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ABSTRACT

This report presents the results of an experimeatal investigation
of three polymeric fuels with oxygen at temperatures of about 2601to |
320°C and within a pressure range of 8.8 to 20.6 atmosgheres. The -
polymeric fuels were carboxy terminated polybutadiene (CTPB)}, pelybu- -
tadiene acrylic acid (FBAA), and polystyrene (PS).

The investigation consisted of two parts: a determination of
the ignition time of the polymers és a function of oxygen concen-
tretion and temperature and a detcrmination of the mass spectra of
the pyrolysis products of these polymers in equilibrium with one
atmosphere of helium at 260°C. Ignitions were obtained for all
three polymers; listed in the order of decreasing ease of ign 1bilitly
they are PBAA, CTPB, aad PS. The ignition tim;s “or the PBA.: :ud CTPB<
poiymers exhibited a low ord : dependence on or®.lize—~ concertration
and a strong dependence on initia' temperature. The mass spectral
resuits indicated that the m... mum mole fraction of fuel vapors pres-
ent under any ignition conditions was less than abouc two per cent.

Ba: .d on the above results, a heterogeneous reaction mechanism,
assumed to be kineticzlly controlled by the surface reac iou siep, .as
postulated. This mechanism agrees qualitatively with the observed
results,

Ignition experiments in a chlorine environment were also per-
formed with the CTPB and PBAA polymers, but no ignitions were

detected.



NTRODUCTION

Since the eax:l_v 1240's solid propeliant roctet: have
beer successfully used for a ayriad of scieat:fic, commercial
and salitary missious. The propellants utilized in these
rockets may be clsssified intc two types accordirg to the
_ arrangement of the fuel and oxidizer within the prdpellant.
Eomogeneous or double-ba2se propellaat is a colloid beIEdfh!{~
gelatinizing nitrocellulose with mitroglycerin. Both mitro- |
cellulose and nitroglycevin are momopropeliants since they
contain both fuel and oxidizer. Heterogeneous or composite
ptnpellants'consist of particles of an inorganic oxidizer
sglt (usual 'y asmonium perchlorate) which are contained within
a matrix of an orgenic polymer. To increase tne emergy avail-
sble from these propellants, metal particles have been added
to the basic formulations, and combination propellants utilizimg
both composite and double-base comstituents have been’develnped;

Of all the components required for a rocket motor {motor
case, nozzle, insulatior, propellant charge, etc.) the ignitef
hes been one of the most difficult to design and develop accord-
ing to a rational procedurc. Uith the advent of the iarge

solid propeilant rocke: boosters £3z0 in. to 260 in. dia.),



igniter development programs reguiring extemsive full-

scale or even sub-scale testing were no longer econowmically
feasible. Because of lack of knowledge about the ignition
process, research on this problem was significantly increased
Legicning about 1960. Since that time several theories of
soiid propeilant ignition have been developed and numerous
ignition experiments have been conducted. The advance in

the state of the 2rt has been appreciable; computer prograas

are presently available for predicting the ignition transients
in lavge solid propellant -ntors-(l)i. As a p;rt of their input
information these- computer programs require experimental data
which describe the response of the particular propellant
fbr-nla;ion toe the ignition sti:ﬁlus {radiant heat tramsfer,
;convective heat transfer, surface chemical reaction, etc.}. These
data are usually obtained in experiments designed to duplicate
closeiy the expected stimulus in the iarge solid propellant
_motor. It would be advantageous to avoid this type of
experiment. If the relative contributions of diffe;ent ignition
stimul1i cculd be computed for a group of composite propellants,
only a few standard tests of propellant ignitability would be .

needed.

-

Numbers in parenthesis indicate publications presented
in the List of References.



Mdmittedly this is a formidable task considering the
coaplexity of composite propellants. Figure 1 depicts
schematically the typés of chemical reactions which may occur
and lead to the steady <ombustion of the propellant. Each of
the four principal theories of solid propellant ignition
assume that only one of the types of reactions is rate
controlling. These theories are: (a) the solid phase thermal
theory,:%:} the gas pbase theory, (c) the hypergolic theory,

am'! {d} the thgterbgetieous theory. A brief description of these
theonesxs presented later. Each of these theories is supported
bysone ‘emeﬁ_.nental. data. These supporting data were obtained
for the most part under conditions highly favorable tv the limit-
ing assmpti_dmé of the theoretical models. Unfortunately,
practical igniters for rocket motors seldom provide these
favorabl_e couditioﬁs (3& e‘xéeption is hypergolic ignition), and
the description of ignition by»neans of a single rate con-
trolling feaction is insufficient.

Additional information is needed about the chemical react-
lons which lead to ignition, in order to evaluate the
relative contributions of different ignition stimulii. The
7 ovjective of this report is to provide such informetion about
the ignition reactions between two polymeric fuels and two
oxidizers, oxygen and chlorine. Both chlorine and oxygen occur
8s oxidizer decomposition products in composite propellants whick

contain ammonium perchlorate oxidizer.
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REVIES OF LITERATURE

General Discussion

As mentioned in the introduction, the ignition and com-
bustion of solid propellants-is a complex process, involving
-sispitaneous heat transfer, mass transfer and chemical re-
actions. The phenomenology »f the ignitiom and combustion
processes for both double-base snd composite pﬁellats
has_been weil described (2,3,4). However, there is little
agreement onAthe relative isportance of the fundameatal
process:s controlling the ignition of composite solid pro-
peilants.

One of the more fundamental difficulties in the treatment
of solid propellant ignition is the definition of the ignitiom
criterion. The state of ignition may be considered as the
condition of a chemically reacting systea which will proceed to
self sustaining deflagration evem if the ignition siimulus is
removed. Mathematically this may be represeated by

q chen > 9 loss
where

Q chen = rate of Jreat generation by chemical reaction
‘cal/cm“-sec



9 joss = rate of_heat loss to the environment,
cal/cm -sec.

Operationally, the state of ignition is determined by one or
more of the following criteria: (a) indication of radiative
emissions in the near infared, visible, or ultraviolet regions
of the electromagnetic spectrum, (b) indication of a pressure
rise caused b; rapid generation of gases, and (c) demonstration
of self sustaining deflagration upon removal of the ignition
stimalus. The time interval required for ignition begins at
the instant of application of the ignition stimulus and ends
when one of the above operational ignition criteria has been
attained. This time interval will hereafter be called the
ignition time. Unfortunately, these operational ignition
criteria often do not yield equal values of ignition time

for the same experiment.

There are similar difficulties in defining ignition
criteria for the theoretical models. The attainment of the
following conditions have been utilized as ignition criteria:
(a) a fixed "ignition" tenperature, (b) an arbitrarily large
value of the rate of temperature increase with time (say

a7 6 9K . £
I 10 533),(c) some predetermined value for the rate o

production of gaseous reactants at the propellant surface,
(d) the point of inflection in the temperature-time curve

just before a. = and (e) eventual precipitous temperature
dt



increase after removal of the ignition stimulus. Because these
different ignition criteria are utilized in the various theoretical
models, comparisons between the models or a consistent bauis are

impossible.

!gnition Theories

General

A theoretical model of the ignition proc2ss, applied to solid
rocket propellants, was first published in 1956 (5). Since that
time several different ignition theories have been proposed along
with imprcvements and medifications in each of the theories. All
of the existing theories are or: dimensional in the sense that the
conservation equations consider only gradients in the direction
normal to tie solid surface.”

The follo:ing approach-is taken in each of the ignition theo-
ries presented below. The controlli..g source of chemical heating
is postulated and a one step overall reaction rate equation of
the Arrhenius type is assumed to describe the chemical heating.
The governing conservation equations and the necessary boundary
and initial conditions are fcrmulated. The assumptions are listed
which permit the simplified form of the above equations to be
utilizcd and uhich.are necessary for a solution to these equations.

An ignition criterion is assumed which will be compatible

® Howecver, two dimensionai analyses have been utilized for the
problew. of flame spreading on a propellant surface.



with the solution of the equations. A solugion or series of
solutions to the set of simplified equations is then obtained by
classical techniques, dimensional analyses, nuneric;l tech-
niques, or a combination of these. The -esults of the analyses
are typically presented in graphical form depicting the
dependence of the ignition time upon the independent variables

of interest.

The Solid Phase Thermal Theory

The solid phase thermal theory considers the ignition
of scmi-infinite solid phase by mzans of a thermal energy stimulus.
It was originially developed for the ignition of double-base
propellants, but it has also been applied to the ignition of
composite propellants. . This theory has been modeled with many
different restrictive assumptions. In all models for which
solutions have been obitained the following assumptions are made:
(a) mass diffusion is neglected, (b) chemical reactivity of the
gas phase is neglected, and (c¢) the rate of chemical reaction is
independent of the concentration of the reactants. These
assumptions are equivalent to forcing the chemical heating to
occur in the solid phase and to having the temperature of the
solid phase conirol the rate of chemical heating. Price, et al,
(3) present a thorough discussion of the variations in the models
of the solid phase thermal theory. The different solid phase models

have utilized four of the five aforementioned ignition criteria.



The results of the simpler versicns of the thermal theory

predict
4q = B (T-T.)
s i

where

q = thermal energy absorved per unit area, (cal/cmz)

é = therral energy flux, (cal/cmz-sec)

B = constant (calzlcm4—sec—°K2)
T_ = temperature of solid surface, oK
Ti = initial temperature, %k
which for fixed values of “ignition" terperature and initial
temperature, reduces to qé = B°. Figure 2 is a graphical
representation of ¢ vs. é for one dimensional heating of a
condensed phase, inert material by a constant heat flux. As may
be deduced from Figure 2, the ignition time is invérsely
proportional to the square of the heat flux. This fact leads
some investigators to depict the rcsults of the thermal theory as
graphs of log (t*)ll2 vs. log q with the ignition criterion appearing
as a slope of -1. The more complicated variations of the thermal
theory do not predict such a simple results although the experimental

data are usually plotted in the above manner to indicate deviations

from the simple thermal theory.



Heat Absorbed by Propellant (cui/cnzl

Heat Flux (cal/clz-sec)

Parsmeter values: E/R = 25,000°K

solid density = 1.6 g/cm3
specific heat of the solid = 0.37 cal/g- o
thermal conductivity of the solid = S x 10-4 cal/cm-sec- K

(from Reference 3)

Figure 2 Solutions of One-Dimensional
Hesting of Solid Phase, Inert Materisl

10
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The Gas Phase Theory
The principal postuiate of the gas phase theory (6,7,8,9)

is that the rate controlling chemical reactions occur between
vaporized decomposition products of the polymeric fuel and a hot
oxidizing gas. This theory was originally developed in con-
junction with the igniticn of propellant and fuel samples i~ an
oxygen filled chock tube. There 1ire four variations of the gas
pnase theory. These variations may be classified into two
categories: the convective gas phase theory (8} ard (9) and the
earlier non-convective gas phase thecry. The most recent version
(9) does nct restrict the source of the oxidizing gas to the
environment as do the former versions, but includes the possibility
of oxidizer gas generation at the propellant-environmental
gas interface. The assumptions common to all versions of the

gas phase theory 2:e: (i) the chemical h: .ing occurs only in
the ga~ phase, (b) the reaction rate is first order in both the
concentration of the fuel vapor and in the concentration of the
environmental oxygen, and (c) the mass diffusivities of all gas
species are considered constant and equal to the thermal dif-
fusi .ties I:. 2 gas phasz {i.e. Lewis Number (Le) = g-= 1}.
Other assuvmpiions are made which are characteristic to a particular
criation of the gas phase theory. These are described and
evaluated for the two earliest gas pi.ase theories by Price

(3). The ignition criteria utilized for these theories includes

both the attainment of a given value of ar and the attainment of a
Gt



fixed "imirion' temperature.

The convective gas phase ichition mod=l as described in
Reference 8 is 3 much more realistic mod21 than the earlier zas phase
theories. This model inciuvdes heat feedback o tae fuel :surface
from the gas phase reaction, a temperature dependent pyrolysis rate
of the fuel, ard the effect of reactant consumption. While the
early gas phase theory of McAlevy predicted that the ignition ti
is inversely prcportional to the 2/3 power of oxidizer concentration,
in the more recent ~unvec ive theory of Reference 8 the effect of
oxidizer concentration on ignition time is mors cumpiicated. Figure
3 Jdepict: the relationship of th2 ignition delay as a function of

v
.

the oxidize:r mole fraction at constant pressure. I. is observed
that the slope increaces with the mole fraction of cxidizer frecam a
value apprcaching minus infinity to a valus ar-Teachiug McAlevy's
limiting value of -2/3 at high mole fracticns. ror th: same in*tizl
temperatures, activation energies, initial fue! massz fluxes, and
ignition criterion (T* = 2700°K) the relationship of ignition delay
ac function of environmental pressure is depicted in Figuve 4. The
slooe of the curve ir this instance changes onty slightly from a value
of approximately -1.86. Tt is not surprising that the ignition time
dependence is different in these two figures since changes in the
total piessure alter the rate of heat transfer to the fuel surface.

The authors of the corveccive gas phase theo.y with heat feed-

back also note that rapid ignitions (ten to 100 milliseconds)

12
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20

Activation Emergy = 12 Kcul/mole
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Ignition Time (willigec)
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(from Reference 8)

Figure 4 Ignition Tiose vs. Total Pressyre
st Constant Oxidizer Mole Fraction
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are predicted for fuel pyrolysis mass fluxes zs low as 38-4
g/cmz-sec. t should be noted thatr the activation energy, E,
assumcd for the fuel pyrolysis Arrhenius function is siightly
less than 12 Rcal/mele.

Similar to the thermzl theory, the gas phase model forces
the chemical heatimy to occur in a particular locatien; in this

instance it is in the gas phase region.

The Hypergelic Theory

The hypergelic theory (18) was developed as a model for
the hypergelic‘ ignition of soiid propellant with powerfuil
exidizers {such as chlorine zrifiuveride and fluerine) at room
'teaperatures. This mooel considers that the solid propellant
{or fuel} is suddenly brought into contact with a gaseous oxidizer
environment which has a fixed concentration. The chemical
heating is presumed to occur in a heterogencous reaction at the
gas-solid interface, and for the simplest case the reaction rate

is assumed first order with respect to uxidizer concentration.

*
A hypergolic reaction is one which results in spon-

tancouy ignition some time after the reactants are brought
into contact at equal temperature. It is not necessary that
the temperaturz bv ' arbitravily low temperature, only that
no heat transfer occurs initizllv between the reactants.

