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ELEVENTH SEMINAR PROCEEDINGS
PREFACE

. Mosz of you are awanre that. the 10th Seminan of this senies was held Last yearn in Karlsnuhe, .
jointly with the 16th International 1CT-Jahrestagung 1985 Meeting whose theme was pyrofechnics,
under the auspices of the Fraunhofer Institut fir Treib- und Explosivstodfe. 1L was a most
success ful Seminar, probably the Largest international event to date in the field of pyrotechnics.

Next yean, the 12th Seminar 0f this senies will be held at Juan Les Pins, combined with the
3nd International Conference of the "Groupe de Travail de Pyrotechnie Spa,tw,(’_e" This Seminar,

48 anticipated fo be a tremendous success; 1 am aware of many U.S.A, .md,w.cdzm,& that are: abw.ady
- making thein plans and preparing papenrs.

This is very good, and the Steering Committee {orn these Seminars is delighted that the deci-
sion to hold alternate-year Seminans outside of the U.S.A. has proven s0 successful. One key
concern, however, that has been expressed by many participants of these Seminarns, was. that this
will dilute the participation, paticularly-from non-U.S.A. individuals, at the biennial U.S.A.
Seminans -that have been held every even-numbered year since 1968 in Colorado. 1 was hoping that
this would not prove to be the case, but the indications s0 far are that we have indeed suffered,
Ain papers contributed (particularly §rom Europe and Asia) and, although it is s£illL premature fo
determine, attendance at the 11th Seminar. 1.hope that 1 am wrong and that we have an excellent
attendance and twly international participation at Lhis Seminar.

. However, this matter will be discussed at this Seminar; one aLte/ma,twe would: be %o Amead

. these Seminans back %o a biennial basis, including both the U.S.A. and non-U.S.A. Seminans. 1

hope that it does not come o this; 60(1/1. yeans between Seminans in the U.S.A. would hurnt the .

U.S.A. participants.badly and compel many of- them %o. seek other-meand of participation, including
non-pyrotechnic meetings. But if.we are to continue these Seminarns in Zhe U.S.A. every two years,
and intend Zo maintain the international aspect of them, it will be essential that participants

frrom outside of the U.S.A. make greater effornt to contrnibute papers and attend the Seminarns in
the U.S.A. Therefore on. behalf of the Steering Committee for these Seminars, as well as the

International Pynotechnics Society, 1 urgently beseech each and every one. of .you that attend this
Seminar, or read these Proceedings, and upec,wﬂ.j Af you are a non-U.S.A. memben of the Society,
o make the extha . effont that is needed to improve our international participation in the U.S.A.
in 1988. . Contact your colleagues, as well as” other pyrotechnics-interesits organizations Lin yowr
country. Provide me with the information and we will contact them and include them on owt mailing
List. . Let us stant even now 2o plan for 1988.

Rega/z.dcng this Seminan, this Proceedings contains 55 manuscripts §rom ton countries: Austra-
Léia, Canada, China, England, France, Germany, Japan, Sweden, U.S.A., and U.S.S.R. Approximately

one-third are 6/zom outside the U.S.A. We hope that the non-U.S:A. attendance at this Seménar
will include many more countries. Seven papers were withdrawn and about eight that ate not in
the Proceedings will neverntheless be presented. Today, May '30th, I have inserted the Last manu-
senipts into the Proceedings, with no Little agghivation o our’ Remoduc,aon Department, as they
had just -met their deadline for completeing the printing and collating. These Proceedings con-
stitute a formal pubLication of yowr paper. Please try hander to submit manuscripts by the spe-
cified deadline, which I.have made:as Liheral as possible. 1t 4s Lmpontant that attendees of the
ﬁe’”‘"‘” as well as future -readens of these Proceedings, have access Zo a,&e of Zhe paperns at the
. Seminan. -

Thank you all for a,ttend,mg this Seminar, and especial thanks to the authons of these papers
without which: we would not have this Seminar. 1 also wish-to thank my Steering Commitiee for the
Seminar for theirn Lnvaluable help, pamcu!.a/uey Bob Blunt who continues. £o be the power behind
the scenes to make sure that 1 follow his exemplary tradition in these Seminars.: My thanks also.
Lo my colleague at TITRI, Jim Ausiting, who has been of tremendous -help..in the many tasks associg-
fed with the p/LepafLa,twnA and execution of this Seminar. = .

Allen J. Tulis
Chairuman -

JULY 1986 IIT RESEARCH INSTITUTE
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LE SYSTEME INTERNATIONAL (SI) d'UNITES

James L. Austing
IIT Research Institute
Chicago, I1linois USA 60616

This manuscript is an outgrowth of a discussion on systems of
units at the Ninth International Pyrotechnics Seminar (1984), and
presents a brief discussion on the advantages and use of the SI System
in particular. 1In addition, selected values of fundamental physical
constants and conversion factors of interest to those scientists and
engineers engaged in pyrotechnics and explosives research,
development, and production are tabulated. It is the hope of the
author that this manuscript will spur increased utilization of this
System of units.

