UNCLASSIFIED

AD NUMBER

AD854123

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; APR 1969. Other requests shall
be referred to Air Force Office of
Scientific Research of The Office of
Aerospace Research, Arlington, VA 222009.

AUTHORITY

st—a afosr 1ltr, 12 nov 1971

THIS PAGE IS UNCLASSIFIED



T = T

e N i o g WA =

AFOSR 69-1250TR

COMPOSITE SOLID PROPELLANT
IGNITION MECHANISMS

FINAL REPORT
APRIL 1969

AD854123

CONTRACT NO. F44620-68-C-0053

:.)’AJ*' °
Prepared for

" THE AIR FORCE OFFICE OF SCIENTIFIC RESEARCH -

OF THE OFFICE OF AEROSPACE RESEARCH ’
UNDER CONTRACT NO. F44620 -68-C-0053

THIS DOCUMENT IS SUBJECT TO SPECIAL EXPORT CONTROLS AND
EACH TRANSMITTAL TO FOREIGN GOVERNMENTS OR FOREIGN
NATIONALS MAY BE MADE ONLY WITH PRIOR APPROVAL OF AFOSR (SRGL).

C ) 0
ﬁ}Z(/]Z:Z;{l\,/ / f( ‘ 27’ 2 ¢ /
/

UTC 2316-FR

5



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY

PRACTICABLE. THE COPY FURNISHED

TO DTIC CONTAINED A SIGNIFICANT
'NUMBER OF PAGES WHICH DO NOT

~ REPRODUCE LEGIBLY.



April 1969

COMPOSITE SOLID PROPELLANT
IGNITION MECHANISMS

Research and Advanced Technology Department
UNITED TECHNOLOGY CENTER
Division of United Aircraft Corporation

Sunnyvale, California

FINAL REPORT

Prepared by
Larry J. Shannon

h
1 export controls and eac
ent 15 subject to specla '

o Tz;itatt;clm:o foreign governments or foreign nationals may be
Lran

made only with prior approval of AFOSR {SRGL).

Prepared for

The Air Force Office of Scientific Research
of the Office of Aerospace Research
Under Contract No. F44620-68-C-0053



FOREWORD

The author wishes to acknowledge the assistance of Mr. J. E, Erickson
in conducting the experimental portions of this program. The research
was performed in the Propulsion Research Branch under the cognizance
of Dr. R. O. MacLaren. The program was under the overall management
of the Air Force Office of Scientific Research, Directorate of Engineering
Sciences, Propulsion Division (Dr. B. T. Wolfson).




ABSTRACT

. This report describes the results of an experimental study of the
thern.al decompostition characteristics of composite solid propellant fuel
components Variations in heating rate, pressure, environmental gas,
and polymer type were studied. Supplementary propellant ignition tests
utilizing arc-imaging furnace and ionization gap techniques were conducted
to obtain imformation relating onset time of a gas-phase reaction to pro-
pellant 1gnition times via radiant heating.
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1.0 INTRODUCTION

-

Composition changes in composite solid propellants have resulted
in < mificant di*fercnces in the ignition and combustion proccsses.“r 2, 3)
The etfects of compositional parameters on propellant ignitability were
evalnated during previous research in which ignition characteristics of
conventional composite solid propellants and model peiymer-oxidizer
composite systems were examined in a shock tube and an arc-imaging
furnace (1) The influence of systematic variations in the binder, oxidi-
zer, catalyst type, metal additives, oxidizer particle size and concentra-
tion, and reactivity at the oxidizer/fuel interface on propellant ignition
characteristics were assessed.

The binder and oxidizer components of the solid propellant exerted
the major influence upon radiant energy ignition cha.: cteristics. In AP
propellants, the minimum initial pressure for achievement of ignition
was 1 function of the binder thermal stability. Propellants formulated
f=om PIB and PU cxhibited minimum pressures for which ignition can be
achieved of 0.4 and 0. 15 atm. These polymers were more susceptible
to endoth¢rmic thermal decomposition than were CTPB and PBAN. As
such, similar CTPB and PBAN pgrepellants have a2 minimum pressure for
ignition of 0. 03 and 0. 06 atm, respectively.

The cffect of oxidizer variation on radiant energy ignition charac-
teristics was explored using a series of perchlorate oxidizers. for pro-
pellants with the same fuel component, 1gnition ease and minimum ignition
pressure were a direct function of oxidizer thermal stability. A PIB-AP
formulation exhibits a minimum ignition pressure of 0.8 atm, while simi-
lar PIB-1AP and PIB-HDP propellants have minimum pressures of 0. 03
and 0.00, atm. respectively.

Knowledge obtained from these studies has clarified some aspects
ot compov~ite propellant ignition, but a multitile of fundamental questions
remain to be answered regarding the chemisiry of the ignition process.
‘The kinetic process is the least understoed because under actual combus-
tion conditions the kinetic details are encumbered by the presence of
hydrodynamic, energy, and mass transport processes. Moreover,
the kinetic mechanism is complex. The decomposition kinctics of the

Parcenthetical superscript number s refer to references appearing
m page 47.
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simplest propetlant ingredients are usually unknown, or known only at
low temperatures.  The rate expressions for the various parts of the
kinetic mechanism are vital terms of the conservation and energy equa -
tions and their boundary conditions which govern the behavior of the
system.  Therefore, accurate kinetic data are requisite for experunen-
tal ignition and combustion data int :rpretation and foi theoretical com-
bustion model refinement.

Based on the present state of knowledge on composite solid propel-
lant ignition and combustion kinetics, there is a serious lack of factual
information on ingredient decomposition processzs under actual ignition
and combustion conditions. The problem 1s cspecially acute in the area
of polymer decomposition.

