PC polymer in
nitrogen. Time base (right to left) is 0.5 sec/(div.)
for a, b and ¢, and 1 eec/(div.) for d and e. Vertical

scale is 2.5 mv/(div.,) for a, b, ¢ and e, and 3.6 mv/(div.)
for d.
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Table V and Fig. 26 summarize the results of these experiments. Since
some weight loss probably occurred after the sample was removed from the
furnace and before the sample cooled, the dzta in Table V probably

exaggerate the weight loss at the indicated interface temperature.

TABLE V

WEIGHT LOSSES AND SURFACE CONDITIONS OF PC POLYMER FOR THE SURFACE
TEMPERATURES IN THE VITINITY OF ENDOTHERMIC TEMPERATURE.
Pressure, 0.85 atm Nz. Original film weight = i3 mg

it Instant Interface Calculated Weight Visible Surface
of Sample Temperature Surface Loss Change
Removal Temperature
Time
sec °c °C ng
2.44 279 361 0.21 no change
2.59 285 367 0.22 no change
2.69 298 280 0.25 a little bit shiny
2.92 311 393 0.45 stays shiny
3.16 342 424 0.76 oily look
3.25 348 430 1.92 regressed a

little wit
3.42 364 451 6.34 uneven and harder

than original

polymer

Also plotted on Fig., 26, for reference, sre the interface temper-

ature and photeocell trace from an experiment in which the sample was not
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reroved fron the furnace. The figure indicates that the weight loss is
alwost negligible at the time of the endotherm detected at the interface
(0.1 second after the endothermic reaction st the surface) and incresses
rspidly only aftar another 40°C or so temperature rise. The resemblance
of the weight loss curve to the photocell signal trace ia interpreted as
indicating that tha photocell saw radiation from pyrolysis products in
the vapor phaze. In particular it saw radiation from carbon black particles
carried by vapor from the film surface as significant regression atsrted.
Although thesz loss-fn-weight axperiments were performed for PC polymer
only, at 0.85 ata N2 and 1100°C furnace temperature, the conclusion is
presumed to apply to sll conditions and polymers used.

The temperature of both the endotberm indication snd the point where
th. photocell signal indicates vsporizaticr are pressure dependent. When
one plots the lcgarithm of the externui pressure against the reciprocsl
of the aurface temperature, at the endsthermic reaction snd for the
ensuing vaporization process, two strgight lines result, Fig. 27 shows

these plots. Mathematically these two lines ¢sn be expressed as

¢
lop Pe - - ir-+ C2 . {(VI-14)

Where Pe is total externmal presiure, Cl, 02 are two constanus.
Eq, (VI-1i) has tho same form ss the Integrated form of the Clapeyron-
Clausius equstion,

AH

log P -—-ﬁ-% +c, (VI-15)
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Fig. 27. -- Plots »f logarithms of total pressures of nitrogen versus reciprocal

surface temperatures of endotherm and significant vaporization for
PC polymer at a furnace temperature of 1100°C.
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where AHA is the enthalpy of vaporization. This coincidence leads to
the supposition that equilibrium vaporization processes may be occurring
in the pyrolysis of this polymer.

Additional suggestion that the quick photocell rise correspouds to
the significant equilibrium vaporization of pyrolyzed compounds comes
from the results of pyrolysis experiments at different furmace temper-
atures, Thermodynamically the temperature of equilibrium vaporization
is a function of only external pressure, For the pyrolysis of PC polymer

at two different furnace temperatures, 1100°C and 950°C, the differeace

in surface temperatures at the sharp photocell rise was only about 4°C,

well within error of measurement.

From the data of Fig., 27 and the Clapeyron-Clausius equation one
can calculate the apparent enthalples of vaporization. For the endotherm
process, the enthalpy is 32.4 + 3 kcal/g-mole, and for the process at
the photocell gizmal, 15.7 + 1.3 kcal/g-mole.

The latter process has the attributes of simple vaporization.
Employing the temperature of the sharp photocell signal rise at 1 atm
as the boilir~ point in the rules of Trouton and Kistyakowsky, one
obtains a heat of vaporization of about 15 kcal/g-mole. Presumably,
after the endotherm the degradation process produces fragments which,
in large part, have a boiling pouint near the temperature of the photocell
signal rige. That a second endotherm is not indicated by cthe calorimeter
temperature is a result of surface regression; the effect of reduced rate
of surface temperature rise is offset by the reduced resistance to heat

transfer through the film,
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As the character of the fragments vaporized is not known, one cannot

estimate the molecular weight from the heat of vaporization. It can be
stated, however, that if the material evolved at the endotherm is of the
aame molecular type aa that evolved later, its molecular weight should be
lesa and its molal heat of vaporization less. That the apparent heat of
vaperization is much greater indicates either that the material is
different In kind, or that the endotherm process is not simple vaproiza-
tion, I[robably both statements are true,

When PC polymer was heated in vacuum, the reaction
P(8) —~—— M(s) + N(g) [

is postulated to have occurred. Here P represents the original polymer,
M and N represent pyrolysis fragments. The activation energy of 43
kcal is greater than the observed reaction enthalpy of 32.4 kcal, as
expected. Under presaure, however, the process is presumed to occur

accordinz tc the following reactions:

P(8) —— M(s8) + N(s)

N(a) 7——— N(g)

N(a) + M(s) ———= P"(s)

The volatile N(s) is formed as the endotherm is approached. Prior to
vaporization, the N(s) formed ia probably diasolved in the polymer
aubstrate, its vapor pressure being proportional to its mole fraction

in the substrate, As the endotherm temperature is reached, the wvapor




97

pressure developed by N(s) becomes large enough to offset external pres-
sure and N(s) vaporizes. Thereforz the endotherm temperature is the
beiling or sublimation temperature of N(s) at its activity in the
heavier residue,

The final reaction, recombination of MN{s) to high molecular weight
material, P' (probably not the same as the original polymer), is needed
in the postulated mechanism. Because the observed heat effect is
greater than the heat of vaporization of N(s), presumed to be less than
15 kcal/g-mole, the postulated mechanism must provide (1) that the first
reaction he fast, yet (2) that the amount of N{(s) accumulated before the
vaporization temperature is reached is only a small fraction of the
total evolved when that temperature is reached. The heat effect observed
is, therefore, the sum of the first two reactions. If the heat of vapor-
ization is less than 15 kcal, the heat of the firat reaction is greater
than 17, probably 20 to 25 kcal/g-mole.

With respect to the endothermic process, it is noted that, accord-
ing to the weight loss curve of Fig. 26, very littla mass is evnlved.
Pregsumably weak links in the polymer chains and networks are most
vulnerable. They may be associated with the carboxyl appendages on the
chains or the ether linkages introduced by the epoxy curing agent,.

As the decomposition reactiona go on, vigoroua random scission along
the main polymer chain is preaumed to occur, and the pyrolysis products
heavier than N{a) are produced rapidly and accumulated on the polymer
surface. As surface temperature continues to ciae, the vapor préssure

developed by theae heavier products (undergoing further pyrolysis)
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becomes big emough to offset the external pressure, followed by a
significant vaporization which then produces the response seen in the

photocell trace.

Pyrolysis of PCC Polymer in Nitrogen

PCC polymer is copper chromite catalyzed PC polymer with a propor-
tion of one part of cstalyst in nine parts of PBAA polymer. Pyrolysis
of this polymer was investigated at five furnace pressures from 0.85
atm to 5 atm nitrogen at a furnace temperature of 1100°C.

Fig. 28 shows five oscillograms of the experimental results. The
data are summarized in Table XXII, It is observed that both surface
endotherm temperature and significant vaporization surface temperature
are about 50°C below the values for PC polymer. These temperature
reductions are further manifestations of the catalystic efféct of
copper chromite.

4As with PC polymer, a pressure effect is alsoc observed with PCC
polymer, When one makes the same plot ag Fig. 27, two straight lines
again result (see Fig. 29). Application of Eq. (VI-15) gives A,
values of 27.6 + 2.3 kcal/g-mole and 14.1 + 1.5 kcal/g-mcle for the

endotherm and significant vaporization respectively. Although the

mean values are lower than those for PC polymer, the uncertainties are

greater than the differences.
The mechanism proposed for PC polymer can also be applied here. The
addit‘on of copper chromite catalyst presumably accelerates the first

decomposition reaction. At a given temperature more N{s) is produced

! oo e el —— e e o
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a. Run No. 32-1-4 b. Run No. 32-1-7

Pf: 0.85 atm nitrogen Pf: 1.48 atm nitrogen

c. Run No. 32-1-13 d. Run No. 32-1-16
Pf: 2,20 atm nitrogen Pf: 3.04 atm nitrogen

e. Run Wo. 32-1-24
Pf: 4,86 atm nitrogen

Fig. 8. -- Typical oscillograms of Interface temperature (diagonal
trace) and photocell traces for PCC polymer at 1100°C
furnace temperature and several extarnal nitrogen pressures.
Time base (right to left) 1is 0.5 sec/(div.) for a, b, ¢
and d, and 1 sec/(div.) for e. Vertical scale is 2.0 mv/
(div.) for a, b, d and e, and 2.2 mv/(div.) for c.
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when catalyst is preseut, and the vapor pressure developed by the dissolved
N(s) reaches external pressure earlier at a lower temperature. The copper

chromite catalyst presumably does not affect the recoibinatrion reactionm.

Pyrolysis of P12 Polymer in Nitrogen

This polymer contaies 10 parts of Fezo3 in 90 parts of PBAA binder,
biackened by tnree per -.ent of carbon black. Pyrolysis experiments were
carried out at the highest available heating rate, 4.82 cal/(sec)(cm)2
and four different pressures, Fig., 30 shows four typical results of these
tests. The data are summarized in Table XX1Il. As with the two polymers
discussed previcusly, a pressure effect on the pyrolysis reaction is
noted. A plot of logarithm of external pressure versus reciprocal
surfaze temperature of the endotherm and significant vapcrization also
turns out to be two straight lines, Fig. 31.

As before the Clapeyron-Clausius equation is applied to evaluate the

heats of vaporization, AH . They are found to be 33.6 + 3.6 kcal/g-mole

A
and 17.3 + 1 kcal/g-mole for the endotherm and significant vaporization
respectively, These values are very close to thouse for the uncatalyzed
polymer, FC, which indicates that the F9203 does not affect the decomposgi-
tion of PBAA binder. The pre-exponential factors are alsc the same,
Actually the decomposition temperature is about 5°C higher than that of
PC polymer.

From the close resemblance between the results of Fe203 catalyzed

poly. 2r, P12, and uncatalyzed polymer, PC, the same mechanism for the

pyrolysis of PC polymer is slso valid for the pyrolysis of P12 under



a. Run No. 50-1-2 b. Run No, 50-1-6

Pf: 0.85 atm ritrogen Pf: 1.49 atm nitrogen

¢. Fun No, 50-1-32 d. Run No. 50-1-18

Pf: 2,9 i nitrogen Pf: 5.0 atm nitrogen

Fig. 30. -~ Typical oscillograms of interface temperature (diagonal
trace) and photocell traces for PI2 polymer at 1100°C
furnace temperature and several external pressures.

Time base (right to left) 1s 0.5 sec/(div.) for a and b,
and 1 sec/(div.) for ¢ and d. Vertical scale is 2.5
wv/(div.) for a and b, and 3.4 mv/(div.) for c and d.
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Fig. 31. -- Plots of logarithms of total nitrogen pressures versus reciprocal

surface temperatures of endotherm and significant vaporization for
PI2 polymer at a furnace temrerature of 1100°C.
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pressure. The resulte of PIl polym2r which contains only three per cen:

Fe,0, and ro carbon black are discussed in Appendix D,

3
For reference a summary of the apparent vaporization comstants for

catalyzed and uncztalyzed polymera i8 shown as Table VI.

TABLE VI

SUMMARY OF VAPORIZATION CONSTANIS FOR CATALYZFD
AND UNCATALYZED PCLYMERS

Catalyst Surface Temperature Aul 02
of Reaction

Endo~ Vaporiza-  Endotherm Vaporization Endotherm Vaporization
therm tion

°c °C kcal/g-mole kcal/g-mole
None 375 412 32,4+ 3 15.741.3  25.1+2.5 11.240.8
copper
chromite 322 363 27.642.3 14.141.5 23.242 10.9+1
iron
oxide 378 427 33.643.6 17.341 25.9+3 12,440.7

Experiments in Nitrogen with Fropellant-like Materials

Four types of AP-containing polymers (each different in AP content)
without burning rate catalyst were investigated at a furvace temperature
of 1100°C and 0.85 atm. The code names for these polymers are AO5, A09,
A20 and A50 correaponding to roughly 5, 9, 19, and 49 per cent of AP by

wveight vespecitvely. TFig. 32 ahows three typical oscillograms of the
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a. Run No. 23-1-2 b. Run No. 36-1-3
WAP: 8.8% wAP: 19.4%

¢. Run No. 27-1-3

Vypt 48.5%
Fig. 32. -- Typical oscillograms of interface temperature (diagonal

trace) and photocell traces for AP-containing propellant-

like materials without catalyst at 1100°C furnace tempera-
ture and 0.85 atm nitrogen. Time base (right to left) is

0.5 sec/(div.) for all records. Vertical scale is

2.0 mv/(div.) for all records.
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behaviors of degradation reactions of polymers coctaining different
amounts of AP. The experimental runs with 5 per cent AP loeding were
not recorded by oscilloscope. Table XXV shows the data of significant
reactions.

With AP in the polymer, several reactions, in addition to polymer
decomposition, are possible, for example, the hetcrogeneous reactions
between AP and bunder, &nd between one and decomposition products of the
other. The information avallable does not allow one to take all these
reactions into consideration. However, in order to represent the real
caze as closely as possible, two Arrhenius expressions were used In the
mathematical analysis to translate the interface temperature into sur-
fare temperature {(the general procedure being the same as the example
shown in the section of "The Technique of Data Analysis'). One was
ugsed in the heat transfer differential equation to represent oxidizer-
modified polymer decomposition in the sample bulk, the second ir the
boundary condition to represent the interaction reaction at the surface.
The first is presumed to be endothermic, and the second exothermic.

Fig. 33 shows the changes of the calculated characteristic surface
temperatures, i.e., endotherm temperatures, exotherm temperatures and the
temperatures of quick photocell response, with the guantity of AP in
the polymer. Several interesting observations follow from inspection of
Figs. 32 and 33:

{a) There 1s a significant drop of the characteristic temperatures

when a small amount of AP is added to the PBAA binder. The

welght loss experiments which will be discussed later show
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PBAA + AP in N,
{0.85 ATMS, 1100¢°C)
l |

|
EXOTHERM

3

PHOTOCELL

ENDOTHERM

!

SURFACE TEMP, (°K)
P\
|
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0 0 20 30 40 50 60
WEIGHT PERCENT AP, (%)
Fig. 33, -- Changes of characteristic surface temperatures as a function of quantity

of AP in the polymer, without cataiyst. Furnace temperature, 110G°C,
Furnace pressure, 0.85 atm nitrogen,
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(c)

(d)

(e)
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that the PBAA binder with 92 AP produces more pyrolyzed
products than pure PBAA binder at the same exposure level,
These two sets of experiments demonstrate that AP partici-
pates in PBAA binder decomposition.

In Fig. 33 ve see that the endotherm temperature approaches
600°K at an AP level of about 20 per cent. At AP levels
above 20 per cert uno endothermic reaction is observed,

The time lag and temperature d /' erence between the start of
the exothermic reaction and the sharp light signal detected
by the photocell become smaller as the amount of AP in the
polymer increases.

The rate of rise of the interface temperature decreases after
the pnotocell signal, indicating fast mass evolution., This
is probably caused by the shielding effect of the evolved
gases which absorb part of the incident radiation energy.

For tests at low AP levels, the light signal stays at a
constant level, even after the injection rod has been pulled
out, {(See Fig. 32.) It may be that after fast mass evolu-
tion a great deal cof carton and carbon-rich materlals are
producad because of incomplete oxlidation reaction at these
low AP levels and that what the photocell sses 1s the reflected
light from these solid particles which are still floating in
the furnace even after the injection rod has been pulled out.

For the low AP tests, the films were never completely consumed.




The asymptotic surface temperature of 600°K discussed in Item (b)
is interesting as compared with the surface endotherm temperature of PC
polymer in vacuum which is also 600K (see the section, "Pyrolysis
Tests Unler Vacuum"). This result seems to suggcst that the presence of
AP has amrsisted the pyrolysis of PBAA polymer by removal of decom;.craition
products, The explanation starts conveniently with the mechanism pustu-
lated for PC polymer (OX AP on Fig. 33) in the previous section. When
AP i present in small amount, the gasification of the volatile N(s) is

augmented by AP, which generates oxidizing speciss represented by Ox:

N{s) + 0x — gmall, more volatile fragments,

This may be an endothermic reaction in spite of the 0x participation if
it is polymer unzinping initiated by Ox. Apparertly between 10 and 20 X
AP, the nxidation gasification removes N(s) as fast as it ia formed by
the thermal process.

At low AP levels, the endotherm is followed by an exotherm, pre-
sumed Yo be vigorous attack by 0x on all the polymeric materigl. The
energy supplied shorteng the time to the photocell signal rise, which
indicates rapid evolution of material., The reduction in the signal
risa cempersture may indicate that the volatilized fragments produced
then are of lower molecular weight thsn those produced from PC polymer
slnne.

At high AP levels, where there is a larger supply of Ox’ the
oxidative degrsdation proceaa wholly displaces the thermal process as

the first detected reaction. The exotherm snd the photocell signal rise
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appear to be converging and approaching 580 to 590°K as an asymptote.
This temperature is, it is speculated, the surface temperature at
ignition discussed by Keller, Bser and Ryan {29].

The results plotted im Fig. 33 thus agree with propellant igni-
tion results reported elsewhere, Furthermore, they confirm Keller'.,
conclusion that simple thermal degradation of FBAA polymer is not an
important process in ignition [28].

Five types of AP-containing polymer with catalyst, either copper
chromite or iron oxide, were investigated at 1100°C furnace temperature
and 0.85 atm nitrogen. These propellant-like materials are referred to
as A9C, A2C, A5C, A91 and ASI whose compositions are shown in Table X.
The quantity of catalyst, either iron oxide or copper chromite, always
amounts to 1/20th of the weight of AP.