UNIT DEFINITIONS

There are seven basic units and two supp]ementary units for which
names, symbols, and precise definitions have been established, and
from which all other scientific units in use with the SI System are
defined. The basic and supplementary units are listed in Table 1.

The first seven (the basic units) represent physical measurements,
while the latter two in essence are geometrical.

The basic and supplementary unit definitions are all formulated
on fundamental scientific phenomena and/or previously accepted
standards. These definitions are adequately summarized in the
references in the Bibliography, and thus will not be repeated here.
However, note that in Table 1 the symbol "kmol" for kilomole has been
included for the amount of substance. This term, previously referred
to as the kilogram mole, corresponds to the mass measured in
kilograms, whereas the term "mol" corresponds to mass measured in
grams. Thus, in this manuscript all terms that are proportional to
the amount of substance, such as concentration, Avogadro number, and
universal gas constant, have been defined in terms of the kilomole.



In this manner, these quantities are fully consistent with the
remainder of the system,

In recognition of the fact that some SI units may not be
convenient for some applications, special units from other systems
have been incorporated into the general framework of SI. These are
defined in Table 2. As an example, chemical engineers engaged in
processing are accustomed to reporting time as hours or days, and such
usage is permitted as long as the symbols and definitions are adhered
to .

SCIENTIFIC UNITS

In order to adequately define the measurement of physical and
geometrical quantities in science and engineering, a number of
scientific units derived from the basic and supplementary units
discussed above have been developed. Some of these scientific units
that would be of interest to the pyrotechynics and explosives
community are listed in Table 3, along with the special names and
symbols that have been assigned to a number of the quantities.

The adaptation of these scientific units into the technical
community represents a formidable challenge, particularly in the
United States which has sustained a long-established usage of the so-
called English system of units (pound mass, pound force, pound per
square inch, foot, British thermal unit, etc.). In particular,
intuitive grasp of the SI unit of pressure (Pascal) presents a most
serious difficulty. The author has found the following approximation
rules to be helpful:

R

100 kPa = 0.1 MPa 1 atm

14

15 psi

Thus, as an example, a pressure of 15 MPa is approximately 150 atm, or
about 2250 psi. Conversely, a pressure of 3000 psi is about 200 atm,
or approximately 20 MPa = 20000 kPa. Alternatively, scientists and



engineers from outside the United States who have been accustomed to
reporting pressures in kg(force)/cn@ would find the following most
helpful:

I

100 kPa = 0.1 MPa 1 atm

1 kg(force)/cm?

14

SI PREFIXES

The scientific units defined in Table 3 represent the consistent
units with respect to the entire SI system. However, some of these
units are not adequately representative of real physical quantities
encountered in scientific practice. For example, it has been known
for years that electrical capacitance is better expressed in
microfarads (wF) rather than in farads (F). Similarly, the SI unit of
pressure (pascal) is physically a very small quantity, and hence the
kilopascal (kPa) is recommended for common usage. For such reasons,
multiplicative prefixes ranging from 10718 to 10*18 have been
proposed, and are summarized in Table 4. It should be observed that
these prefixes are in multiples of 1000, and that they represent the
recommended usage. Thus, for example, the centi (10'2) prefix in use
with the centimeter-gram-second system of units is discouraged, except
for those rare instances wherein one of the recommended prefixes will
not give adequate meaning to the unit in question.

The basic purpose of the prefixes in Table 4 is to bring a given
dimension to intuitive grasp. A few simple examples will serve to
illustrate the point. The first was actually illustrated previously
to describe the expression of pressure in kilopascals rather than in
pascals. As a second example, suppose a given explosive charge has a
density of 1.5 g/cm. 1In SI units, this density is 1500 kg/m, which
unfortunately has the connotation of an enormous quantity of
material. However, the same density can readily be expressed as 1.5
Mg/nﬁ, which numerically is the same as the value in grams per cubic



centimeter. For a third example, consider a detonating cord having a
core loading of 10 grains/foot. This represents linear explosive
loading of 0.00213 kg/m, which is difficult to comprehend. However,
the same loading expressed as 2.13 g/m is easily visualized.

For some applications, direct use of the above multiple or sub-
multiple units will simplify computations. Some of these combinations
are presented in Table 5. The first set represents the basic SI
System. Investigators engaged in condensed detonation work would find
Set No. 5 very convenient. Electrical engineers could readily apply
Set No. 2, 4, 7, and 8 to their computations.

ADVANTAGES OF THE SI SYSTEM

Practically all of the previous discussion could be interpreted
as representing advantages of the SI System. However, apart from what
has been stated previously, it can be concluded that the well-defined
set of symbols eliminates confusion that can arise in the technical
literature of different disciplines. A simple example of this is that
energy, heat, and work are all represented by one unit, viz., the
joule. Hence, the factor termed the "mechanical equivalent of heat"
is not needed within the SI framework.