It seeras likely that the relative rates of competing pyrolysis
mechanisms for polymers arc changed as the temperature and heating
rates increase. Heating rates less than 100°C/min typify most pyrolysis
studies, while in propellant combustion the polymer is hecated at the rate
of thousands of degreces/second. Thus, because of the high-temperature
gradient in combustion, low-temperature »yrolysis reactions do not pro-

ceed to a significant extent and high-temperature reactions are probably
dominant,

The results of conventional bulk polymer decomposition studies
provide an understanding of the parameters which influence polymer
decomposition, but require critical interpretation when applied to com -
posite propellant ignition and combLustion processes analysis. Some
fundamental mechanisms of polymcer decomposition, such as random or
weak-link scisti .. are expectcd to occur at various stages of the ignition
and combustion process, hut their rates and energetics may be markedly
altercd by high heating rates and the presence of solid and gaseous
oxidiz~rs,

The objective of this program was to investigate the decomposition
mechanisms of organic polymers under transient heating conditions. In
the course of the program it was planned (1) to study the factors affecting
iec decomposition of individual represertative polymer systems, (2) to
develop a description of the overall kinetic mechanisms for polymer
degradation under propellant combustion conditions, and (3) to use the
resultant information to foster development of quantitative propellant
ignition and combustion theories.



T TN,

-

tlus

T

2.0 SUMMARY

The thermal decomposition Lharacteristics of composite solid pro-
pellant fuel components were studied using DSC, radiation furnace, and
flash-heating techniques. PIB, PU, and PBDs were selected as represen-
tative fuel systems.

At a heating rate of 10°C/min and 1{-atm nitrogen in the DSC, PIB
began to darken at 225°7 and commenced melting at 240°C. Bubbling
and rapid fume-off occurred from 280° to 360°C, and decomposition was
complete at 410°C. PU was observed to melt at 215°C with fuming begin-
ning at 250°C; decomposition was complete at 400°C. Under similar
conditions, the PBDs did not evidence any decomposition until 300°C
with the major decomposition occur.ing in the temperature range of 450°
to 500°C. The presence of oxygen promoted the decomposition of the
polymers, particularly the PBDs; oxygen also lowered the temperature
zone of decomposition and altered the mode of decomposition.

In the pyrolysis studies performed with the flash tube and radiation
furnace, PIB and PU polymers exhibited a greater weight loss than the
PBDs under equivalent incident energy levels. Following a thermal
induction time, weight loss measurements in the radiation furnace showed
that weight loss increased with heating rate at the same total energy input.
Therefore, surface temperature is apparently the most important factor
in the polymer decomposition reactions under these heating conditions.
PBD decomposition appears to be dependent upon irradiance level, such
decomposition being more endothermic for flash heating tnan for mod-
erate radiant heating.

Supplementary propellant ignition tests utilizing arc-imaging furnace
and ionization probe techniques were conducted to obtain information
relating onset time of a gas-phase reaction to propellant ignition times
via radiant heating. At moderate flux levels (10 to 20 cal/cm2-sec) and
pressures near | atm, ignition and onset times for gas-phase reaction
nearly coincide. As the flux level is increased at atmospheric pressure,
there is an indication of a minimum exposure time for ignition even though
a gas-phase reaction is observed in 2 somewhat shorter time. The time
difference between the gas-phase reaction onset and the i1gnition exposure
time increases at subatmospheric pressure. For successful ignition of
a PU propellant at a flux of 42 cal/ecm®-sec and 0.5 atm, the exposure
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time must exceed approximately 132 msec, even though an ionization
probe signal is noted at 95 msec. These results indicate that the estab-

lishment of a state of reactivity at the propellant surface and in the
adjacent gas phase is a necessary, but not sufficient, condition for ignition.
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3.0 EXPERIMENTAL APPARATUS AND PROCEDURES

A DSC, a radiation pyrolysis furnace, and a flash tube were the
major experimental tools utilized to investigate polymer decomposition.
Propellant ignitability tests using an ionization probe with an arc-imaging
furnace were also conducted.

3.1 DIFFERENTIAL SCANNING CALORIMETER

The DSC used in this study was a Perkin-Elmer model DSC-1{B.
The sample enclosure has a sec-through window permitting observation
during decomposition. Figure | shows the auxiliary instrumentation and
the DSC which has an operating temperature range of 173° to 773°K and can
bz programmed for heating rates up to 80°C/min.

3.2 RADIANT PYROLYSIS APPARATUS

The low-flux radiant pyrolysis equipment illustrated in figures 2 and
3 consists of al-in. OD quartz or Pyrex tube partly surrounded by {1 quartz
lamps of 500 w each. The entire assembly is enclosed by a water-cooled
nickel-plated stainless steel reflector. A graphite samnle hoat which fits
into the tube is machined to hold a fuel sample and a Hv - Cal asymptotic
water-cooled calorimeter. By connecting the Pyrex tube to a suitable gas
supply, experiments can be conducted in a controlled atmosphere. A con-
tinuous gas flow of 30 cm/sec was maintained in all atmospheric pressure
tests to sweep out decomposition products, thereby reducing attenuation
of the radiant flux.

The heating unit is controlled by a variable autotransformer which
suppliecs a maximum of 140 v. A voltmeter and ammecter arc used to
dircctly measure the power input to the lamps. The heat flux delivered
to the surface is measured with a Hy -Cal asymptotic water -cooled
calorimetcr (model C-1302-A-100-004-072).