15
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Other aﬁsumptions made in the model are: (2) thermodynamic

and transpcrt propercies are independent of temperature,

(b) chemical heating starts instantaneously upon contact of

the gasecus oxidizer with the propellamnt, (=) the heat loss

from the reaction surface is by thorzal and mass diffusion

{Lewis Number of unity is 2ssumed), (d} the gaseous layer adjacent
to the fuel surface and the fuel surface igself are always in
thermal equilibrium, and (e) solid phase is isotrcpic, Since

this model does not have 2 steady state solution, an arbitrarily

high value of gI»was assumed as the ignition criterion. The
dt

assumptions implict in the hypergolic model force ignitior to
occur at the solid gas interface.

The hypergolie ignition theory predicts that the
ignition time is inversely proportional to the square of the
rate of the heterogeneous reaction. For a constant initial
temperature this dependence may be written t - (Qz;j'zn vhere.
ng is the initial oxidizer concentration and n is the order
of the heterogencous reaction. The hypergelic theory does not
distinguish between the methods of altering the oxidizer concentra-

tion, i. e. by changing the mole fraction at constant total

pressure or by changing the total pressure at constant mole fraction.

The Heterogeneous Ignition Theory
The heterogeneous ignition theory (11) comnsiders the ig: *ion

of a composite solid propellant which is exposed to a thermal stimulus.
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This thecry pcstulates that the controlling heat generction occurs
from chemical reactions between gaseous decomposition products
of ihe ammonium perchiorate oxidizer and the polymer surface. As
in all of the aforementioned theories the analysis is one dimensional
and specifies the location of the chemical heating. The
cheaical heating may occur either at the surface of the propellaut
between the gaseous oxidizer and condensed phase fuel reczctants
or it may occur at oxidizer-fuel interfaces in the interior of the
propellant, Under conditions of low pressures or relatively
weak fuel binders, the oxidizer gases which are generated within
the propellant escape to the propellant surface and the predicted
ignition behavior is similar to that predicted by the hypergolic
theory. With high pressurces or relatively strong fuel binders,
the oxidizer gases which are genercted within the propellant are
better confined and are able to reach conccntratiqng sufficient to
assure rapid chemical heating beneath the propellant surface.
For this situation the propellaont is postulated to be less sen-
itive to the effect of external pressure because the external
pressure has little effect on the concentration of the react-
ant gases. Although this ignition theorf has been able to explain
most experimental results, it should be reggrded as qualitative
since the values for the kinetic parameters are obtained by. fitting
experimental data.

The heterogeneous ignition of propellants has also been
modeled by Williams (12), who presented the results of a dimensionless

numerical solution in graphical form for the case of zero external
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heat flux to the surface (i.e. the hypergolic case). Use of
these results for predicting ignition times requires independent
knowledge of the kinetic parameters of the heterogeneous reaction.
Otharwise, the predicted values of ignition time may be adjusted
to fit the experimental values by proper choice of activation energy

and the pre-exponential factor.

Experimental Investigations

General

Many kinds ot ignition experiments have been conducted on
solid propellants and solid propellant motors. Some of these
are (a) ignition of propellant by imbedded electrical resistance
wires (13), (b) propellant ignition by hot gas generators (14),
(c) ignition in shock tubes by convection and by conduction (15,16),
(d) ignition by radiant energy in arc imaging furnaces or xemon
lamp imaging furnaces (16,17), and (e) hypergolic ignition by
flourine and \.nlori_ne trifluoride (18,19). In addition there
have been extensive studies of the mechanism of decomposition of
ammonium perchlorate.‘and a few studies of a more fundamental nature
such as the ignition of fuels by perchloric acid vapor.

In this section on ignition experiments only the more
fundamental studies and those endeavoring to ascertain the re-

sponse of the propellant to ignition stimulii will be described.
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Oxidizer Decomposition
Several fnvestigators have studied the decoaposition of ammonium

perchloratz (20 .through 26) and the decomposition kinetics are
reasonably well established for low pressures. The most recent
investigators, Goshgarian and Walton (24) studied ammonium per-
chlorate decompcsition with a Knudsen cell in a double focusing mass
spectrometer. They postulate the following dccomposition rmechanism
which occurs in three distinct rate-controlling steps.

Step I m4c1a4 + NH3 + HCIO4

HClO4 + HC1 + 202

Step II 4?&13 + 502 = 4NO + 6H20
2NO + 02 > ZNO2
No NZO + NOZ
<NO » Nz + 02
Step III HC104 -+ C10, HC10, cmz, Clz, HZO

Measured activation energies of the steps one, two and three
are 22.2 kcal/mole, 29.9 kcal/mole and 44.0 kcal/mole respectively.
These measurements were made over thc temperature range of 142°C te
252°C. The authors found that the ammonium perchlorate began de-
composing at 105°C, with the nonreproducible liberation of ammonia,
water, oxides of nitrogen, oxygen znd hydrogen chloride. Heat treat-
ment of the sample for 48 hours at 200°C was required before re-
producible spectra could be obtained. A balanced decomposition

reaction could not be written because of the fragmentation of
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molecuies in the ion source of the mass spectrometer and the
existence of tiree distinct reaction rates.

An cverall activation energy of 29.5 kcal/mule for the dé-
composition process was measured from Knudsen Cell pressures and
temperatures. This value compares well with the value of 29.6 kcal/mole
reported by Bircumshaw and Phillips (26).

Decompositicn of ammoniumr perchlorate has been investigated on
a very limited basis at high pressures (27). Assuming a first
order overall reaction, an activation cnergy of 17 kcal/mole was obtain-
ed from differc .tial thermal analyses results at pressures from 1
atmosphere to 14.5 atmcspheres. -These results were obtained in

the temperature interval 320 to 440°c.

Therﬁal Degradation of Polymers

Information on the thermal degradation of polymers which are used
in solid propell-nts is very limited at conditions of relatively low
temperature-(up to 280°C) and under conditions of high heating rates.
Madorsky (28) presents a comprehensive summary of experimental data
on the bulk thermal decomposition of polymers. McAlevy and coworkeis
(29,30) have investigated the thermal degradation and linear pyrolysis
of polystyrene and polymethylmethacrylate. In the present report
the discussion of polymer degradation will be limited to low temperature
degradation of those polymers or polymer families which were utilized
in the experimental programs, viz. polybutadiene and polystyrene.

Madorsky (28) reports data on the bulk pyrolysis of purified

polybutadiene in the temperature range 325 to 400°C. At 325°C the
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mass per cent of pyrolized product was 6.1% over a thirty minute

heating period. If 2 linear function cf pyrolysis rate versus

amount pyroFized is oassumed, the peréentage pyrolyzed in one

second is 3.39 x 10°°%. This averaging procedure is subject to

some question since at hisher temperatures (380 to 3950C) the

initizal pyrolysis rates m2y be estimated to be os much as an

order of magnitude higher fron the data presented. On this basis

a more realistic estimate of the initial pyrolysis rate of polybutadiene
at 325°C would be 3.4 x 10'2%/sec. How much lower the initial

pyrolysis rates would be at_260°c is unknown.

Ryan, et al (31) have investigated the thermal decomposition
of cured polybutadiene acrylic a2cid (PBAA) polymers under high
heating rates (= ISOCC/sec) by exposing a coprer disk calorimeter
coated with a thin film of polymer to the black body radiation
of the intericr cf a tube furnace. The temperature of the copper
disk was recorded as 2 function of time, and the first indication
of endothermic reaction of the polymer was observed at a disk
temperature of 290°C. The calculated surface temperature of the
polymer corresponding to the endotherm was 390°C. The authors
conclude that 2 sicnificant fraction of the PBAA polymer does
not decompose at temperatures of less than 350°C.

French and Resborcuch (32) have studied the oxidation
of carboxy terminated polybutadiere (CTPB) polymers. They report

that although thermal breakdown occurs in uncured polybutadiene



at temperatures above 200°C, thermal breakdown of crosslinked
CTPB has not been observed at temperatures up to 265°C.

Madorsky 21so reports do*2 on the rate of thermal de-
gradation of polystyrene. The lowest temperature for which
degradation is revorted is 290.7°C. The initial pyrolysis
rate at this temperature was estimated from the initial slope
of the curve of percentagc of sample vaporized versus time. The
value thus cbtained is 1.25 x 10‘6%/sec. The activation energy
given by Madorsky for polystyrene degradation is 55 kcal/mole.

The investigation of polystyrene pyrolysis by McAlevy.and
Hansel (29) under hish heat flux conditions, indicated that
the rate controlling mechanism changes at solid surface regressicn
rates of about 3 x lo-zcm/scc. Below this value the activation

energy is about 4C to 50 kcal/mole and above this value the

activation energy is about 12 to 16 kcal/mole.

--Ignition of Fuels in Pcrchloric Acid Vapor

Pearson and Sutton (33) have investigated the ignition of
fuels in perchloric acid vapor and in oxygen at one atmosphere
pressure. lgnitions cf typical prcpellant polymers were obtained
at 200 to 250°C in the presence of perchloric acid vapors, while
ignition of these polymers in oxygen was achieved only at
temperatures above 350°C. Ignition times for these experiments
werc apparently measured by a stop watch or some similar technique

because the values were generally reported to the nearest second
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and no numerical values were reported for times less than one
second, Thre authors also report thzt mon-volatile fuels igmited
readily with perchloric acid vaper, but that gaseous fuels ignited
only in the presence of a2 surface at ccrresponding temperatur:s
(about 200-30u:C). Based on these results they concluded that

a heterogeneous reaction nechanism is the most proiable one for
ignitions with perchloric acid vapor and for composite propellants

containing ammonium perchlorate.

Hypergolic Ignition

Several investigations have been conducted on the ignition
of composite solid propellants with highly reactive oxidizers
such as fluorine and chlorine trifluoride (18,19,34). Data
obtaired with gas phase hypergolic oxidizers are usually correlated
by graphs of log t' versus log ng since the hypergolic ignition
theory predicts that the ignition time is inversely proportional
to the oxidizer concentration raised to a power equal to twice
the order of the overall reaction. Figure 5 is a graph depicting
this type of correlation for hypergolic ignition data,

Some investigators have reported that preconditioning of
the propellant sample in an inert gas envirorment before exposure
to the 6xidi;ing gas (as opposcd to evacuation of pre-conditioning
chamber) caused an increase in the ignition time for equal
values of ¢xidizer concentrations. The relative magnitude of the
ignition time increase was greater at higher oxidizer concentra-
tions. These results, if plotted on a log t. versus 1og ng

graph, would appear as a curve having a slope of about -2 at low
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qualitatively explained by the heterogeneous igniticn theory 3y
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described carlier.

Testing of solid propellant ignition wich arc imz2ging furnaces
has beoon pooposed as a standard technique throughout the propulsion
industry for determination of propellant ignitability. Heat flux
calibration between different laboratories is one of tie many
unctolved problems in this arca. Summerfield and Ohlemiller recently
have publishes 3 critical aralysis of the arc imaging ignition test-

ing technigue (38}.

Ignition in Shock Tubes

Solid propellant ignition has been studied with shock tubes
in both inert ang rcactive environments (6,7,15,27). Propellant
sarples have been mcuntcd both in an end wail cenfiguration for
comductive heating studieg and on a probe in the shock tunnel
mode of operation for convective heating experiments. Shock tune
nel resrrlts of the convective heating mode have been correlated by
Keller (15) using graphs of log ignition time _o the one-half
powcr versus log heat flux. Typical ignition results of this type
arc presented in Figure 7. Recall that this tyge of correlation
is suggested by the solid phase thermal thcory. For the experi-
mental data depicted i Figure 7, nitrogen was employed as the
environmental gas and therefore the chemical heating effect due to
an external oxidizer was absent.

Shawnon (27), however, utilized varying mixturcs of nitrogen

and oxygen in shock tube experiments to ignite samples of pro-
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pellant and polymer whicih were mounted in the end wall configuration.
These data are correlated by a graph of log ignition tine
versus log oxidizer concentration in the same manner as the hypergolic
ignition theory. Results for twelve different combinations of
propellant and surface preparation were reported. The straight
lines fitted to these data have slopes of -1.1 to -1.6, which
according to the hypergolic theory suggests an overall fractional
order reaction. Shannon's data for CTPB-AP propellant are
presented in Figure 8. |

McAlevy utilized an oxygen filled shock tube and obtained
ignition data for solid propellant fuels and polymers in an end
mounted sample configuration. These data were correlated by graphs
of log ignition time versus log oxygen weight fraction. Converted
to absolute oxygen concentrations, data for a polystyrene fuel and
a polystyrene-AP propellant are also presented in Figure 8. The

slope of the lines fitting the polystyrene is approximately -2.1.

Summary and Cocments

There has been much controversy between investigators over the
nature of the rate controlling process in solid propellant ignition.
The controlling heat generation must come from a hetcrogeneous rcact-

ion if one adopts the folrowihg definition due to Levenspiel (39).
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A reaction is heterogeneous if
it rcquires the presence of at
'.ast two phases to proceed at
*he rate that it does. It is
immaterial whether the reaction
takes place in one, two, or more
phases, or at an interface, or
whether the reactants and pro-
ducts are distributeu among the
phases or all contained within
a single phase.

Still, with this definition in mind. the question arises
regarding the location of the principal source of exothermic reaction.
It is evident from the preceding review that the location of these
reactions is a strong function of i . expe‘iment, i.e. ignition stimulus,
applied heat flux, external oxidizing gasss, ¢

Although it is generally accepted that the more reactive
oxidizers ignite solid propellants and solid fuels via a surface
reaction, the existence of surface ignition reactions between oxygen
snd polymeric fuels at temperatures within the lower portion of
the temperature range for ammonium perchlorate decomposition
(260-32ﬂ°C) has rot been demonstrated. The next section of this

report describes the approach employed in this investigation of

such reactions.
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METHOD OF INVESTIGATION

General

The experimental investigations may be conveniently separated
into two parts: (1) the experimental determination of ignition time
as a function of the type of polymer, oxidizer spe-ies, initial
temperature, initia! prescure, and oxidizer concentration; and
(2) the experimental determination of the pyrclysis products of three
different polymers at temperatures equivalent to those at which
ignitior was obtained. The ignition experiments were conducted in
a test apparatus especially designed for this purpose, and the
py-olvsis product experiments were performed utilizing a time-of-
flight mass spectrometer (TOF!MS).

Ignition Experiments

Design Criteria
The ignition test apparatus (for cenvenicnce hercafier reforred
to as ITA) was de: 'gned to provide for "instantaneous" exposure of a
polymer or prcpellant sample to a gaseous oxidizing environment
and permit testing up to pressures of twenty atmospheres and up
to temperatures of 260°C. The aforementioned value of pressure

was chosen because previous experimental data have shown
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that the ignition delay becomes insensitive tc pressur: changes
above about twenty tmospheres. The design temperature was

's)
restricted tc 260°C because of the physical limitations of o-ring

seals.