The system is coherent. Hence, equations using SI units require
no conversion factors. For instance, the gravitational constant so
often seen in engineering formulas is not needed in the SI System.

FUNDAMENTAL PHYSICAL CONSTANTS
AND CONVERSION FACTORS

Fundamental physical constants in terms of SI units are tabulated
in Table 6. Those quantities that are proportional to the amount of
substance are reported on the basis of the kilomole, in order to make
these constants fully consistent with the remainder of the system.

In Table 7, a number of factors are presented to convert a given
unit to its SI equivalent. In each case, the selected quantity is
multiplied by the factor to convert it to the SI value. In



constructing this table, the factors that are not exact values have
arbitrarily been rounded off after 7 significant figures, which should
be adequate for most computations. Such a table, of course, cannot be
comprehensive; however, it is belijeved that sufficient information has
been provided for the computation of factors not specifically
included.

SUMMARY

Details not discussed in this manuscript can be found in the
publications referenced in the Bibliography. These references survey
the development of the SI System, define the various units, and
discuss the numerous rules for proper implementation of SI.' The
references included in these publications plus the publications
themselves form the current literature in this field.

BIBLIOGRAPHY
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Table 1

BASIC AND SUPPLEMENTARY SI UNITS

OF MEASUREMENT

Measurement

length

mass

time

electric current
thermodynamic temperature
amount of substance

Tuminous intensity

plane angle
solid angle

Unit
meter
kilogram
second
ampere
kelvin
mole
kilomole
candela

radian
steradian

Symbol

kg

mo1l
kmo1l
cd

rad
sr

Table 2

SPECIAL UNITS INCORPORATED
INTO THE SI SYSTEM

Measurement Unit
time "minute
hour
day
plane angle degree
" minute
second
volume liter

Symbol

min

h
d

Definition

60 s

3600 s
86400 s
(m/180) rad

(1/60)° =
(m/10800) rad

(1/60)' =
(n/648000) rad

0.001 m




Table 3

SCIENTIFIC UNITS IN TERMS OF
THE SI SYSTEM

Special
Measurement Name of Unit Symbol
absorbed dose gray Gy
acceleration -- m/ s
activity of a radionuclide becquerel Bg
angular acceleration - rad/s?
angular velocity -- rad/s
area -- nf
capacitance (electrical) farad F
charge (electrical) coulomb c
concentration (molar) -- kmol/m
conductance (electrical) siemens S
density (mass) -- kg/m
dose equivalent sievert Sv
energy, heat, work Jjoule J
energy (molar) -- J/kmol
energy (specific) - J/kg
energy flux, irradiance - W/l
entropy -- J/K
entropy (molar) - J/ (kmo1°K)
entropy (specific) - J/(kg+K)
force newton N.
force constant, impetus - d/kg
frequency / hertz Hz

Definition

d/kg

3/ (nf +s)



Table 3, continued

Measurement
heat capacity (molar)

i1Tuminance

impulse, momentum-+:

inductance (electrical)
kinematic viscosity
Tuminance

Tuminous flux

magnetic field
strength

magnetic flux
magnetic flux density
mass diffusivity

mass flux

moment of force

moment of inertia-{:

moment of momentum-{:

permeability (magnetic)
permeability (porous solids)
permittivity

potential (electrical)

Special
Name of Unit

Symbol
J/(kmo1°K)
1x
N°s
Pa°s
H
/s
cd/nf
Tm

A/m

Wb
T
/s
kg/ (- s)
Nem
kg-n?
kg -t /rad?
kg-u?/s

kg*nf/(rad-s)

H/m
v
F/m

Definition

cd sr/nf
kgem/s
N-s/m2
Ves/A



Table 3, continued

Special

Measurement Name of Unit Symbol Definition
power watt W J/s
pressure, stress pascal Pa N/ P
radiant intensity - W/sr --
resistance (electrical) ohm Q V/A
scaled distance -- m/kgl/3 -
scaled impulse - Pa-s/kgl/3 -
specific heat - J/(kg*K) --
specific impulse - N-s/kg --
spectral radiant intensity - W/ (sr-m) -
surface tension -- N/m -
temperature (Celsuis) degree Celsuis °C t=T-273 .15K
thermal conductivity - W/ (mK) --
thermal diffusivity - n? /s --

_{: _— Nem -
torque :

- N-m/rad -
velocity - m/s --
viscosity - Pa‘s kg/(m*s)
volume (molar) -- m /kmol .-
volume (specific) - nplkg -

wave number - 1/m -
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Prefix

atto-
femto-
pico-
nano-
micro-

milii-

kilo-
mega-
giga-
tera-
peta-

exa-

Table 4

ACCEPTABLE PREFIXES IN THE SI
SYSTEM OF UNITS

Symbol

a

f

Meaning
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Table 6

VALUES OF SELECTED FUNDAMENTAL PHYSICAL CONSTANTS

IN TERMS OF SI UNITS

Quantity

Avogadro constant
Boltzmann constant
Faraday constant

Gravitational acceleration
(at w/4-rad latitude)

Gravitational constant
Planck constant

Radiation constant, first
Radiation constant, second
'Standard pressure

Standard temperature
Stefan-Boltzmann constant
Universal gas constant

Velocity of light in vacuum

Symbol

Na
K
F

Value

6.022045 x 102% (kmo1)~1
1.380662 x 10723 Jg/K
9.648456 x 107 C/kmol

9.80621 m/s?