Polymer samples were preparcd by casting the pulviner solution
into grapﬁitc containers having 0. 625-in. OD, 0.50-in. ID and 0. 25-in.
length. Following curing of the polymer, the graphit. container and cured
polymer were inserted directly into the main sample holder. Pyrolysis
runs were conducted by exposing individual fuel samples for measured
time intervals. Sample weight loss as a function of flux level and expo-
surc time was determined for cach test.

5
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Figure 3.

Sample Boat and Calorimeter for Radiation Furnace
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3.3 FLASH TUBE EQUIPMENT

The flash tube was designed to rapidly heat properly prepared solid
materials via high-heating rates. As shown in figure 4, the flash discharge
system consisted of four essential items: a dc power supply, a capacitor
bank, a starter system, and a flash discharge lamp. The electronic cir-
cuitry used in this flash tube system is conventional except that the power
dissipated through the flash lamp due to the capacitor bank discharge is
essentially a square power pulse. The sample being irradiated is exposed
to a constant heat flux over the duration of the test,

The circuit features inductor/capacitor (L/C) units schematically
shown on figure 4 as Cj for the capacitors and L; for the inductors. The
capacitors (120ufarad) are a laser discharge type and may be charged to
5 kv. The inductors were specially fabricated and are rated at 7. 8 mh.
The present system has the capability of six L/C units. The duration of
the energy pulse is determined by the number of 1I./C units in the circuit.
The flash lamp starter unit is the trigger source, allowing the capacitors
to discharge their energy through the flash lamp and resulting in ioniza-
tion of the gas within the lamp. The capacitors arc charged through a
current-limiting resistor by a power supply continuously variable from
0 to 5 kv. As a safety feature, a capacitor discharge resistor is wired
in parallel with each capacitor through a switch. A more complete dnscrip-
tion of the flash lamp and its operational characteristics is given in the
appendix,

Polymer samples were prepared by casting polymer between NaCl
crystal plates, curing the film, and then dissolvi.g the NaCl in cold water
leaving behind a polymer film. Film thickness was controlled by using a
narrow border of masking tape affixed to one of the NaCl plates. Typical
film thickness was 10 mils. Following dissolution of the NaCl, the result-
ing polymer films were dried, the masking tape trimmed away, and the
film mounted on a cylindrical glass holder of 6-mm OD and {-in. length.
Due to the variation in f{ilm length (0. 6 to 0. 7 in. ) introduced by trimming
the masking tape, the length of the polymer sainple was measured in cach
test. The microtome technique developed by Chcng(4) was also uscd to
preparc a limited number of samples of each polymer. The sample holder
was suspended from the crosspiece in a vacuum bottle of a Cahn clectro-
balance, and a Pyrex tube was placed around the sample. The vacuum
bottle was then lowered so that the sample was at the midpoint of the

flash lamp cavity.

Pyrolysis tests were conducted by exposing polymer

films to various cnergy input rates for a fixed time,

Sample weight loss

as a function of energy input rate and pressure level was determined.
significant differences were noted in the experimental results obtained
with films prepared by the NaCl plate or the microtome technique.

9
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3.4 PROPELLANT IGNITION - IONIZATION GAP TECHNIQULE

Expcriments utilizing an ionization gap technique in conjunction with
ar. -imaging furnace procedures were conducted to determine differences
. the time required to initiate gas-phase reactions for various propellant
systems. Figure 5, a schematic of the ionization gap equipment, shows
tL. clectric circuit and the physical placement of the probe in the furnace
test chainber., Standard arc-imaging furnace test procedures“) were used
for these tests. A 200-v potential was maintained across the 0.5-mm air
gap. Ignition tests were conducted by exposing individual propellant sam-
ples to various energy input rates and recording the time to initial deflec-
tion of the ionization probe signal and the ignition time (go/no-go criteria).

i1
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4,0 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 POLYMER DECOMPOSITION - DSC TESTS

Decomposition studies were conducted on PBAN, PU, CTPB, and
CTPIB. These polymers had been used in previous propellant ignition
studies.(1) DSC traces for the binder systems are shown in figures €, 7,
and 8 for | -atm nitrogen, air, and oxygen. Tables I, II, and III summarize
the highlights of the DSC traces. In a nitrogen environmenti and at a heat-
ing rate of 10°C/min, deccomposition of PIB first resulted in droplet forma-
tion on the viewport at 150°C. The polymer began to darken at 225°C and
to melt at 240°C. Melting was completed at 270°C; bubbling and rapid
fume-off vccurred from 280° to 350°C, Decomposition was complete at
410°C.

PU was observed to melt at 215°C with fuming beginning at 250°C;
decomposition was complete at 400°C.

Undcr similar conditions, the PBD polymers did not evidence any
decomposition until approximately 300°C. The PBAN-EPOXY de¢composi-
tion produced droplet formation on the viewport at 300°C. Darkening
occurred at 375°C, rapid fume-off from a liquid-solid sample followed at
450° to 475°C, and decomposition was completed at 500°C. With the PBAN-
MAPO binder, darkening was noted at 325°C and continued over the tem-
perature range of 350° to 400°C. Rapid fume-off from a liquid-solid
sample occurred at 470°C, and the reaction was complete near 500°C.
The CTPB binder displayed initial decomposition and sample darkening at
310°C, extensive darkening near 400°C, rapid fume-off near 470°C, and
reaction completion near 490°C. A small residue (0. 05 mg) remained in
all the PBD decompositions.

As can be secn in figures 7 and 8 and tables Il and III, changing from
nitrogen to anair or ox: jen environment has a significant influence on binder
dccomposition. This is most clear in the case of the PBD polymers. The
prescnce of oxygen shifts the entire decomposition range to lower tempera-
tures and apparently alters the decomposition mechanism.