Ignition Test Apparatus

The ignition test apparatus, ITA, described here is
similar to that utilized in the hypereoclic ignition investisations
of Miller (18), in that a2 pneumatic cylinder vas emploved to
tr 1sfer the sample of polymer cr propellant into the oxidizing
environment. The szmple is mounted on the end cf a shaft and
is rapidly transferred from an inert environment into the
oxidizing environment by shearing a burst diaphragm which separates two
environmental charbers. Figure 9 is a photosraph of the ITA
illustrating all of the mzjor components. The ITA is composed of:
five “ntegrated sub-systems: (1) the pressure vessel assembly,
(2) the thermal control system, (3) the pressure contrel system,
(4) the kinematic system and, (5) the instrumentation svstem.
Each of these sub-systems is described in Appendix B.

The sample chamber asscmbly consists of two chambers
which are joined together with a quick detachable V-clamp: an
inert chamber for sample conditioning and an oxidizer chamber
containing the reactive gas species. The cases in the two
chambers are separated by either one or two metal foil burst dia-

phragms. The pressure in the chambers may be varied cver the



snaeaeddy 3sa1 voritudy 3o ydeafojoyy 5 wandiy

S wases

AnIpG

FEmRy SeRIp g

*

SEey

Faput iy anivens




35

range one to twenty atmospherses, and the temperatures of the inert und
reactive environments may bc independently varied over the raage from
room temrerature to 260°C.

The sample of polymer or propcllant is mounted in a sample holder
which in turn is attached to the end of the sample shaft. The piston
rod of a pneumatic cylinder is connected to the other end of this san-
ple shaft. Release of tne piston rod by a trigger mechanism acceler-
ates the sample shaft and transfere thie sample fcrom the inert chamber
through the diaphragn and into the oxidizing chamber. A shock
absorber decelerates the moving parts and the sample holder comes to
rest in the reactive chamber against a small annular cylinder which
is mounted on the oxidizer chamber ead flange. The volume of oxi-
dizer gas enclcsed by the sample holde . inner surface of the annular
cylinder, cnd wall of the ond flanze is 8 cms. A pyrex or quartz win-
dow is mounted in the center of the end fiange permitting observation
of thc sampie from the time it enters the oxidizing chamber.

Ignition times are recordcd on an oscillograph and are measured
f.om the time the sample is exposed to oxidizing gas 'mtil an output
signal is obtained by a photodetector. Two types of photodetectors
were utilized, a phctodiodé which i5 sensitive in the visible and
ncar infraved spectrum and an ioniziation detector sensitive in the
ultraviolet spectrum. Ignition signals wer: detected at thc same
times with both devices.

A description of the experimental procedures employed for both

the uxygen and chlorince igrition tests is presented in Appendix C.
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Sample Preparation

Three types of polymers were utilized: pclybutadiene
acrylic acid (PBAA), carboxy terminated pclybutadiene (CTPB},
and ovolystyrene (PS). At room temperatures the PBAA and “TPB
pelymers are rather soft and rubbery while the P3 pclymer is
hard and brittle. Samples of the rubbery polymers were pre-
pared by cutting small cylinders from a 3/4 inch thick s'ab cf the
polymer gum stock using a modified cork borer. These cylinders
were then trimmed tc the shope cf a right truncated cone of the

" rect size by employing 2 special jig. 2n industria! single
edged razor blade (without a polymer coating) was utilized for the
latter trimmiag process. The PS samples were machired from solid
1cd into the truncated con< shape,

Figure 10 is a sketch of the sample holder assembly. The
retaining cap (see Figure 10) is attached to the shaft end piece
with a two pin baycnet type arrangement similar to that used for
the bases of miniature electric lamps. After being assembled in
thc samrle holder, the projecting surface of the ru-bery samples
was trimred with a razor blade to assure a clean surface. In the
case cf the PS sumple a rinse with absolute rthaucl and thorvugh

drying was substituted for the surface trimming orocedure.

Mass Spectra oI Polymers

Mass spectra of th. pyrolysis products of the three polymer

samples were obtained under heating conditions similer to those
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encountered by the polymer samples in the ITA. A Bendix Model
12-107 time-cf-flight mass spectrometer was utilized to generate
the mass spectra. The spectra were reccrded on 2 Hogeywell
Viscorder, Model 1508,

Pyrciysis products in equilibrium with onc atmosphere of
heliur were admitted to the icn ssurce of the TORMS through a
Graaville-Phillips variable mclecular leck. The arrancement
of thé sampic inlet system is deplcted in Figure il. A 1/8 inch
diameter staialess steel rod 1s loceted inside the heated 1/4 inch

“tubing to permit the sasmple to be disturbed after a tiee pericd
A of 8 minutes haé elapsed ar 266°C. This disturbance is intended
' ita simulate the fresh surface sondition which will ke described
latér'ii ;tbé ;:métim;l results.

Rectengular parellelepiped semples cf polymer about 1
long aa-drh-z;rwg a2 2 mm square <ross section were pm;mred The
CTPB and PBAA samples were freshly cut cn il surfaces with a
uéu raz;‘r blade that did not haye a puiymer coated edge. Ths
PS sample was fil+d to firal Jigens_i?m, washed in absolutc g
- ethampoi, and them itfcd. After 'iiugii‘,:g‘étt"ing and clieaning -the’
s.eples were handled only with clgan txeezers, |

Nine sets of mass spectrs wire rocorded for eash polymer.
Each set of spectya caniis_.zed of tws scams of thc‘_ spéctm in the
aass to chorge (@fc) inteyyal 4 1o ubout 240. The fiist scan was -

sadc to low gain to peruit mezsurement of the more intenss Peaks
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and the second scan was made at high pain te permit measurement
»f the low intensity peaks, For euch palymer, the scans were
nuxbered consecutiv.ly $o that scans 1| and 2 represent a single
set of mass spectra. In the following descriptisn of the method
employed for obtaining mass spectra, each set of spectra will

be identified by its pair of scan nuzb:rs.

The acthod of obtaining the mass spectrz data fellows. Al
equpnésats 2f the inlet system that weve to be subjected ts . haating
wers first thorcuphly clsaned, dried and if necesszary bzked out
under vscuus to isiniai;s the backeround spectrus in the TORMS,
The pely&kr sample tube was installed without 5 sample zmd 2
steady ficw of heizum was established past the entrance to the
varisble leik, . The variable fosk was thea ocpomud wntil ths helivm
pezk reached 2 predetermined magnitude. Background spectra
were recorded ot room temperature {scans 1 oand 2) and with the
inlet system heated to 260°C (scans 3 =2nd JF

Next, thc inlet systee was cooled to about rom temperature,

and s polyser sample was installed in the polymor sample tube.
A new sample tube was employcd for each polymer saapls. Sivady
flow conditions were again establisned in the inlct systoa st
apprexivately the same flow rate as that used for the bagzkgraumd
Spectrs.

Fur cach polymer, spectr» wers recarded under th= following

conditions.



(1)
(2)
3)
(4)

(s)
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Before starting the heating cycle {scans 5 and 6).
During heating at about 150°C fscans 7 and 8).
Upon 1: st reaching 260°%¢ (scans 9 and 10).

After eight minutes at a temperature of about 260°C
{scans 11 and 12).

Just after recording the above spectrum, the sample of
polymer was disturbed by pushing the sample with the
1/8 in diameter rod, thus exposing a fresh surface

in the case of the molten CTPB and PS sasplss. Spectra
were then recorded immediately {acans 13 and 14).

Five minutes after the disturbance of the sampic
{scans 15 and 1¢).

Ten minutes after the disturbance of the sample
(scaus 17 and 18).

The results of both the ignition experiments and the mass

spectromet: r experimants arc presested in the next section of this

report.
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EXPLRIMENTAL RESULTS

foniticn Experiments

General

Ignition experiments wcre ccnducted with two types cf pclymer
samples, a carboxy terminated polybutadiene (CTPB) and »
polybutadiene acrylic acid (PB*"). In addition a few experiments
were conductea with polystyrene (PS) in cxygen‘for purposes cf
comparison with other ignition data. Detailed information about
the p “vmers is preserted in Abpendlx D.

«5 with othcr hypergolic ignition data, these data are
presei.ted as ienition time, t., versus initial cxidizer com-

centration, qu' Chlorine and oxygen -::re used as cxidizers.

Ignition in Oxyge-,

CTPB Polymer. Sixty-two igriticn experiments werc conducted
<ith the CTPB pciymer. Fifteen .» these experiments were con-
sidered invalid with respect t~ ignition time measurement because
of various experimen.ai difficulties. Of the¢ remaining forty-seven
experiments, ignition was obtained in twenty-five instances.
Seventeen of these iygnitions occurrcd under hypergolic coaditions.
T -.«9 iaritians occurring under non-hypergolic conditions are not

-~ * here but are preseated in the tabulnted data, Appendix G.



No ignitions of the CTPB polymer were obtaincd at temperature:;
lower than 260 C or at oxygen concentrations lower than (.S x 10'3

g/cns.

At 260°C the CTPB pclymer became a thick viscous liquid and
in expgrilents having ritrogen in the inert chamber it was noted
that the molten polymer was enclosed'by a thin flexible solid
crust or skin after heating. This crust or skin was believed to
be caused by diffusion cf nitroger intc the polymer and subsequent
chomical reaction. Helium wss investigated as an alternate gas
for heating of the propellant samplc in the inert chamber. When
heliuwr was utilized, nc crust cr skin w>s apparent on the
polymcr surface 2fter thc heating cycle.- No ipnitions uer;
obtaincd with ritrcicn empioyed s the inert pas; however, the
wost severy initizi tust conditiuns were Z607C at five atmaspheres
pressure. ! ipgniticn tests subscquent te tae scluticn of the
polymer crust prcblem were perfurmed with helium in the ert
chamber.

It was also observed that ignition ot the CTPB samples

did not occur unless the molten sample was substantially deformed

and a "fresh‘" surface cf the polywer was exposed to the oxygen.

s

The term "fresh” surface is used here to describe a
sura .¢ having no adsorbed molecules.

43
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The significance of the surface condition will be discussed later.

The results of those experiments in which ignition occured under
hypergolic conditions at a temperaturc of approximately 260°C are
presented in Figure 12. As will be noted, the scattir in the experimental
data is rather large. The major part of this scatter is believed to be
due to small temperature variations the initial conditions. For
the majority of the data, the inert .~d riactant chambers of the
test apparatus were hcated to 260°C from room temperature in about
forty minutes. Since the vate of temperature rise in the last few
minutes was less than 3°C/min, it was believed that the surface of the
polymer was in substantial thermal equilibrium with the helium gas at
least within the accuracy of the temperature measurment (about M 3°C).
To check this condition of thermal equili* rium, additional experiments
were performed in which the temnerature of the inert chamber was held
constant at the prescribed test temperature for a wminimum of eighr
minutes before exposing the sauﬁle to the oxygen. For future convenience
these heating conditions will be described as slow and those for the
majority of the data points will be described as normal. The data
obtained with the slow heating cond.tions are repeated in Figure 13. It
may be observed thai the scatter of thc data is reduced considerably
under thesc conditions.

Figure !4 nresents thu averaged values of the ignition times for

[ ]
the slow heating cata as a function of oxygen concentration.

®
Ignition time averaging is a common proccdure employed to
reduce the acatter of data and makc the tyend of the data more apparent
(6,27).
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These averaged lata now appear more ct .sis*ent. The equation of the
least squaves fit of the original data is t* = o.zae(cgk)‘o'os.
Because of the few datum points and tie large scatter o~ these data,
not much importanc:e should be attached to the aumerical value 2€ the
slope in the least squares fit. ke 1wportant feature is that the
data &xhibit a low fractinnal order d.penience of cxidizer concen-
tratior on ignition time.

PBAx Polymer. Fifteen ignitior tests were condrcted with the
PBAA polyr~r in oxygen environe its. Four of thes. tests were
invalid because of équipment or instrumentation difficulties. Si»
ignition data points werc obtained under hypergnliic . 'nditions ar
temperatures of 260°C and in the pressure range o' to rLwenty
atmospheres. Four experiments were conducted wit'' oxygea-halium
mixtures at 260°C and twenty atmospheres total pressure; theze cof
these at oxygen mrle fractions of 0.5 and one at 0.75. No igritiors
were cbtainea in any of these mixed gas experiments. Onc experircent
was conducted at cwenty atmospheres and at a temperature of 31%.
The ignition tiwme for this test was 0.014 sec. It was observed that
the PBAA polymr remained a sol -3 for all initiai test cordit;ons.

Figure 15 presents all of the igrition data chtained under slow
heating cenditions for the rBAA polymer in oxygen. For tuc 200°. data,
averaging the ig .ition tiwes at fixed concentrztions rcsults ia three
points which cluzely fit a straigh® iine. However, the line draun in

Figure 15 is a .east squaw s fit to the actual data. The equation of this
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line is t = 0.139 (c:’“)""os.

as in the case of the CTPB
polymer, the scatter it the PBAA data reduces the confidence in
the fhunerical value cf the siope. Again the important feature
is the low fractional order of the dependence of oxidizer

concentration cn the ignitiom tize.

Polystyrene Polvmcr. Only five ignition experiments were

conducted with pclystyvene polymer, four under hypersolic conditions.
All of these experiments were performed within the temperature range
236°C to 260°C and within the pressure iaterval of fiftee: to
twenty atmospheres. The pelymer melted into 2 viscous liquid
in all of these experiments. One experiment was performed at
fifteen atmospherevs and 2360(: to approximate the conditions of
McAlevy, et al (35). No ignition was cbtained under these comditions.
The four other experiments were conlucted at twenty atmospheres
and 260°C. Two of those tests were invalid due to the burst
diaphragm sticking to the m»lten polymer and preventing oxygen
from reaching the sample surface. However, in one of the two
remaining tests ignition was obtained. The ignition time
was greater than 18.1 seconds (the time at which the recordinc
oscilicgraph was automatically turned off) and less than about
four to five minutes (the claspsed time before the sample
was observed during the disassembly of the ignition apparatus).

The sample of polystyrene which was ipgnited was examined

closely. The combustion &t the sample surface had occured only
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in a region of the surface which had teen deformed during
t.celeration to expose a fresh surfzce. Adjucent areas of the
sample surface that were not fresh werc not buirned. Figure 16 shows

two views of this polymer sample.