6.672 x 10”11 N-mP/kq?
6.626176 x 10734 J-s
3.741832 x 10710 wen?
0.01438786 m'K

101325 Pa

273.15 K

5.6703 x 1078 W/(nf k%)
8314.41 J/(kmol°K)
2.997925 x 108 m/s




Table 7

13

CONVERSION FACTORS FOR SELECTED UNITS TO SI UNITS

Selected Unit

angstrom
atmosphere
bar (10% dyne/cn?)

British thermal unit
(International)

British thermal unit
(Thermochemical)

Btu (Int.)/1bm

Btu (Int.)/(1bm-°R)

Btu (Int.)/sec
Btu(Int.)/(sec:ft?)

Btu (Int.)/(sec-ft:°R)
calorie (International)
calorie (Thermochemical)
cal (Int.)/g

cal (Int.)/(g*°C)

cal (Int.)/sec

cal (Int.)/(sec:cm?)
cal(Int.)/(seccm°C)
centimeter (cm)
centipoise

circular mil (cir.mil)
cylindrical mil

curie

SI Equivalent

Multiplicative
Factor

m
Pa

Pa

J/kg
J/(kg*K)
W
W/
W/ (mK)
J
J
J/kg
J/(kg*K)
W
W/ P
W/ (mK)
m
Pa-s
f
m

0.1 x 1079
101325.0
100000.0
1055.056

1054.350

2326.000
4186.8

1055,056
11356.53
6230.646

4.1868

4.184

4186.8

4186.8

4,1868

41868.0

418.68

0.01

0.001

0.5067075 x 1072
12.87037 x 10715
37.0 x 109
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Table 7, continued

Selected Unit

SI Equivalent

Multiplicative
Factor

darcy n?
degree Rankine (°R) K
dyne N
dyne/cm N/m
electron volt J/kmol
erg (dyne*cm) J
fluid ounce m
foot (ft) m
£t , P
ft2/sec e /s
ft3 P
ft-1bf N*m
fte1bf/1bm J/kg
ft/1bmt/3 m/kgll3
ft/sec m/s
ft/sec2 m/ s
f£3/sec /s
ft-1bf/s W
fluid ounce (US) m
gallon (US) mw
gamma - T
gauss T
grain kg

grain/ft kg/m

0.9869233 x 10712
1/1.8

10.0 x 107
0.001

96.4846 x 10°
0.1 x 1070
29.57353 x 1070
0.3048
0.09290304
0.092903 04
0.02831685
1.355818
2.989067
0.3966977
0.3048

0.3048
0.02831685
1.355818
29.57353 x 1070
3.785412 x 1073
1.0 x 1072
0.0001

64,79891 x 1070
0.2125949 x 1073



Selected Unit

gram/cnﬁ

horsepower
(550 ft*1bf/sec)

inch

kilogram force (kgf)
kgf'm

kgf/cnf

lambert

maxwell

mho

micron

mi1 (0.001 inch)
mile (U.S.)
mile/hour

millimeter, mercury
(273 .15 K)

millimicron
nautical mile
oersted
ohm*(cir.mi1)/ft
ounce (mass)

ounce (force)
ounce (force)-*inch
pint (US fluid)

pound force (1bf)

Table 7, continued

SI Equivalent

kg/m?
W

Pa
cd/nf

Wb

m/s

Pa

A/m

kg

Nem

15

Multiplicative
Factor

1000.0

745.6999

0.0254
9.80665
9.80665
98066.5
10000/
10.0 x 1077
1.0

1.0 x 107
25.4 x 1076
1609.344
0.44704

133 .3224

1.0 x 1079
1852.0

79.57747
1.662426 x 1079
0.02834953
0.2780139
7.061552 x 1073
0.4731765 x 1073

4.,448222



Table 7, continued

Multiplicative
Selected Unit SI Equivalent Factor
pound force/foot N/m 14.59390
pound force/inch® (psi) Pa 6894.757
1bf-sec/1bm N-s/kg 9.806650
pound mass (1bm) kg 0.4535924
pound mass* foot? | kg'm? 0.04214011
pound mass/foot kg/m 16.01846
pound mass/(ft-sec) Pa°s 1.488164
pound mass/(ftZ-sec) kg/ (m?s) 4.882428
pound mass/sec kg/s 0.4535924
psi-sec/1bmt/3 Pa-s/kgl/3 8973 .538
quart (US Tiquid) w 0.9463529 x 1073
rad Gy 0.01
rem Sv 0.01
second (sec) s 1.0
shake s 10.0 x 1079
slug (US) kg 14,59388
e‘ton (2000 1bm) kg 907.1848
torr Pa 133 .3224
watt:hour J 3600.0