In the air environment, the decomposition of PIB and PU are not
appreciably altered from their behavior in nitrogen. However, for PBD
initial decomposition is observed at 200°C; a reduction of approximately
100°C compared with the initial decomposition temperatures in nitrogen.

13
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Polymer

PIB

PU

PBAN-
EPOXY

PBAN-
MAPO

CTPB

TABLE 11

POLYMER DECOMPOSITION - DSC TESTS

{-atm Air, Heating Rate 10°C/min

200° to 250°C

250°10300°C 300°t0350°C  350°to400°C

Darkening-225°C
Melting-240°C

Melting-215°C

Condensation and
darkening-200°
to 220°C

Condensation and
darkening-200°
to 225°C

Darkening-204°C

Bubbling
and fuming

Limited

fuming

Black-
250°C

Increased
condensation

Extensive -

fuming

Bubbling -

and

condensation

- Limited

decomposi-
tion*

Black- Limited

300°C decomposi~
tion¥*

Black- Condensation

350°C and decom-
position*

*# At completion of run, sample had original shape but was black and
charred. Residue was hard and brittle.
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At completion of the decomposition runs with the PRD, the samples were
found to have maintained their original shape but were black and charred,
and the residue was hard and brittle.

When oxygen was used as the environmental gas, the initial decompo-
sition temperatures of the PIB and PU were decrcased approximately 25°C.
In addition, these polymers did not melt completely as they had in nitrogen
and air, but instead a carbonaceous residue was formed at 350°C. At the
completion of the tests, a residue comprising 8% to 10% of thec initial
sample weight remained in the pan. With PBDs in oxygen, initial decom-
position was noted at 190° to 200°C. Sample charring began at 350°C and
a residue comprising approximately 30% of the initial weight was found at
completion of the tests. Tests were also conducted at 0.5 and 0. { -atm in
nitrogen, air, and oxygen. No significant shifts were noted in the decom-
position temperatures of the polymers as a function of pressure.

The obscrvations of the DSC results compared with the data for the
rapid heating of polymeric fuel binders reported by investigators at the
University of Utah prove interesting. Using a convective heat-flux furnace,
Baer(5) has reported an endothermic reaction at 350°C for a PBAA binder
with nitrogen at 760°C and 7.7 atm. Cheng reported that PBAA polymer
vaporization occurred at 510°C with some endothermic reactiun taking
place around 400°C at 7. 7-atm nitrogen. (4) In the presence of oxygen at
450°C and 0.85 atm, Cheng noted that an exotherm occurred at temperatures
more than 100°C below those at which an endotherm was observed during
heating in nitrogen at the same pressure. These temperatures, particularly
for the PBD polymer, are in reasonable agreement with the temperatures
noted in the DSC tests reported herein.

4.2 POLYMER PYROLYSIS - RAPID HEATING CONDITIONS

The flash lamp and radiation furnace were used to simulate polvmer
decomposition under a heating ratce typical of a propellant ignition and
combustion environment. Carbon (3 to <4 wt-%) was mixed into the polymer
formulation to render the test samples opaque to thermal radiation,  Flash
pyrolysis studies were conducted in vacuuin, nitrogen, air, and oxygen
environments. Flash duration, defined as the time betwéen the 1/e peak
power points on the oscilloscope trace of the radiant output versus power
input (see the appendix), was maintained as a constant. Heat {lux was
varied by changing the charging voltage to the capacitor bank. Sample
weight loss was determined as a function of encrgy input rate, pressure
level, and environmental gas.

The radiation furnace vas utilized to obtain information on polymer
degradation at flux levels intermediate between the DSC and flash lamp
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heating rates.  In the radiation furnace experiments, the heating rate was
mazintalned as a constant and the exposure time was varied. Sample weight
loss was determined as a function of heating rate, exposure time, and

- ciironmental gas. Nitrogen, air, and oxygen were used as test gases.
) . x t» purge velocity of 30 cm/sec was employed in both the flash lamp and
x radiation furnace tests at atmospheric pressure to minimize clouding of the
oo test chamber and subsequent attenuation of radiant energy. Under vacuum
" conditions in the radiation furnace, a black residue was deposited on the

Pyr« a tube shiortly atter the onset of decomposition. Decomposition tests
in vacuuln were limited to low-flux levels because of excessive radiant
» energy attenuation by this residue at high-flux levels.

Figures 9 through 13 summarize the decomposition data obtained in
ncutral environments in the flash lamp and radiation furnace. The flash
lamp data refer to vacuum conditions, while the radiation furnace data refer
to vacuum and nitrogen at {-atm pressure. In the flux ranges studied, it
was noted t! 4t a linear relation resulted when data were presented in the

. form of total incident radiant energy per unit area versus weight loss per
g unit area.* The slope of gsuch a plot can be identified as the effective hecat
of decomposition, Ahggr. The lines representing the individual data points
in the figures are the best-fit lines obtained by least-mean-squares tech-
niques, assuming that an equation of the form Q = a + Aheffw provides a
valid description of the data. In this equation Q = cal/unit area, a = con-
stant, Ah g = cal/unit weight, and w = weight loss/unit area. Table IV
summarizes the correlating equations for the various polymers.

RRA YA

Several aspects of overall polymer decomposition can be noted from
the flash lamp and radiation furnace data.