Ignition Tests with Chlorine

CTPB Polymer. Five experiments were performed with chlorine
oxidizer and CIPB polymer up to temperatures of 316°< and pressures
of 10.2 atmospheres. No ignition signal was recorded from the
photodiode (visible spectrum) in anv oxperiment. However, at the
most scvere test conditions inspuction of the sample after the test
indicated that reaction had occurred. The sample had been converted
to a thick carbonaceous ash to a depth of about one-half of the
sample thic.ness.

In addition, four tests were conducted with CITPB-ammonium
perchlorate propellant under less severe conditions but no ignition
was detected. The detailed conditions of these tests are listed
in the tabulated data, Appendix G.

PBAA Polymer. Feur ignition tests were conducted with the
PBAA polymer in a chlorine environment up to temperatures of 260°C
and up to ten atmospheres pressure. For these experiments the
ultraviolet detector previcusly described was utilized in addition
to the photodiode detectecr. The reason for the use of the UV
detector is presented on page 74. No ignition signsls were recorded
in any of these experiments. One of the tuur experimeni: was

invalid for the measurement of ignition time because the polymer
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sample was expelied from tﬁa samplie hoider>§uring‘the deceleration
process and fell to the hot bottom of the reactive chamber.

Upon disassembiy of the ignition apparatus the sample had been
almost completely converted to carbon ash and there was Fluffy

carbon soot deposited on all horizomtal surfaces within the oxidizer -

chamber.
lass Spectral Results
General
It may be recalled thai each set of 5, .a c@nsiégs of

a

two scans, one at 19w sensitivity and one at high sensitivity. The
?relatifé abumdances cf-thé ions were calculated on a uniform
basis from the two scans, setting the helium peak (mfe = 4) to
100%. The net polymer spectra were -obtained by subtracting the
low and high teméerature background §pectra from the total polymer
spectra at low and high temperatures reséectiveiy. in some
cases the air spectrum incieased under'ﬁigh iempérature conditions
due to a temperature semsitive leak in a tubing connection. 1In
these cases subtraction of the air background spectrum was
" adjusted to compensate for its increase in'theitotal spectrum.
Relative abundances were recorded to fhree significant figﬁres
except for those less than 1%, which were recorded to two significant

figures. The value of the iast significant digit is questionable,

but it is believed better to report its estimated value rather than -



omiﬁ it. Relative abundances less than 0.2% are not reported due to
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the crrors associated with measuring tic small deflections of these

peaks.

The tabulated mass spectra are prosented in Appendix H aleng
_vith thé heating curves for each ?f the polymer samples. The ﬁeat-
ing curves are ﬁarked<indicating the time intergals during which the

spectra were recorded.

+~ > £TPB Polymer

_Ai room temperature the only detectable specie in the net poly- -

mer spectra is a trace of acctone. Thisfié attributed to residue

le¥t from leak checking the vacuum syééem"wi;h acetone. At high

-

temperaturés—small peaks were dotected at m/e up té 146. The
relati;e abundance of any of thesé;ﬁééks'éiéihoi excoed 0.6%. Due
to the complexity of the spectra, épecies identification was not
possible. The most intense spectrum was observed just after the
surface of the pblymer was éiséurbed. A high estimate of the mole
percent of polymer pyrolysis products in thé:most intense ;peéf;uh
may be made b§ assumiﬁé'that'each peak is a parent ion peak>having
a relative';bqhdancé of 100%. If this is done and the mole percent
of pyrolysis products-is computed by the subtraction technique
(Refcrence‘40, P 223);‘tﬁe result is a mole éercent of less thaﬁ
4%. This estimate is probably at least an order-of magnitu&e high.
Thus fothhe CTPB polymer there is negligiblé pyrolysis up: to tem-

peratures of 277°%C,
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PBAA Polymer

At room teﬁperaturet the Iatéest peak @n the PBAA mass spectrum
is m/e = 58. This p;ak has a réiafive abuné;nce of 1.2%. All other
peakéfhaﬁegfeiétive ;bﬁndanbes less than 0.3% indicatiné;nggligible.
vapor presépre at roém.tempefatuie. The mass spectrum which was
obtained dd}ing hedting'at about 150°C indicated’the piesence of
éﬁoutil?% ef a volatiie specie. This specie has been tentatively
identified as benzyl pﬁlofide from uncerivified mass spectra (41).
;thé vplati{% speéie yasnundétecfible in all subsequent PBAA spectra
recorded at 260°C.

» At 260°C the PBAA 5§ectra were tco'compli;atad for quantitative
or qﬁalitative analysis.;~The peaks were significantly higher for
tﬁg PQAA than for the CTP® polymer. The highest pyrolysis peaks
were ﬁ/e = 58 andfg7e = 41 haﬁing a relative ﬁbhnaénce of about 6.2%
and 5.5% reépectivel&; The results of a mass sﬁectroscopic,anélysis
by'Madorsky (28) of purified>polybutaéiene pyrolysis prodﬁcts at

- 325% yieldeé.a éomplek mixture of sixteen types of hydrocarbons. 1In
the case of-the PBAA polymég, hc increase in thg spectrum was
observed after disturbance of the polymer sample. This might be

expected becuuse the PBAA does not melt at 260°C.

PS Polymer
At room temperature no pyrolysis species were_detécteg«from the
polymer spectra; however, styrene monomer was present for all spec- .
tra obtained at higher temperatures. Styrene was the principal

pyrolysis product although there is an indication of a contribution
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in the spectr&idue to toluene.- These findings are in agreement with
the resuitsAofgﬁadorsky'(ééf‘ﬁho‘reports 52.7vweight percéﬁt étyrene,
5.5 weight ée;géﬁ% toluene, and 35.2 weight percent-éf heavier molec-
ular weight species (m/e >‘200) at a temperature at 500°C. The prin-
cipal styrene peak (/e = 104) iﬁcreases,from a relative abundance
of-2.7% at about 160°C to-a relafi%e abundancé of 15% at about 270%.
No significant increase in the styréﬁe peak was detected. after ‘the
‘sample was disﬁurbed. Considering styrene as the only pyrolysis
préduct{ the mole percenf of vapor may be estimated by the aforemen-
t.oned subtraction technique at less than 14%. At twenty étmcspheres
this ﬁole percent would be 0.7%. The maximum initial mole perceniA;f
fuel present under the conditions of PS ignition is estimated to be
about 0.7%, a negligible amount. AE.:SO, ‘the mass spectra indicate
that poly;tyrene'had the highést vapor spectra‘of the three polymers

examined.

Summarz

The experimental results may be summarized as follows.
(a) Hypergolic ignition of the three polymers was demonstrated

at temperatures of 260°C and oxygen pressures of twenty atmospheres.

(b) No ignitions were obtained at temperatures less than

about 260°C and at oxXygen concentrations less than about 6.5 x 10~3

g/cmz.
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(¢) Two polymers, CTPB and PS were molten at all initial

test conditisns for which ignfticqs were obtained. The PBAA'polYﬁer.

was 2 solid under all initial‘tqét conditions.
'{d)'The ignition time exhibits a low ordet dependence on -

oxygen concentration for the CTPB and PBAA polymers. ‘The

g

‘dependence of ignition tlme'upon oxygen concentration was undeter—

L ST

EaSy
b

mined for the P§ polymer.

(e) The ihi@%él temperature of the reactants has-a strong effect

of the 1bn1t10n time.s

(f) The data exh1b1ted much less scatter undez the slow

heating cond1tzon9(01¢ht minutes at 260 C’prlor to t°st1th71

under the normal heating condltlons‘ - i 3 . o

() No 1vn1t10ns were obtalned with- the CTPB and the PS p01ymers
" unless a fresh-surface was exposed. . »

(k) Under siov heating conditions ﬁo ignitions weferobfaéhéﬂ;*
with hellum~o&ygen mixtures for elther the PBAA or the CTPB polymer. |
Oxygen mole fractlons of 0. S and a tot 1 pressure of twenty d -
atmaspheres were ut111zed for the mixed gas tests of the (TPB . -‘
polymer. The test temperature was;260 C in each instaﬁce.,'OXygen :
. mole fractions up to 0.75 were utilized for the mixed gas tes;s"

of the PBAA polymer at twenty atmospheres and 260°C.

“(i) Under normal heating conditions (no éight minute wait
at 260°C) two ignitions were obtained with the CTPB polymer at an

oxygen mole fraction cof 0,5, total pressure of twenty atmOSpheres,‘

and temperature of 260°C
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(§) No ignitions of either the CTPL or the PBAA polymers

were recorded with chlorine gas as the oxidizer. Hevever, there

E

23 evidence of a combustion reaction in two tests., The most
- severe initial cohditidhs'were ten atmospheres pressure and -260°C,
(k) Mass speétra‘results indicated that the three polymers

may be ranked in the following order. of decreasing volatility;

58

PS, PBAA, and CTPB. Furthermore the maXimum possible equilibrium ~

vapor pressure/at any ignition conditions -may be eséimated at

_lesé than 2%.°
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DISCUSSION OF RESULTS

rpr‘,tatmn of Emarmcmal ReSuit:

Conditions feguirad for Hypergolic ignition
The ignition data for the CIPB and PBAA polymers in oxygen
indicate that there is =2-lower 1limit of oxygen concentratien required

. for ignition at a fixed tesperature. For the CIPB polywser no 1gm.t1

were G‘;ta'ined'at oxXygsn concentrations s than 6.5 x 10° gic&

and €‘or the PBAA polyuer the corresponding concentration limit
- T < - . 7 <

% R 3 R B

is gbout 7.7 k 8.7 giwwm . e

-

?:‘ae minimun in nitiazl temperature amd concentration required

for ignition wmay be oxamined by the stationary state amalysis of

a

£ sneous ignition as presented by or (32}, Consider
heterogeneous ignitiorn as ted by Mell 4‘?“ Consider a
plane seai-infinite aordens::d phase polyner 1!11L1a11) at uniform
tenpeTature, T,- An oxidizing gas at wniform concentz:ation, CG‘(, and

at uniform /tﬁe:a;ze rature, TO, is suddenly irtroduced throughout the

aégﬁbﬁ’a‘ﬁg , sem-infinite re glor-. Assume that the chemical heating

Godurs t the interface between Lhc coadensed and gas phases. Further;
considor & thin cont101 *erﬁ . at z.ufo:m te;aner Ture, ';‘sf, enc}tosin_g

~only the reacting surface. The chemical heating withia this thin

contrel volume may be written as



.y \
q =Tm | < - -5 A |
chem = n g : nihﬁi', i nj“Hx, T | (L)
;. s “7 sy
{ : ;
v¥here
_ 298 . _ ¢ N
T A R ST RS

wiiere the subscript i indicates reaciants and the subscript j indicates

products, and

Uhen = chemical heating rate, cal/cm -sec
- . 2
] = molar reaction rate, mole fuelfcm -sec
Q = chemical cnergy release, cal/mole fuel
Ts = surface temperature, %k
ny = number of moles of species k per mole of fuel,
mole kimole fucl
AL s . .. o
aﬂf K = standard hcat of formation of species X at 298K,
! cal/mole-k
L = enthalpy of species k at TUK, cal/mole-k .
¥

If is iv assumed that all portions of the surface are equally
acessible with respect to diffusion and that the reactiom at the surface

is first order with ruspect to oxidizer concentration, m may be written

{sec Reference 43, p. 49)

. kKA .
m o= - Cox (23
k+8
where
k = rpeaction rate constant with an Avrhewius temperature
dependence, {omfsec)
- . 3
Cox = oxidizer concentration, moles fuelfcm
8 = diffusion velscity constant, cm/sce

8 =M

AN
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where Nu = diffusicnal Nussclt number, dimunsionlcess
. . ) s 2
)] = diffusivity of the oxidizer, cm”™/secc
. . R *
X = characterstic dimension of system, cm,

The chemical heating ratc (Eqn 1) thus bucomes:

\
) _kg ¢ yo ; 3
Yhem " K+ 8 % : niAHi,T; ; ujAHj,T:

At low temperatures where k<<3 (kinetically controlled region) Cchem

will cxhibit an expones:tial temperature dependence due to k; at
high tempecstures where k>>3 (diffusionaily controlled region} the

temperature dependence of is given by the diffusivity. At

‘chem
high temperatures the diffusivity of gases increases voughly as the
1.65 power of the absolute temperature (44, p. 51i). The shape of

the q curve as a function of the surface temperature is depicted in

chem
Figure 17.
Assuming that the products of the reaction do not participate in

the heat transfer, Mcllor (42) wrote

| o1

) 3T 4 3
9 joss ~ ¢ 3x A veo (T - Ty ()
4 -
x=0 =0
where
i 2
q = yate ¢f heat loss, calfcm -sec
loss
X = thermal conductivity of the fuel (subscript f)
or the oxidizer gas (g), cal/cm-sec-OK
‘g:g. -
dX = temperaturs gradient evaluated at the interface x=0,

*
In the semi-infinite model considered here, there is no
characteristic dimension; however, one may be sclceeted for an actual
physical configuration.



2

Energy‘Flux. & (cal/em”-sec)

: |

! 1

' !

! 1

i i

I i

H | I

et - i

Toxid Ts;ﬁg";z;; Tf

Surface ?en;pézrs;‘t}_"re, T °x)

(from ﬁ?f@réﬁﬁeéﬁl

Figure 17 Stationary Theory of Hutewngencous Ignitien: Rate of
Chemical Energy Release and Rate of Heat Luss vs. Surface Temperature



63

. . + . . -
either into the fuel x = 0 or into the oxidizer x = 0

surface emissivity, dimensionless

Stepnan-Boltzaman constant, cal/cmz-sec-ox

m
i

4

T

T
T

e€ffective radiation temre:rature of the environ-
ment, K.

Q jogs SUTVE is also depicted in Figure 17.