yard m 0.9144




CHARACTERIZATION OF THE MOISTURE ABSORPTION BEHAVIOR
OF TiHy/KC10y

Albert Attalla and Pu Sen Wang
Mound Facility*
Monsanto Research Corporation

Miamisburg, Ohio 45342

ABSTRACT
The moisture absorption and desorption behavior of the

TiHp,65/KC10y and TiHq g5/KC1l0y pyrotechnic powders are being
investigated by mass balancing and nuclear magnetic resonance (NMR)
spectroscopic techniques. Moisture absorption and desorption rates have
been determined at various points between 50 and 100 percent relafgvé
humidities (% RH). Below 92% RH, appreciable moistﬁre is no longer
absorbed by these'systems. There is a factor of 5 greater moisture
absorption at the 95% RH level than at the 92% RH level (0.14 wt. % versus
0.686 wt. % for TiHg,g5/KC10y). The rate of moisture absofbtion is
much slower (Y4 days to absorb ﬁaximum amount of moisture) than the rate of
desportion (20 minutes for complete desorption). There is also a large
difference in the magnitudes of proton spin-lattice relaxation times (T1)
(211 milliseconds for TiHgp, K g5/KCl0y and 600-850 ms for
TiH  g5/KC10y).

*¥Mound Laboratory is operated by Monsanto Research Corporation for the

United States Department of Energy under Contract No. DE-ACO4-T6~DP00053.
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INTRODUCTION

The pyrotechnic blends of titanium subhydride and potassium
perchlorate, TiHg,¢5/KC10y and TiHq K g5/KC1l0y, were developed to
provide desirable electrostatically insensitive and reliable ignition
properties as heat source materials. Ignition of these powder blends
usually takes place by hot-wire stimulation in a packaged component. Any
incompatibility between the ingredients of the pyrotechnic powders énd the
ignition wire can cause failure of the powder to ignite. In combination
with moisture, the pyrotechnic blend can form corrosive substances which
can destroy the integrity of the ignition wire, causing the device to
fail. Thus, it is important to know the laboratory conditions under which
thesé materials can be prepared and handled without introducing
undesirable levels of moisture into the system. The present investigation
was undertaken to elucidate the moisture behavior of the pyrotechnic
blends and to provide the necessary information for conducting the

manufacture of reliable components.

_ EXPERIMENTAL

The proton spin-lattice relaxation times of the titanium subhydrides
were determined using a Bruker B-KR 323s 4-~100 MHz pulsed NMR spectrometer
operating at a frequency of 45.7 MHz and a magnetic field strength of 10.7
kilogauss. Free induction decéy (FID) signals were collected at varioﬁs'
pulse delay times (1) using the m (2.88 usec), 1 (1 msec-5sec),
/2 (1.36 psec) pulse inversion recovery technique (1). Eight scans
were éveraged at each 1 setting using a Nicolet Model 1074 Instrument
Computer and a Biomation Model 8100 Transient Recorder with a 100 MHz
sampling capability (0.01 usec sémpling interval). This instrumentation
was necessary to capture the short-lived (715 useé) proton NMR signals
of the subhydrides. A repetition time of 10 seconds was employed between
each series of pulées to allow the protons-to relax.

The FIDs were photographed using a Tektronix C-59 Oscilloscope
Camera. Figure 1 gives an example of a typical series of FIDs used to

calculate T4, thé spin-lattice relaxation time. A vertical line is



drawn between the maximum and minimum peaks and the distances between the
FID corresponding to a 1-value of 10 seconds and all the others are
measured in millimeters and the data are plotted (Figure 2) as the natural
logarithm of these distances versus the corresponding 1 settings. The
slopes of the straight4line plots give the T4 values directly.

The absorption of moisture by the Tin/KCIOu samples was
conducted at room temperature (20 + 1C) in sealed 150-mm i.d. desiccators
containing either distilled water (100% RH) or saturated aqueous solutions
of the following salts: Mg(NO3)5.6Hp0 (51% RH), KC1 (84% RH),
NaBrO3 (92% RH) and anhydrous NapHPOy (95% RH). All salts were
Baker reagent grade chemicals. The titanium subhydride/potassium
perchldrate blends were vacuum (250 microns) dried at 115C for 90 hours to
a constant weight (6.4827 g and 5.9674 g, respectively;-for
TiHp,5/KC10y and TiHq, 5/KClOy). The samples were handled in
KIMAX brand widé-mouth weighing bottles (25 x 40 mm) with ground glass
stoppers. Mass changes were recorded using a Mettler Model AE 163

analytical balance.