Fig. 34 shows five typical oscillograms of experimental results,
Fig. 35 shows plots of calculated characteristic surface temperatures as
a function of the amount of AP in the polymer. The data on significant
reactions are summariied In Table XXVI. General trends which had been
observed in the cases of uncatalyzed AP-containing polymers discussed
previously were alsc found here,

There are, however, nome significant differences between the results
for catalyzed and those for uncatalyzed propellant-like materials. The

most striking difference is that, at higher AP levels, the endotherm,

exotherm, and photocell signal riae temperatures are lower than those
found for the uncatalyzed propellant. In view of the fact that, as

mentioned earlier, the copper chromite catalyst enhanced the decomposition

5 o -




Fig. 34,

8. Run No. 24-1-4
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o

Run No. 37-1-2

: 8.8% vt 19,2%

AP

c. Run No, 28-1-3 d. Run No. 51-1-5
uAP: 47.3% uAP: 8.68%

€. Run No. 52-1-3
Vap! 47.3%

-- Typiesl oscillograms of interface temperature (diagonsl

tvsce) and photocell traces for AP-containing polymers
with catalyst at 1100°C furnace temperature and 0.85 atm
nitrogen, The cstalyst for a, b and ¢ is copper chromite,
and for d snd e, iron oxide. Time base (risht to left)

1s 0.5 sec/(div.) for sll periods. Verticsl scale is

2.0 mv/(div.) for a, b snd ¢, 2.5 mv/{div.) for d, snd
2.3 mv/{(div.) for e,
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Fig. 35. -- Changes of characteristic surface temperatures as a function of quantity
of AP in the polymer, with catalyst. Furnace temperature, 1100°C.
Furnace pressure, 0.85 atm nitrogen.
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of polymer without AP it is not possible to determine from these results
the degree to vwhich the effect is o2 polywer rather than on AP. That
ferric oxide also reduces the temperatures at higher AP levels, yet does
not sppear ro affect polymer decomposition, suggests that the catslysts
are sugmenting the effect of AP. Appsrently copper chromite is, in its
over-all effect, slightly more effective than ferric oxide.

The overall rate of exothermic reaction of these AP-containing
polymers is related to the difference in the measured heat flux at the
copper disk-polymer interface before and during the exotherm:; the former
is actually the interface heat flux when heating the test sample surface
without reactions. This difference in heat fiux is defined as the net
exotherm heat flux. Shown in Fig. 36 is the piot of the calculated net
exstherm hest flux as a function of weight per cent AP times the density
of the test sample, which 18 proporticnal to the polymer-AP contact
surface per unit volume. The slope of this plot is found to be 1.8 for
both cstalyzed snd uncatalyzed materials.

The heat flux obtsined st the interface can be used to estimste
the surfsce heat flux by the same set of differential equations which
were used to analyze the measured interface temperature history. How-
ever, surface regression would hsve to be considered. Because test film
is thin, s near proportionality is expected to exist between the inter-
face and surface hest fluxes; therefore, if a similar plot to Fig. 36 is
made using the net exotherm surface heat flux, one would expact to
obtain an almost the same slope. This slope may suggest that the reac-

tion between AP and binder does not observe a simple kinetic order.




20
E 0 —
¢
k-]
o
= '8
x
-
e
-
<
i
=
=
ac
L
-
—
o |
x
w
3

05— SYMBOL CATALYST

o NONE
fal COPPER CHROMTE
3 | |
005 0.i 02 0.5 1O
AP DENSITY, pw,, (gm/cm®)

Fig, 36. -- Net exotherm heat flux as a functlon of AP density In the

AP-containing poiymers at a furnace temperature of 1100°C
and 0.85 atm nitrogen,

114




115

The effect of copper chromite catalyst on the exothermic reaction
can be seen from Fig. 36. On average, an increase of 30X 4n net
exotherm heat flux becsuae of the presence of copper chromite is
calculated. This is about the increaase obaerved in burning rate by
addition of catalyst te this ayatem. It is impossible to determine
wvhether the effect is between oxidizer and catalyat or between binder
and catalyst. In contrast to the effect on ignition, the copper chromite
effect on the feedback flux is essentiaily uniform for high and low AP
loadinga.

The net exctherm heat flux for iron oxide catalvzed, AP-containing
polymera were much lower than those for uncatalvzed and copper chromite
catalyzed ones. This atrange experimental result is clearly illustrated
by the meaaured net exotherm heat fluxea for A5S0 (50X AP with no catalyst),
ASC (50% AP, copper chromite) and ASI (50% AP, iron oxide) at a furnace
temperature of 1100°C and a pressure of 0.85 atm nitrogen, the average
weaaured values being 10.4 cal/(sec)(cm)z, 15 call(aec)(cm)2 and 2.4
cal/(aec)(cm)2 reapectively. Apparently the iron oxide-containing
samples invcolve a burning characteristic considerably different from
that of other two polymera.

In order to investigate possible differences of the burning
characteristic of theae msterials, pieces of propellant-like materials,
2 c¢m x 0.7 cm x 0.2 cm, were cut cut from theae three AP-containing
polymers. When placed on a piece of flat pyrophyllite, theae aamples
were ignited with a match and burned in the atmosphere. Several

important things were noticed. Total burning times were & second for

I
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the ASC polymer, 6.3 seconds for the A50 polymer and 5.3 seconds for the
AS5I polymer. For the AS0 and ASC polymers, the ratic of burning rates
in the air 1= 1 to 1.6, which is close to the ratio of the net exotherm
heat fluxes of 1 to 1.44 as shown in Fig. 36,

The burning characteristics of these materisls were widely different.
A5C polymer burned noisily and the flame was tinted with blue color,
After combustion a little scattered ash was left. A50 polymer burred
almost quietly and no characteristic color was observed in the flame.
After combustion a little more loose, scatterec¢ ~sh was found. Tha
flame characteristic of AS5I was almoet the same 28 that of A50, However,
for the A50 the deflagration wave, with the usual flame b :gh, left
behind a ccoherent residuc through which, following the deflagration wave,
a second reaction wave proceeded as-a glowing piane. The second wave may
have been air oxidation of free iron formed by reduction of Fe203 in
the fuel-rich deflagration flame. The residusl ssh was black, and
roughly the size and shape of the original sample,

When the experiment was repeated by supporting the samples on s
sheet of metal, no visible flame brush but only a glowing reaction wave
was observed for the A5I polymer. Again a black, coherent ash was left,
For A5C ard A50 polymers, no change wae noted. Since the copper disk
calorimeter is an excellent heat sink, the A5I polymer probably burned
inside the radiation furnace with much the same mechanism as described
here, and presumably generated much less energy than the other materials.
This different burning procees perhapa is responsible for the extremely

low net exotherm heat flux observed for A5S5I polymer.
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Five AP-containing polymers, A09, A9C, A2C, A9I and ASI werc studied
for their reaction behavior in nitrogen at lower furnace temperatures.
As in the case of PC polymer, a decrease ia significant reaction tempera-
turea with decreaaing furnsce temperatures were observed. However, the
decreases were greater than those found with PC polymer. See Table VII,

For more data aee Tables XXV 2nd XXVI.

TABLE VII

DECREASE OF SIGNIFICANT REACTION TEMPERATURES AS A FUNCTION
OF FURNACE TEMPERATURE DIFFERENCE. Pressure=0.85 atm Nz

Material AP Catalyat Decrease of Surface Reaction Temperature (°C)
Code We % We % Between Two Furnace Temperatures

Photocell
Endotherm Exotherm Rise

1100°C~+ 950°C~+ 1100°C~+ 950°C* 1100°C*

950°C  800°C 950°C  800°C 950°C
| 4 none none 20 14 * *
A09 8.83 none 25 - 20 -
ASC 8.78  0.44 32 2= 33 30 11
a2c 19.23 ~oect " * 2 24 28
AS: 8,78  C.i4% 48 - 53 - 32
AST 47.32 2.362 * « 4h - 40

* no reaction observed
-- no experimental data available
1 copper chromite

2 iron oxide
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Examination of Table VII indicates that the presence of AP appears
to be the important factor for the greater decrease in reaction tempera-
ture. The effect of AP on the decomposition of polymer was postulated
earlier as a second, augmenting mechanism in which the polymer decomposi-
tion product, N(s), reacts with AP decomposition product, Ox. For a
pyrolysis test at a lower heating rate, the production of N(s) per unit
degree of surfsce temperature rise should be more than that at higher
heating rate, therefore at constant aurface temperature level more N(s)
will be produced at a lower heating rate than at a higher heating rate,
and a lower endotherm temperature {and zlso exotherm temperature and
temperature of photocell rise) will be observed. The catalyst effect
can also be seen from Table VII. Again, as nentioned earlier, it is
not posesible to determine the degree to which the effect is on polymer
rather than on AP.

The temperature drop with iron oxide as catalyst is more severe than
copper chromite as catalyst (see Table VII). Since it has been observed
that the iron oxide does not affect the dccomposition of polymer, it
appears that the reactions involving AP are affected significantly by
iron oxide.

Comparing the results of A9I and ASI in Table VII, we find that the
amount of AP from 10 to 502 by weight does not affect seriously the
temperature drop. This agrees with the earlier observation that the
effect of AP on the over-all reaction i1a most obvious for AP levels less

than 20%.
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As already pointed out in the section of "The Technique of Data
Analysis", the activation energies used to calculate the surface tempera-
ture histories are only spproximate; therefore only one set of activation
energies were used in the analysis of the results of all AP-containing
polymers, catalyzed and uncatalyzed materials alike. Because the surface
temperature history and temperature gradient across the test film are
rather insensitive to the values of activation energy chosen until there
is a significani change of interface temperature history, and because
experiment /calculation matching of the latter cannot be very exact, there
is some reservation about the accuracy of surface temperature after the
endotherm., The net exotherm heat flux as measured by the calorimeter
is exact. Its interpretation in terms of events vccurring at the expcsed

surface is dubious.




CHAPTER VII

RADIATION FURNACE EXPERIMENTS: REACTIVE ATMOSPHERE

While & large body of literature, see for example [15, 27, 46],
is available on the mechanism and kinetics of thermal degradation of
polymers, there are few systematic and detailed studies of the oxidative
degradation of polymers. The decomposition of ammonium perchlorate
yields a number of oxidizing species: perchloric acid under some condi-
tions, and under others oxygen, chlorine, oxides of nitrogen, and even
nitrogen oxychloride. Though they are not seen in the stable decomposi-
tion products, the very potent oxidizing oxides of chlorine (C120, ClO2
and the free adical C10) are probably present during the decomposition
process., It seems chviovus that these reactive compounds must accelerate
the degradation of polymers.

Since the pressure experienced by a propellant during the ignition
transient is rather high and changing, the pyrolysis-promoting effect
of chemically reactive agents should be studied at different pressures.
Though oxygen was used exclusively in this work, the results can,
hopefully, be e;tended to underatand the effect of other reactive oxi-
dants.

In the kind of experiment performed, three process conditions can

convr ¢ntly be varied independently: the oxygen pressure, the furnace




Ry Il B Ol

e e A

121

temperature, and the fractior of specimen surface that is polymer. The
surfacaz fraction was varied by use cf specimens containingz different
amounta of glass beads. The changes in the calorimeter temperature
history and the photocell response as these conditioms were systematically

varied proviade clves to the mechanism of polymer pyrolysis.

PC Polymer
The polymers which will be discussesd are PC, 10, G20, G30, G50, and

G5C. {(S2e Table X for their complnée compositions.) PC polymer iz PBAA
bind2r without catalyst, the behavior of which in the presence of nitro-
gen has been previocusly discussed. The others are PC polymer containiag
glass beads.

The behavior of the PC polymer in oxygen was studied at three furnace
tem .ratures at atmoapheric pressure, and at four pressures at the highest
furnace temperature of 1100°C. Fig. 37 shows five typical oscilloscope
reccrds for PC polymer tests in the radiation furnace at 1100°C and 950°C
under different oxygen pressures. Iox a furnace temperature of 800°C only
photocell traces were recorded; they are not shown in Fig. 37. In Fig. 38
are five records of experiments with polymers conteining glass beads,
furnsce conditions being 1100°C and 0.85 atm of oxyger. The surface
temperature history was calculated Zrom the interface temperature history
uainy the same general procedure as that used with data for PCC polymer
at 0.8% atm nitrogen. In this csse. however, the Arrehenlus expression
was used in the boundary condition to represent oxidative reaction atr ihe
surface. The sigaificant reaction temperatures are s mparized in Tablea

XXVII and XXVIII.
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a, Run No. 25-1-51 b. Run No. 25-1-59
Pf: 0.85 atm oxygen Pf: 1.45 atm oxygen
Tf: 1100°C Tf: 1100°C

¢. Run No. 25-1-62 d. Run No. 25-1-67
Pf: 2,86 atm oxygen Pf: 4.8 atm oxygen
Tf: 1100°C Tf: 1100°C

e. Run No. 25-2-52
Pf: 0.85 atm oxygen

. o
Tf. 950°C

Fig. 37. -- Typical oacillograms of interface temperature (diagoual
trace) and photocell tracea for PC polymer at several
oxygen preasurea and different furnace temperaturea.
Time base (diagonal trace) ia 0.5 aec/(div.) for all
records, Vertical scale is 2.0 mv/(div.) for a, b, ¢
and e, »nd 1.8 mv/(div.) for 4.
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a. Run No. 39-1-1 b.

Run No. 40-1~1
Glass beads: 9.7%

Glass beads: 19,42

Glass beads: 29.1%

Run No, 42-1-2
Class beads: 48.5%

€. Run No. 43-1-1
Glass beads: 46%

With copper chromite
catalyst

AT —

Fig. 38. -- Typical cscillograms of interface temperature {diagonal

trace) and photocell traces for glass beads-containing
PC polymers at 1100°C furnace temperature and 0.85 atm
oxygen. i, b, ¢ and 4 contain no catalyst, Ti.e base
(right to left) 1is 0.5 sec/{div.) for all records. Vert-

ical scale 1s 2.0 mv/(div.) for a, b, d and e, and 2.3 mv/
(div,) for c.
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In these tests with oxygen an exotherm was always observed, and at
surface remperatures well below {more than 100°C) those at which an
endotherm was observed during heating in nitrogen at the same pressures.
There can be no doubt that oxygen strongly promotes the decomposition
and gesification of the polymer.

It can be seen from Table XXVII, where data and results are
summari:zed, thst the exotherm temperature is not significaptly affected
vhen pressure i8 varied over a six-fold range. As oxygen clearly plays
a role, this cobservatjon cannot be taken as evidence that the gas phase
is not invelved. Possibly there is a purely physical effect of pressure
to suppress the vaporization of volatile fragments, that is, to raise
their vaporization temperature (the increase in the erdotherm temperature
with nitrogen pressure was explained in this wsy), compensated by a
chemica- effect that tends to reduce the exotherm temperature as pressure
is inci.ased.

A puzzling observstion is that, for heating under a fixed oxygen
pressure, th exotherm temperature bears an inverse relationship to the
furnace temperature. (See Fig. 39.) A measure of the heating rate, a
higher furnace temperature was expected to be accompanied by a rise in
the exotherm temperature (in the way the endotherm temperature in vacuum
heating was raised). The furnsce temperatur- has anothcr significance,
however: it is also the temperature of the gsseous oxygen. Ii seems that
cne is driven to the conclusion that the first volatile polymer fragments,
produced as the exotherm temperature is approached, vaporize and diffuse

far enough from the surface to encounter hot ox;yen. The resulting reaction
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Fig. 39. -- Photocell temperature and exotherm temperature as a function
| of furnace temperature for PC polymer at 0.85 atm oxygen.
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faster with hotter oxygen, produces both energy and reactive species that
diffuse back tc the polymer surface to accelerste events there.

It is not possible to say whether the initial part of the exotherm
is due to Leterogeneocus reaction or to feed-bsck from gac phsse reaction.
In either case, it must coincide closely with the start uf rapid effusion
of gasecus polymer fragments. Their reaction with oxygen supplies more
energy to produce mcre fuel, bootstrapping the pyrolysis process until,
it is postulated, the oxygen rear the surface is pushed back by a cloud
of fuel vapor. A diffusion flame, detected by the photccell, develcps
at the fuel vspor-oxygen mixing zone.

The polymer surface temperature at the time of the first photocell
signal (called photocell temperature) is, like the exotherm temperature,
less when the furnace temperatvre is greater, as shown in Fig. 39, but
unlike the exotherm temperature, it is strongly pressure dependent as
shown in Fig. 40. As oxygen temperature is increased, the difference
between the photocell and the exotherm temperature drops (Fig. 39).

The photocell temperature is clearly a fictitious temperature,
greater than the truve surface tempersture and less than the temperature
at which the gass phase reactions occur., It is used in an attempt to
discuss some of the gross festures of the very complex reactisn mechanism,
Another defined quantity used for this purpose is the net exotherm heat
fiux, which has been defined earlier as the difference between the furnsce
flux and the exotherm flux, both as perceived by the copper calorimeter.

It is proportionsl to the difference between the rates of interface
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Fig. 40. -~ Plot of total oxygen pressure versus net 2xotherm heat flux

and reciprocal photocell temperature for PC polymer at a
furnace temperature of 1100°C.
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temperature rise before and during the exotherm. The net exotherm heat
flux is taken as proportional to the over-all reaction rate. The net
exotherm heat flux is plotted ia Fig. 40 as a function of total oxygen
pressure.

An examination of the data for polymer films containing various
amounte of glass beads shows that the exotherm temperature and photocell
temperature depend on avallable PBAA binder on the polymer surface,
Shown in Fig. 41 is a plot of volume fraction of available PBAA binder
in the polymer as a function of reciprocal photocell temperature. The
plot of net exotherm heat flux versus volume fraction of PBAA is shown
in Fig. 42,

Based on the observations and discussions presented above, we may
assume that the rate of oxidative reaction of PC polymer is given by
ae E/RT

t = k(py )" ()"

(2, )", (VII-1)
2 2

Where t is the rate of oxidative reaction vhich is taken as proportional
to the net exotherm heat flux; T is prcperly the surface temperature of
the polymer film, which in this analysis is arbitrarily taken as the
calculated photocell temperature; (Poz) is the total oxygen pressure;

(p) is the volume fraction of PBAA binder; n and 8 are the reaction order
with respect to oxygen pressure and the volume fraction of PRAA binder
respectively.

The determination of E, n and 8 from the experimental data can be

done by a trial and error procedure. For the glass beadr-coniaining
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Fig. 4l1. -- Plot of volume fraction of PBAA fuel-binder in the polymer
versus reciprocal photocell temperature for glass beads-
containing polymers at a furnace temperature of 1100°C and
0.85 atm oxygen.
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polymers, the change of photocell temperature with the available PBAA
binder is not severe, hence s can be approximately evaluated from the
slope of Fig. 42. The calculated value for s is 2.2.

With PC polymer where {(p) is consiant, the rate of oxidative

reaction becomes

t « e E/RT,, (py )" - (VII-2)
2

Mathematically the right values of E and n can be evalugted from the
exrarimental data in the following manner. With an assumed value for

n, a plot of log [(i')l(P0 )*] versus llTph is made. When the best
2
straight line is obtained, E is calculated, and a plot of {(log r +

0 is made to get n exactly. By this method E and
2
n are found to be 19.2 kcal/g-mole and 1.52 respectively. From the

E/RTph) versua log P

values of n and 8, we find that the oxidative reaction of polymer does

not observe a simple kinetic order.

Polymers Containing Ammonium Perchlorate

Six AP-contsining pelymers were investigated for their behavior

in the chemically reactive environment of oxygen at 0.85 atm and 1100°C.