In general there will be three intersections of the q loss

The shape of tue

curve with the q chem SUTVe- The temperatures corresponding to

these intersections ave referred to as the oxidation temperature,

*®

T the spontaneous igaition temperature ,

oxid® and the flame

Teion?
spign
temperature, T,.. The intersections whichk occur at TOxid and Tf
are stable, in the sense that a positive temperature perturbation
will not result -in self heating to a higher temperature. This is

represented mathematically by the condition

3¢ coem | | R
<hem < |- i0ss )
2T f2 T
Tﬁloxidsz l i ?zToxidsz

However, the remaining intersection at the spontaneous ignition

temperature is unstable and

; L X
3 qchem ig loss
> | T (6)
d T _ 3T .
LS T i s ™ spign

*
The spontaneous ignition temperature is the lowest temperature
from which the interface may self-heat to combustion conditioas.
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Considering the effect of the products of the reaction on the
heat transfer, there will be an additional heat loss term due t: the
mass diffusion of the products into the gas pha;e. However, this
heat loss term will be counteracted by a reduction in the heat
conduction <o the gas phase, the gas phasé:becuming hotter due to
the mass diffusion of the hot products. While the ﬁet result

may either increase or decrease D05’ the -=neral shape of the

q surve will not be chanzed.
loss ’

From the above analysis it is evident that the initial

temperature of the reactants must be greater than T for hypergolic

spign
ignitions to occur.' It may be observed intuitively that small changes
in temperaturc in the range just greater than Tspign will result in
large changes in the ignition time, since the initial net heating

rate controls the induction time$* For those experiments in which
ignition did not occur, the chemical heating rate was insufficient

due to either of the foiiowing causes: (a) the temperature was
in;uffiéient or (b) the concentration of the reactants at the
”i;terface was insufficient. Several factors may contribute to the
reduction of the reactant concentration at the interface: competitive

adsorption of an inert gas, the presence of absorbed gas in the

condensed phase, or poisoning of the surface by a reaction product.

*

The induction time is the portion of the overall ignition
time which elapscs before the precipitous temperature rise occurs.
For initial conditions near T__. the induction time is a large

fruction of the ignition time>P18M
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Postulated Reaction Mechanisms

Recall that the CTPB polymer and the PS polymer ignited only
~if a "fresh' surface was present, but the PBAA polymer ignited with
a surface wiaich initally was in equilibrium with the helium gas.
The surface condition dependence of ignition and the evidence of a
low order dgpendence of ignition time on concentration suggest that
adsérption processes are important for these experimental conditions.

For a heterogencous reaction with chemical heating at the surface
the following steps must occur in series: (a) diffusion of tle
Teactants to the surface, (b) adsorption of the reactants on the surface,
(c) reaction on the surface, (d) desorption of the products from the
surface, and (e) diffusion of products away from the surface. The
overall reaction rate will be controlled by the slowest step of this
series. In the present casc of hypergolic ignition diffusion is not
considered to be the rate controlling step because of the relatively
low temperatures involved. investigations of surface reactions have
shown that for ordinary temperaturcs, gas phase diffusion rates are
much more rapid than the overall rate, and therefore diffusion does
not constitute the sloﬁ step (45). Because little is known about
the desorption of products from a surface, the desoxrption step will
be considered as a part of a surface reaction étep which produces
gas phase products.

The following analysis will consider adsorption and rcaction

processes (steps b and c¢) as the possible rate controlling steps.



Consider the following reactions to occur between an initially fresh
polymer surface which is exposed to a given concentration of oxygen.

. K '

. ) 1

Adsorption of 02. 02 + -§ > 02 -§ (7
] kz

Reaction: 02-§ ->"  Products (gas phase) {8}

where the notation 0 —% indicates that the 0, is adsorbed at an active

2 2
site on the surface. For the ideal case of adsorption on a perfectly
smocth surface with no interactions between adsorbed molecules, the
Langmuir assumption of a unimolecular layer of adsorbed molecules
applies. This is the simplest case of adsorption and will be
assumed here because the data necessary for the application of more
complicated theories are unavailable.

Assume that the reaction rate is first ovder with respect to

the surface concentration of- oxidizer. Then

d C
0X,S
dt = k2 Cox,s )
where
d (Cox s)
— = rate of 0, adsorption on the surface, mole
Ip

dt Ozlcmz-sec2
k, = first order rate constant, sec'1
Cox s = concentration of oxygen on the surface, moles

¥

2
Ozlcm .
Let Cs be the concentration of active sites on the surface,

sites/cmz; and let aox be the fraction of these sites which are

66
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covered by 0,. The fraction of ~he surface vacant is l‘eox

and cox,s = Cs eox - - (10)

The rate of adsorption is proportional to the product of the

fraction of -the surface vacant and the oxygen concentration in the

gas phase. The value of 8ox maf be cbtained by applying equilibrium condi-

13
tions to the TYate of formation of 02-8,. Thus
L
A\ 4
d Cox s o
= 0=k, (1-8 ) C Cox k, C_ 8

dt 2 7s Tox (11)

where ng is the oxygen concentration in the gas phase.

Solving Equation (11) for 8ox?

' k1 ¢ X
9 = 0; (12)

“ux
kl Cox + kz

Substityting Equations (10) and (12) into the assumed reaction

rate, Equation {(9)

0
d Cox,s - Cs d 9« P %1 Cox ] (13)
. S 2 o
dt dt ky Gox * kz}
or
4 Q
| kl Cox
T = k2' el R (14)
. (0
kl Cox * k2
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where

o

dC

=
1"
nlr—‘
ol
o
>
-
,tﬂ

Defining the ratio of the recaction rates, K

e

. .
K= o= (15)
Ky

and substituting K inte Equation (14),

£, 0
s U
| oX

O H
XC il
{\ Cox + LJ

T = kz

(16)

The quantity in brackets may be recognized as similar to the Langmuir
adsorption isotherm for avsingle wdsorbed molecule if oxidizer pres-
sure is substituted fovr ng {see Reference 45, p. 260). Consider now
the limiting behavior df Equation (16) as a function of the oxygen

o

concentration. At very low cencentrations (i.e., K Cox << 1) the

reaction rate becomes

. ~C
T k2 K Cox (17)

indicating a first order dependence on oxidizer concentration. At

very nigh concentration (K ng >> 1) the reaction rate becomes
r =k (18)

indicating a zero order reaction. The reaction rate as expressed

in Equation (16) is presented in Figure 18a as a functicn of ng.
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Adsorption with Dissoclation

Reaction Rate

Simple Langmuir Adsorption

"Oxidizer Concentration

a. Reaction Rate vs, Oxiéizer:Cohcenifétion

adsorptien with Dissscistion
-glope. = -1 2

g
ord
[~
£ S .
4 ——SGimple Langmuiy Adsozption
B slope s -2 :
& vy
=i
20 \
3
N
e et et A

Log Oxidizer Concentration

b. Log Ignition Time vs, Log Oxidizer Concentration

Figure 18 Comparison of the Effect of Oxidizer Concentration on Reaction
Rate and Ignition Time for Different Adsorption Mechanisms



Recall from the discussion of the hiypergolic ignition theory that

the ignition time is inversely ytoportional to the square of the

reaction rate. Utilizing this relationship, the ignition time

as a-function of oxygen concentration is presented in Figure 18b.

Two -other- adsorpt’ on isotheras will now be considered. If

adsorption occurs with dissocia;im {as might be liiely for 0,)

the reaction may be illustrated as

'Q'J‘:'jilkxg'g )
0,+-s5 ol 54
7 k

ok

(19)

%

and the adsorption isctherm may be written as (see Reference 45 p. 261)

B SO

g
ox

K={k,/x ,}
1 -1
‘K;"‘_(ch);i+1 { }

If this isotherm is substituted for the bracketed quantity .

-Equation (16), the fcllowing expression results.
L
4
_5 N,

0.k
K (Cox) + 1

T

The low and high concontration limiting cases may be written
- % (0 %
T = k2 K (Cox)

and

respectively.

(20)

(21)

(22}

«(23)



73

The qualitative behavior o the reaction vate and ignition time for
the case of adsorption with dissociation is alsc presented in Figure
18.

Another isotherm of interest i1s for the case of competitive
adserption of two gases; say helivm and cxygem. For competitive
adsorption lst eax equal the {raction of the surface covered by 02,

and let 6, egual the fraction of the surface covered by helium.

h
Then 1 - 3

PO <3

ox h

adsorpticn of €

is the fracticon of the surface bare. The rate of

o

is proportisnal tc the fraction of the surface
bare. Thus

d e
...__.P._‘E; 0‘.._ - 3 2
é ox Cox{; Sox 'h} 4

The zvate of desorption” of 0, is proporticnal to the fraction of che

surface covered by €., so that
&

oX _ )
T Tdr k--ox €ox (25)

At equilibrivm tbesc rates are equal, whence

8
~O oX L0 ox
K o= o= s {26)
oX ox k_oX ox 1} eox-@h

Similarly it way be shown for helium,

* The desorption uwnder consideration here is not the desorpiion
of products. It is rather the reverse step of the assuwed equilib-
rium reaction for the net 2adsorpiion of reactants.



K 3
e c;} =2 &L A i (27}
Bh o pe e

-3 ox h

Q9 &
. C . <
s _ oXx ox . a = }‘?};‘h -
vox - o - Z,‘ & {25_.&'--!}
1 +X O +« XU * S
=«Cox T & Low B A

. 2s befoxe, the reacticn rate expression nay be obtained by

 substitution of Equation {25) for the bracketed quantity in Eguation

(16). Thus
R at .
T =k i;k'.h‘i “ex
- - z - oy ] 30 .
N S v e

;sorprion is usafnl for the

R

This vgaction zate for competriiive ;

v

analysis of the ignition results with heliuwm-ovygen zixtures.

Recatl that ignitions were not potained with mixtures of hsliwm
and oxygen under the conditions. of slox hesting. The reaction

rate for competitive adsorption Eguation (38} in the limiting case

iul % ) 15 .:-.e- :.\ - - :) > 1
of h1g§ Loncentrations 7,,1 ; ?v?:_ {:sx 5 S )7
hecowes
a 3
k, kex Ce*‘
o g— R {31}
o o

Fox Cox "R G

This predicts that the reaction rate will be reduced with mixed gases,
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agreeing qualitatively with the obsexved experimental data. For

. .. . , o o .
the 4 €t it .e. +
he low concentration limits {i.e Rox Cox Kh Ch << 1) Equation

{3017becomes

o

r =k, K C
2 ox ox

n
(7]
[\*]

t

indicating that the recaction rate is independent of the helium
conecentration. This limiting case agrees qualitatively witk the
vesults of the shock tube ipniticn experiments.

Recall that two ignitions were cbtained at oxygen mis
fractions of cne-half umdexr the normal heating conditions. The
averaged 1g§1€10n tiges for the mixed gases is sligntly gréatcr;iéan

the averapsd rimes fc; pure 0,. Tﬁesg éata agree quaiifatisely with

X 1

the proposed mechani s*? aithough one ui expeci that the 1ncresse

in 1g?1*1oa time <bou d be gfeater.

The fact tnatra fresh surface was required for ignitiowm of
the molten polymers in the present exyeriﬂéﬁté suggests that‘the
ndsorbed helium nay have diffesed inte the moltea polymer. Thus, after
the polymer surface was moved into the oXygea envirorment, the adsorbed
heiium molecules dgsorbeé very rapidly {since the heliuw concen;ration
in the oxidizer chambey is nearly zero} only o be veplaced on the
curface by move helium molecules which are Qiff i; from an 1nt?r19r-
regicn nesr the surface of the moiten peolymer. Tkis iuhiﬁition of
chemical heating rate nged not be ver 3 vfeat to ﬁreven» ignition if

the initial conditions are near the spontaneous ignition temgarature.



If a fresh surface wis exposed,; the layer of poiymer containing the
adsorbed helium was physically removed axgd the rate sf chemical
heating would not be inhibited.r In the case cf the solid poivmer, no
fresh surface was necessary, ard it is postulated that diffusion of
the helimm inl) the solid was insufficient to significantly retard
the :eactiea reTe,

Ciierine Experirents

Although chlorine is a very reactive element, the tempeyature -

of flasmes with criorine is msuch lover thar the temperatures of fiuorine

or oxygen flames {48). Hydrocarbons burn “wadily with chlorine in

diffusion flames and very nearly all of the carbon :;téntait:iﬁg.;f
combustion products appear as soot, i.e. solid ";'boa.; Kyg_irogén
chioride gas. is the principal gas phase product. The above d»cécriﬁ}
tion of chlorine flames was summarized from Befevence (28) and agrees
with chservations of the present investigation for the two instances
in which there was svidence of cosbustion.

After the photodicde detector had faile& to indicate eny
sign of ignition for the experiments with the (TPB ;}czymérs 2 wore
éensitive ultraviolet detector was obtained from Honeywell, Imc.
and utilized to check for possible () emissions in the uvitraviolet
region. A system of bands of smission épeatra occuring in 2 hollow

cathode discharge hus been -re?orteé for HCl in the wavelength

interval 1280-237%5A (37). As reported earlier, no igamitions weve
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getected with either sensor. It is unknown whether the detectors

were sensitive‘enaugh to obtain a signal from the flame, or whether

the cosbustion cccured ﬁawgén the time the oscillograph was stopped

and the time that ’shg,is\ésg;ie was observed. The use of a spectro-

meter was considered for \eteﬁéining the visible aad ultraviolet

npactra of the chlovine-polymer flame. However, this was not done

- because 0?. the time and cost iﬁvéivm‘ in wodification of the experimental

‘apparatus.

Woreg SReatral Dhsults

The \aa.le” fraction of the pyrolysis products from the three
Poiymét_s éiffe;eci considerably, the PS polymer having the greatest.
mole fraction of gasecus products, and the CIPB pelymer having the |
leas¥. "ﬁzereA x.S ne dimcﬁ relationship evident between tﬁe mle
»fraﬂ:ieizir :);—‘;Ap;-‘rolyizeﬁ: fuel and the ignition time, The igaition
tiee ﬁasg::ea{tﬁsii for the PS poifmer hut was the iéﬁst for the
PBAA polymer-which had the intermediate mole fraction of fusl v&gﬁ&f.\

The ;;re\fiausiy pregentad bulk pyrolysis value for polyst;;&am
was converted into an estimated #ss flux yeilizing éﬁe com*arvétive _
procedure presented in ippendix F. The nass §§§K~ce£m5pmding 0
the bulk pyrolysis of rate of 1.35 x ie"s‘%fse.c is 2.68 x 10°° g!cmzw,
sec. Thess Y:ateé' are for a tempsrature of 299.7°C.

Emf:lﬁ}ing the sare technique for estimating mass flux in the
zase of purified polybutadiene, the value of bulk pyrolysis presented

in the review of polymer degradstion is equivalent to a mass flux
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of about 7.3 x IG"S g/cmz-sec. Recall that these bulk pyrolysis data
woxe ebtaine& at 325°C. 7The initial mass flux at this temperature

may be as much as av order of megnitude higher, as discussed previously.