, DISCUSSION

- The nuclear magnetic resonance behavior of protons in the titanium
subhydride/potassium perchlorate blends can contribute information in
regards to hydrogen stoichiometry and to the presence of certain types of
impurities. The most useful NMR parameters here are the proton
spin-lattice (T4) and spin-spin (Ty) relaxation times. Tq is very
sensitive to the presence of paramagnetic impurities thch allow efficient
relaxation of the protons. Tq is also very sensitive to hydrogen |
stoichiometry above x = 1.6 (2). Knowledge of Ty is also necessary to
determine the pulse repetition rate in accumulating a series of FID
signals for increasing the signal to noise ratio and for obtaining the
maximum instrument response. To is related to atomic mobility. The
protons in the titanium subhydrides are fixed in a rigid-lattice that
severely restricts the motion of the protons. This is evident in the
short-lived (715 microseconds) FID signals obtained for both TiH g5 and

TiHq 5. Since the T1 values (see Figure 2, 211 milliseconds for
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TiHg.g5 and 600-850 msec for TiHq,g5) obtained for the Mound samples
agreed very closely with those determined by Korn (2), the purity of the
Mound samples is similar to Korn's, who started with high purity titanium
sponge, then hydrided; degassed, and rehydrided the pure métal. In
conjunction with standard reference samples, measurement of Tq and T»
relaxation times can be used as a quick check of the stoichiometry and
purity of the titanium subhydride samples. Measurement of the amplitude
of the proton FID signals can be used to determine the proton content of
the subhydrides.

Many interesting and important physical characteristics of the
TiHg,65/KC1l0y and TiHq,g5/KC10y pyrotechnic systems were observed
during the study of their moisture absorption and desorption behaviors.
After a 120-hour exposure to an atmosphere of 95% RH, these materials lost
all their absorbed moisture (0.63 and 0.72 wt. %, respectively) within a
20-minute exposure period to the laboratory atmosphere (730% RH) and 20C,
see Figure 3). The actual weights of these air-dried samples varied from
their vacuum oveh—dried weights (6.4827 g and 5.9674 g, respectively, for
TiHg, g5/KC10y and TiHy 5/KC10y) by only a few tenths of a
milligram. Several other significant observations revealed that these
pyrotechnic systems require a relatively long exposure time (see Table 1)
to absorb their maximum equilibrium content of moisture. Also the rateﬂof
desorption (Figure Y4) was found to be dependent on the initial moisture
content. No appreciable moisture was found to be absorbed either at the
relative humidities (10-50%) attained in the laboratory during the period
of these experiments 6r below 92% RH (see Table 2) in the sealed
desiccators. In fact, there is a factor of 5 greater moisture absorption
at the 95% RH level than at the 92% RH level (0.14 wt. % versus 0.686 wts.
for TiHg,kg5/KC10y). The implication follows that these materials can
be maintained in a'dry state simply by storing in a desiccated chamber
rather than an oven. This method of storage will- guarantee no moisture
pick-up at the highér relative humidities hormally found in the laboratory
and will reduce the chance of any chemical reaction occurring in the

stored pyrotechnics at elevated temperatures.
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CONCLUSIONS

It has been demonstrated that NMR can potentially be applied to the
quality control (stoichiometry and sample purity verification) and to the
gquantitative determination of the hydrogen and titanium subhydride
contents of metal hydride pyrotechnic materials. It has been revealed
through moisture absorption and desorption studies of the
TiHg,65/KC10y and TiHq g5/KC10y pyrotechnic systems that moisture
absorption is relatively slow compared to moisture desorption and that no

appreciable moisutre is absorbed below 92% RH
REFERENCES

1; T. C. Farrar and E. D. Becker, "Pulse and Fourier Transform NMR," Academic
- Press, Inc., New York, N. Y., 1971, pp 20-22.
2. C. Korn, Physical Review B 28, 95 (1983).
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TABLE 1

MOISTURE ABSORPTION BY TiHg g5/KCIO4 AND TiHq g5/KCIO,
PYROTECHNIC BLENDS FOR VARIOUS EXPOSURE TIMES
IN 100% RELATIVE HUMIDITY AT 20°C

EXPOSURE MOISTURE ABSORBED
TIME WT %
DAYS TiHg g5/KCIO4 TiH; g5/KClOy
0.7 0.241 0.246
1 0.420 0.389
0.669 0.610
4 0.916 0.856
TABLE 2

MOISTURE ABSORPTION BY TiHg g5/KCIO4 AND TiHq g5/KCIO,
PYROTECHNIC BLENDS IN VAROUS RELATIVE
HUMIDITIES AT 20°C

RELATIVE EXPOSURE MOISTURE ABSORBED
HUMIDITY TIME WT %

% DAYS TiHg g5/KCI04 TiH g5/KCIOg4

51 4 0.011 0.005

84 3 0.014 0.007

92 7 0.137 0.111

95 5 0.686 0.595

100 4 0.916 0.856



SIGNAL AMPLITUDE
ARBITRARY UNITS

l 1 ] i 1
0.0 5.0 10.0 15.0 20.00
TIME, us

Figure 1. Nuclear magnetic resonance free induction decay signals
for the determination of the proton spin-lattice relaxation time (T4)
in the TiH4 _65/KCIO4 pyrotechnic powder at 45.7 MHz, using the
Inversion Recovery Method (r, 7, 7/2 sequence).
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FREE INDUCTION DECAY SIGNAL AMPLITUDES