Fig. 43 shows typical oacillograph racords of the experiments. For
calculating the surface temperatures at the times of exotherm and photo-
cell light signal, two surface reaction terms were considered. One was
assumed to approximate the heterogeneous reaction between oxygen and

polymer, the other treated the reaction between polymer intermediates

-~
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a. PRun No. 23-1-23 b. Run No. 24-1-22

Vipt 8.8Z "ﬁp: B.BX

¢. Run No. 36-1-23 d. BRun No. 37-1-22

. . b
Vyp? 19.4% Vap? 19,2%

. Run No. 27-1-21 f. PRup No, 28-1-22

Vip® 48.5% Vap' 47.3%

Fig. 43. -- Typical oscillograms of interface temperature (diagonal
trace) and photocell traces for AP-containing polymers
with (b,d,f) and without (a,c,e) copper chromite catalyst
at 1100°C furnace temperature and 0.85 atm oxygen. Time
base (right to left) is 0.5 sec/(div.) for all records,
Vertical scale is 2.0 mv/(div.) for all records.
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and the decemposition products of AP. The reasou for addition of the

latter reaction is tha: with AP in the polymer, all the photocell light

signal in oxygen occurred at about the same time as the exotherm while

a time difference is seen i1f AP is not present. The calculated results

are shown in Table XXIX and are plotted in Figs. 44 and 45. Several

rhenomena are Indicated from & study of these figures and tables of

data in the appendix:

(a)

(b)

(c)

The exotherm temperature of AP-containing polymer is generally
higher than that for PC polymer (without AP). This observa-
tlon suggests that AP plays no role in the initial stages of
reaction between oxygen and the polymer. Also the exothermic
reaction temperature is, on the average, 16°C higher than the
temperature predicted from the data for polymer samples contain-
ing glaés beads (inert constituent)., It appears likely that

at the same volumetric loadirg, less polymer surfacze ia

exposed when lrregular AP is in the film than when the inert
muterial 1s spherical glass beads.

A comparison of the test reaults of AP-containing polymer in
nitrogen and in oxygen shows a reduction in exotherm and
photocell light signal temperature with oxvgen. This indicates
pr~hably that oxygen attacks polymer before AP can supply
oxidizine species and thus starts the chain of events earlier.
Thia supporta the view in Iter (a).

At ail pressures the photocell break occcurs almost immediately

after the occurrence of the exotherm. This effect is in marked
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Fig. 44. -- Plot of characteristic surface temperatures versus AP levels in
the catalyzed and uncatalyzed AP-containing polymers at a furnace
temperature of 1100°C and 0.85 atm oxygen.
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contrast to the pressure dependent time difference between
the exotherm and photocell aignal observed for the PC polymer
in oxygen. Los: of time lag between exothLerm and photocell
signal indicates that AP species become available fmmediately
at the exotherm, then accelerate the later phases of reaction.
In Fig. 44 we see that the exctherm temperature increases with
AP loading for AP less than 20 per cent. This is apparently
due to the dilution effect of AP, With AP loading bigger

than 20 per cent, both exotherm and photocell light signal
temperature decrease with increasing AP level. At these AP
levels, probably the exothermic reaction of AP products and
polymer intermediates is large enough to overtake the loss of
available polymer surface.

In Fig. 45 we see that the uet exotherm heat flux of AP-
containing polymers in oxygen heating increases, as in nitrogen
heating, with the amount of AP per unit volume in the pclymer.
Unlike the nitrogen heating, the result in oxygen shows a
pronouvnced curvature. The effect of copper chromite on the
reaction in oxygen is also seen. This catalyst effect becomes
more evident as the amount of AP (and slso the amount of catalyst)
increases. A very important festure which is clear from this
figure is that the effect of oxygen on the reaction of AP-
containing polymers decresses as the smount of AP increases

snd (if the extrapolation is permissible) dissppears ss the
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amount of AP reaches the propellant level. This disappearance
of 02 effect as A? reactions become dominant confirms Keller's
observation that the decomposition of AP is the key veaition
in propellant ignition [28].

The effect of oxygen (furnsce) tewperature on the reactiona of three
AP-containing polymers, A09, A9C and A9 were studied at furnmace tempera-
tures of 950°C and 800°C. The significant reaction temperatures and net
exotherm heat fluxes are shown as Table VIII. More data can be found

in Tables XXX and XXXT.

TABLE VIII

SIGRIFICANT REACTION TEMPERATURES AND NET EXOTHERM HEAT FLUXES
FOP. LOW AP-CONTAINING POLYMERS AT 0.85 ATM OXYGEN AND
DIFFERENT FURNACE TEMPERATURES

Material Exothera Photocell Net Exotherm
Code (Furnace Temp.) Surface Light Signal Heat Flux
Temperature  Temperature
K K cal/(sec)(cm)2

A9C (1100°C) 552 577 1.54

A9C ( 950°C) 559 579 1.65

A9C ( 800°C) 550 571 1.72

A09 ( 950°C) 566 585 1.70

A9T ( 950°C) 553 570 1.61

Examination of the resulta in Tsble VIII ahows no significant change

of either exotherm or photocell light signal temperature at different
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oxygen temperatures (furnace temperature)., This is in marked contrast
to the result for PC polymer at different oxygen temperatures. This
indicates that AP species become available immediately at the exotherm
which is started by oxygen-polymer heterogeneous reaction. This view
is supported by the loss of time lag between exotherm and photocell
light signal discussed on Item (c) on page 133. The nearly constant
net exotherm heat flux is also attributed to the presence of AP
specles lmmediately at the exotherm. The effect of catalyst, either
iron oxide or copper chromite in the quantities used, on the reaction
of these materials is insignificant.

A09 (8.83% AP in the polymer) was investigated at a furnace tempera-
ture of 950°C and at three oxygen pressures. The significant reaction
temperatures are shown as Table XXXI, A general lower.ng of the signi-
ficant reaction temperature with increasing oxygen pressures was
observed. A dropping of 20°C in the exotherm temperature and 35°C in
the temperature of photocell light signal was recorded when oxygen
pressure changed from 0.85 atm to 5 atm. The net exotherm heat flux
is piotted in Fig. 46 as a function of total oxygen pressure. The
slope of this plot was found to be 0,54, Because the exotherm tempera-
ture drops with increasing oxygen pressure, the reaction has a greater
than 0.54 order dependence on oxygen.

Also plotted in Fig. 46 for comparison is the data of net exotherm

heat flux of PC polymer in oxygen at 1100°C furnace temperature {Fig. 40).
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Fig. 46. -- Plct of net exctherm heat flux veraus total oxygen pressure for

A0S polymer at a furnace temperature of 950°C, and PCC polymer
at a furnace temperature of 1100°C.
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That the net flux increese during the exotherm (see Fig. 46) has the
same pressure dependence for A09 at a furnace temperature of 950°C as
for PC polymer at 1100°C, (though at & lower exotherm surface tempera-
ture) is regarded as a coincidence. That the form of the flux-pressure
relationship {8 the same is probably not a coincidence. It indicates
that in both cases, the initial exothermic process is reaction hetween

polymer and oxygen.




CHAPTER VIII

THAGING FURNACE EXPERIMENTS

Two series of experiments were carried out in the filament-imaging
furnace. In one series, weight loss was determined as a function of
energy input; in the other, the decomposition products were analyzed.
1ln the weight loss experiments, four tvpes of polymers, i.e., PC, PCC,
A09, and A9C were studied in vacuum at two heating rates., PC aznd PCC
polymers were also investigated under 0.85 atm helium and one heating
rate to investigate a possible pressure affect. The vacuum tests were
at an initial total pressure less than 5 mm Hg. The exact pressure was

not measured.

Loss-in-Weight

In the imaging furnace, the area of uniform heat flux is very
small, Sample size had to be correspondingly small, and weight loss
wag therefore extremely difficult to determine accurately. Fig. 19
shows a "before and after" test sample mounted on a copper strip.

The two heating rates used in this work were 21.5 call(sec)(cm)2
and 10.3 cal/(sec)(cm)z. The higher rate is wmore than four times the
maximum used in the radiation furnace, and it closely approaches £lux

levels typical of piopellant ignitior and combustion processes. The




exposure times, controlled by a timer, ranged from (0.0 to 0.26 second
for the higher hesting rate and from 0.0 to 0.4 second for the lower
heating rste.

Typical resuits of the experiments are plotted in Figs. 47, 48,
and 49 with weight loss per unit area of exposure as ordinate, the
exposure time as abscissa. Also marked on these figures are the times
at which the surface reached the significant reaction temperatures in
the radiation furnace experiments. Those marked times are good only
for qualitative reference, becrage the significsnt reactions have been
found to depend orn heating rate, external pressure, etc. Tables XXXII,
XXXIII, and XXXIV summarize the dsta. Several things can be observed
from these figures:

{a) The rate of weight loss is small for short exposures and then

incresses rapidly as exposure time is increased. Apparently
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there is a temperature sbove which the degradation and vaporiza-

tion become very rapid.

(b} Qualitatively speaking, all significsnt reactions occur at
very early stages of weight loss. This provides a support to
the mathematical anslysis of experimental dsta in which the
regression of material is neglected.

(c)} After an initial weight loss of 2 or 3 mg/cm?, a change to

slcwer rates of weight loss is noted. This is possibly

because part of the radiant energy is intercepted by pyrolysis

products condensed on the inner face of the quartz tube which

conetitutes the wall of the test chamber. The condensation of
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vig. 47. -— Weight loss per unit area as a function of exposure time for PC,
PCC, A09 and A9C polymers ar 21.5 cal/sec cm? heating rate and
vacuum by use of imaging furmace. The Arabic numerals from 1 to
7 show the corresponding times at this heating rate for sipnificant
reactions of these polymers in the radiatior furnace at 1100°C. 1.
4 and 6 are endotherms. 2 is exotherm. 3, 5 and 7 are photocell
signals. 1, 2 and 3 are data at 0.85 atm N3, 4, 5, 6 and 7 are
data in vacuum.
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reactions of these polymers in the radiation furnace at 1100°C.

"1, 3 and 5 are endotherms., 6 is exotherm. 2, 4 and 7 are photocel!

sipnals. 1, 2, 3 and 4 are data in vacuum, 5, & and 7 are data at

0.85 atm N2'




WEIGHT LOSS, mg/cm?

145

(&)

H

W

N

0 04 08 12 16 20 249
EXPOSURE TIME, sec

Fip. 49, -- Weight loss as a function of exposurg time for PC and PCC polymers
at a heating rate of 21.5 cal/sec cm® and 0.85 atm helium by use of
imaging furnace. The Arabic numerals from 1 to 4 show the corres-
conding times at this heating rate for significant reactions of
these polymers in the radiation furnace at 1100°C and 0.85 atm Nz.
1 and 3 are endotheims. 2 and 4 are photocell sipnala.
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pyrolysis products on the wall was not found at the lower heating
rate and therefore no inflection poirt on the weight loss curve
was noted.

Under vacuum there fa little difference in weight loss character-
istica of catalyzed (PCC) and uncatalyzed (PC) polymer. However
a 53°C Jdifference of surface sudotherm temperature existed
betweazn these two polymers in the radiation furmace tests. For
PC polymer the examination of liquid products (to be discussed
later) shows that there are many fine solid particles dispersed
in the liquid. These particles may be undecomposed polymer
fragments carried away from the surface by the gases evolved.
These additional soiid particles have compensated for the higher
reaction temperaturea of PC polymer, therefore the weight loss
rate of PC and PCC polymers in vacuum are about equal.

For the same exposure, the weizht losaes of AP-containing
polymers are considerably larger than thoae of the PC and PCC
polymers. Obvioualy a reaction between AP speciea and PBAA
binder is taking place. See Figs. 47 and 48,

Under 0.85 atm helium pressure and the same exposure, the weight
loss of PC polymer is less than that of PCC polymer. No fine
solid particles are found in the liquid from PC polymer. One
pressure effect was apparently to suppress the ejection £
undecomposed polymer fragments. Another was to raise the
vaporlzation temperature of the volatile apecies formed from

both polymers.
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(g) Examination of the loss-in-weight results of both higher and
lower heating rates shows that at the same total eaergy input
the weight loss increases with the heating rate. This suggests
that surface temperature is the most important factor in the
reactions of pyrolysis.

The results of the weight loss experirents for PC and PCC polymers
in 0.85 atm helium help to explain the reiults of radiation furnace
tests for the same polymers. This discussion requires that the weight
loss per unit area versus exposure time be converted to weight loss per
unit area versus surface temperature. This can be done by use of the
following one-dimensional heat transfer equation to calculate tempera-

tures

2

-E

pe L u i &L 4 aeFa/RT (VIII-1)

ot s, 2

9x

The boundary conditions are:
t=0, T=eT ;

o

x=0, kLucf - eor (VIII-2)
’ ksax s :

The results are shown in Table XXXIV and are plotted in Fig. 50.

No surface regression term was included in Eq. (VIII-1), because,
first, c¢-ly reactions before appreciable regression (<10u) are of
interest, second, we don't know how to calculate regressgion rate

accurately and, third, no surface regression term was included in the
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analysis of the results of rsdiation furnace tests. In using Eq. {+III-1)
to obtain converted dats for Fig. 50, the same set of kinctic parameters
and surface emissivity as those used to analyze the results of PC and
PCC polymers in the rasdistion furnace were used. To simplify the analysis
all pbysical constants were assumed to be constant at rocm tempersture
values.

Also plotted in Fig. 50 are the significant reaction temperatures
of PC and PCC polymers in the radiation furnsce experiments st 0.85
atm nitrogen and 1100*°C. Take PC polymer for instance. At the endo-
therm temperature of 648°K, little weight loss is noted (Fig. 50),
but the weight loss becomes significant when the surface temperature
reaches 705°K. (The assumption of a constsnt value of the product
kﬁs may result in overestimating these two temperatures.) In the
radiation furnace test, the surface temperature corresponding to a
sharp photocell response is 685°K. The nearness of these two tempers-
tures is added evidence of close relstionship between the apprecisble
weight loss and the steep photocell break, and the difference is in

the direction expected as a result of the difference in heating rates.

Relstive Amounts of Gaseous and Liquid Products

Another series of weight loss experiments was carried out to deter-
mine the relative amount of gaseovs and liquid products st 0.85 atm
helium snd a heating rate of 21.5 call(sec)(cm)z. Only PC polymer wss
studied. The 1liquid products were collected on a thin glass plate

(cover glsss), 2.2 cm by 2,2 cm, plsced in front of the test sample.
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Because of the added cover glass, 10.6Z% of energy flux was abosrbed and
reflected, and the final available heat flux to the surface of test

sample was reduced to 19.2 cal/(sec)(cm)z. Table IX shows the exposure
time, total weight loss per unit area, and weight per cent of liquid and

gaseous products.

TABLE IX

RELATIVE AMOUNT OF LIQUID AND GASEOQUS PRODUCTS AS A FUNCTION OF
EXPOSURE TIME. Heating rate: 19.2 cal/(sec)(cm)2,
Polymer: PC. Pressure: 0,85 atm heliunm,

Total weight of sample = 140 ng/em?.

Exnogure Total 1
Time Volatilization Wt. Fraction Based on Total Volatilization
Liquids Gase32
sec mglcm2 % 4
0.03 0.056 7.2 92.8
0.05 0.164 13.3 86.7
0.07 0.6 33.6 66.4
0.09 1.18 41.9 58.1
0.11 2.33 49,7 50.3
0.13 2.77 53.9 46.1
0.15 3.3 57.0 43.0
0.20 4,55 61.6 39.4

1 All the products are volatile at the temperature of pyrolysis,

2 The weight of gas product 18 obtained by subtracting the measured weight
of liquid product from the total weight loss.

e e ik i
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Fig. 51 is a plot of exposure time versus the relative amount of
gaseous and liquid products., From this figure it can be seen that the
ratio of gaseous to liquid products decreases a&s exposure time increases.
Initially nearly all the vaporized materials are gaseous in nature. When
exposure time reaches 0.2 sec only 39.4% of gaseous products is obtained.
Also plotted inm Fig. 51 are the calculated surface temperature history
of PC polymer at the experimental heating rate. (No chemical reaction
is considered.) From these plots we see that for temperatures below
700°K which is about the temperature of an appreciable rate of volat-
ilization, more than 85% of vaporized products are gaseous at room

temperature.

Analysis of tne Decomposition Products From Imaging Furnace

The products of decomposition from PC, PCC, A09, and A9C polymers
were investigated by gas chromatography, mass spectrometry and infrared
spectrometry. All samples analyzed were the decomposition products of
pyrolysis experiments at a “~at flux of 19.2 call(nec)(cm)z and under
vacuum, except for PC polymer in which both atmospheric (0.85 atm)
pressure and vacuum were used. Two exposure durations, i.e., 0.2 and
0.4 sec, were used. However, the quantity of products collected from
the 0.2 sec exposure duration was found to be too small to be analyzed.
Analyses arc reported only for tests at the 0.4 second exposure time.

After each pyrolysis test, the test chamber was filled with helium
to 1.65 atm, and left at this pressure for five minutes to ensure that

the gaseous products were throughly mixed. Then a valve was opened and




152

N3L 30vaunNs 43V INITvH

]
L3y

Ho

20

unyray waie ¢g°p pue
Z®2 238/7e2 7°61 jJOo alea 3urieay ¥ I lawdiod Dd 10j awfl ainsodxa jo

uotiduny ® se s3dnpoad snoasel pue s3dnpoad pInbyT jo A373juenb aarreray -- g 314

%8s ‘3JWIL 3YNSOdX3
gLl S gl o GL0 *l0)

00g

00t~

004

5
0 &
X
—
loz o
>
O
=
o
=
o Q
|
e
. O
09 o
2
08 Q
oW
oo._m
s
7.




153

the gas products passed into a sample collecting chamber which had been
previously evacuated. These gas products were analyzed by use of a
Model 154 Perkin~Elmer Vapor rractometer. These results are discussed

below.

Results of Gss Chromatographic Analysia

The first atep in this study was to select a proper column for the
separation of gaseous products with reasonable resolving power and speed
of analysis. Four Perkin~Elmer columms, designatedas A, R, L, and M
and which were recommended for hydrocarbon analysia, were investigated.
Tests showed that the R column which ia filled with Ucon polyglycol
LB~550-X was most sultable for this system. The second step was to
calibrate the selected column at the selected operating condition using
standard mixtures. Two atanduard mixtures were uscd, "Hydrocarbon
Mixture No. 37" and "Hydrocarbon Mixture No. 40", which were purcbaaed
from Phillips Petroleum Company. The gaa chromatograph records for
theae two mixtures using the column R are shown in Fig. 52. Tablea
XVII and XVIII give identification numbers for these peaks and the
certified analysia of these mixtures.

Chromatograph records for gaseous products in vacuum from PC, PCC,
AD9, and A9C polymers are shown In Figs. 53 and 54. With the aid of
the standard calibration, peaka were identified as shown in the same
figures. From these records it is apparent that the gaseous products
obtained from these four polymers are very similar. The first peak of

ezch chromatograph is ambiguous, because it occurs at the same place as
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the peaks for CCl4 and COZ' These two gases could be present in the
gasecus mixtures (CCl4 hsving been used to clean the test chamber and
sample collecting chamber). Other pesks are iden:ified as ethane,
ethylene, propane, propylene, butane, betene, and 1, 3-butadieue.
Excluding the fizst peak which may have contamination of CCl4 etc.,
butadiene comprises 30 to 50 per cent of gas products.