A. Weight loss is slightly higher under vacuum than at {-atm
nitrogen pressurc in the radiation furnace.

B. The PIB and PU polymers exhibit a greater weight loss than
the PRDs at equivalent incident encrgy levels.

E“ C. A thermal induction time occurs in the radiation furnace
with a small rate of weight loss for short exposures which
increases rapidly as exposure time is lengthened. Weight
loss data show that at the same total energy input, the

AT T

* A thermal induction fime exists at the flux levels characteristic of the
radiation furnace and this correlation was only applicable for exposure
times exceeding the induction time.
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TABLE IV

CORRELATING EQUATIONS FOR POLYMER DECOMPOSITION

Polymer Test Mode
PBAN Flash lamp
Radiation furnace
Radiation furnace
CTPB Flash lamp
Radiation furnace
Radiation furnace
PIiB Flash lamp
Radiation {furnace
Radiation furnace
PU Flash lamp

Radiation furnace

Radiation furnace

Pressure

Vacuum
Vacuum
I -atm Nitrogen

Vacuum
Vacuum

f -atm Nitrogen

Y mvsssamn
Yyausuuite

Vacuum

{-atm Nitrogen

Vacuum
Vacuum
f-atm Nitrogen

27

cal/cmz-sec

Equation

D

9 +
97 +
i1+
44 +

600 w
500 w
516 w
482 w

10. 25+705 w

102
103
52

\’a
0
-+

3 +
87 +
45 +

10 +
54 +
104 +
64 +
56 +

+570 w
+596 w
+572 w

N
[F)
(=]
2

516 w
520 w
560 w

542 w
540 w
460 w
510 w
490 w




weight loss increases with the heating rate. Surface tem-
perature is apparently the most important factor in the
pvrolysis reactions.

D. The effective heat of decomposition of the PBDs seems to
be dependent upon the heating mode. In the flash heating
tests, PBAN exhibited a Ahg,¢ = 600 cal/gram while in the
radiation furnace Ah,gr ¥ 500 cal/gram. Under similar
conditions, Ahgrr for CTPB was found to be 705 cal/gram
and = 585 cal/gram. The PIB and PU binders exhibited
little or no dependence of heating mode on Ahgy.

In a nitrogen or air environment at atmospheric pressure, carbo.
and soot generation cncurred in the flash pyrolysis tests. Within the
accuracy of these tests and considering that the incident radiant beam
attenuation could not be eliminated entirely by the gas purge, no significant
shifts in weight loss occurred with {-atm nitrogen at low energy levels.
Typical data for PBAN, PIB, and FU are shown in table V.

Carbon and soot generation are also somewhat dependent on the
incident energy level. In the case of PIB polymer with 1-atm nitrogen, a
grey smoke typical of vacuum decomposition was obscrved at cnergy levels
below 3.0 cal/cm?. Above this level, black smoke and soot began to appcar
in the decomposition gases and at 3.6 cal/cm® soot was extensive. For the
PU polymer, black smoke and noot began to appear at 3.6 cal/cm?. The
PBAN polymer formed soot at all energy levels and large quantities of
carbon and soot appeared at energy levels above 2.5 cal/cm‘)‘. In the
presence of air, PBAN generated extensive quantities of black smoke and
soot at all energ; 1levels, and above 3.6 cal/cm? the test chamber was
coated with a black deposit.

In contrast to the flash pyrolysis data, radiation furnace tests with
1 -atm nitrogen did not result in carbon or soot formation, cxcept for a
small amount from PU after long exposure. Microscopic examination of
the PBAN, PIB, and CTPB surfaces following exposure showed no evidence
of char formation. The PIB polymer had completely melted, but the PBAN
and CTPB melting was limited to a thin surface layer. Char formation was
noted on the PU surface after about 5 sec of exposure.

The substitution of air for nitrogen (1 atm) in the radiation furnace
did not produce any significant change in the weight loss of the PBAN,
CTPB, or PIB. Representative data for the PBAN polymer are given in
table VI. At most, a slight increase in weight loss may have occurred,
but it was within experimental error and not deemed significant. Micro-
scopic examination of the polymer surfaces following air exposure did not
disclose any important changes from corresponding nitrogen tests.
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TABLE V
L
‘ COM’ARISON OF POLYMER WEIGHT LOSS IN VACUUM

) : AND 1 -atin NITROGEN ENVIRONMENTS

o (Flash Lamp Tests)

by

z Weight Loss Input Energy
Poi mer Gas Environment mg/cm‘2 cal/cm
PBAN Vacuum 2.1 3.8
A

3 2.7 4.2

3.0 4.4

{-atm Nitrogen 2.1 3.9
g 2.7 4.2
3 3.0 4.4
PIB Vacuum 2.1 3.1
'1 3.3 3.7
! 3.4 3.8
4.0 4.1
- { -atm Nitrogen 2.1 3.2
o 3.3 3.5
4 3.4 3.8
. 4.0 4.2
PU Vacuum 2.3 3.4
3 3.1 3.9
b{ 3.4 4.0
S 4.8 4.7
# 1-atm Nitrogen 2.3 3.4
' 3.1 3.9
. 3. 4,2
; 4.8 4.6
o
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TABLE VI

COMPARISON CF POLYMER WEIGHT LOSS IN NITROGEN

AND AIR ENVIRONMENTS

(Radiation Furnace)

Wt. Loss Encrgy Flu
Polymer Gas Environment g/in. cal/in.” cal/cm -sec

I S S I ¢ Mo st e L TN

30

. PBAN i-atm N2 0.307 295 4.
0.396 325 4.
: 0. 425 354 4,

0.50 382 4.
0.515 423 4.
1-atm Air 0.336 300 4.
0.40 330 4,
0. 45 359 4.
0.56 384 4,
1-atm N2 0. 059 79 9.
0.24 141 9.
0.54 263 9.5
{-atm Air 0. 059 78 9.
0. 20 147 9.
0.51 265 9.