However, information in the literature review indicates there is a
considerable difference betueen the thermal degradation of purified

_polybutadiene and that of the crosslinked polymers such as CTPB

and PBAA which afe utilized for propellant binders. The results of

French and Rosborough (32) and thaée of Ryan, et al {31} i%dicate

that thermal breazkdown of CTFB and PBAA polwymers does not occur at
265°¢C ané at 350°C respectively., It is therefore reasonable to

geiieve that the pyrolysis wmass fluxes for CTPS and PBAA ave much
lower than those of the PS polymer for the témperature interval 260°

| to 300°C. The mass spectra of the pyrolysis products alse indicate

‘the same relative relationship for the mole fraction of fuel vapors.

Becausé of the low fuel mass fluxes and the low equilibrium

rcanaen;raﬁions‘g§m§§gév?p;ecule§ in the gas phase {< 2.0% at ten
atmpspheres) i§ is consideved hlghly unlikely that exothermic gas phase

; reactions supply more tham a very small fractisﬁ‘ef the chemical heat-

ing vntil the preciptious temperature rise occurs.,

. Comparison With Other Results

The present ignition results in oxXygen may be compavred to the
ignition of similar polymers and propellants in oxygen filled shock

tubes. The vesults of McAlevy {6) and Shannon (27) as previously
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presented in the literature revizw are depicted in Figure 19 along
with the present results. As to be expected, the ignition times are
much different due to the difference in experimental conditions.
Hermance in a dimensicnal analysis of hypergolic ignition has
presented the following relationship for the dimensionless time

variable, (see Reference 7, p. a25).

n .
Q ()™ 2 E oxp [-E/RT. | 2
ox’ . 0
T=a - (33)
.S p 2 t
vhers
o« = the thermal diffusivity of the solid, cmZ/sec
Q = heat release of chemical reaction, cal/g
(ng )n yA = reaction rate coefficient for the assumed
Arrhenius type reaction, g/cm“-sec
Z = pre-exponential factor
ng = initial oxidiz.¢ concentration
n = overall order of the reaction with respect
to oxidizer concentration, dimensionless
g = activation energy, cal:mole
X = thermal conductivity of the condensed phase,
S cal/cm-sec-%K
R = universal gas cocnstant, cal/mole -%
'I‘o = bulk temperature of the oxidizer gas, %k

t = time, sec.
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Sor a specific experiment, the following factors in Equation (33)
may be considered approximatelv invariznt with respect to temperature

.> and R is a constant. Let

and oxidizer concentration: o, & Z, A
* -
the dimensionless time, t assume the valve v , at the real ignition

*
time, t . It is reasonable to assume that the dimensionless

*
igniticn time, t , has a fixed numerical value for all hypergolic
ignition conditions of a specific oxidizer gas and condensed phase
fuel in a manner similar to the dimensiunless results of the non-

stationary ignition theory of Semenov (42,4.).

Solving Equation (33) for tk,

R T° exp (E/RT)
t = 9 2 (34)

o . N
a Q2 E (Cox)

In order to select a value for the activation energy, E, the
ratio of the ignition . times for two data points was equated to the

. - *
ratio of right hand side of Equation (34) assuming that t is constant.

Thus
2
2 2 0 \n
T * T exp (E/RT) E {C )
a o ox
- = o > (3%)
N

tb E (Cox) . T0 exp (E/RTO) .

where the subscripts a and b indicate that times, temperatures and
concentrations are evaluated from the experimental data of test a and

b. The two data points selected for this calculation were obtained
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for the ignition of the PBAA polymer at temperatures of 260°C and
321°C and at ng = 1.3 x 1072 g/cms. The value of the activation
energy required for r* to be constant was computed by Equation (35)
and was found to be = 16 kcal/mole. This value of activation energy
appears reasonable when compared to the value of = 12 kcal/mole
selected by Anderscn and Brown for correlation of hypergolic ignition
of propeliants in fluorine and chlorine trifluoride (34,3).

In order to check the hypothesis that T* is a constant, Ti was
computed for the data of McAlevy anrd Shannon which was presented
earlier in Figure 8., These calculations were made using the bulk
gas temperaturé behind the reflected shock wave as Tb‘ Even though
Equation (33) was not derived for the case of external heat transfer,
i.e. shock tube ignitionms, T* deviated less than 20% from its mean
value when compared for a specified experimental apparatus, oxidizér
gas and condensed phase fuel or propellant. For the data examined,
the ratio of concentration variations was about three to ome and the
temperature variation was about 140°C.

Equation (35) may also be employed to estimate the initial test
temperature which would be required in the hypergolic experiments in
order to reduce the ignition times to the order of magnitude of the
shock tube ignition times. If a test temperature of 360°¢C is
assumed, the ignition times are reduced by a factor of one-sixtieth.
The results of this calculation are presented in Figure 20. As observed
in Figure 20, shock tube ignitions still occur more quickly even
though the temperature of the gas at the surface of the shock tube

sample is only about 125°C. Such a disparity between the ignition
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times and the gas temperature at the surface of the sample is to be
expected because of the efect of heat flux to the sample surfuce
in the shock tube experiments.

If the straight line data correlation is removed srom the
data of Shannon and a smoofh curve is fitted by eye, a change in
the slope of the curve is apparent (see Figure 21). Furthermore,
the shape of this curve is the same qualitatively as that presented
in Figure 18. The experimentally determ;ned slope of this curve
is about - 1.5 at loﬁ concentrations. This value is midway between
the value ofxthe slope for the case of simple Langmuir adsorption
and vhe case of adsorption with dissociation. The slope of - 1.5
suggests a fractional order of the overall reaction, and imrlies
that such a simple reaction mechanism is only qualitatively cor-
rect. »

The mere significant featurs of Figure 21 is:the agreement

between the present hypergolic data and the (7 R... shock tube data

! regarding the dependence of ignition time on cxidizer cuacentra-

tion at higher concentrations. This agreement suggests that the

controlling reactions are of the same type for both experiwents. Of

the twelve sets of igﬁitioﬁidata presented in Reference 27, ten sets
éihibit‘gn increase in'slope as the oxygen concentration approaches
its higher-iimit. It is alss Stated by Shannon that some indication
of an increase in slope was noted for oxygen concentrations greétep

2

than 10~ g/cms, but the data were erradtic and were not reported.
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It shouid be recalled from the discussion of reactiosn &e;:&sﬁis,fzs-
that the increcse in slope may be due to two complementary effectsé:
the effect of an inert diluent in the gas phsse which- is c@etitéﬁeiy
adsorbed on the fuel surface and that of the limiting case of high ‘
copcentrations,

The present experimental vesults were alsc compared with the
nondimensional solution of the hypergolic ignition problem
presented by Williams (12). Details of the computations and the
source of kinetic parameters and thermophysical properties ars
presented in Appendix E. The Jpredicted ignition time {for an
activation energy = 16 kcalfmole) was about seven ovders of
nagnitude too low. However, since the ignition time is inversely
proportionzl to the sguare of pre-exponential factor a decrease iﬁ
this factor by three.and one-haif cxders of magaitude vesulls in tcioéé{'
agreement bets;een the predicted and experimenta.‘:' values of ignition
ﬁme. The results of this comparison exexcise are neither. yer‘fﬁ
gotd or very bad considering that pre-exponmential f&#forﬁ awe often

* yncertain by 25 much as six oxders of magnitude.
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CORCLUSIONS

The prinéipal conclusion of this investigation is that -
hetexggentous ignitian reactiéns between ga%eoﬁs oxygeﬁ and pqumgric
fuels occur hypergaiicaiiy under temperatures- low eﬁough to ) o
warrant thsir~cnasideratién as sources of ;hemiéa} heating in the
ovefali ignition grécess: A revieﬁ vf data 6ﬁ:ihe pyrolysis'ratés of
polymers and the experlmental gxamination of QQLlllﬁr U Mass

”spectra of- these polymarlc ‘fuels leaﬁs to the concinsxon that gas o

‘phase exgtnermlc reactsons are‘dnlxkely to »ontrcl 1gn1t10n~un&er i3~; %
1.the»prQSEnt eXperlmentai condztlnﬁs‘. 1%«35 »thluﬁad thz* t%ese

1gnlt1eq reactlons are kineulcaily centrgfieé rather than dzifusicnally

» cantrolled fram the stxcng aepeadsnce gﬁ :6n me uyﬁn the

jnitial temperature. Ahpterogeaaau?'rﬂgetlon mechar;sm NthP assumes

tha; the rate. o£ sarface reactlon is cenzralllng aaq peen pcstuiaaed

“and agrees quailtatxveiy wzth the»experlmeﬁtai results.

From the ignition experlmentz wlth chlor;ne gas, 1g is conyiuded

<5

that chloriue»polymer.reactlﬁns aioﬁe do not contribute slgﬁlf“CARﬁly
to the 1gnztxon ptocess.~ :
thh regard. to the overall 1gn1t10n process_ for Lomp051te
prapellants the results of this investigation support the cancepts

© of the heterognneous ignition theory. It is further concluded that

there are sign;flcant differences in the ignition behavior of



poiymers and that the chemical structure of the polymer and the
nature of the pyrolysis products must be copsidered in the

description of the ignition process.
pi : p
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APPENDIX A
NOMENCLATURE
Throughout this report, symbols are defined as they are used.

The following symbols which occur more frequently are presented here

in addition.

Symbol

c concentration, appropriate units
D mass diffusivity, cm2/sec

B activation energy, kcal/mole

Le Lewis number, dimensionless

q heat flux, cal/cmz—sec

T Temperature, % or °c

t time, sec or millisec

Greek Symbols

o . thexmal diffusivity, cmzlsec

A thermal conductivity, cal/cm-sec-"K

Sugerscrints

* ignition condition
Abbreviations
AP ammonium perchlorate

CTPB carboxy terminated polybutadiene



ITA
m/e
PBAA
PS

TOFMS

ignition test apparatus
mass to charge ratio
polybutadienc acrylic acid
polystyrene.

time-of -flight mass spectrometer
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APPENDIX B

DESCRIPTION OF IGNITION TEST APPARATUS

General

As mentioned e-rlicr the five subsystems of the ignition ‘est
apparatus, (ITA) will be described here. A sketch of the ignition
test chamber assembly is depicted in Figure 22. The chamber assem-
bly may be considered as the heart of the ITA, since sample condi-
tioning and exposure to the oxidizer occur there.

In the original design, provision was made for a cam-operated
cutter to slice a thin wafer from the sample surface just after the
sample entered the oxidizer chamber. Hew-ver, since such high temper-
atures were required for ignition and the physical prcperties of the
polymers made them unsuitable for cutting, *k.s feature was abandoned
when problems with operation of the cutter occurred. Another original
feature of the ITA was a gas sampling system which would permit gas
samples to be withdrawn from the smal. encloscd volume near the view-
irz window. The objective here was to remove the .as sample at some
predetermined fraction of the ignition time and analyze the reactant
gases for the mole fraction of fuel present. This feature was not

utii:zed duc to the large experimental variation in the ignition times.

Pressure Vessel Asscmbly

The components of the pressure vessel assembly include the irer.

and oxidizer cylinders, the mating V-flanges togethesr with tke V-clamp,
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and the two end flanges. The two cylinders were fabricated from “ype
317 stainless steel and the other components were fabricated from alloy
steel. The ailoy stecl parts w re heat treated ond then plated - ith
either chromira or nickel for corrosion resistance. During the
tests with chlorine gas the plated parts were pitted siightly by the
extremely corrosive chlorine and hydrogen chioride gas.

0-rings wer: exploved throughcu:i the test chamber assembly for
scaling. O-rings made of a high temperaturs elastomeric cowpound
(Viton A) were utilized, but still the -ring properties were the
limiting factor for hign terperature operation. Even though the
maximunm sustained operating tomperature was limited to about 260°C,
several experiments were conducted at temperatures up to 320°%. 1t
was experimentally determined thct the ITA could be operated with
oxygen at these terperatures for times up tc about one hour without
o-ring failure. How.ver, at thcse conditicns, the c-rings were
severely degraded and »-ring replacement was reg.ired after each
test. Since complete rerlacement of the o-rings in the ignition
charber assembly was rather difficult and time consuming {requiring
realigrment and adjustment <F the kinematic sys™em), only a few

: I
tests were conlucted g% terperatures in excess of 3G0°C.

Thermnl Ceontral System

The thermal control syst = is compos=d of the electricsal heat-

ing coils, thermal insulation, sunsing thernocouples snd two
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temperature controliers. Independent “emperature control is pro-
vided for both the inert chamber and the oxidizer chgmber. Eiectri-
cally insulsted nicnrome wire heating elemsnis are wrapped on the
outside surface of the inert and oxidizer cylinders and the outer
surface of the end flanges. The heating coils are covered with
thermal insuiation and a structural shell is fitted outside this
insulation. Separate thermocouples wonitor the oxidizer and inert
Chamber towmperatures. Two proportional temperature controllers
tkinor Type N-19 and ¥est Model JP-53) compare signals from the
thermecouples with the set point temperature, and control power
reiays which are connected to the heating coils. A single tempera-
ture controller ragulates power to the flange heating coil and the
tylindey heating coil for =ach chasher. A thermal insulator of
gla<z honded mic3 is lucated betueen the V-flanges so that experi-

ments may be csiducted at a fixed temperatu - difference.

Pressure Caoitrol Systes

A schematic diagram of the pressure control system is presented
in Figure 23. This system provides for pressurization and evacua-
tion of the test chamber assembly. It is composed of heiiwm, oxygen
and chlorine supplies; a vacuum pump, and the required tubing, valves
and pressure gauges for controlling gas species and pressure. The
chlerine supply includes a heated water container to raise the
vapor pressure of the chlorine for high pressure tests.

Operations with chiorine gas required several additional safety
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precaution;. An 2xhaust hood wag constructed over the TTA and a
gas mask was available during ail chlorine tests. The waste chlorine
fas was exhsusted intc & tank containing an aqueous sodium hydraxide

solution.

Kinematic Systea

The kinematic sysiem provides for the movement Gf the sample
shaft intc the oxidizer chamber. This system comsists of a pneumatic
cylinder, trigger mechanism, shock absorber, load transferring de-
vice, and the sample shaft. The pnreumatic cylinder {(¥iller Fluid
Power, Model J74, 3 ir. bor2 by 23 in. stroke) was specially modi-
fied for only a 7 in. working stroke. The piston rod of the pneu-
matic cylinder is connectcd fo the sample shaft with a clevis pin
adapter.