LOGARITHMIC SCALE, ARBITRARY UNITS

T1 =211 ms

TiH{ g5/KCIO4

T, =600 ms

T1 =850 ms

TiH g5/KClOy4

I l I _ I I |
0.1 0.3 0.5 0.7 0.9 1.1 1.3

TIME, SEC

Figure 2. Plots of the Proton Free Induction Decay Signal Amplitudes in TiHy g5/KCIO4 and
TiHq g5/KCIOg4 as a Function of Delay Time, T.
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Figure 4. Plots of Moisture Weight Loss as a Function of Time by the Titanium Subhydride/
Potassium Perchlorate Pyrotechnic Blends After Exposure to 100% R.H. at 20°C for 1 Day

and 4 Days
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THE PROPERTIES AND REACTIONS OF THE
BORON~POTASSTIUM NITRATE PYROTECHNIC SYSTEM

P Barnes and T T Griffiths
RARDE, Fort Halstead,
Sevenoaks, Kent, UK.

E L Charsley, J A Hider and S B Warrington
Stanton Redcroft Ltd,
Wimbledon, London, UK.

ABSTRACT

Compositions containing boron and potassium nitrate have been used for
many years in .the UK as high altitude primings, as delays and for
rocket motor ignition.

Temperature of ignition, combustion calorimetry and time to ignition
experiments have been performed on compositions containing between 5%
and 70% boron.

The temperature of ignition was measured on an ignition DTA unit. For
samples heated in atmospheres of static air and flowing argon the
temperature of ignition falls as the percentage boron increases.

The maximum exothermicity measured by combustion calorimetry in 1l atm
of argon occurs at 20% boron which is in reasonable agreement with
17.6% based on the simple reaction equation:—
2B + KNO, ——> B,0, + %N, +K

The volume of gas evolved fell rapidly as the percentage boron
increased, the 20% boron mix produced 100.7cm®g’ which is in excellent
agreement with the theoretical value of 99.6cm®g”’ . Combustion
calorimetry experiments were also performed in 30 atm of oxygen. Over
the range 15%2 to 45% boron there was a linear increase in the
exothermicity with increasing boron content. Incomplete combustion
occurred with the mix containing 50% boron. The residues from several
of the combustion calorimetry experiments in both argon and oxygen
were examined by X-ray analysis but identification was difficult due
to the presence of glassy material.

Times measured during rapid heating of the sample in flowing argon
either by placing it in a heated furnace (Time to Ignition) or by
using infrared radiation (Infrared Heating) yield similarly shaped
curves when plotted against percentage boron. The ignition time for
samples heated in static air on the Time to Ignition apparatus fall
with increasing boron content.

Performance tests to determine burning rates and ignitability (by a
gap test) of compositions containing between 5% and 70% boron were
carried out. The most ignitable and fastest burning compositions were
found to be those containing between 30% and 50% boron.
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1. INTRODUCTION

High altitude boron-potassium nitrate primings with boron at the 30%
and 507% levels have been used in the UK for a number of years. 1In
addition to their original purpose these compositions have been used
as delays and for rocket motor ignition. The compositions have the
advantages of being easy to manufacture and very flash receptive. They
have the disadvantages of being impact, friction and electrostatically
sensitive and somewhat hygroscopic.

The results from a number of thermal characterisation tests performed
on a series of boron-potassium nitrate compositions are reported in
detail. Burn rate and ignitability (gap test) determinations have also
been made. In another paper (Ref 1) a comparison of the results from
these thermal characterisation and performance tests for eight binary
systems including boron-potassium nitrate has been made.

2. MATERTALS AND MIX PREPARATION

2.1 Materials Used

The boron used was amorphous grade 2 to CS 5507A with a Fisher
sub-sieve size in the range 0.6-1.0um.

The potassium nitrate used was to Def Stan 68-63/1 SC4.

2.2 Method of Mix Preparation

Both ingredients were dried at 105 + 5°C for 3hours before use. The
boron was sieved through a 63um sieve and the potassium nitrate
through a 120um sieve, The pyrotechnic compositions were prepared in
10g or 50g batches by sieve mixing.

Two series of 10g mixes were prepared, the first series contained 5%,
15%, 25%, 30%, 35% and 45% boron, the second from 10% to 25% boron in
2.5% increments. A third series of 50g mixes containing 5%, 10%, 15%,
20%, 25%, 30%, 40%, 50%, 60% and 70% boron was also prepared. In
addition the first series included two mixes, containing 30% and 50%
boron, prepared using washed boron. The washing of boron removes
surface oxide which tends to increase the hygroscopicity of the boron.