An attempt was made to support the chromatographic analysis with
mass spectrometry. The gaseous products were also analyzed by a
conventional mass spectrometer. Unfortunately the results of products
analysls show no difference from the background analysis because the
mass of collected gas products was too small for the inatrument
employed.

The reaults of gss analy=is 2re limited in value because {a) the
exposure time interval (0.4 second) over which products were collected
for analysia was much longer than the time required for the endotherm
and the initial rapid gas evolution, and the samples therefore represent
the cumulative contributions from these and subsequent processes, and
(b) the quantity of gas in each samplz wae very small, making an

accurate analysis very difficult.

Liquid Products

The liquid part of the pyrolysis products was collected on a glass
plate plsced in front of the test sample. Photographa are shown in .
Fig. 55. Because so little product was collected (= 1 mg), no simple
technique wss found to determine the aversge moleculsr weight of the

liquid samples,




a. PC polymer- b. PC polymer
Pressure: 0.85 atr helium

1l cem

c. PCC polymer

Fig. 55. -~ Pictures of liquid pyrolysis products from PC, PCC, A09 snd
A9C polymera by uae of imaging furnsce. With the exception
of b all the reat were the products under vacuum (<0.1 in
Hg helium).
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d. AQY polymer e. A9C polymer

1l cm

Fig. 55. -~ (continued).
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Fortunately the liquid products collected was barely enough to be
analyzed by infrared sozctrometry. In addition to PC, PCC, ACY9, and
A9C materials, the uncured PBAA plus epoxy resin, and finally a disper-
sion of ammonium perchlorate crystals were studied using an infrared
spectrometer. Though the capability of the infrared spectrometer is
limited to the identification of chemical groups, the differences in
the absorption regions before and after pyrolysis should provide uaeful
information about the roles of various polymer ingredients in the
pyrolysis process.

In general there are two differences between the spectra of pyrolysis
products and those of original materials, change of absorption regions
and change of absorption intensitiea. The former is related to the
change of chemical structure, and the latter to the change of the rela-
tive amount of the same chemical groups.

The interpretation of infrared spectra iz based on the ao called
"group frequencies' which related molecules have in common. Tiie absorp-
tion frequencies of a given group are the frequencles of vibration of
bonds within the group together with combinations and harmonics of
these frequencies. Thege frequencies are subject to interierence by
the neighboring atoms and the orientation of these atoma. The intencities
are strongly affected by the cell length, the kind of solvent used, etc,.
These thinga, altogether, make the interpretation of infrared spectra
for a complicated molecule a rather difficult effort. The explanations

made in the following paragraphs are based on the information available.
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Epon Resin B28 is one of the constituents in the PBAA binder. Since
the understanding of original material is always very helpful to the
interpretatioa of pyrolysis result, the Epon Resin was analyzed by infra-
red spectrometer, and the result shown in Fig., 56{a). Fig. 56(b) shows
the infrared spectrum obtained from the reaction product of bisphenol A
and epichlorohydrin by Harms [19]. For the convenience of easy compari-
son, the corresponding significant absorption bands in the spectra of
Epon Resin and Harm's compound are indicated by the same symbol just
below the tips of the peaks. Examination of these two spectra shows a
very close similarity between them. There are only a few places where
the peak characteristics are different. One peak at 3500 cmul which is
moderately strong in the Harm's spectrum appears very weak in the spectrum
of Epon Resin 828. The other peak at 1120 cm-l which is sharp and stroag
in the Harm's spectrum also appears very weak in the spectrum of Epon
Resin 828, This wave number is probably one of the in-plane bending
frequencies of = CH. Still another peak which is alsc strong and sharp
in the Harm's spectrum but is almost completely missing in the spectrum
of Epon Resis 828 is found at 870 Y ) R 5 However, at 900 cn L
there is a peak characteristic moderately strong and sharp in the
spectrum of Epon Resin 828, yet the peak is weak in the spectrum of
Harm's compound. Despite the few differences, we recognize that the
basic structure of the Epon Resin 828 must be very close to that repre-

sented by Herm's formula,
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The interpretation of other significant abscrption frequencies is
discussed in the following. The absorption bund at 3040 cm L is the
stretching frequency of = CH in the benzene ring and CH in the epoxide
and the bands at 2960 cm - and 2870 cm | are the stretching frequencies

of C-E in C-CH,, and the band at 2920 cm-l is the stretching frequency of

39
C-H in methylene group )Cﬂz. The absorption frequencies of C=C are split
into three bands lying between 1500 c:m-1 and 1600 cm-l. These three
frequencies and the one at 3040 cm_l for »CH are the characteristic
absorption frequencies of benzene ring. Between 1050 cm—l and 1280 cm—l
lie the in-plane bending frequencies of =CH, It is possible that the
absorption band for =C-0 coincides with one of the bending frequencies
of =CH at 1240 cm-l. There are three out-of-plane bending frequencies
of =CH lying betweeu 750 cm-l and 900 cm-l. The absorption bands at
820 cm-l and 900 cm-l ar2 probably also for the carbonyl group C-0 in
the epoxides. |

The infrared spectrum of PO polymer is shown in Fig. 57(a). The
spectrum was obtained from a microtome-cut f£ilm, 50 microns in thick-
ness. Also shown in Fig. 57(a) is the spectrum of uncured PO polymer,
The spectrum of PBAA which 13 one of the two main constituents of
uncured PO polymer is shown in Fig. 56(a), alongside of Epon Resin,

which is the other constituent. The spectrum of Epon Resin 828 has been

discussed previously,
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Before we compsre the spectra of cured and uncured polymers, the
spectrum of PBAA will be examined. At wave numbers 2920 cn-l and
2840 cm-l lie the stretching frequency ofJ)CHz. A sharp amall peak
sppearing at 2230 cm-l is either stretching frequencies of C3C, C=N
or both. C=C probably comes from excess condensation during the
polymerization and CZN is possibly coming either from the impuritiea
of acrylic acid or from slow reaction of polymer with the ztmospheric
nitrogen., A peak at 1720 cm-l is a characteristic of csrbonyl grouvp
in esters or ketones. Two bands of C»C sre found at 1625 cm-l and
1695 cnrl. At 1430 cm-l lie the in-plane hending freguencies of =CH
and )CBZ. Out-of-plane bending frequencies of =CH and CHZ are
found at 95C cm-l and 900 cm_l respectively.

By examining the spectrum of the cured PO polymecr and the spectra
of itg constituents, we find that although the patterns of absorption
regions look similar, there are still several notable differences:

(1) At wave number f 3360 cm_l, there is an addicional absorp-
tion region in the spectrum of cured polymer which may be
due to the presence of O-H, resulting either from the
absorption of moisture and oxygen from the stmosphere during
or after the polymerization, or bonded 0-H group.

(2) An incresse in the absorption intensities at 700 cm_l in
the cured polymer may be due to the intensificatior of some

out-of-plane bending vibration of «CH and >CH,, because

2!
of the polymerization.
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(3) There is a great increase in the abscrptiom intensity at
2230 cm“l. This indicates an increase in the populaticn of
£=C or C=N as a result of polymerization.

(4) The increase in the absorption intensity at 1720 cn-l

indicates an increase of carbonyl group in the polymer which
may have resulted from the absorption of oxygen from the
atmoaphere. Since the polymerization was carried out in the
absence of oxygen, the oxygen may get into the polymer during
the long hours of exposure in the air (half a day to one day
waiting for the space in the sealed oven) before polymeriza-
tion in the inert environment.

There are only four major differences in the infrared spectra of

the liquid decomposition products of PC and PCC polymers. (Fig. 58(a))

All of them fall betweeon wave nuubers 820 cmfl and 1030 cm_l. The

absorption band at 1030 cm-l is completely missing for the copper chromite

catalyzed polyrer, PCC. Weaker intensities are recorded for PCC polymer
in the other threaz absorption bands, 820 cm-l, 900 c:m-1 and 950 cm-l.

These frequencies are corresponding to the out-of-plape bending vibra-

tions of =CH in the benzene ring and out-of-plane bending vibrations of

::cﬁ; and =CH in the PBAA. During the pyrolysis the effect of copve:r

chromite apparently is to bresk more of the benzene ring ané double bonds

ia the PBAA,
A comparison of the spectra of the pyrolysis products of these two

types of polymers and uncured PBAA binder indicates differences at three

abaorption regions:
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(1) The pyrolysis products show no absorption at 2230 cm_l,

indicating a disappearance of C:=N or (:zC.

(2) Alsc abient in the spectrum of pyrolysis products is the
sbsorption band at 1625 cm—l which is one of the fréqueucies
of C=C.

(3) The intensity at 950 cmﬂl for the pyrolysis products decreases
appreciably. This is the out-of-plane bending frequency
of =CH,

These differences seem to indicate an increase in the degree of

ssturation in the liquid psrt of products as a result of pyrolysis.

Showm in Fig. 58(b) are the spectra of the liquid decomposition

products of AP-containing polymers with and without copper curomite
catalyst. The spectrum of AP crystal is shown in Fig. 57(b). There
is no difference that can be regarded as significant between these

two polymers. Since in the catalyzed AP-containing polymer the copper
chromite always amounts to only one-twentieth of AP, the quantity of
catalyst is very small., Apparently the character of the decomposition
products depends much more on the catalyst-polvmer ratio than on the
catalyst-AP ratio.

It is very interesting to compare the spectrum of the liquid decomposi-

tion products of AP-containing polymers with that from the polymer without
AP. In the AP—contaiping polymers three additiongl absorption bands can

1

be found at 3150 cm ~, 3050 cm_l and 1395 cmﬁl. These frequencies repre-

sent the N-B stretching and bending vibrstions in the primary amide group

CONHQ. This group is obviously the result of AP-polymer interacticen. The
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mechanism of the interactieon ie possibly the reaction between Nﬂa from
AP snd ester or ketome carbenyl which is considered a wesk link in the
polymer chain, Psrt of the considerably heavier weight loss for these
two AP-containing polymers than for the polymer itself discussed esrlier
is probably attributed to this interaction. Apart from these three
additional bands just discussed, the rest of the absorptivn bands are
similar to the spectrs of pulymer without AP,

The results of product analysis discussed on the previous psges
are summ.rized in the following. In the gas analysis a significant
amount of butadiene was found, indicating that some unzipping reaction
is going on during the pyrolysis process. Other products found were
butane, butene, propane, propylene, ethane, ethylene, etc., indicating
that there is also random scigsion during the pyrolysis, The analysis
of liquid products shows that the catalyst, ccpper chromite, has an
effect on the decomposition reaction, apparently by promoting attack
or rupture at points of unsaturation. The liquid products of AP-
containing polymers show that the effect of AP may not be wholly due to
oxidizing species. NH3 may participate in polymer decomposition. From
the experiment conducted in this work we cannot be sure whether the -NH2
attachment occurred at the time of pyrolysis or after the pyrolysis

products deposited on the plass semple collector,




CHAPTER IX

CONCLUSIONS

Since the ignition and combuation reactions in composite pro-
pellants are very complex, the conclusions drawn from this work are
possibly only valid for the PBAA-AP svstem studied; generalization
is perhaps not justified.

Altnough it is recognized that the time acale of teat in thia
work only approaches the time scale of interest in ignition and burn-
ing, much ignition data would seem to indicate that the same ._echanism
is fcllowed for ignition times ranging from 1 sec to 1 msec. Thus it
is thought that the resulta of this work are valid representations of
the processes which occur in ignition and burning. The reaction
temperatures quoted in the following apply to a surface heating rate
of about 100°C per aecond.

With these qualifications several concluaiona are apparent.

(1) Although the thin film technique was difficult to perfect
and mounting procedures must be developed separately for
each type of polymer, significant information can be
obtained,

(2) The pyrolysia of the PBAA fuel-binder occura in two obvious

stagea. The first stage is characterized by a sudden decreaae




(3)

(4)
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of temperature rising rate indicating a significant endothermic
reaction. During this first endotherm, probsa™ iy most of the
ecergy received at the surface is used to decumpose the polymer
and only a small quantity of material escapes from the polymer
surface. In the second stage a vigoroua vaporization process
occurs at the pnlymer surface. The surface temperature difference
between the appearance of the endotherm and the start of vaporiza-
tion depends upen the total external preasure. Both character-
iatic temperatures are pressure dependent.

The vaporization at the PBAA surface at significant rates

has the attributes of an equilibrium process. The calculated
latent heats for the vaporization process (15.7 kecal/g-mole

for PC polymer) are very close to the values predicted from
either the Trouten's rule (14.8 kcal/g-mole) or the Kistyakowsky's
equation (15.3 kcal/g-mole) for the observed vaporization

behavior of non polar materials.

The addition of a copper chromite burming rate catalyst to the
PBAA polymer significantly affects the decomposition reactions.
The surface temperatures at which both the endotherm and

vigorous vaporization occur are decreased by almoat 50°C. The
lower estimated latent heats and the decrease in the vaporiza-
tion temperature indicate that smaller fragments are produced

in the presence of the copper chromite. Such an effect on the
decomposition reaction was not observed when iron oxide, also a

burning rate and ignition catalyst, was added to the polymers.




(5)

(6)

)]

(8)
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The :ddition of even small quantities of AP to the polymer
significantly reduces the decomposition tempersture and greatly
increases the rate of polymer decomposition at a given tempers-~
turs. A strong reaction between AP and PBAA (or between early
products of decomposition}) is apparent.

The dacomposition reaction of polymer films contsining less
than 10 per cent AP includes an endothermic reaction at about
330°C which may be sssociated with polymer decomposition
assisted by AP or AP products. This endothemrmic resction is
followed by a strongly exothermic reaction as the temperature
is increased. At higher AF levele the endothermic reaction
wss not detected by this thin film techniques.

The decomposition of the polymer films containing AP was
influenced by the presence of oxygem. At low AP levels the
oxygen is the dominsnt reactive agent and the AP acts almost
only as a diluent in the polymer. At higher AP levels both
oxygen and AP interacted with polymer to produce the reaction
temperatures lower thsn those observed in the presence of each
alone. At AP levels commonly used for propellants, the AP
influence predominates.

The gaseous fractioms of decomposition products are very
similar for the catalyzed and uncatalyzed FBAA polymer and AP-
containing polymer., 7The liquid products are also found to be

quite similar. The r .tion temperature is greatly different

e
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for these materials, therefore it is rather difficvit, by uee
of the analytical methods available, to relate the thermal
character of the decompoeition reactions to the pyzolyeie
products,

(9) The most important conclusion is recognized by the coneideration
of the magnitude of the reaction temperatures of the polymer
and the AP-PBAA films. Since the presence of AP drastically
reduces the reaction temperature and increases the rate of
polymer decompoeition, it is cobvious that the reaction of prime
importance is that between AP (or AP decomposition products)
and the polymer {or polymer decomposition products). The
decomposition reactiocns of the polymer alone are almost only
of academic interest. All the individusl ingredients in a
PBAA-AP corgposite propellant do not decompose as pure consti-
tuents, and the interaction reactions determine the character
of the ignition response of a propellant and probably strongly
affect the characteristics of the steady-stuate combustion.

If the assumption is granted that the heat flux measured by the copper

disk calorimeter after a strong exothermic reaction is closely related
to the exothermic heat flux at the test film surface, several interest-
ing effects \re noted.

(1) For AP-containing polymers in nitrogen, the magnitude of the
net exothermic heat flux increases with increasing the quantity
of AP per unit volume of test sample. The magnitude of this

flux is about 11ca1Ksec)(cm)2 £t 0.85 atm at 50 weight per cent




(2)

(3)

174

AP loading for uncatalyzed sample and about 15 cala’(sec)(cm)2
for & gimilar sample containing copper chromite catalyst (one-
twentieth of the amount of AP). The catalyst effect is obvious.
For AP-containing polymer films in oxygea, the magnitude of
the net exothermic heat flux also increases with increasing
quantities of AP per unit volume of test sample. The magni-
tude of this flux is higher than that in nitrogen. Obviously
oxygen has taken part in the reaction. There is alsoc a slight
catalyst effect on the reaction, though less so than that in
nitrogen, The magnitude for uncatalyzed sample is about 17
cal/(sec)(cm)2 at 0.85 atm oxygen at 50 weight per cent AP,
and for catalyzed sample 20 call(aec)(cm)z.

In Fig. 45 we gee that the effect of oxygen on the reaction

of AP-containing polymers decreases as the amount of AP in the
pelymer increages and disappears as the amount of AP reaches
the propellant level, This disappearance of the 02 effect as

AP loading goes up confirms Keller's observation [28].

The analysis of decomposition products as related to other infermation

indicates the following.

(1)

The detailed mechanism of the AP-PBAA interaction is not
completely understoad. However, the infrared analysis shows

an existence of -CONH2 groups in the liq.oid decomposition
products from AP-containing films. This may indicate an attack
on the carboxyl group in the PBAA binder by NHB’ which is one

cof the AP decomposition products.
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{2) For copper chromite-catalyzed materials it is suggested that
the important factor appears to be the catalyst to PBAA ratio
rather than the catslyszt to AP ratio. At iow AP levels (the
amount of catalyst always amounts to one-twentieth of AP} the
difference of reaction temperatures between catalyzed and
uncatalyzed naterials is negzligible; however, a 20°C diffarence
in the reaction temperature is noted at 50 weight per cent AP
level. The addition of iron oxide catalyst to the AP-PBAA
regulted in a similar reduction in the reaction temperature
at higher AP levels. Since both the copper chromite and iron
oxide uged are known to be effective ignition catalysts [28],
the effect of caztalyst at low AP levels may be quite different
from ite effect in propellanta.

(3) The results of the ignition experiment in oxygen for PBAA
binder and glass head-containing polymers strongly suggest
that the rzaction between the polymer and oxygen bLegins with
a heterogeneous oxidative reaction which is followed by a
howogeneous gas phase reaction which leads to ignition. The

reaction mppears to be dependent on the total oxygen pressure

to the 1.5th power and on the available polymer surface to the
aecond power. The whoule process very likely involvea polymer

radical fragments,




APPENDIX A

THERMAL PROPERTIES OF VARIOUS POLYMERS AND
PROPELLANT-LIKE MATERIALS

Determination of Thermal Properties

Thermal properties of PBAA binder with and without copper chromite
catalyst and thermal diffusivity of ammonium perchlorste were measured

by L. S. Bouck and were reported on the '"Technical Report on Ignition

and Combustion of Solid Propellant", AFOSR 62-99, Department of Chemical
Engineering, University of Utah. The properties of other materials used
in this work were calculated from Bouck's values and published data on
AP, copper chromite, iron oxide and carbon black. (See footnote of

Tabls XI feor manufaturers and sources of published cata on physical
properties.) The measurement techniques for the above two basic polymers
ana the methods of calculation for the properties of other materials are
discussed below. Table XI summarizes the thermel properties of these

materials. Table X gives their chemical compositions.