The solenoid operated trigger mechanism is ammted on the rod
end of the pnewmatic cylirder and restrains the movabls mass by
engegenent with the cievis adapter when the piston is fully retracted.
The shock absorber is offset to the side of the ignition chaaber
zsssembly (see Figurc 9) and the :celerating force is transferred
from the shock absorber to the sample shaft by a swinging sxm which
is struck by the clevis adapier after the sasple shaft has travel-
ed a distance of five inches., The entire moving mass is decslerated
to zeyo velocity in a distance of two inches. The spozk absorber
is a variable energy, constant force type (Efdyn Corporation, Model

ASA-2-2-PS).
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A brief description the operation of the kinematic system
follows. The wovable mass {piston, piston rod, clevis adapter and
sanple shaft) is fully retracted so that the free end of the sample
shaft is located in the inert chamber. The trigger mechanise is
cocked snd the piston end of the pneumatic cylinder is pressurized
with nitrogen (usually tc about 148 psig). Upon energization of
the trigger solenvid, the movable mass is accelerated by the com-
pressed nitrogen behind the piston. After the movable mass has
traveled fiv: inches the clevis adapter impacts with the swinging
arm assembly and the moving mass is decelerated by the shock absorber
in the last two inches of the seven inch stroke,

The sample travels from its initial position in the inert chazdber
to the burst diaghragm in about 0,014 to 0.030 seconds depending on
the pressure in the chambers. Exposure to the oxidizer gas is
essentially "instantaneous'” {the time taken to shesr the disphragm)

end the entire stroke is completed in asbout 0.12 to 0,15 seconds,

The Instrumentaticn System

The following parsmetexs were recotded by the ifnstrumentaticn
system: inert chamber temperature, oxidizer chamber temperature,
inert chamber prossure, differential pressure between the inert and
¢xidizer chambers, and ignition time. Temperztures were measursd
by thermocouples projecting into each test chambar snd were recordsd
by Brow~ temperature compensated miilivolt recorders. Both the inert

chamber pressure and the differential pressure were messured by
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Wiancke variable reluctance transducers and were recorded by Brown
millivolt recorders. The differential pressure transducer output
was also recorded by a direct writing oscillograpn {CEC Model 5-124).
The\pressure transducers were calibrated electrically prior to
each ruu, and periodically against a precision pressure gauge which
had been dead weight calibrated. The accuracy of the inert ard
differential pressure transducers is estimated to b * 2psi and
+ 0.5psi respectively.

The ignition of thc sample was mcritored »y either, or botk,
of two photodetectors. A photodiods - exas Instruments Type 1IN2175)
which was connected to a small transistor amnlifi- =~ circuit was
utiiized as the principal sensor for all of the igaition experiments.
Tts amplified output was recorded on the oscillograph. The spec-
tral response of this photodiode is presented in Figure 24. The
other photodetectcr, sensitive in the ultraviolet (UV) spectrum,
was a prototype of a device which is currently under development
by Heneyweli, Inc. for use in fire detection applications. This
UV detector is an ionization type detector and is mﬁch more sensitive
thap the photodiode. The spectral response of the UV detector 1is
depicted in Figure 25, and the electrical schematic employed with the
UV detector is presented in Figure 26. Fused quartz windows were
employed in the ITA when the UV detector was utilized. Ignition was
devected by both devices within one millisecond of the same time for
211 tests in which both detectors were utilized.

The beginning of the ignition time intervai was indicated on
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the oscillograph by the actuation of a microswitch. The micro-
switvch was located so that actuation would occur as the sample
entered the oxidizer chamber. The time interval between the actua-
tion of the microswitch and the first indication of a sustained
photodectector signal was taken as the ignition time. A typical
oscillogram of an ignition test showing the detector signals and

the measurement o1r ignition time is presented in Figure I7.
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Start of Sample Shaft

T T = - -

N~

~— Differen*ial Pressure Signal

b T Y . P, = e W L o

[
s

.. Uv Detector Signai =

Ignition Time, t*

t;.:_l__: - . *
’ '—’ r"‘ 0.010 sec

Figur: 27 Typical Oscillogrua from an Ignition Test



APPENDIX C
IGSITION TEST PROCEDURE

The procedures described belov for conduciing the ignilion
tests are similar for the xperiments employing each of the oxidiz-
ing -ises s2d gas mixtures. |

The apororriate polymer sampie was fir t prepared and instal-
feu in the sample holder 2s described earlier, and the ITA was
crecked for cie-ndineus of the interior surfaces and of the coser-
vstie§ wind = the oxidizer end Ilange. The semple holder was
instolled on the sadpie shaft, and the projecting surfsce of the
satple was trimsed with z razor tlads. The sample shaft was thwn
retrected into the inert chamber by sosexcarily pressurizing‘thé
rod end 6f the weumatiz cylinder. The V-flange was asseabled by
iﬁstsiliﬁg tae burst diaphage(s), g-rings 2nd the thersal insniatisn
spacer. The oxidizer ¢nd cap wss next aitached to the oxidizer
cylinder with eight sockest head Cap screws. After commecting the
snvivonmental gas supply iines to each chamber, the chaxber
assexbly was pressurizeé for teak check purposes with inert.éss.
Any observadle leaks were repaired, and the chazmber assombly i/mas
vented 20 cpe ataosphere p cssure. thils the chagberz remained

t atmeszaeric pyessure the pressure instrumcntation wsrs czlibrated



electrically and the temperature recorders were checked to insure
that they were indi-ating the correct room temperaturc. The inert
and 0xidizing chambers and the gas supply feed lines uere evacuated
to & pressure of ons torr or less. The vaccuum pump was isolated
fr3E the chamber asserly by closing the ball valve (see Figure 23)
and the two chembsys uefe individuilly and. simultaneously filled
with inext and oxidizing gas to ome atmosphere pressure. This
{and subssquent) simultaneous filling operstions were performed
by manuslly cofitrolling the metering valves (v <ic chambers in =
sacher to mininize the differential pressure. A metes indicating
the signal fros the differential pressure transduzer was mwxted on
the valve control panel %o permit monitoring of the diffesontial
pressure. Once the chambers had been filied to ons atmosphere, the
A>heetars wers snergized and 3llowed to heat to the predetemined
test teaperature. During heating, the trigger zechanisx was cocked
ad the pheteéstict01s-aere installed and checksd out. Aft?r the
prescrived temporature hed been att2ined in both chambers, the
chanbers wevc aithgf proagtly fiiled to the predetermined test
pressure {aorsal he;tiug) or there was an additional eight minute
waiving period before filling (slow heating)., The chashers were
siowly and simitgnecusiy filled to the test pressure in ths
aforenentionod mannsr minimizing the pressure differearial b:z-
tween chasbers. This filliug rrocess vsuslly raguired about twe
ainutes. The signal from the differemrial prassure transducer was

recerded during the fiiiing process to ensure that ne large pressure
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»1 < crentials occurred which would cause diaphrage danage and
leaka;e betueen the chambers.

For the experiments with nixsed gases in the oxidirer chamber,
both chasbers were filled with inert g»s; to the predetermined
partial pressure. Then the chumbers were individually pressuzized
to the prescrited total pressure with the oxidizing and imert
gases. Mixang of the gzses was accomplished by diffusicn.

Once the proper pressuras had been 2ttained in the chsmbars,
the pneumetic cylinder was charged with nitrogen to about 148 psig,
and 2 final checX was made of all instrusentatior and test comdi-
-:ia#x The fire switch was then scturated, starting the oscillo-
graph snd Rext energizing the trigger relcase solenoid a fraction
of 3 ';t\}tmd later, Afrer s durstion of about twenty sezomrds the
escillngraph was zutomatically stupped by 2 tise delay relay.

After the igaitica t-.%, the chashers were veated o ztar-
sptieric protsure and cocled. The recordod dats was reduced, the
saspie exasinod, and thé ITA was cleapred in preparstion for the

next eost.
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APPENDIX D
POLYMER LONSTITUENTS

The CTPB and PBAA polymers were furnished by the Huntsville
Divisien of Thioku: Chemical Uorporation. The constitueants of both
polymers and for the CIPB-AF prepsllanvy are presented belo: (48).

The CIPB Polymer (Xtix No. D043500) contzins the folloxing ingredients:
IL-454, carboxy terminated polybutadiess; MAPD. tris-(2 methylaziridinyl)
ghosphine oxide; ERLA-0S10, epoxy cusing agemt; -0S, dioctyl sebacte;
and iron linoleate. The CTP3-AP prupelisat (nu Mo, Jas50) contains

the foi!wing ingrudiants in addition v~ the above polymer constituents:
ground and unground amacniu prychlorate; "2"5' buming rste cata-

lyst; and small percentage of sivmimm powder. The FEAA polymer

{(Mix. No. 004501) centains the two ingredients: PBAR; =nd BPARGE, -
Bis-phenciacetone-his-glycidyl sther.

Secausa of both the cimszifiod and proprietary naturs of pro-
peliant formuiatioms, the percentages of cach ingredisnt ara not kaown.
Howsvsr, the msnufactursr of the poiymars is able to provids such
nformmtion to Qutlified vequesters,

The polystyrime sszpies weye cut from :oamezcial polyityvese
vod which i3 aarheted by Westlakes Plastic Ce., lLannl Mills,

Tanusyvivanis undas the tyade nxme of “Rtryolux.”



APPENDIX E

CALCULATION OF IGNITION TIME BY WILLIAMS' METHOD

Willisms (12) his snalyzed the problem of propellant igaition
by heteroganeous reaction and presented a graphical solutioa in terus
ol dimmmsiorless variables for the case of rcro hest fiux to the +'z-
face {i.e. the hypergolic caze). 7The dimensionless time, v, is

defirecd by .
» ((QaY?/T) -8)} ¢
T = ofJo) &P o (E-1)
)%

\ 3
{0 sPsC ’) + {X !p'c'

and the dimensionless jarametor a by

a2 (P s (oI /(o ¥ 0% (e-2)
where

Q = mm%of reaction, cal/g cf oxygen

B = pu-oxpma'thl factor, u’uz-sx
Y_ = initia] mcss fraction cf oxygen in the gas phase,

o
dimersionless

overall o-der of the reaction, dimensionisss

divensionless activation ensrgy, E,“R?e

t = time, sec

sctivation energy, cal/mole

universal gas conctant, c;llnolo"!

O

U-'
]

initial temperature,

111
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b
L

thermal conductivity, cal/cm-sec-%

density, g/ cns

v
[

c

specific heat, calf g-°x

D diffusion coefficient in z3s piugs,(cntnec)

£
snd the subscripts s and g indicate the soiid and gas phezies raspec-

tively.

The results of the mmerical calculations are pyesovaisd in the
graphical form of v as a function of dimonsionless surface tempera-
ture rise (T-‘i‘o)l‘l‘c vith a and B as psrameters for & first order
reaction. In order to compute the ignition time, a and 8 must fiist
be calculated and dwpioyed to dotermine t* from the graphical solu-
tiong, Then t* is computed directly vy Equation E-i.

The calculatior of the ignition time 1s presented beiow for the
following given conditions.

PL A polymsr and pure oxygen gas at 20 atmospheres
an i s33°K. '
d:suyms E = 16 kcal/mols.
Ie Axyzm dengity (concentration) cc..-uted at the above
conditions is o = 14.6 X 10°3g/en".
Computation of a:
The thermal properties of PBAA are taken from Rafevencs (10
p. 361.

A2e,) = 1.3 x 1072 cat/(em)P(se0) *(°R)

The thesral properties of 0, at §33% and 20 atmosphervs

are obtained as follows:
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Ag = 9.8 x 10"s cal/cm-sec-°K. This value is estimated
rom ) » 6.35x10™> cal/cm-sec-°K at 300°K and 1 atm by

the procedure given in Reference 44 pp. 250-251.

c8 = 6.988 cal/mo;e-ox. This value was obtained directly
from Table 14, Reference (49).

Q is calculated from a stoichiometric reaction of 02 and
butadiene
2C H + 110

46 2
wvhere the AHC is the heat of combustion for butadiene

> 6H,0(g) + 8CO, - 2(AH )

Aﬂc = -10.8 kcal/g fuel (Reference 50)

snd

Q = (10.8 keal/g fuel) §—§’%—§—§‘—‘:;§-,—,~,—]

Q = 3380cal/g-vxygen
The diffusion coefficient, Dg, is computed for the sclf
diffusion of oxygen since there is no diluent in the gas
phase.
D = 2.84x10 cn’/sec computed from Equation 16.4-13
of Reforence 44,
above values, © was calculated by cquataun E-2,

a = 8.4

Cﬁayuttiien of 8:

P {16,600
B.?“‘.ﬁﬁ‘étss}.ls.‘

Froma > 6.4 and 8 = 15.1, T is estimated from Figure 2 of Ref-

arence (12).

s 6x10'3
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The ignition time may now be computed from Equation E-1 if & value
of B is chosen. From Reference (15), p. 391, the experimentally
determined pre-exponential factor, QB for a PBAA-AP propellant is

recorded as 6. 7x109

cal/cuz-sec. Employing the aforementioned
value of QB, t* is calculated to be
t* = 0.45x107° .
or roughly seven orders of magnitude from the measured value of about
0.150 sec. Of course, the agmnént may be improved by merely

changing the value of the pre-exponential factor, B.
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APPENDIX F

METHOD OF ESTIMATING !IASS FLUXES FROM
BULK THERMAL DEGRADATION DATA

The bulk thermal degradation of polymers is expressed as mass
per cent cf sample vaporized per unit time. Because the shape and
condensed phase of the sample is unknown it is necessary to assume a
sample shope. In order to mke a conservative analysis, (i.e. predict
a high value of mass flux for a given bulx thermal degradation rate)
a spherical shape is assumed. In addition, the surfece to volume
ratio of a sphere will be further reauced by 2 order of magnitude
to arcount for almost any conceivable shape of the sample and thus
give a highly conservative estimate of the mass flux,

The following sample calculation wi'l illustrate the caicula-
tion procedure.

Assume a mass thermal degradation rate, k

k = 1.25x10 %%/sec.
Now. compute the radius of sphere of polymer having a mass of one
gram.

Msapvsaagnr3
where Ms-mass of sphere = 1 4

p=density of sample, say 1.05 g/cm3
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Vs-volume of sphere, cms. and
r=radius cf sphere, cam.

Solving this equation for, r

r= [:’ 3133 1 (0.221)3cm.

Now the equation for the surface of a spheve, S_ is

s manr?aen (0.221)%/% « 4.66cn}

and one tenth of this area is

(0.1) 5 = 0.466cme.

Write the mass flux, wn, (g/cmz-sec) as

A= (mass of sgggle! (T%5) g/cuz-seb,

s
Thus,

-6
or

w = 0.0215 k.
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APPENDIX G

TABULATED IGNITION DATA

Table 1 presents the experimental data and calcuvlated concentra-

tions for the ignition tests.
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APFENDIX H

MASS SPECTRAL DATA

The Model 12-107 Bendix Time-of-Flight Mass Spectrometer was
operated at the following conditions for all of i:c polymer spec-
tra experiments.