In the case of PU, the air environment increased the weight loss and
arerhedly altered the polymer surface structure. Microscopic examination
showed o e formation on the surface after 1 sec of exposure at an incident
flux of 9.5 cal/umé-sec. Small clumps of a powdery, red material were

i #lso noted on the polymer surface. The material was determined to be
iron oxude, from: which the char formation appeared to originate, probably
r¢ ulting from the oxidation of a cure catalyst, ferric acetylacetonate. The
dugree of surface covered by the char increased with exposure time until
the surface was nearly covered by a char layer at 3 seconds. Beneath and
between the char areas, the PU surface had a molten-glassy appearance.

When oxygen was used as the test gas, ignition or flaming of all the
polymers occurred in both the flash pyrolysis and radiation furnace experi-
ments. Ignition was noted at oxygen concentrations of the order of 1 x 1073 glcc
in the {lash lamp. This corresponds closely with the limiting oxygen con-
centrations found in previous ignition work using shock tube tec,hni(llues
(3 x 10-3 g/cc for polymers and 1.5 x 10-3 g/cc for propellants).( )

The dependence of soot formation on incident radiant energy level
and pressure observed in the flash pyrolysis experiments indicates a
change in the basic mechanism of polymer decomposition or a shift in the
controlling process. Since diffusion is retarded with increased pressure,
the pressure effect is probably due in part to increased thermal cracking
cf the initial polymer decomposition products occasioned by increased
residence time in the hot zone near the polymer surface.

The occurrence of a heating rate effect on the polymer decomposition
products in associated with residence times, local temperatures, and
resultant shifts in dominant decomposition modes. In experiments of
gradual or stepwise temperature increases typical of DSC, secondary
reactions of the products of lower temperature reactions occur. Low tem-
perature pyrolysis rcactions are the key processes under these conditions.

Irradiances typical of the radiation furnace are in an intermediate
range, and high-temperature mechanisms begin to exert more influence.
Some secondary reactions are expected, particularly at the lower flux
levels and loenger exposure times. The char formation noted with PU at a
heating rate of 4.5 cal/cm?-sec after 5 sec is an example.

. At intense heating rates characteristic of flash pyrolysis, high~

/ temperature reactions are dominant. Flash pyrolysis studies on cellulose

: liave shown that the amounts and kinds of volatiles produced by flash heat-
ing differ markedly from those resulting from slower hecating rates. (6)
The average we:ght of the products is much lower at high heating rates;
flash heating simply breaks the cellulose into smaller pieces. The same

, phenomenon has been noted when coal is flash heated.
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The observation that decomposition of PBDs apparently becomes more
endothermic via flash heating indicates that the PBDs probably behave in a
similar manner. The relatively low meltinz points of PIB and PU (240°C
and 215°C, respectively) may be the prime reason that these polymers
behave differently and do not become more endothermic when flash heated.
The PIB and PU may decompose primarily by a vaporization process while
the PBDs undergo more of a surface pyrolysis.

4.3 FPROPELLANT IGNITION - IONIZATION GAP

The ionization gap experiments were conductedto obtain information
relating the onset time of a gas-phase reaction to propellant ignition times
via radiant heating. The propellants used were similar to those studied
in previous research on solid propellant ignition. (1) Table VII summarizes
the results of the tests using the ionization probe. The time to first deflec-
tion of the ionization probe signal is taken to be thetime requiredto establish
a gas-phase reaction.

At moderate flux levels (10 to 20 cal/cm‘a—sec) and pressures near
1 atm, ignition time and gas-phase reaction onset time nearly coincide.
Propellant heating time dominates the ignition process in this range of
pressure and external flux. As the flux level is increased at atmospheric
pressure, there is some indication of a minimum exposure time required
to achieve ignition, even though a signal is noted from the ionization probe
at a somewhat shorter time. When the irradiance level is high, energy
deposition is limited to material very near the exposed surface with a
resulting high surface temperature. Whether or not flame persists after
cessation of exposure will depend upon the mean relaxed temperature in
the solid. Flaming is sustained only when sufficient energy has been sup-
plied to produce a minimum relaxed temperature in a slab of thickness, £ ;
it is necessary to partially establish the steady-state thermal wave in the
solid. If the exposure is terminated prior to establishment of this condition,
thermal feedback from the incipient flame does little more than offset heat
losses. The manner of flux termination would be important in this flux-
pressure range. Ryan and Baer in their recent theoretical studies have
investigated the influence of the igniter flux termination on propellant
ignition. (7) At low flux levels, a trapezoidal pulse requires more energy
than a sharply terminated pulse, mainly because ignition occurs before
the flux decreases. At high flux levels, the trapezoid flux form recquires
less energy for ignition.