Density

Catalyzed and uncatalyzed PBAA binder without carbon black were
measured by water displacement. An experimental accuracy of + 2% is
anticipated. The densities of other polymers were calculated from the

densities of their constituents, considerirng no change of volume.
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Heat Cepacity

The hsat capacities of the two basic polymers were daterminsd et two
temparature by use of a Dewar-flask calorimeter. The calorimeter was
calibrated by means of copper bars of known heat capacity, and calorimeter
temperature changes wer2 recorded to the nearest 0.01°C with a Beckman
differential thermometer., The initial sample temparatura was &pprox-
imately 95°C, and the final sample temperature was about 25°C, The
anticipated accuracy is + 3X. The heat capacities of othar materials

were calculatad from the heat capacities of constituents.

Thermal Diffusivity

An unsteady state technique was used to determine the thermal
diffusivity of catslyzed and uncatalyzed polymer. Cylindrical samplas
of these materials were prepared with fine thermocnuples mounted in their
geometric centers. These cylinders were quickly immersed in an agitated
bath. The bath temperature was different from the initial cylinder
temparature. The center tcmperature-time relationship was recorded sud
was used to calculate the sample diffusivity in the manner described
below.

1f a plot is made of tha logarithm of the rates of the difference
batveen the cylinder center temperature and the bath temperature to the
initisl temperature difference against linear time, it is found that
after a short time the plot became a straight line. During this period

[page 228, 11] we have
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v=v

v, =V

2 2
. oo = Go exp {-at(yl + 81 )} . (A-1)

where v, Vo and v, are respectively the center temperature, initial

b
temperature and bath temperature; a is the material thermal diffusivity;
t is time and G is & time-invariant constant. The constants Yy and

81 are regpectively the smallest roots uf the equatioms,

hlc
YL tanys = —k—s-' . (A-2)
and
htc
chJl(ch) - -r; Jo(ch) . (A-3)

where L is the cylindrical radius, Lc the half-cylinder height, ks
the solid thermal conductivity and h the surfece heat transfer
coefficient between the surface and agitated bath (assume constant over
the svrface}.

The surface heat transfer coefficient was determined by immersing a
2,5 ¢cm ©.d. by 5 cm high copper cylinder in the agitated baths. Iu the
case of copper, the terms ;:— and ;:— are so small that a limiting form
of Eq. (A-1) which neglects the temperature gradient in the solid can be
used. In the agitated water bath h wes found to be 0,025 cal/(em)(sec) (°C).

Sample position and agitation was controlled to ensure that these same

values would apply in the tests on polymers.
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In the csse of the thermal diffusivity determinaticna on the polymers,

hx ke
i?Ja and =< were greater than 100, and the roots of Eq, (A-1l) are Y, "
8 “g

1,57 and Bl = 2,40, These values are essentizlly independ:nt of h or ks;
and the thermal diffusivity can be evaluated directly. In these tests
the initial solid temperature was 95°C and the bath temperature 25°C.

The thermal diffusivities of other materials were calculated from

the equation

The calculation of thermal conductivity ksis discussed in the following

gection.

Thermal Conductivity

The thermal conductivity of catalyzed and uncatalyzed polymer was
calculated from the volumetric loading and the thermal conductivities of

the cerstituents by use of the Maxweil equation [14],

Eg 224+ v ~2n(1-v)
ka 2 + v+ n{l-v)

Where v is the ratio of the thermal conductivities of the discontinucus
phase to that of the continuous phase, n is the volume fraction of the
discontinucus phase, and ka is the thermal conductivlity of the continuous
phase.

When there are more than two solids present in the polymer, the

thermal conductivity is calculated by considering only one solid at a time.




APPENDIX b

THE NUMERICAL SOLUTION TO EQUATION (VI-1)

Eq. (VI-1) was used to onvert the temperature history measured by
copper disk to a temperature history for the surface of films. For con-
venience the heat conduction equation and its boundary conditions are
reproduced as follows:

For 0 < x < ¢t (see Fig. 20 for physical model)

2
a7 _, 23T, , ~E_/RT _
pe o% kB azz + Ae 'a . (B-1)

The boundary conditions are that for

t=0, T= T0 R {8-2)
x=0, k 2L e 4Be BB 4B RT L 46 (5-3)
5 9X 8 rs c
- 7w 3T L alo' ot (4L -
x =8, aeks ™ alp'c (dt)x-z + Lv + Ld + Lrb . (B-4)
where
x = distance from the surface of the test film, cm.

A,B,C = pre-exponentlal factnrs of condensed phase reaction and
surface reactions, csl/(cm)a(sec} for A, and csl/(cm)z(sec)

for B and C.




rT—

Ea’Eb’Ec = Activation energies of condensed phase reaction and

surface reaction, cal/g-mole.
¢ = gurface emissivity, 0.9 by azsumptiom.

2
a_ <« exposure area, cm .,

[
]

area of copper disk gage, one side only, cmz.

1

thickness of test film, cm.
L = thickness of copper disk, =m,
p,p' = densities of test film and copper disk, g/cm3.

¢,c' = heat capacities of test film and copper disk, cal/(g){°C).
L

Lrs’ cp = Tates of heat less through radiation from the surface of

"
test film and back of coppev disk, cal/(sec){cm)” for Lrs' and

cal/sec for Lrb 5
Ld,Lv = rates of heat loss through conduction and convection,

cal/sec.

Gc = rate of energy gain at test film surface through convection,

cal/(sec)(cm)z.

Lrs and Lrb can be evaluated from Stefan-Boltzmann law of radiation.

Assuming that the test sample in the radiation furnace facing a black

body enclosure, we have the rate of heat loss through radiation

L = g¢gT 4
8

rs (8-5)

4 4
and Lrb =coe a(T1 - To ) - {B=-6)
Since

o= 1.356x10-12ca1/(cm)2('K)a(sec) .

as=1,33 cm2 ,
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€. " emissivity of back face of copper disk gage, 0.6 by

assumption,

4

4
i{ = TO ) » (B"GB)

then L_ = 1.08x107 2(T

where Ti is the temperature of copper disk gage.

Except for the thermocouple wires there was no physical contact
of the copper disk with other objects. Most conduction loss is through
theae wires. These wires are quite long and well insulated; and since
the temperature history of copper disk, when exposed to constant heat
flux, is almost linear with time, the conduction loss can be evaluated

by considering these wires as two semi-infinite body with the surface

temperature rising linearly with time, thua
T(t) =Ct+ T , (B-7)

where Cs is a constant.

By use of this model it is found that [page 63, 11)

() - T = ﬁcscizerfc =, (B-8)
2/at

and the conduction loss,

2T,
ax’ x=0

1
- 2awkw(Ti = To) , (B-9)

ant

Ld = -awkw(

where a, is the cross sectional area of thermocouple wire, and
kw is the thermal conductivity of the wire. For this systenm,
Ti - To

Yant

L. = 6.142x10""

4 {B-10)
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The energy transfer to the surface of test sample per unit area

through natural convection can be calculated by the following equation
Gc = h(Tf - Ts) s (B-11)

where h is the average value of transient heat transfer coefficient
and has been d;termined experimentally, by use of a blackened copper
- disk gage, as a function of gas temperature and furnace pressure,

The method of measurement of transient heat-transfer coefficients
employed the copper disk gage described earlier (Chapter V) with the
gage surface being coated with a layer of optical black lacquer. Two
to three measurements were made for each furnace pressure and tempera-
ture condition, The magniitude of natural convection, Gc , was calculated
by subtracting the rate of radiation heat transfer in vacuum from the
total heat transfer rate at test condition. h was calculated from Eq.
{(B-11), where 'r8 wes taken as the observed copper disk temperature at
one second of exposure. The results are shown in Table XV and Fig. 59.
From Fig. 5% it can be seen that the natural convection at high tempera-
ture and low pressure ie considerably lower than steady-atate result
estimated from Hellum's calculation {[21]. To calculate G, for the
test films at experimental furnace temperature and pressure, it was
assumed that h measured by a blackened copper disk gage was valid for
the black face of polymer films.

Since at low furnace temperatures the measured transient heat-

transfer coefficients tend to approach the calculated steady-state
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Fig. 59. -- Convective heat transfer coefficient as a function of furrace
pressure and temperature measured by a blackened zupper Aisk
gage. The steady state value is from Hellum's calculsiion [21].
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values, the assumption was made that thc transient heat-transfer coeffic-
ient, E', from the cold gases behind the gage to the copper disk gage was
the steady-state heat-transfer coefficient. The rate of heat loss, Lv’
from the back face of copper disk could be calculated.
When applying finite difference technique to Eqs. (B-1) to {(B-4),
several factors must be considered:
(1) The reactiorn occurring within the first half increment near
the surface is considered as a surface reaction.
(2) The heat flux at the polymer film and copper disk interface
is calculated by assuming that the temperatures at the three
nodes neafest the copper disk can be approximated by a para-

bolic temperature profile. (See Fig. 60.)

CONSIDERED AS A
SURFACE REACTION

\\ INTERFACE
I ¢
Ve -
| %
| L~
= .
| |~
. 1D |
8 | T T
— | M { 1
| / .
L
5 ~
B >
1] fl
FILM | >
SURFACE e
| <
-1 0 1 2 Ne Nal N=2

Fig. 60.-- A sketch of divisions for numerical solutionm.
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A paraholic function passing Ti-Z’ Ti-l and Ti can be expressed
by
T(x) = T(NAx) = c1+c2(NAx) + cJ(NAx)2 . {B-12)
at
N=20, Ti—Z =y s
N=1, Ti-l =c + cznx + c3Ax2 R (B-13)
N=2, Ti =c + 2c2Ax + 4c3Ax2 c

Solving Eq. (B-13) simultaneously, we have

¢ = T2 o

¢ =AT + 4T -T,),

1
2 2ax 1-2 i-1 i

1
2Ax

c3 = (T

21, + 1),

2 ‘VH4=2 T M)

and

T(x) = T

g2 ¢ 2

The heat flux af the interface is

dT
fi - -ks(dx)interface

I W

8 Ax ‘dN N=2

=T, #4T, .-3T
o -1
- 42 Ai L. (B~15)
, &2
K
8

After some algebraic operation, the finite differences approximation

to Eqs. (B-1) to (B~4) becomes
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L ade , -E /R, N
ER I LS WA Wl (3-15)
t=0, T=T, ;

T, + 2% (¢ 4(0.25T, - 0.5T, .)PG)

l’j ks Olj ’ 1,3 ' O,j
T,y - 0 B-18
=0 1-0.52% g Sl

/RT

where GO 3 = efs + Be-Eb/RTO,j + Ce_Ec/RTO,j + O.SAAxe-Ea 0,3
—oeT® 4+ B(T, - T. .)
0,3 £ 0,57 '
3G
6 = (300, 5
E E
-p D e-Eb/RTO,j + ¢ & e-Ec/RTO,j
rT2 RTZ
0,3 0,3
E -E_/RT RS
3+ 0.584x% e a 0,j - boe -h .
RT? 0,3
0,3
T o 4 At “Tar-1,9 ~ Tur-z,9 = 3Mur g
MI,5+1 " THIL3 T v , &
ak
e s
4 4 g = T
Lnlur,y ~ T ~ & e "L Ty, = o)
t
+0.588x e Ea Ty 5 . (B-19)
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Where the first subscripts in Ti,j and GO,j stand for position in the
test film, and the second subscripts, time, nrb’ ld &nd av respactively
stand for the coefficient for rates of heat loss by radiation, conduction
and convection., MI, MI-1 and MI-2 indicate position at interface, one
Ax from interface and two Ax from interface, respectively.

The FORTRAN program written to solve Eqs. {B-1) to (B-4) is shown
gs Table XXXV. A brief description of the program follows: The one
dimensional heat conduction equation, Eq. (VI-1), is solved by use of
the explicit Schmidt method. The language is FORTRAN IV ar employed by
an IBM 7044 computer.

There are four input cards. The input information includes {a)
experimental conditions: furnace temperature and heat flux, (b) physical
properties: density, thermal conductivity etc., (c¢) kinetic parameters:

activation energies and pre-exponential constants, (d) control para-

meters: maximum temperature, maxinum exposure time, number of divisions
etc,, and (e) values of various heat losses. Table XXXVI defines all

variables appeared in Table XXXV,

The output information includes (a)} reproduction of all input

N (T —

information, (b) printing out of calculated surface temperature and

T

interface temperature history, rate of temperature rise at the interface

end surface, temperature gradient across the polymer film at the moment

of output etc.

The order of operstions in the program can be acen from the flow
sheet shown in Fig. 61, First, start temperatures at the time of input
KOUNT by use of a semi-infinite body model without reactions are cal-

culated. The subsequent temperatures are calculated by the one-dimensional




heat conduction equation for each new KOUNT which ia increaaed by one
after each cycle of calculation. After every KL cyclea of calculatioen,
the calculated temperaturea are stored and the rate of temperature riae
at the interface and aurface 1a calculated. The output criteria are
aeveral, (a) when 1.0 - 0.6DP ia equal and leaa than zero, (b) when
the aurface temperature is bigger than input maximum temperature, und
(c) when the number of KOUNT is bigger than the input KOMAX. At the
time of output the temperature gradient ia calculated.

An eatimate of the accuracy of thia program, uaing MI=10, or 8
divieiona, waa evaluated by comparfaon to the reault of analytical
solution. (See Appendix C.) After 500U time cyclea the numerically

determined temperaturea were within 0.3% of the analytical temperature.




APPENDIX C

ANALYTICAL SOLUTION TO THE LINEARIZED FGRM OF EQUATION (VI-1)

The equations to be solved here are essentially the same a3 in
Aprendix B, except that there is no reaction term and heat losses.
These equations are shown as follows:

For 0 < x < ¢ (see Fig. 20)

pedl e 2, (c-1)

o]
RO, 2D e O a) (c-2)
4 8 Jx 5 ’
- RV SRR - ¢ S dT
xe=t, kooaxmloe g =B at

The Laplace trensformation of Eq. (C-1) with respect to t gives

the resule,

. a%
Pr=ag = g {C-3)

F

dx

Here the transform of temperature T is v. The transform varia>le is P.
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The tramsformed boundary conditlcns are that when,

7 g v F

x =0, k o = p > ané (C-4)
. dv -

xei, -k ST~BB. (c-5)

If q2 = E-. Eq. {C-3) becomes
2=
£X.q5=0. (C=6)
dx

The general solution to Eq. (C-6) ia

v =De 3% _pel* ¢ (n--7)

where D1 ond D2

By use of the boundary conditions D1 and D2 can be evaluvated. From

the {frst boundary condition it is found that

are Integration constants.

F
Dygk, - Dygk_» o . (C-8)

From the second boundsry condition we have

-qk_ qi _ -qk qk -
quka qukae BcP(Dle + Dze ) . {C-9)
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and D, shows that

Solution of Eqs. (C-8) and (C-9) for D1 )

F BcPeql + qkseqz
D, = ’ (C-10)

1 quP BCP(eq£+ e-ql) + qks(eqi - e-ql)

. (ak, - BCP)e"‘£
and D, = . {C-11)
Z qksP BCP(eql + e ql) + qks(eql -e ql)

When the values of D, and D2 sre introduced into Eq. (C-7) it is found

1

that

=g F_ cosh q(f - x) + £q ginh q(2 - x) . _

v qksP sinh qf + £q cosh qi (c-12)
where

MR FAFU

pe c kB

IfA=P, u=gq -'~§ , then Eq. (C-12) becomes

- . _F cosh u{2-x)+ Eu sinh u(2-x)
v uk A sinh ug + Eu cosh u

. {C-13)

By the use of the Inversion Theorem for the Laplace transformation, Eq.

(C-13) becomes

yHie
TeE L e’ {cosh p(2-x) + Ey sinh p(a-x)} di (C-14
ks 2ni {sirh uf + Epy cosh uf)u) )
y-1i=
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The integral of Eq. (C-14) is evaluated by use of the Theory of Residues,

thus

Integral = 27i (the sum of the residues at the poles of integrand).

(C-15)

One pole is at A= u« 0 . To find the residue of this pole, it is
necessary to expand the denominator of the integrand in Eq, (C-14) about

0, thus

eAt {cosh u(f - x) + £y sinh u{t - x)}
ur (8inh ut + £y cosh ul)

et {cosh u(2 - x) + &y sinh u(2 - x)}

- 2 4 ) 3
2/2 @EY°, @', .y 4 & wY” |, W '
A {a (1 + 31 + i + ) + u(1+ 51 + A +)f

(C-16)

.This integrand has a pole of order 2 at A = 0, therefore the residue for

this pole is

lim 4 't {cosh u(f - x) + Ep sinh p{2 - x)}

A0 da 2 4 2 4
2 W), £ GO, (W)
1, .2 22
=(2-x)° + E(L-x) = (24 3£)
at 2 _ b (c-17)
L+E [y ’

(2+8)
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The other poles sre roots of the egustion
sinh puf + Ey cosh ud = O,
or tach p = -ug,
if g = :I.Bs >
2 aBsz
then A=qgn = - 2 ,
|3
EBS
and itsn Bs = - fy=~1 27
EBS
or tan BB == (C-18)

where BB is positive non-zerc root.
For one Bs, the residue is

af 2

exp(- —— t) _x _X
12 {cosh 18, (1 1) + iiss sinh 185(1 g )}

4 ui (sinh puf + Eu cosh ui)

dx
aBf <
exp(- -_%_ t) {cos B (1- &) - 5-6 sin B (1- B}
- _ 22 ) 8 1 L s 8 | 2
B . cos B (1 + 5-+ 852 52)
& 8 2 £2

(C-19})

By combining Egs. (C-14), (C-15}, (C~17) and {C-18) the vslue of the

tempersture of the film is found to be

— — e
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2
e o 7O +een 23
T = — 'S =
ks |-!.+E t4+E (z+5)2
uBsz
exp (- 2 ©) (cos B (-5 -5 g stn g -}
- 8 Y "L s 5 (el IR
B 2 2 o
8 2 i f's 3 J
Bs cos Bs {1+ % + 12 )
{C-20)
At the interfsce
£2
T = F at E (a4 38)
i ks $+E (1+E)2
uBszt ]
GXP(' 2 -)
i
-2t Bs ; 7 52 + To . (C-21)
14 8
Bs cos Bs(l + : + ;2 ;)
At the film surface
L0 20) 2
T «£ 08,2 _ L (a4 38)
s ks t+E £+ 5(!.4-5)2
' 2
3 ai
i EB _ 85
Ei z (cos Bg - _IE sin Ba) exp ( IZ E)
-2t g = 53 + To . {(C=22)
8 2 3 Bs £
Bs cos Bs 1+ 1 + 2 )]

L
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BEqs. (C-20), (C-21) and C-22) serve as an essential check to the
accuracy of the numerical method for sclving the heat transfer eguations
in Appendix B. The FORTRAN program used to evaluate the infinite series
of Eqs. (C-20), (C-21) and (C-22} are shown a8 Table XXXVII. The dis-
cussion of this program is as follows: The objective of this program is
to evaluate the infinite seriea appearing in Eqs. (C-20), (C-21) and
(C-22). Two in;ut cards are used. They include the physical properties
of test sample, heat flux, control parameter, RESI (see definition of

variables iu Table XXXVII), and the first six roots of the equation

£B8
8
tan Bs = - 7 "

These roots arz taken from Carslaw and Jaeger {page 492, 11]. The output
information includes the reproduction of input informatiop, calculated
surface and interface temperature history and the temperature gradient at
the time of output.