Filament Current: 3.1 amps

Trap Curremt: 0.125 vamps

Pressurc: < 10°° torr

Icn Lens: Off

lon Focus: Maximum gain

Electrcn Energy: 70 volts
Helivm flow rates in the sample inlet system were between 8.5 and
13.1 milliliters per minute for ali samples. The following tabu-
lated mass spectrzl data fer each polymer are preceded by a graph

of tne temperature history of the polymer sample.
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“avle 2 Mass Spectra of CTPB Polywer

Relative Relative Relstive
a/e Abundance n/e Abundance &/2 Abundsnce
Scans 1 and 2 S¢ans 3 and 4 Scans 5 and 6
t f (Cent'd.)
4 100 36 0.50 26 0.3
14 2.20 3? 0.60 23 0.70
15 0.50 38 0.8 23 16.0
16 1.08 39 1.80 29 0.60
17 1.50 40 1.20 32 3.0
18 5.20 41 2.00 36 0.20
26 0.3 42 2.60 39 0.80
27 .40 43 16.8 40 0.25
28 38.0 44 6.60 41 0.60
29 0.70 45 0.25 42 0.60
32 10.5 46 0.25 43 5.45
39 0.25 50 0.65 44 0.40
40 0.50 52 0.20 57 0.30
4] 0.60 S3 0.30 58 1.45
42 0.49 54 0.35 59 0.25
43 3.03 5¢ .80 96 0.29
44 0.50 56 0.60
S8 0.90 57 0.70
S8 8.10 Scans 7 and 8
59 0.40

Scans 3 and 4 60 0.65 4 100
62 0.20 14 1.00

4 00 67 0.40 15 1.00
12 0.7% 69 0.35 16 0.70
13 0.7% 81 0.50 17 2.10
14 4.40 91 .90 18 6.73
15 7.45 Q2 0.35 25 0.35
16 1.90 97 0.50 26 0.40
17 5.20 98 0.30 27 0.30
18 13.3 100 0.25 28 14.0
19 0.3 29 0.70
20 0.25 ky 0.20
24 0.25 Scans 5 and 6 32 5.22
25 0.90 37 0.20
26 1.80 4 190 38 0.25
27 2.8 12 0.25 39 0.40
28 38.0 14 1.00 40 0.60
29 2.3 15 1.65 41 0.50
30 0.20 16 0.40 42 0.50
32 4.95 17 2.30 43 8.90
35 0.20 18 9.78 44 0.70
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Scans 9 and 10
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.00
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Relative
/e  Abundance

Scans 11 and 12

(Cont'a.
79 0.40
80 0.40
81 0.30
82 0.20
83 0.30
84 0.20
8s 0.20
91 0.50
92 0.60
93 0.40
9¢ 0.30
105 0.30
107 0.20
109 0.30

Scans 13 and 14

4 100

14 1.60
15 1.65
16 0.60
17 2.40
18 8.55
26 0.40
27 1.00
28 18.6

29 1.30
31 0.20
32 2.80
37 0.20
38 ¢.30
39 0.80
40 0.40
41 1.50
42 0.55
43 5.75
44 1.30
45 0.20
46 0.20
51 0.20
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Table 2 (Cont'd.)

Relative Relative Relative
a/e Abundance n/e Abundance m/e Abundance
Scans 13 and 14 Scans 15 and 16 Scans 17 and 18
mTdy (Cont’d.) Tonti4d.)
54 0.3 39 0.85 » 0.60
ss 0.60 40 0.30 40 0.3
56 0.60 41 1.00 41 1.20
57 0.60 42 0.80 42 0.70
8 3.50 43 5.90 43 5.3
59 0.3 44 0.85 14 0.90
65 0.20 46 0.20 45 8.25
67 0.70 53 0.40 53 0.20
69 0.40 ss 0.60 sS4 0.30
70 0.3 S6 0.40 SS 0.70
71 0.30 57 0.70 56 0.60
77 0.40 58 3.50 57 0.50
79 0.50 59 0.30 58 3.90
81 0.40 67 0.40 59 0.20
8s 0.3 69 0.35 67 0.40
91 0.3 77 0.3 69 0.40
93 0.20 79 0.30 71 0.2%
97 0.25 80 0.3 72 0.20
105 0.30 83 9.3 74 0.20
107 0.20 85 0.20 75 0.:
108 0.20 91 0.50 81 0.40
115 0.25 93 0.20 9. 0.20
118 0.25 95 0.20 92 0.20
131 0.3 105 0.20 95 0.20
146 0.25 108 0.30

Scans 17 and 18

Scans 15 and 16

4 100

4 100 14 C.80
14 0.80 15 1.15
15 1.50 16 0.60
16 0.50 17 1.95
17 2.25 18 8.48
18 8.70 26 0.40
26 0.40 27 0.50
27 0.80 28 16.9

&2 15.6 29 1.20
29 1.30 32 2.88
32 2.80 38 0.30
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Table 3 ‘tiass Spectra of PBAA Polymer

Relative Relative Relative
u/e Abundance n/e Abundance nje Abundance
Scans 1 and 2 Scans 3 and 4 Scans 7 and 8
(Cont’d.)

4 100 S8 0.5 4 100
14 0.60 56 0.30 14 2%
15 0.40 57 0.50 15 2.52
16 0.25 58 1.45 <17 2.88
17 1.40 62 0.40 18 10.4
18 6.35 26 0.72
27 6.15 27 2.06
28 8.25 $ ns S and 6 28 36.0
29 0.40 - ” .29 2.34
32 1.65 4 100 32 6.85
39 0.20 14 T 2.90 37 0.72
41 0.25 15 1.70 38 1.44
42 0.25 16 1.40 39 4.30
43 2.20 17 3.60 40 1.08
44 0.40 18 12.0 41 2.9
56 0.10 pi] 0.20 42 0.72
S8 0.60 26 9.35 44 1.44

27 ¢.60 45 1.08
28 43.0 50 2.52
29 0.85 St 1.%0
Scans 3 and 4 32 9.05 S2 1.44
36 0.30 SS 1.44

4 100 38 0.30 S6 0.72
12 0.30 39 0.50 s7 2.06 .
14 1.80 40 0.70 52 1.80
15 1.45 41 0.40 62 1.08
16 ~>1.00 42 0.60 63 2.88
17 4.60 43 6.10_ 65 2.52
18 26.0 a4 0.9¢ 89 1.44
26 0.60 45 0.30 90 1.26
27 1.00 51 0.20 91 21.2
28 32.0 55 0.40 o2 2.52
29 1.15 56 v.40 126 3.96
31 0.40 s7 C 40 128 1.03
32 3.50 S8 1.30
39 ¢.50 59 0.30
41 1.00 71 0.25 Scans 9 and 19
42 0.9 B1 0.20
43 6.10 4 100
44 2.50 12 0.30
S3 0.20 13 0.40
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Table 3 (Comt'd.)

Relative

Relative

Relative

we

Abundance

n/e

w/e

R88BERININGELRIRRIGRZRINBIAZIINARIRAARLIR

003“50030930621400001\.42C 1000002011101011

Scans 11 and 12
. |

]

fannnamuunnwwuuuuswﬂnsyssvawaaaﬁuﬁmwmnnnnnw

5”@297

022159

BEATRANIEREZRIARSIIRRIZARAIRIIIZN

0010110010000161030030099000000

L4

Scans 9 and 10
Scans il and 12

lont

NRRRRBENBIRNANRINSS RS R L85 EE

116

[, ]
»d
[, ]

119

 RRRoBR¥BIRNIIZIANELUNRIRARIZIIRRIBI]REY

315414350030031622‘03000001232‘7000011111

Scans 9 and 10
2.70

14

AENRARBRARANERAITVUIIVEILRAAIURERA3885888R
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Cone’4.}

Tekle 3

Relati

’b-

ae

Relative

Abondence

aje

Relative

ale

Scars 13 and 14
TConte.)

Scans 11 and 12
(Cont'd.)

Scansnandn

SRR EE LR

QO.VOOOQO

i

o

-
ﬁ

IRE2RGBRILARIIRRE,RIAEZIR=

mo..az.l.lnaosyS‘eozlSLO‘oooooool‘
i

Scrns 15 and 16

RABITIUIILETARARAG

97
!08
109
132
140
4
i2
14
15
13
17
18
20
6
27
18
2
32

RRRREAKRIARERBINNCBIIBLINIAZIRRBEEINAEIART

1‘182000000! 313700001c1000001000100010000

CRRARURBERMIIERRZ

moozza‘eﬁops-”‘oosaﬂvz

RERSRREASBIRZIVIES

101] 01900100000000

Scans 13 and 14

51
82
83
8¢
85
9
92
33
94
s
%
97
98
99
105
107
108
121

TRRNESRSQERARIAG[AGAN
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Table 3 {Cont’d.)

Relative

aj=

*nce

Kelative

ofe

Relative
sbundance

S5caps 17 and 18

- [Cont*dY

Scams 17 xnd 13

Scans iS5 and 16
{Cont’d.)

ERIARIRIRRAIIISIACIRARAR

06000003&0010000000000

78

RE

?1

RETIVILNDEENEH

&

125
169

RERSFwBRnRASURILSSRRLRRYRARRBIBRAIGRIZRE

GZZB‘602m3004001x419300900021280000000

100

]
12
P 2
35
16
17
18
26
27
25
29
30
31
32
37
38
39
40
.33
42
3
44
&5
50
51
52
53

54
§S
56

LY}

58

S8
61

63

65

67

69

70

SR2.RARIZRNARRIACIRILEAIRRARREIACARSAZ SBILR

21&00600101110@03‘!.-&0000010&99000936000000

AGBBATYEEESRRRRRLBENDISSSNRISRSZBENRTARY
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Table 4 Mass Spcctra of PS Polymer

Relative Rel4tive Relative
a/e sbundance nle Abundance n/e Abundance
Scans 1 and 2 Scans 3 and 4 Scans 7 and 8
(Cont'd.) tid.

4 100 56 0.30 18 5.25
14 0.5 LY 0.55 20 0.11
1S 0.65 S8 1.85 25 0.19
16 0.40 69 ¢.6S 26 0.24
17 0.80 73 0.25 27 0.47
18 3.10 82 0.30 28 39.0
28 12.3 84 0.30 29 0.54
32 2.70 92 0.35 32 7.50
39 0.30 134 0.25 37 0.13
40 0.30 151 0.25 3 0.52
41 0.20 39 0.82
42 0.20 40 0.88
43 2.60 Scans S and 6§ 41 0.49
44 0.40 42 0.35
58 .70 4 100 43 2.73

14 0.80 44 .63
15 0.90 S0 ¢.82
Scans 3 and 4 16 0.45 S1 1.20
17 1.20 52 0.46

4 100 18 5.78 ss 0.27
14 3.00 27 0.2S 87 0.22
 §3 1.60 28 17.6 58 0.82
16 1.50 29 0.30 62 0.22
17 4.10 32 3.7 63 0.2
18 15.9 38 0.20 74 0.27
20 0.50 39 0.20 75 0.33
25 0.40 40 0.50 77 0.95
26 0.70 41 0.25 78 0.95
r{ 1.00 42 0.40 7 0.27
28 55.0 43 3.35 91 1.06
29 1.30 44 0.35 102 0.27
32 8.25 58 0.85 103 1.10
37 0.40 104 2.70
39 0.40 105 1.00
40 Q.70 Scans 7 and 8 106 0.46
4) 0.85 107 0.19
42 0.90 4 100 117 0.19
43 6.80 14 1.95 120 .19
44 2.80 15 0.73
45 0.70 16 0.84
55 0.40 17 0.90
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Table 4 (Cont'd.)

Relative
Abundance

we
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Relative
Abundance
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Table 4 (Cont'd.)

Relative Relative Relative
n/e Abundance /e Abundance n/e Abundance
Scans 13 and 14 Scans 13 and 14 Scans 15 and 16
{Cont"d.) [Cont'd.)

4 100 79 0.72 51 6£.50
12 0.15 86 0.20 S2 2.70
13 0.15 87 0.20 S3 0.45
14 2.78 89 .25 (13 0.50
18 1.05 91 1.45 57 0.65
16 1.20 92 0.75 S8 1.90
17 2.75 97 0.20 60 0.20
18 9.00 101 0.20 61 0.60
26 0.90 102 0.95 62 0.60
27 1.45 103 4.60 63 2.00
28 49.0 104 11.8 64 0.20
29 1.19 108 2.70 65 0.80
32 8.00 11§ 0.20 70 0.30
37 0.40 73 0.40
38 0.80 74 1.20
39 2.50 Scans 15 and 16 75 1.20
40 0.80 76 1.00
41 0.70 4 100 77 3.70
42 0.42 14 3.30 78 4.65
43 5.30 15 1.60 89 0.45
44 2.00 16 1.20 91 1.00
49 0.45 17 3.30 92 0.65
50 2.85 18 10.0 93 0.30
51 4.36 20 0.20 98 0.3
82 1.70 25 0.40 102 1.20
52 0.40 26 1.00 103 6.80
55 0.60 27 2.65 104 15.0
(33 0.35 28 49.0 105 2.80
58 1.6 29 0.95 107 0.30
59 0.20 32 8.00 116 0.20
61 0.40 37 0.70 116 0.30
62 1.05 38 1.10
63 1.35 39 3.10
64 0.40 40 0.95 Scans 17 and 18
65 0.30 41 0.95
73 0.35 42 0.70 4 100
74 1.30 43 $.50 14 2.57
75 0.95 44 2.20 15 0.90
76 0.50 45 0.20 16 1.32
77 2.45 49 0.35 17 2.35
78 4.30 S0 3.50 18 7.80



Table 4 (Cont'd.)

Relative Relative
n/e Abundance /e Abundance
Scans 17 and 18 Scans 17 and 18
(Cont'd.) (Conttd.)

20 0.20 104 7.50

26 0.50 105 1.05

27 1.03 106 0.55

28 $1.0 107 0.20
29 0.92
32 7.70
37 0.55
38 0.62
39 1.52
40 0.74
41 0.63
42 0.60
43 4.80
44 1.50
S0 1.74
s1 3.05
52 1.38
53 0.27
SS 0.40
S6 0.50
57 0.52
S8 1.60
61 0.33
62 0.28
63 0.70
64 0.20
65 0.37
67 0.20
68 0.20
69 0.20
74 0.85
75 0.62
76 0.30
77 2.15
78 2.10
79 0.60
87 0.30
9 0.65
92 0.30
102 0.65
103 2.74