As the pressure is reduced below atmospheric, the time differences
increase betwecn the initial signal from the ionization probe and the mini-
mum exposure or ignition time. For successful ignition of the PU pro-
pellant at a flux of 42 cal/cm-sec and 0.5 atm, the exposurc time must
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TABLE VII

IONIZATION GAP DATA

Time of Furst

Deflection of Propellant
Ionization Probe  Exposure
Pressnre Flux Signal Tune
_{’_ygl)__g’_“-’m‘ _atmn cal/u_}'_l""-soc msec msed
puU (81" (I1] 15 208 540
'
bimodal AR) 5 209 225
30 - 80
125 180
0175 140 210
05 160 290
- 120
25 170 290
01 190 260
1 200 520
30 200 {, 260
{0 42 70 85
70 105
70 80
05 90 135
95 165
95 115
95 145
0 110 270
01 42 112 830
PIB (81% 1.0 15 224 520
bimodal AP) {5 225 230
10 30 190 215
- 110
- 155
0 75 - 250
270 280
268 275
05 + 350 460
30 350 815
1o 42 133 190
42 130 325
33

Ignition
{go/no-go)
“o
3o
10-50
go
go
g€o
no-go
go

no-go, ignited but went
out at termination of flux

no-go, ignited but went
out at terminationof flux

no-go, flame started but
decayed

go

no-go, flame started but
decayed

go, pauscat shutter close
3o

no-go, flame started but
decayed at shutter close

go, pause atshutter close

no-go, flame started but
decayed at shutter close

no-go, flame started but
decayed at shutter close

go
go
go
no-go
no-go
no-go
go
go

no-go, ignited but went
out al terminationof flux

no-go, 1gnited but went
out at terminationof flux

go
go

525
565
190
580
615

630
630

523

523
523

595
610
610

610
655

661

334
335
610
470
550
700
735
733
830

830

735
730




TABLE Vil

IONIZATION GAP DATA (Continued)

Time of Lkirst

Deflection of Propellant
Ionization Probe Exposure
Pressure Flux Signal ‘Time Ignition AT
Propellamt  _atm - calfem®osec | weec o msec eofnozgn) e
42 - 120 no-go -
075 - 120 no - -
186 200 ra-go #50
110 300 go. gradual rise in probe 860
stgnal with pause at
shutter close
05 1 190 420 no-go 860
01 42 205 2,000 no-go -
' 05 75 50 00 go 765
? 48 50 no-go 750
CTPB (84% 10 15 kT 480 go 412
bimodal AT) 15 - 300 no -go -
1.0 42 120 470 20 700
0.8 125 120 go T
- 190 no-go -
0.t 92 150 420 #0 T65
05 30 150 280 o 550
: 150 180 go, pause at shatter ¢lose 550
. : - 120 no-yo -
: 0.1 240 780 o -go, tgnted but went 90
1 out at terminationof flux
t 30 250 1,020 no-go, ignited bui went 700
: out at terminationof tux
PBAN (84% 1.0 15 253 510 go 756
bimodal AP) 10 30 110 130 g0 465
- 95 no-go 435
0.5 o 200 30 465
; 120 go 465
‘ 110 115 no-ga, tgmited but died 165
30 - 95 no-go 435
1.0 42 85 135 ju. IOMentary pause 575
at hattep cloce
90 190 2o 495
05 f 75 420 i) -
01 42 95 1,500 no -go, gnited but died 600
at shutter closce
’ 10 75 20 25 go 500
18 22 go 473
) <0 18 no-go, signal started 500
34 but decayed
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exceerd approsimately 132 insec, even though an ionization probe signal is
Loted at 95 msec.  The calculated propellant surface temperature is approx-
iniately 875°K at the time of the initial ionization probe signal. This sur-

cuct temperature is atleast 100°Kabove typical propellantignitiontemperatures.
in this flux-pressure regime, the incipient combustion wave is again quenched
if the external flux is terminated too soon.

With a further pressure decrease toward the minimum initial pres-
sure for ignition achievement at any flux level, ionization probe signals
are noted, even though ignition cannot be achieved for infinite exposure
time. TChus, ezven though propellant surface temperatures are high enough
to generate products, energy release at the surface and in the gas phase
from chemnical reaction cannot support incipient ignition in the absence of
external energy. Therefore, the establishment of a "state of reactivity"
at the propellant surface and in the adjacent gas phase is a necessary, but
not sufficient, condition for ignition.

These resutts indicate that p.opellant ignition cannot be achieved
unless the following conditions are simultaneously satisfied: (1) the reactive
composition is within the limits of flammability, (2) the temperature of
the system is above the ignition temperature, (3) a critical reaction velume
is formed in the gas phase, (4) the stecady-state thermal wave is at least
partially established in the solid, and {5) the pressure is above the ignition
pressure limit for the particular propellant.
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5.

-

D.
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B.

Data obtained by the ionization probe technique and the arc-imaging
furnace demonstrate that the establishment of a ''state of reactivity' at the

R R R e 2 T Tpr

5.0 CONCLUSIONS

POLYMER DECOMPOSITION

The thermal decomposition mechanism of polymer materials
changes with the heating rate.

PIB and PU decomposition at low heating rates typical of
DSC occur after melting of the polymer, while PED decom-
position appears to involve a limited liquid state.

At low heating rates, oxygen clearly promotes the decom-
position of the polymers, particularly the PBDs. The
presence of oxygen alzo lcwers decomposition temperature
and alters the mode of decomposition.

At the"i.nt‘érmediate flux levels produced by the radiation
furnace, PU pyrolysis involves a liquid layer during initial

‘decomposition, but at longer exposure times a carbonaceous

residue is formed. In contrast, PIB and the PBDs undergo
total'pyrolysis. '

" Surface temperature is apparently the most important

factor in polymer decomposition reactions at the moderate
flux levels characteristic of the radiation furnace.

All polymers studied volatilize comvletely at the intense

: heating"r‘ate‘_s characteristic of flash heating.

'PPD décamposition appears to be dependent upon irradiance
level, such decomposition being more endothermic when
flash heated.

[

" PROPELLANT IGNITION

propellant surface and in the adjacent gas phase is a necessary, but not
sufficient, condition for ignition.
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{.0 FLASH LAMP SY{" M

Flash lamp systems have been very useful in the fields of photography
as light sources, as weil as energy sources for flash photolysis and flash
pyrolysis systems. In this l-tter sence, a flash lamp system has been
constructed for use in polymer decomposition investigations.