The pattern of the computer program can be seen from the flow sheet,
Fig. 62. Since the analytical soclutions iavolve infinite series, a
criterion bas to be established to determine when to stop adding additional
terms. This criterion is determined by RESI. Each calculated value after
the seventh term in the infinite series is made to compare with RESI. If
the calculated value ig bigger than RESI the calculation goes on to the
next term, and if equal ot smaller the calculation goes on to calculate
the next time step. The final ocutput criterion is when the calculated
surface temperature is bigper than 450°C. At the time of output the
tenperature gradient across the test film 18 calculated. The definition

of variables used In this program is shown as Table XXXVIII,
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For a very short exposure time, the polymer film acta like a semi-
infinite body, the surface temperature of which can be exactly calculated.
This surface temperature calculated from the semi-infinite body at a
very short exposure time was used to check the accuracy of the evalua-
tion of the infinite series in this program. The result of comparison
was nearly exact, because for am exposure time lesuy tham 0.1 sec the
surface temperature calculated from this program is, on the average,
within 0.023°C of the same temperature from the semi-infinite body at
a heating rate of 4.82 cal/(sec)(cm)z. Therefore the criterion used

to evaluate the infinite series in this program was justified.




APPENDIX D

EXPERIMENTAL RESULTS OF PI1 POLYMER IN NITROGEN
IN THE RADIATION FURNACE

PIl polymer contained 100 parts of PBAA binder, 3 parts of Fe203
and no carbor black. The purpose of the study was to determine whether
F2203 was suitable for use as an inert opaque ingredient. The experi-
merite were ~onducted at a8 furnace temperature of 11006°C and at several
pressures, The initial rate of temperature rise was employed to esti-
mate the emissivity of the polymer surface. It was calculated to be
0.55 + 0,02, COCne of the peculiar results of these experiments was that
no sudden or even gradual decreagse of temperature rising rate signifying
the endothermic decomposition process was ever observed, Instead, the
opposite case was actually noted in which a slow increase in the rate

of tempersture rise started to occur at interface temperature of about
380°C. When the test samples were removed from the furnace before,
during and after the region of the rate change and the surface examined,
s progressive darkening of the color was clearly observed. The influence
of darkening was to overchsdow the effect of the decomposition reaction
vhich resulted in the observed temperature history. Because of this,
the use of iron oxide as an opaquing material was discoatinued. The

data of significant reactions are sheiv as Table XXTV,

S —



APPENDIX E

CALTBRATICON OF THE SENSITIVITIES OF GALVANGMETER M~-100-350

The sensitivity of a galvanometer used in the Visicorder depends
upon the series and shunt resistances connected with it. Galvanometer
M-100-350 was calibrated in series with each of the reristors used in
thia work with two input voltage sourceg: (1) a Leeds & Northrup
potentiometer, and (2) a copper disk gage and a thermometer. In the
first case a known emf output from the potentiometer was fed into the
galvanometer in the Visicorder through a series resistor and, also in
series, a pair of thermocouple extension wires of the same length as
thoae used to transmit the aignal from the copper disk calorimeter to
the galvanometer. The procedure of calibration for all series resistor
were the same, starting with a zero voltage output from the potentio-
meter, followed by succesaive increments of 5 mv. With each emf output,
the corresponding deflection of the galvanometer was recorded on the
Visicorder recording paper. A slight non-linearity of 2.3 4+ 0.2 Z for
deflaction sensitivity was found for all seriea reaistors when the
galvanometer deflected from zero to six inches (width of recording
sheet)., The values shown as Table XVI were the average values of the

measured sensitivities across the width of the recording sheet.
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Before the copper disk gage and thermometer were used to calibrate
the galvanometer, the copper disk gage itself (effectively a copper-
constantan thermocouple) was calibrated at tvo temperatures, i.e., the
freezing point and the boiling point of pure water. It was found that
the temperature converted (according to the Conversion Tables for
Thermocouples, leeds & Northrup Co.) from the emf output of the copper
disk gage measured by the potentiometer at these two temperatures were
within + 0.1°C of thermometer reading. 3hus calibrated, the copper disk
calorimeter was then used to drive the galvanometer in series with each
of th2 several resistors. Because of the limitation of the temperature
range of liquid water, the maximum deflection on the Visicorder record
was sbout two inches, and the range of calibretion was thus limited.

The results of sensitivities determined were asbout 0 7% lower than those

reported in Table XVI. 1In this work the sensitivity values found by

‘'use of the potentiometer were employed. The slight non-linearity of the

sensitivities was taken into account,
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TABLES X TO XXXVIII
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COMPOSITIONS OF VARIOUS POLYMERS AND PROPELLANT-LIKE MATERIALS

Material Code

PO

PC

?CC

G190

G20

G30

G50

G5C

Ingredients (Weight Per Cent)

15
85

2.91
14.56
B2.53

2,91
9.71
13,11
74,27

2.91
§.71
13.11
74,27

2.91
19.40
11.66
66.03

2.91
2%9.10
10.18
57.81

2.91
48.53
7.28
41.28

2.91
5.11
45.99
6.90
39.09

Epon Resin 828 (epoxides)
Polybutadiene-acrylic acid

Carbon black
Epon Resin 828 (epoxides)
Polybutadiene~acrylic acid

Carbon black

Copper chromite

Epon Resin 828 (epoxides)
Polybutadiene-acrylic acid

Carbon black

Glass beads

Epon Resin 828 (epoxides)
Polybutadiene-acrylic acid

Carbon black

Glass beads

Epon Resin 828 (epoxides)
Polybutadiene-acrylic acid

Carbon black

Glass beads

Epon Kesin 628 (epoxides)
Polybutadiene-acrylic acid

Carbon black

Glass beads

Epon Resin 828 (epoxides)
Polybutadiene-acrylic acid

Carbon black

Copper chromite

Glass beadr

Epon Resin 828 (evoxides)
Polybutadiene-acrylic acid

{continued)
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TABLE X (continued)

Material Code Ingredierts (Weight Per Ceat)

PI1 2.91 Tron Oxide
14.56 Epon Resin 828 (epoxides)
82.53 Polybutadiene-acrylic acid

P12 2.91 Carbon black
9.71 1Iron oxide
13.11 Epon Resin 828 (epoxides)
74.27 Polybutadisoe-acrylic acid

A0S 2.91 Carbon black
4.86 Ammonium perchlorate
13.83 Epon Regin 828 {epoxides)
78.40 Polybutadiene-acrylic acid

AQS 2.91 Carbon black
8.83 Ammonium perchlorate
13.24 Epon Resin 828 {cpoxidea)
75.02 Polybutadiene-acrylic acid

ASC 2,91 Carbon bleck
8.78 Ammonium perchlorate
0.44 Copper chromite
13.18 Epon Reain 828 (epoxides)
74.69 Polybutadiene-acrylic acié

A20 2.91 Carbon black
19.42 Ammonium perchlorate
11.66 Epon Resin 828 (epoxides)
66.01 Polybutadiene-acrylic acid

A2C 2.91 Carbon black
(.96 Copper chromite
19.23 Ammonium perchlorate
11,52 Epon Resin 828 (epoxides)
65.38 Polybutadiene-acrylic acid

AS50 2.91 Carbon black
48,54 Ammonium perchlorate
7.28 Epon Resin 828 (epoxides)
41.27 Polybutadiene-acrylic acid

{continued)
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(continued)

Materisl Code
ASC

A1

AST

Ingredients (Weight Per Cent)

2,91 Csrbon blsck

2.36 Copper chromite
47.32 Ammonium perchlorste

7.10 Epon Resin 828 (epoxides)
40.21 Polybutsdiene~scrylic scid

2,91 Csrbon blsck

§.78 Ammonium perchlorste

0.46 1Iron oxide

13.18 Epon Resin 828 (epoxides)
74.69 Polyuutsdiene-scrylic scid

2,91 Csrbon black

2,36 Iron oxide
47,32 Ammonium perchlorste

7.1 Epon Resin 828 (epvxides)
40.21 Polybutsdiene-acrylic acid
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TABLE XI (continued)

For compositions see Table X.

The ammonium perchlorate was obtained from the American Potash and
Chemical Corporation and was designated as 50 per cent less than 10
microns. The thermophysical properties for AP (at 60°C) are taken
from AIAA Journal 4, 663-666 (1966). The values for the thermal
diffusivity were confirmed in our laboratory. The thermophysical
properties for PO polymer are taken from the Technical Report on
"Ignition and Combustion of Solid Propellants’, AFOSR 62-99 (1962).
University of Utah, Department of Chemical Engineering.

Copper Chromite Catalyst, Cu-020Zz P, obtailned from Harshaw Chemical
Company and contains approximately 82 per cent Cu0 and 17 per cent
Cry04. The weight-average particle diameter is 3.7 microns, The
thermophysical properties of copper chromite are calculated from
CuC and Cry03 according to weight per cent. The values for the
last two materials are from "Handbook of Physics and Chemist -y"
44th adition, CRP Company.

These values are at 20°C,

Pure red iron oxide, code R-1599, obtained from C. K. Williams and
Company. Particle size ranged from less than one micron to ten
microns in diameter, with 55.0 per cent of the particles having
diameters of less than 0.25 microns.

A rubber-reinforcing carbon black, Philblack E, obtained from
Phillips Petroleum Company. Philblack E has a surface area of 142
square meters per gram.




TABLE XII

HEAT FLUX DISTRIBUTION ALONG THE LONGITUDINAL (AXIAL)
TRAVERSE IN THE FOCUS VOLUME OF IMAGING FURNACE

Distance From Optical Axis

turn* cm

-1.179
-1.022
-0.865
-0.707
=0.550
-0.393
-0.236
-0.157
-0.079
0.0
+G.079
+0.157
+0.236
+0.393
+0.550
+0.707
+0.865
+1.022
+1.179
+1.336
+].493

]
O MHNWS WO~

a & & & a & & @& & =

sREsERLEEo

-
[VCEVC. RV RV RVRV. RV RVEV. No R N« RU BB RGBT RURTNVRY) ]

e & & & & e & & a =

+
O

Heat Flux

cal/sec cm2

6.39
7.62
9.41
11.85
14,80
18.12
20.71
21.52
22.10
22,21
22,13
21.40
20.76
18.40
14,96
12.40
9.48
7.02
4,72
2.70
1.05

Normalized Heat Fluxt

0.288
0.343
0.424
0.534
0.666
0.816
0.932
0.969
0.995
1.0

0.996
0.964
0.935
0.828
0.674
0.558
0.427
0.316
0.213
0.122
0.047

+ heat flux measured divided by maximum hest flux, 22.2 cal/sec cmz.

* corresponding to number cof turnings made by longitudinal screw on the

screw driven ocsitioning tsble.

0 turn is the position for maximum

flux, "4" mesns movement in the direction of image reflector, "-" in
One complete turn corresponds to a displsce-

the opposite direction,
ment of 0.1572 cm,




209

TABLE XIII

HEAT FLUX DISTRIBUTION ALONG THE HORIZONTAL TRAVERSE IN THE FOCUS
VOLUME OF IMAGING FURMACE AT LONGITUDINAL POSITION
-1 TURN FROM CENTER

Distance From Optical Axis Heat Flux Normalized Heat Flux+
turns* cm cal/sec cm2
-8 -1,258 0.62 0.029
-7 -1.100 1.43 0.067
-6 =-0.943 3.32 0.155
=5 =0.786 7.18 0.336
=4 -0.629 12,72 C.594
=3 -0.472 16.75 J.783
-2 -0.314 20.13 0.941
=1.5 -0.236 21,22 0.992
-1,0 =0,157 21.40 1.0
-0.5 -0.079 21.38 0.999
0.0 0.0 21.40 1.0
+0.5 +0.079 21,40 1.0
+1.0 +0,157 21,39 1.0
+1.5 +0.236 21.41 1.0
+2,0 +0,314 29,02 0.936
+3.0 +0.472 16.90 0.790
+4,0 +0,629 13.21 0.617
+5.0 +).786 7.20 0.336
+6.0 +0,943 2,92 0.136
+7.0 +1.100 1.02 0.048
+3.,0Q +1.258 0.35 0.016

+ hest flux measured divided by maximum flux, 21,4 cal/sec cmz.

* corresponiing to number of turnings made by horizontsl screw on the
screw driven positioning table. O turn is the position of center.
"4+" means movement to the right, facing image reflector, "-" to the
laft, One complete turn corresponds to a displacement of 0.1572 cm.
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TABLE XIV

HEAT FLUX DISTRIBUTION ALONG VERTICAL TRAVERSE OF THE FCOCUS
VOLUME OF IMAGING FURNACE AT LONGITUDINAL (AXTAL) POSITION
-1 TURN FROM CENTER

Distance From Optical Axia Heat Flux Normalized Heat Flux+

turns#® CE cal/aec cm2

] -9 -1.152 0.51 0,024
-8 -1.024 1.42 0.066
=7 =-0.896 2.75 0.129
-6 -0,768 5.58 0.261

r -5 =0.64% 10.80 0.505
=4 -0.512 16.05 0.75
-3 -0.384 19,25 0.90
-2.75 =0.352 19.95 0,932
-2.5 -0,32 20.50 0.958
-2.0 =0.256 21.38 0.999
-1.5 -0,192 21.42 1.0
-1.0 -0.128 21.40 1.0

: =0.5 =0.064 21.39 1.0

¥ 0.0 0.0 21.40 1.0
+0.5 +0.064 21.38 0.999
+1.0 +0.128 21.41 1.0
+1.5 40,192 21.39 1.0
+2,0 +0.256 21.38 0.999
+2.5 +0.32 20.48 0.957
+2,75 +0.352 20.00 0.935

! +3.0 +0.384 19,52 0.912

E +3.50 +0.448 17.98 0.840
+4.0 +0.512 15.45 0.722
+5.0 +0.64 10,26 0.479
+5.0 +0.768 5.04 0.236
+7.0 +0.896 2,52 v,118
+8.0 +1.024 1.10 0.052

+ heat flux measured divided by maximum flux, 21.4 cal/aec cmz.

* correaponding to number of turnings made by vertical screw on the acrew
driven positioning tsble. O turn ia the poaition center. "+'" meana
movement in the "up" direction, "-" "down'' direction. One complete
tuxn correaponda to a displacement of 0.128 cm.




TABLE XV

SUMMARY OF TRANSIENT HEAT FLUX MEASUREMENTS BY CGPPER DISK GAGES FOR THE SEALED RADTATION FURNACE

Furnace Furnace Convective Hest Convective Heat Transfer
Tenmp. Pressure Total Heat Flux Fluxl Coefficient?
*c atm cal/gec nsm cal/sec an cal/sec an °c
800 ~0.01 1.736 ——— ———

802 0.85 1.834 0.098 1.03x107%
800 1,53 1.876 0.140 1.45

801 2.89 1.984 0.248 2,70

789 4.90 2.061 0.325 3.32

952 ~0.01 2.940 ——— ————

950 0.85 2,997 0.057 0.68

948 1.52 3.017 0.077 0.89

950 2.92 3.058 0.118 1.35

950 4.93 3.109 0.169 1.90

1100 ~0.01 4,621 e e ———

1102 0.85 4,652 0.031 0.43

1101 1.50 4.663 0.042 0.56

1099 2,95 4,679 0.058 0.75

1100 4.90 4,709 0.088 1.13

112

1 Tha convective heat flux was calculated as the observed flux less the measured flux under vacuum
(=0.01 atm using vacuum pump).

2 The solid to gas temperature difference was taken to be the observed value after 1 sec.

B ke = P P

e ...,R.f. et il o ikinas i
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TABLE XVI

SENSITIVITIES OF GALVANOMETER M-100-350 WITH DIFFERENT
SFRIES RESISTANCFS

Reajiator Senaitivity
ohms inch/mv mv/inch
280 4.44x1071 2,255
330 3.796 2.635
380 3.34 3.001
430 3.005 3.325
480 2.743 3.642
530 2.5 3.94
TABLE XVII

HYDROCARBON MIXTURE NO. 37, LOT 13
(From Phillipa Petroleum Company)

Weight Mole Identification

Component Per Cent Per Cent Number
cia-Butene-2 19.07 19.07 5
trana-Buterne-2 21.85 21.85 4
n-Butane 14.59 14.08 2
Butadiene 17.08 17.72 5
Butene-1 16.69 16.69 3
lacbutyvlene 7.05 7.05 3
Igsobutane 3.64 3.52 1
Propane Trace Trace
Propylene Trace Trace
Neopentane 0.02 0.01
n-Pentane 0.01 0.01

Total 100.00 100.00
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TABLE XVI

SENSITIVITIES OF GALVANOMETER 11-100-350 WITH DIFFERENT
SERIES RESISTANCES

Resistor Sensitivity

ohms inch/mv mv/inch l
280 4.44x10"T 2,255 |
330 3.796 2.635 '
380 3.3 3,001 ’
430 3.005 3,325

480 2.743 3,642

530 2.54 3.94

TABLE XVII

HYDROCARBON MIXTURE NO. 37, LOT 13
(From Phillips Petroleum Company)

Weight Mole Identification

Component Per Cent Per Cent Number
cis-Butene-2 19.07 19.07 5
trans-Butene-2 21,85 21,85 4
n-Butane 14.59% 14,08 2
Butadiene 17.08 17.72 5
Butene-1 16.69 16.69 3
Isobutylene 7.05 7.05 3
Isobutane 3.64 3.52 1
Propane Trace Trace

Propylene Trace Trace

Neopentane 0.02 G.01

n-Pentane 0.01 0.01

Total 100.00 100.00
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TABLE XVIII

STANDARD HYDROCARBON MIXTURE 40, LOT 16
(From Phillips Fetroleum Company)

Weight Mole Identification
Component Per Cent Per Cent Number
Ethsne 2.78 4.70 1
Propsne 14,89 17,16 2
Propylene 16,07 19,40 3
Isobutsne 19.53 17.08 4
Iscbutylene 15.18 13.75 6
Normal Butane 6.84 5.98 5
Butsdiene-1,3 0.02 0.02 8
Butene-1 9.85 8.92 é
trans=-Butene-2 11.81 10.69 7
cis-Butene-2 0.89 0.62 8
Zsopentsne 1.14 0.80 g
Normal Pentane Trsce Trsece 10
Pentene-1 0.59 0.43 10
trsns-Pentene-2 0.27 0.19 i 11
cis-Pentene=2 0.33 0.2% 12
2-Methylbutene-2 Trace Trsce 10
Ethylene 0.01 . 0.02 1
Totsl 100.00 100,00

The composition of this mixture is reported ss sccurate to 0.05 weight
per cent.
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TABLE XXXTX

WEIGHT LOSS AS A FUNCTION OF EXFOSURE TIME
FOR PC, PCC, AO9 AND A9C POLYMERS

Heat Flux, 21.5 cal/sec cmz, Pressure, < 0.1 in Hg N

2

Exposure PC PCcC A09 A9C
Time
sec mg/cm2 mg/cmz mg/cmz mg/cmz
0.03 0.023 0.201 0.260 SESS
0.05 0.189 0.394 0.597 0.660
0.07 0.692 ———— 1,258 1.383
0,08 0.817 1,069 —— ' -——
0.09 1,382 ———— 2.547 2,767
0.1 2,152 2.370 3.458 3,553
0.13 3,370 3.678 5.093 5.219
0.15 4.162 4,338 6.162 J.288
0.20 6.08¢ 6.351 8.803 8.991
0.25 ——— SSSS 11,318 11.506

=-== No dsta was tsken.
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TABLE XXXII(

WEIGHT LOSS AS A FUNCTION OF EXPOSURE TIME
FOR PC, PCC, A09 AND ASC POLYMERS

Heat flux, 10.3 cal/sec cmz. Pressure, < 0.1 in Hg N

2

Exposure PC PCC AD9 A9C
Tine
sec mglcnz mg/cnz mglcmz nglcnz
0,00 0.0 0.0 0.0 0.0
0.16 —— — ——— ——
0.18 0.0 -— —— 0.094
0.20 —— 0.063 0.189 ———
0.23 0.094 0.138 0.409 0.566
0.26 0.252 0.359 1.006 1.195
0,30 0.440 0.552 1,949 2,044
0,33 —— -— 2.515 2,672
0.35 0.805 0.893 3.119% 3.301
0.38 ——— 1.195 — ———
0.40 1.377 1.509 4.175 4,401
0.45 2,138 2,264 —— ——

-——- No dsta was taken.
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TABLE XXXIV

WEIGHT LOSS AS A FUNCTICN OF EXPOSURE TIME
FOR PC AND PCC POLYMERS

Heating rate, 21.5 cal/sec. PYressure, 0.85 atm Helium

Exposure Surface Surface

Time PC Temp. PCC Temp.

| 2 2
sec mg/cm °K mg/cm *K
0.0 0.0 300 0.0 300

: 0.03 0.062 595 0.130 584

: 0.05 0.180 669 0.272 633
0.08 0.768 705 1.040 655

; 0.095 1.462 709 2.016 659

] 0.11 2,364 711 2,854 664

! 0.15 3.857 718 4,218 673

' 0.20 5.203 726 6.137 682

s




TABLE XXXV

; LISTING OF FORTRAN PROGRAM TO SOLVE 235
, EQUATIONS (B-1) TO (B-4) NUMERICALLY
SIBFTC MAIN
ODIMENSION T(201),V(201),TS(800)¢TI(860),FLUXI(800),DTSI(800),
LFLUXSI(800) + TIME(800) DEPTH(201) yRATEMS(80G) ,RATEMI(800),
2FLUXP{80G0)
COMMON T,KOUNT»DELTAX» TEMPIN,FLUXS,CONDTY M1, ALDELT
1 READ 9y RUN,DISH, TEMPF KL sy THICK,WEIGTC
READ 2¢ A'EA¢BIEB;CECeS1eS2:153
READ 3¢ FLUXS:ALFA,CONDTY,DENSTY)CAPATY EPSIRN, TEMPIN
READ &, TSMAX:KOUNT s KOMAX MI
READ 5, C0SS1, C0SS2» €C0SS3.:C0554,C0855,CHC
FORMAT (6EB8.3¢ 3F8.5) .
FORMAT (7F8.5)
FORMAT (F8.5r 318)
FORMAT (6E9,3)
FORMAT (3FB.5:18,3F8.4)
} 900FORMAT (116HO0  RUN DISH DELTAX DELTAT KL
1 MI H THICK . )
91 FORMAT (1H 12F8,3,2F12.7+121812F844)
200FORMAT (99HO A EA B . EB c
1 EC S1 s2 $3 . )
21 FORMAT {1H +6E11.3,3F8.1)
300FORMAT (99HO FLUXS ALFA ~ CONDTY DENSTY CA
1PATY EPSIRN TEMPIN WEIGTC )
31 FORMAT (1H » #F12.6)
- 400FORMAT (QOHO TEMPF TSMAX KA KOMAX KN KO
P 1UNT CO0SS5 CHC )
%1 FORMAT (1H r 2F12.5,4I8,E12.3/E52.5)
50 FORMAT (53140 C0SS1 C0S8S2 C0SS3 COoSSh )
51 FORMAT (1H » 4E12.4) .
100 FORMAT (53Ho TSEMIN T2l T(1) PG G )
101 FORMAT (1H » 3F12,5, 2E12.4)
110 FURMAT (53HO DEPTH(I) T(I) _ ; )
111 FORMAT (1H » 2F12,5) '
1200FORMAT (125H0 TIME(I)  TS(I) TI(I) ‘ FLUXI(I)
IFLUXP(I) DTSICI) RATEMS(I) RATEMI{I) FLUXSI(I
2) )}
121 FORMAT {(1H » 6F12,5, 2E16.6¢ F12.5)
T(11)=0,0
= PG=0,0
6=0,0
CIz=MI=2
DELTAX=THICK/CI
DELCON=DELTAX/CONDTY
DELCO2=2, 0%DELCON
DELTAT=0,5% (DELTAX*%2) /ALFA
. ALDELT=ALFA+DELTAT
4 DETLDC=DELTAT/(0,093*%WEIGTC)
! EPFLUSSEPSIRN#FLUXS
! EPSIGM=0,0000000000013545+EPSIRN
| $S18=51%B
i 52C=52=C
S3IA=S3I*A
SIADX=S3IAxDELTAX%),5
RR=1.0/1,987
EBRR=EE*RR
: S1BEBR=S1B*EBRR
ECRR=EC*RR
$2CECR=S2C*ECRR
EARR=EA®RR

WNnNEun
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S3IACAR=S3IADX*EARR
CaLL TEMPB
KAZKOUNT
KN=KOUNT
MIJ=MI=1
MIP=HI=-2
ROTEM4=8100000000,0
CESCOSS4*EPSIGM
CE4=Y,0%CE
CC5=C0S555%CHC
ALS3A=ALDELT#S3A
1=0
HA=1,327*H
12 KOQUNT=KOUNT+1
CC==1.0/T7(2)
CC2=CCxCC . '
IF (KOUNT=-KOMAX) 13, 24, 24 '
|

130PG=CC2*S18EBR*EXF (CC*EBRRY+CC2*%S2CECR*¥EXP{CC*ECRR) +CC2%SSAEAR*EXP
1(CC*EARR) =CE4xT(2) *x3=C(5
DP=DELCON%PG
IF (1,0=-0.6%DP) 24, 169 16
leoG-EPFLU51SIB*EXP(CC*FBRR)+52C*EXP(CC*ECRR)+53ADX*EXP(CC*EARR)-CE*
IT(2) %44 CCHX L TEMPF=-T(2))
TOL)=(T(3V+DELCO2* (G+PG# (0, 25%T(3)=0, 5*T(2))))/l1.0-0 5*DP) r
VI21=0,5%(T(1)+T(3))
DO 18 M=3,MIJ
18 VIMISD 5% (T(M=1)+4T(M+1) )1+ (ALSIAXEXP(=EARR/T (M} ) ) /CONDTY
COUNT=KOUNT .
OV(MI)ST(MI)+DETLDC* { (HA% (4,03 T(MIJ)=T(MIP)=3,0%T(MI)})/DELZO2
1-COSSL* (T (MI)x¥4-ROTEMU )} =COSS2*(T(MI)=300.)/SART(DELTAT*COUNT)
2=COSS3I*(T(MI)=300, ) +SIADX*EXP(=EA/(1,987%T(MI))))
DO 19 M=2,MI
19 T(MI=VIM)
IF (T(2)=TSMAX) 22, 24y 24
22 IF (KL+KN=-KOUNT) 26,26¢%2
26 I=I+1
TIME(I)SDELTAT*COUNT
TI(I)=T(MI)
TS(I)=T(2)
FLUXICI}S(T(MId)=T(MI))/DELCON
FLUXP(I IS4, 0xT(MIJ)=T(MIP)=3,0%T(MI))}/DELCO2
DTSI(II=TSIN)I=TI(I)
FLUXSI(I)=DTSICIY Z(DELCOI®CI)
KN=KQUNT
KOUNTSKOUNT+)
CC==1.0/T(2)
CC2=CC*CC
0PG= CC2*SlBE8h*EkP(CC*EBhR)+CL2*52CECR*FXP(CC*ECRR)+CC?*S3AEAR*EXP
1(CCHEARR)=CE4*T(2)*3=CCH
DP=DELCON*PG
IF (1,0=-0,6%0P) 24, %G6e 36
3606z ErFLUS+SlB*EkP(CC*EBRR)4SZC*EXP(CC*ECRR)+53ADX*EXP(CC*EARR)-CE*
1T(2) x4+ CCOR(TEMPF=T(2))
T =T (I +0LLCO24 (GHPGR (0,294 T (3)=0,5%T(2)1)1)}/7(1.0=0.5%DP)
V(2)— ou*:Tiltvl\J))
DO S0Q M=3,MiJ
500 VIMISO 5% (T(M-1)+T(M+1))4 {ALSIAXEXP(-SARR/T(M)))/CONDTY
COUNT=KOUNT
OV(MIJZT(M"L+DETLDC*((HA*(4.0*T(MIJ)-T(MIP)—3.U*T(MI)))/DELCOZ




600

24

400

$IBFT

180

181

200
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1=-COSS1%(T(MI)**4=ROTEMY)=C0SS2%{T(HM1}=300. )/SQRT(DELTAT*COUNT)
2=C0SS3I®(T(MI)=300,) +SIALX4EALP(=EA/(1,987xT (M1} )))
DO 600 M=2,M1

T(M)=V{M)

RATEMS(I)=(T(2)=TS(1))/LELTAT
RATEMI(I)=(T(MI)=TI(I1))/DELTAT

GO TO 12

KK= ({KOUNT=KA) /KL

DEPTH(2)=0,D

0O 400 M=3,MI

DEPTH(M)=DEPTH(M-1)+DELTAX

Ta2L=7(2)

COUNT=KQUNT

AL FTIM=ALDELT%COUNT

SALTI=SQRTI{ALFTIM)
TSEMINSTEMPIN+(1,12838%FLUXS*SALTI}/CONDTY

PRINT 90

PRINT 91, (RUN,DISH,DELTAXDELTAT KL MIsHs THICK)
PRINT 20

PRINT 21, (A/EArBYEBIC,ECr51¢52,53)

PRINT 30

PRINT 31, (FLUXS)ALFA:CONDTY DENSTYCAPATY EPSIRN- TEMPIN;WEIGTQ)
PRINT 49

PRINT 41, (TEMPF »TSMAX'KA, KOMAX:KN:KOUNTrCOSSSrCHC)
PRINT 50

PRINT 51, (C0SS1,C0552,C0553: COSSH)

PRINT 100 '

PRINT 101, (TSEMINST2LeT(L) PGyG)

PRINT 110 '
PRINT 111, (DEPTH(ZI)eT(I}eI=2,MI)

PRINT 120
OPRINT 121 (TIME(I)»TSOIFeTI(I)FLUXI(I)»FLURXP(I) DTSI(I),
1 RATEMS(I)»RATEMI(I)}FLUXSI(I)I=1¢KK)

60 TG 1

END
C TEMPB

SUBROUTINE TEMPB

DIMENSION T(201),v(201),P(5),DEPTH(201)

COMMON TyKOUNTDELTAX, TEMPIN, FLUXS,,CONDTY»MI,ALDELT
COUNT=KCUNT

ALFTIM=ALDELT*COUNT

SALTI=SGRT (ALFTIM)

SALFLU=SALTI*FLUXS

T 2)=TEMPIN+1.12838%SALFLU/CONDTY

DE: TH{2)=0,0 -

B0 200 M=3,MI1

DEPTH(M)=DEPTH{(M=1)+_ 'TAX

ARG=0,5*%DEPTH{M)} /SALTI-1.0

IF (n.95=-ARG) 180, 181, 181

T(MY=TEMPIN

G0 TO 230

P(1)}=ARG

P{2)=2.%ARG¥P(1}) =1,

Pl31=2.xARG*P (2)=P (1)

FlO)IS2.%ARGKP (3) =P (2}
PIERFC=0,32746=0,50557T*P(1)+0.23213%P(2)=0,0608*P({3)+0,00516%P(4)
TI{M)=TEMPIN+SALFLU*PICRFC/CONDTY

CONTINUE

RETURN

ENO
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TABLE XXXVI

DEFINITION OF VARIABLE NAMES USEL IN TABLE XXXV

Variable

A

ALDELT
ALFA
ALFTIM
ALS3A
ARG

CAPATY
cc

cc2
CC5

CE

CE4
CHC

CI
CONDTY
COStl
Coss2
CO0S553
COSS4

Use
Pre-exponential factor in Arrhenius expressions (reactiom in
the bulk of test sample).
Durmy defined as ALFA*DELTAT.
Thermal diffusivity, ks/pc.
Dummy defined as ALDELT*COUNT.

Dummy defined as ALDELT*S3A,

Dummy defined as %.2%§%¥%ﬂ) - 1.0.

Pre-exponential factor in Arrhenius expressions (surface
reaction # 1),

Pre-erponentiai factor in Arrhenius express.ons (surface
reaction # 2),

Heat capacity of test film,

Reciprocal surface temperature in minus sign.
Dummy defined as CC*CC.

Dummy defined as COSS5*CHC.

Dummy defined as COSS4*EPSIGM.

Dummy define' as 4.0*CE.

Transient heat tranafer coefficient between environment and
copper disk gage, estimated for total exposed sres.

Number of divisions in the test film.

Thermal conductivity of test film.

Coefficient of radiation loss from back face of copper disk,
Coeificient of conduction loss through two thermocouple wires.
Coefficient of convection loss from back face of copper disk.

Control parameter for radiation loss from test film to environ-
ment, which has values of ejther 1 or O,

{continued)
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TABLE XXXVI (continued)

Variable

CO0585

COUNT
DELCO2
DELCON
DELTAT
DELTAX
DENSTY
DEPTH
DETLDC
DISH
pp
UTSI

ECRR
EZPFLUS
EPSIGM
EPSIRN
FLUXI

FLUX?P

FLUXS
FLUXSI

Use
Control paramenter for energy gain by convection from environ-
ment to test film which has values of either 1 or O.
Floating point number for KOUNT,
Dummy defined as 2.0%*DELCON.
AX divided by tharamsl conductisity of test film.
AT, time increment.
AX, space increment.
Pensity of test film.
Depth measured from surface.
Dummy defired as DELTAT/(0.093*WEIGTC).
Identification number of test sample.
Pummy cefined as DELCON*PG.
Difference between surface and interface temperature.
Activation energy of condensed phase reaction.
Dumny defined as EA*RR.
Activation energy of surface reaction # 1.
Dummy defined as EB*RR,
Activation energy of surface reaction #2.
Dummy defined as EC*RR.
Effective incident radiation energy at the test film surface,
Dummy defined as 1.3565x10 “2*EPSIRN.
Emissivity of test film surface.

Heat flux at the interface estimated from the last aX division
next to interface.

Heat flux at the interface estimated by assuming a parabola
through the last three nodal points next to interface.

Incident heat flux.

Heat flux at the interface estimated by assuming a linear
temperature gradient between the surface and interface temperature.

Dummy defined in Eq. (B-18).
Exposure area divided by copper disk area.

Actual exposure area.

(continued)
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TABLE XXXVI (continued)

Variable Use

-

A parameter used to store calculated values and control the
print out.

KA Input KOUNT.

KK Total rows of print out.

KL A parameter used to control the interval of each print out.

KN A variable which is set equal tc previous value of KOUNT before
going on to next KL cycles of calculation.

KOMAX Maximum number of time increment.

M Do-loop parameter.

MI Node number at the interface,

MIJ Node number at one AX from interface.

MIP . Node rumber at two AX from interface.

P Chebyshev Polynomials.

PG Dummy defined in Eq. (B-18}.

RATEMI Rate of temperature rise at the interface.
RATEMS Rate of temperature rise at the surface.

RR Reciprocal gas constant,

RUN Identification number for a computer run.

51 Control parameter for surface reaction { 1 which has valuea of
+1or .

82 Contzol parameter for surface reaction # 2 which has values of
+ 1 or 0.

83 Control purameter for condensed phase reaction which has values
of + 1 or 0.

S1B Dummy defined as S1%*B.

S1BEBR Pummy defined as S1B*EBRR.

s2C Dummy defined a. S2*C.

S2CECR Dummy defined as S2C*ECRR.

53A Dummy defin as S3%A.

S3ADX Dummy defir  as 0,5%S3AXDELTAX,

{(continued)
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TABLE XXXVI (continued}

Variable

S3AEAR
SALFLU
SALTI
T

T2L
TEMPF
TEMPIN
THICK
TI
TIME
TS
TSEMIN

TSMAX
v
WEIGHTC

Use

Dummy defined as S3ADX*EARR.

Dummy defined aa SALTI*FLUXS,

Dummy defined as YALFTIM,

Temperaturea which are aet equal to V,
The higheat calculated surface temperature.
Furnace temperature,

Initial temperature of the teat aample.
The thickness of the teat sample.
Interface temperature,

Accumulated time of expoaure.

Surface temperature.

Maximum aurface temperature when the teat aample ia a aemi-
infinite body.