In simplified terms, the operation of a flash lamp system involves
storing electrical energy in a capacitor storage bank where it is available
to be converted to radiant energy by ionizing a gas in a gas-tilled tube.

The energy pulse is triggered by an appropriate electrical circuit which
provides a high-voltage spike that initially ionizes the gas. Typically, the
wave shape of the vnergy pulse is similar to that of a discharging capacitor,
i.e., a very fast rise time followed by an exponentiai decay. The duration
of these pulses varies from microseconds to 1 or 2 msec. The energy
pulse from the flash lamp system used has been shaped by the use of
inductors placed in series with each energy storage capacitoc. The result-
ing wave shape is essentially a square pulse of energy with Jurations of
from 8 to 13 msec depending on the number of energy storage capacitors
employed.

The assembled flash lamp system is shown in figures 14 and 15; a
schematic of the electrical circuit is given in figure 4. The capacitors
used are a Sangamo Laser Discharge-type, each rated at 120u farad and
R %<v. The inductors specially produced by Tranex, Incorporated
were designed to have ratings of 7.8 mh, and were limited to a resistance
of 0.2 ohm each.

The lamp used was a PEK model XE 5-3793. The lamp is filled
with Xenon gas and the case is would as a spiral to maximize the heat
flux in its core. The lamp is a five-turn helix with a 1-1/4-in. ID and a
4-in. height. The trigger source for the lamp, built by PEK, is capable
of generating a high-voltage pulse variable between 30 and 50 kv with a
duration of less than bpsec. A voltage pulse of 30 kv has been sufficient
to consistently trigger the lamp.
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2.0 SYSTEM OPERATION

Therc are two principal parameters which control the operation of
the fiish lamp system: (1) the total system capacitance and (2) the charging
voltage. The capacitance influences the flash duration, while the charging
voltage affects the level of the luminous heat flux. The capacitors are
mountcd in two chest~-type cabinets and are accessible through hinged tops.
There are a total of six capacitors, four of which are permanently wired
into the circuit for proper shaping of the energy pulse. The remaining
two can be individually switched in or out of the cirruit with knife switches,
as required.

The capacitor charging power supply is mounted in a console which
is adjacent to the capacitor cabinets. It has a variable output of 2 to 5 kv
at 0.7 amp and has a dc voltmeter on the front panel used to monitor the
charging voltages. About 0.5 min is required to charge the capacitors to
5 kv. Ordinarily, the power supply is switched off after charging the
capacitors so that they will not be recharged immediately after flashing
the lamp. The capacitor bank will remain charged for several minutes
without leaking any appreciable amount of charge. Both the capacitor
cabinets and the control console are mounted on casters permitting mobility
of the entire system.

For operation the lamp is initiated by closing a momentary-contract
handheld switch which is connected to the PEK trigger source. At a BNC
connector on the front of the trigger source cabinet, a sync pulse of 20 v
is provided for triggering external monitoring equipment. The lamp itself
is enclosed in a sheet metal box to protect operating personnel from the
intense light.

Since there is sufficient energy stored in this system to be fatal to a.
person, safety has been a prime concern in the construction of the equip-
ment. A resistor bank is installed in the system, operated by a relay, so
thut the capacitor bank can be discharged without firing the lamp, if that
is necessary. In addition, it is used after firing the lamp to discharge any
residual charge on the capacitors and is also used autoinatically through
interlock switches on the capacitor cabinet tops when pc forming any
manual operations on the capacitors.
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3.0 SYSTEM CHARACTERISTICS

The available luminous heat flux from the lamp was mecasured by a
technique described by Kuebler and Nelson. Measurements were made
to characterize the radiant output of the lamp as a function of charging
voltape on the capacitor bank.  In addition, measurements were made of
the flash duration for various numbers of capacitors in the energy storage
system by photographing the oscilloscope display of a photocell which
monitored the optical intensity of the flash. The pulse duration is defined(9)
as the time lapsc between the /e points of the energy pulse as determined

from the oscilloscope display. The measured pulse durations are shown
in table VIII.

TAV LI VI

FLASH LAMP MEASUREMENTS

No. of Capacitors: ' Pulse Duration
in Storage Bank - ' msec
4o 8.4
s - o 10. 6
6 w125

‘The results of the incident cnergy calibrations are shown in fig-
ures 16 and 17, Figure 16 shows the total energy/cm& incident upon the
radiometer, while fignre 17 shows the average heat {lux incident upon the
ridiomerner during the flash.  Although the incident heat flux is of the order ....--
of 200 to %OQ,_&_al_/'cm,a,-sec, the total energy absorbed by the radiometer
is only 2 to 4 cal/cme. '

Three diff(:i'cnt.ﬂparamcters are shown on the total energy plot cor-
responding to the number of capacitors in the system, but when the pulse
duration is considered in the radiant encrgy plot, the resultant flux is a
function of the voltage alone and is independent of the capacitance. Thus,
it 15 possible {o achieve a constant heat ["ux for varying times by varying
'\'!w_mnnl')(‘l‘ of capacitors in the circuvit and maintaining the voltage at a
constant Tevel, Conversely, since the flash duration is determined by the
number of capacitors, it is possible to maintain a constant flavb duration
white vorving the heat flus by changing the voltage to the capacitor bank,
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The maximum flash duration using the current system is 12.5 msec.
There is no reason, however, that this maximum could not be extended by
adding additional capacitor~inductor units to the circuit.
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