Maximum surface temperature.
Calculated temperatures at KOUNT=KOURT + 1.
Weight of copper diak.
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FIGURE 61

FLGW DIAGRAM OF PORTRAN PROGRAM IN TABLE XXXV

READ PROPERTIES AND DIMENSIONS ;""\)

OF TEST SAMPLE AND COPPER DISK,
TEST CONDITIONS, KINETIC PARAMETERS \
AND PROGRAM CONTROL PARAMETERS L

CALCULATE SPACE INTERVAL, TIME
INCREMENT AND VARIOUS REPEATEDLY
USED TERMS

CALCULATE STARTER TEMPERATURES
AT THE TIME OF INPUT KOUNT

KN = KOUNT, I = O AND CALCULAIEW
MORE REPEATEDLY USEL TERMS ,

(;Htfgj—————w—fﬂxouur = KOUNT + 1] B

f

KOUNT - KOMAX

|v

CALCULATE K K,
DEPTH, TSEMIN

: et
| CALCULATE PG, DP PRINT

1.0‘0.6 DP

> \'-.__'_,.f"

|CALCULATE G, T(M), M«l, MI

3

|T(2) - TSMax|

{continued)

?F
i
1
\
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D

l

XL + KN - KOUNT

<

I = I+l, PUT TI(I) AND TS(I)} INTO
MEMORY, CALCULATE TIME(I), FLUX(I},
FLUXP(I), DTSI(I), FLUXSI(I) AND
PUT THEM INTO MEMORY

KN = KOUNT
KOUNT = KOUNT + 1

ICALCULATE PG, DP |

[1.0 - 0.6 DP| B

>

CALCULATE G, T(M), M=1, MI,
RATEMS(T), RATEMI(I), AND PUT
THE LAST TWO INTO MEMORY
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TABLE XXXVII

LISTING OF FORTRAN PROGRAM TO CALCULATE 244
TEMPERATURES IN EQUATIONS (C-20), (C-21) and (C-22)

$IBFTC MAIN
ODIMENSION TIME(100),UIC100),US(100),BETA(L100),BETAI{100),

1 BETAS{100) +DEPTH(20) »UB (202 FFLUX(100) »SUMI (102},
2 SUMS(1N1),SUMB(101) (FLUXI(100), OUSI{(100}
OCOMMON BETA ,B3S» DENO » UOMI 1 ) ARG HCR  HCR1 » CONST T2 UOMB1 » UOMB3,
1 DEPTH» UOMBY  BETAD » GUOTB » SUMBr JU KL

1 READ 3+RUN,FLUX¢HCRs CONST,TrRESI,COR

2 READ 4 (BETA(J) 2JZ1,6)

3 FORMAT (6F12.0¢ F8,0]

4 FORMAT (6F12.0)

5 FORMAT (1H ¢F6e2¢2F10.4,2E10.4,3F10,4) :

6 FORMAT (1H »B8F10.6) ’
7 FORMAT (1H +2F12.6) -
510FORMAT (72H0 TIME ul us BETAI BETAS  FFLUX

1 FLUXI DUSI )
71 FORMAT (24HC  OEPTH UB )
610FORMAT {85HO0 RUN FLUX HCR CONST TTIME

1 RESI COR
RFLUX=1,0/FLUX
OIvV=1.0/(1,0+HCR)
TERM2=0,5%(L .0+2, 0%xHCR)%DIV
TERM3=0,16667%(1,0+3,0¥HCR) x(DIV*x%2)
TIME{1)=0,0
I=1
13 TERMISCONST* (HCR¥%2)*DIV*TIME(I)
TERLI=TERM1I~TERM3
SUM5(11=0,0
5UMI(1)=0,0
CONSTT==CONST*TIMEZ(I)
HCR1i=1,0+HCR
DO 20 J=1+6
Jd=J
CALL BDAN
UoMi2=(1,0+3BS)*xUQOMI]
UOMI3=1,0/COS{BETA(J))
QUOTS=UoMIZ2/0DENQ
ANOTI=UOMILIxUOMIZ/DEND
SUMI (J+1)=SUMI(J) +QUOTI
20 SUMS({J+1)=SUMS(J)+0UOTS
J=6
19 IF(QUOTI=RESI ) 22+s21,21
21 J=J+l
BETA(JISBETA(J=1)43,1416
JJd=J
CALL BDAN
UoMI3=1,0/CO5%IBETA(JI))
QUOTI=UOMIL*UOMI3/CENQ
SUMI {J+1)=5UMI{J)+QUOTI
60 TO 19
22 BETAI(I)=BETA{J)
TERMUI=2,0%SUMI(J+1)
UI(I)SFLUX*{TER13=TERMYTI)
J=6
29 IF{QUOTS=RESI
31 JaJu+l
BETA(N=SBETA(J=1)+3.1i418
OBS=(BETA(J) #HCH ) wx2
DENO=BETA(J) **¥2x (HCR1+B0S)
ARG=CONSTT*B8S

) 32+31,31

T




32

801
721

811

821

100

12

11

80

79
81

82
Lo
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UOMIL=EXP (ARG)
UoMI2=(1,0+8BBS) % (UOMIL
QUGTS=VIMI2/DEND

SUMS (J+1)=SUMS{JY+QUOTS

GO TO 29

BETAS(I)=BETA(J)
TERMUS=2,0%SUMS (U+1)
US({I)I=FLUX*({TER13+TERM2-TERM4S)
DUSI(I)=US(II=UI(I)
FRLUX(I)=DUST (L) ®RFLUX
SUMB(11=0.0

DEPTH(10)=0,99

DO 100 K=i0s11

Kiz=K .
TERM2B=(0.5%(1+0~DEPTH(K1) } *%2+HCR* (1, 0=-DEPTH{(K1) ) )*DIV
DO 801 JU=1+6

Jd=J

CALL BULK

CONTINUE

J=6

IF(QUOTB=REST 1} 821,811,811

J=Jd+1

BETA{JI=BETA(J=1)+3,.1416

JJd=J

CALL BULK

GO 70 791

TERM4B=2,0%SUMB (J+1)
UB(KL1)SFLUX*{TER13+TERM2B=~TERM4B)
DEPTH{K1+1)=1,0 ‘
CONTINUE
FLUXI(I)=(UB(10)=-uB(11))*CDR
IF{US(1)1=-450,0) 12,11,11

IzI+1

TIME(I)STIME(I=1)4T )
GO TY 13

TTIME=TIME (L)

11=1

SUMB3(1)=0.0

CEPTH{(1)=0,0

0O 40 K=1,11

Ki=iK
TERM2B=(0.5%{1.0~-DEPTH{K1) } *¥2+HCR*(1,0=-DEPTH(K1)))*DIV
00 80 J=1+6

JJd=J

CALL BULK ’

CONTINUE

J=6

IF(QUOTB~RESI ) 82,81,81

JIJ+l

BETA(JI=BETA(J=11+43, 1416

Jd=d

CaLL BULK

50 TO 79

TERMURBZ2, GSUMII (J+1)
UB(KL)ZFLUX*(TER13+TERN2B-TERMUB)
DEPTH(KL+1)=DEPTH(K1)+0,1

PRINT 61

PRINT 6¢ (RUNeFLUX/HCR+CONSTTTIME,TsRESI+CDR)
PRINT 51




OPRINT 5S¢

1

$IUFTC

FLUXI(I)r DUSLI(IYy IZ1,11)

PRINT 71

PRINT 7» (DEPTH(JY ,UB{J) »J=1+11)

GO TO 1

END

BGAN

SUBROUTINE S8DAN
DIMENSION BETA(100),DEPTH(20)SUMB(101)

Zat;

(TIME(I),UL(I) US(1)»BETAI(I) ,BETAS(I) fFFLUX(I),

0COMMON BETA,BES»DENO, UOMIL, ARGy HCRHCR1+ CONSTT»UOMBL »UOMB3,

1

$IBFTC

DEPTH, UOMOY , BETAD» GUOTB » SUMB » JJ K1

JIJd
BBS= (BETA(J)*#HCR) %2
DENO=BETA (J) #*2* (HCR1+B8BS)
ARG=CONSTT*BES
UOMTI 1=EXP (ARG)
RETURN

ENG

BULK

SUBROUT INE BULK

DIMENSION BETA(100),0EPTH(20),5UMB(101)

DCOMMON BETA»BBS»DENO»UOGMILs ARGy HCR,HCR1 »CONSTTUOMBL,UOMB3, I

1

DEPTH, UOMGY y BETAD»QUOTB ySUMB» JU K1 -
v=JdJ
BBS=(BETA(J)}*HCR) %2

DENO=SETA(J) #%2% (HCR1+B55)

ARG=CONSTT*B8S

UOMBL=EXP (ARG)

UOM33=1.0/COS(BETA(U))
BETAD=BETA(J)*(1,0-DEPTH(K1))
UOMBHZCOS{BETAD ) =HCR*BETA{J)*SIN(BETAD)
QUOTBzUOMB1*xLOMBY*UOMBI/DENO

SUMB (J+1)=SUMB (J) +QuoTB

RETURN

END

e————
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TABLE XXXVIII

DEFINITION OF VARIABLE NAMES USED IN TABLE XXAVII

Vaiiable

ARG
BBS
BETA
BETAD
BETAI

BETAS

CDR

CONST
CONSTT
DERO
DEPTH
LIV
DUSI
FFLUX

FLUX
FLUXI

HCR
HCRI

11

Use

Dummy defined as CONSTT*BBS.

Dummy defined as (BETA(J)*HCR)**2,

Roots of Eq. (C-18).

Dummy defined as BETA(J)*(1.0-DEPTH(K1)).

Maximum BETA(J) used to calculate interface temperature at
each TIME.

Maximum BETA(J) used to calculate surface temperature at
each TIME.

Trermal couductivity of test film divided by one-hundredth
of film thickness.
2

Dummy defined as a/f".
Dummy defined as -CONST*TIME(I).

Dummy defined as BETA(J)**2*(HCR1+EBS).

Depth divided by film thickness.

Dummy defined as 1,0/(I.04HCR),

Difference between surfacc and interface temperature.

Ratio of calculated heat flux by assuming a linear temperature
gradient between surface temperature and interface temperature
to incident heat flux.

Dummy defined as fsllkq.

Interface heat flux calculated by assuming a Iinear temperature
gradient within the last one-hundredth of film thickness next
to interface.

Dummy defined as Lp'c'/pc .

Dummy defined aa HCR*i.O.

Number of time incremcnt.

Dummy which is set equal to I.

Number used to identify different BETA(J).

(continued)
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TABLE XXXV11ll (continued)

Variable Use
JJ Durmy which is set equal to J.
K Do-loop parameter.

Kl Dummy which 1s set equal to K.

QUOTB Dummy deiined as UOMB1*UOMB4*UOMB3/DENO.
QUOT1 Dummy defingd as UOM11*60H13IDENO.

] .
QUOTS Dummy defined as UOM12/DENO.

RES1 lnput value for calculated QUOTB, QUOT1 and QUOTS to compare
with.

RELUX Reciprocal FLUX.

RUN ldentification number of a computer run.

SUMB Summation of QUOTS.

SuMl Summation of QUOTI.

SUMS Summation of QUOTS.

T Time increment between each cycle of calculation.

TERM1 Dummy defined as CONST* (HCR**2)*DIVATIME(1).

TER13 Dummy defined as TERM1~TERM3.

TERM2 Dummy defined as 0,5%(1.0+42.0%HCR}*(DIV).

TERM3 Dummy defined as 0,16667%(1.0+3.0%HCR)* (D1V¥*42),

TERM2B Dummy defined as (0.5*%(1.0-DEPTH(K1))**2+HCR*(1.0--DEPTH(K1)))*D1V.
TERM4B Dummy definad as 2.0%SUMB(J+1).

TERM&1 Dummy definzd as 2.0*SUM1(J+1).

TERM4S Dummy defined as 2.0*SUMS(J+1).

TIME Accumulated time of exposure to FLUX.

TTIME Maximum exposure time.

UB Temperatures in the polymer bulk surface and interface.
Ul Interface temperatures.

UOMB1 Dummy defined as EXP(ARG).

UOMB3 Reciprocal COS(BETA(J)) in the SUBROUTINE BULK,

UOMB4 Dummy defined as COS(BETAD)-HCR*BETA(J)*S1N(BETAD).
UoM12 Cummy def ned as (1.0+BBS)*U0M11.

UOM13 Reciprocal COS(BETA(J))} in the main program,

us Surface temperatures.
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FIGURE 62

FLOW DIAGRAM OF FORTRANN PROGRAM IN TABLE XXXVII

START

READ PHYSICAL PROPERTIES, TEST

CONDITIONS, BETA(J), J=1,6

AND PROGRAM CONTROL PARAMETE!S
Y

CALCULATE VARIOUS REPEATEDLY
' USED TERMS, SET I=1, TIME(1)=0,0

¥
[SET SUMsS(1)=0.0, sumu)-o.ok———G/\

CALCULATE QUOTI, OUOTS AND
SUMI (J+1), SUMS(J+1), J=6

4

pd
{QUOTI—RESIm————:: CALCULATE BETA(J), QUOTI
AND SUMI(J+1}, J»7

<

PUT BETA(J) INTO MEMORY
CALCULATE 0I(I) AND PUT
IT INTO MEMORY

[306]
I |

QUOTS-RESI CALCULATE BETA(J), WEW CUOTS
AND SUMS(J+1), J>7
<

Iv

PUT BETA(J) INTO MEMORY CELL
BETAS{I), CALCULATE US(I) AND
FFLUX(I) AND PUT THEM INTO MEMORY

 § A7

{continued)
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FIGURE 62 (continued)

)

SUMB(1)=0.0

CALCULATE QUCTB AND SUMB(J+1), J=6
AT INTERFACE AND AT ONE-HUNDREDTH OF FILM
THICKNESS FROM INTERFACE

>
QUOTE~RESI =

[ CALCULATE FFLUX(I)|

(US(T)-450.0] <

CALCULATE BETA(J), NEW QUOTB,
SUMB(J+1), J>7

I=T+1, CALCULATE NEW
TIME(T)
Ly

>
'y
TTIME=TIME(1)
SUMB (1)=0.0

CALCULATE QUOTB, SUMB(J4l),J=h
FROM SUBROUTINE BULK FOR ALL NODAL
POINTS INSIDE THE TEST FILM

|
QUOTE-REST

>

]

£

CALCULATE BETA(J), NEW QUOTE
AND SUMB(J+1), J>7

UE(K1) AT TTIME

CALCULATE DEPTH (K1) AND

PRIE




APPENDIX G

TABLE OF NOMENCLATUKE

A Pre-exponential conatant in the Arrhenius *xpression.

A Aperture area of plane aluminum foil ahield for calori-
meter cm“,

a Area of copper diak gage, cmz.

a_ Area of exposure in the radirtion furnace test, cmz.
a_  Abaorptivity of calorimeter receiver.

a, Crosa aectional area of thermocouple wire, cmz.

B Pre-exponential conatant in the Arrheniua expression for
aurface reaction # 1, cal/(aec)(cm)z.

Bc Defined aa Lp'c’, cal/(cm)2(°C)

C Pre-exponantial conatant in the Arrhenius expression for
aurface reaction # 2, cal/(sec)(em)?,

C_ A conatant.
Two constanta in Eq. (VI-14), °K for 01,02 haa no unit,

¢,c_,c' Heat capacities of test sample, calorimeter and copper
diak, cal/*C)(g).

€11€5sC3 Constanta.
Two integration constants.

Activation energiea of reactiona, kcal/g-mole.

F Defined as tfs,call(sec)(cm)z.

f Heat flux meaaured by the calorimeter, cal!(aec)(cm)z.
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Heat flux during exotherm neagured at the teat film-copper
disk interface, cal/(sec)(cm)“.

Heat flux measured at the test film-copper diak interface
tefore reaction, cal/(aec)(cm)?,

Incident radiatior heat flux, cal/(aec)(cm)z.

Total heat flux at the test film aurface 5: jth time incre-
ment defined in Zq. (B-18), cal/(aec) (cm)“,

Convective heat flux at the surface of test film, cal/(sec)(cm)z.

A time-invariant constant.

Surface heat tranafer coefficient between the surface and
agitated bath, cal/(sec)(°C)(cm)?2.

Average natural heat transfer coefficient between the test
film surface and the environmental gas, cal/(sec)(‘C)(cm)z.

Reaction rate consiant.

Thermal conductivity of the continuous phase in a composite
solid, cal/(°C)(sec)(cm).

Thermal conductivity of calorimeter receiver, cal/(°C)(sec)
(cm).

Rate constant for initiation.

Thermal conductivity of test sample, cal/(°C)(sec)(cm).

Thermal conductivity of thermocouple wire, cal/(°C)(sec)(cm).

Thickness of copper disk caslorimeter, cm.

Conduction heat loss, radiation heat loss, and convection
heat loss respectively from back fsce of copper disk
calorimeter, cal/(sec).

Radiation heat loss at the surfsce of test film, cal/(sec)(cm)z.

Thickness of test film, cm.
Half-cylinder height, cm,
Ccefficients of conduction heat loss, radiation heat loss,

convection heat loss respectively from back face of copper
disk calorimeter.
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Number average molecular weight of residue in monomer units.
One of pyrolysis frsgments in solid state.

The maximum chain length of volatile frogmert.

Total number of monomer units in the polymer sample.
Mass ot calorimeter copper receiver, g.

Monomer.

have numerical values, 0, 1 and 2.

Number of chains of length p and Py

Oviginal rumber of chains of length Py

Number of activated radiceols.

One of pyrolysis frsgments in condensed stste,
Pyrolysis fragment in gaseous state,

Nuzber of monomers.

Reaction order with respect to oxygen pressure.
Defined as HPIHO.

Oxidizing species produced from ammonium perchlorate.
Transform variable in tiae Lsplace transformation.
External pressure, atm.

External oxygen pressure, atm,

Original polymer in solid state.

Recombined polymer i:: solid state.

Volume fraction of PBAA binder.

Chain length of original polymer and intermediate polymer
fragments.

Differentiation of Gy ; with respect to temperature at the
surface of test film,’%al/(sec)(cm)z(’C).
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Defined as square root of %

Cas constant, 1.987 cal/(g-mole){(*C).

Cylindrical radius, cm,

Rate of oxidstive reac;ion.

Reaction order with respucct to volume fraction of PBAA binder.
Temperature, °K.

Furnace temperature, °K.

Interfsce temperature, °K.

Temperature at ith space increment and jth time increment.
Temperature at N=1, or one Ax from interfsce.

Temperature at N=0, or two Ax from interface.

Initial sample temperature, °K.

Surface temperstire of test film at the photocell signsl,’K.
Surface tempersture of test film, °K.

Time.

Pyrolysis products volatile at the tempereture of pyrolysis,
st 25°C snd at -80°C respectively.

Center temperature, initisl tempera:ure, bsth tempersture
respectively in the measurement of thermal diffusivity, °C.

A trsnsformed variable for temperaturs in the Laplace t_ans-
formstion.

Watt, a power rate unit,
Weight per cent amzonium perchlorate,
Fraction of weight loss.
Rate of loss-in-weight.

Distsnce from the surface of test film, cm,




Greek

AT
At

Ax
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Thermal diffusirity of test sample, cmzllec.

Thermal diffusivity of calorimeter receiver, cmzlsec.
Roots of Eq. (C-18).

The smallest root of Eqs.(4-2) and (A-3).

The smallest root of Eq. (A-2).

Thickness of calorimeter copper receiver, cm.

Heat of vaporization, kcal/g-mole.

Temperature rise of calorimeter, °C.

Time of exposure for calorimeter, sec.

Space increment, cm.

Surface emissivity.

Emissivity of back face of copper disk calorimeter.
Volume fraction of discontinuous phase.

Fraction of scissions followed by unzipping.

Defined as P an. used as a dummy variable of integratiom.
Same 28 n, defined as square root of %-.

Ratio of the thermal conductivities of the discontinuous
pk2ae i that of the continuous phase.

Defined as Lp'c'/pc, cm.
A numerical constant (3,14159...).

Denaities of test film, calorimeter receiver and copper
disk, g/cmi.

Stefan-Boltzmann constant, 1.3545:10"12ca11(cm)z{'K)a(sec).
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