3. RESULTS AND DISCUSSION

3.1 Thermal Tests

3.1.1 Temperature of Ignition

Temperature of ignition measurements were carried out using an
ignition DTA unit described previously (Ref. 2). Determinations were
carried out using 50mg samples in flat bottomed quartz crucibles 6mm



in diameter and 20mm long. Thé samples were heated at 50°C min™' in
argon at a flow rate of 500cm® min'or in static air. The results are
given in Table 1 and shown in Figures 1 and 2. With the exception of
the 5% boron mix, ignition was given in all cases. Following the
melting of the nitrate at about 340°C, the runs showed a single well
defined exothermic reaction. In the lower boron content mixes, a
shoulder was observed on the leading edge of this peak and increasing
the boron content of the mixes gave ignition in the region of this
shoulder.

In both atmospheres the ignition temperature decreased rapidly up to
the 30%-40% boron level and thereafter only showed a small decrease
in value with increasing boron content. In general the results in
argon are lower than the corresponding values obtained in air, the
difference being most marked with the higher boron content mixes. The
overall decrease in 1ignition temperature on increasing the boron
content from 10% to 70% boron, was about 150°C in argon and 110°C in
air. No significant difference was observed between the mixtures
containing washed and unwashed boron.

3.1.2 Adiabatic Combustion Calorimetry Studies

Combustion calorimetry was carried out wusing a Gallenkamp CB110
adiabatic bomb calorimeter. Temperature changes were measured using a
Hewlett ©Packard 2801A quartz thermometer and the data processed using
‘a purpose designed system based on a Commodore Pet 2001 microcomputer.
The calorimeter was calibrated using benzoic  acid. Pressure
measurements were made using a Micro Gauge P102 stainless steel
pressure transducer and a Maywood Instruments D2000 digital indicator.

Samples were ignited in quartz crucibles by means of an electrically
heated platinum-rhodium wire. 0.5g samples were pre—pelleted at 20MPa
and burned in 1 atmosphere of argon and 30 atmospheres of oxygen.

The heats of reaction of the compositions measured in argon at
atmospheric pressure are given in Table 2. A graph of exothermicity
against percentage boron is shown in Figure 3. The quantities of
permanent gases produced after combustion in argon at a pressure of 1
atmosphere are given in Table 3 and a graph of volume of .gas evolved
per gram of composition plotted against percentage boron is shown in
Figure 4. The exothermicity curve shows a distinct maximum at 207%
boron, in reasonable agreement with the theoretical value of 17.6%
based on the equation

2B + KNO; =2 B,0, + %N, + K

The maximum measured exothermicity is significantly higher than the
theoretical value of 1465 cal g7', possibly due to additional reactions
involving the formation of borates. The volume of gas produced shows a
marked decrease for mixes containing from 10% to 20% boron. The value
of 100.7 cm® g for the 20%Z mix is in excellent agreement with the
theoretical value of 99.6 cm® g7 obtained on the basis of the above
equation.
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The exothermicities of the mixes in 30 atmospheres of oxygen are given
in Table 2 and are plotted against percentage boron in Figure 5. There
was found to be a linear increase in exothermicity with increasing
boron content. The results for the 50% boron mix lie below the line,
but the combustion calorimetry results showed a large amount of
scatter indicating incomplete combustion.

For the 15% boron mix the exothermicity in oxygen was less than that
in argon. Although this mix is boron deficient, it is possible that
the boron component has reacted preferentially with the oxygen and in
so doing has prevented complete reaction by the formation of a glassy
boric oxide layer.

3.1.3 Time to Ignition Studies

(a) Isothermal Furnace

The range of boron-potassium nitrate compositions has been studied on
the time-to-ignition apparatus (Ref 3) at an isothermal temperature of
585°C in atmospheres of flowing argon (400cm®min~') and static air.
Duplicate determinations were made on 50mg samples compacted into flat
bottomed quartz crucibles (2cm long).

The results are given in Table 4 and shown in Figures 6 and 7. In
argon the compositions show a marked decrease in the time to ignition
on increasing the boron content from 12.5% to 20%; above the 20% boron
level the time to ignition was essentially constant. The onset of the
time to ignition plateau thus corresponded to the maximum on the
exothermicity measurements in argon. Below this plateau the time to
ignition decreased with increased exothermicity.

In air the time to ignition decreased over the entire range of mixes
with the largest decrease in mixes containing between 15% and 257%

boron.

(b) Infrared Heating

Experiments were also carried out under infrared heating (Ref 3), a
power setting of 100 was selected. 20mg samples were pelleted at
154MPa, coated with =zirconium carbide and examined in an argon
atmosphere. The samples were contained in inconel crucibles and
duplicate experiments were performed.

Although there is some scatter in the measurements, the results given
in Table 4 and shown in Figure 8 have their minimum value at around

20% boron which agrees with the maximum on the exothermicity curve.

3.1.4 X-ray Examination of Combustion Calorimetry Residues

The residues from the mixes containing 15%, 35% and 50% boron after
combustion calorimetry in argon and oxygen have been studied by X-ray
diffractometry using a Philip's instrument generating Cu Kxradiation.



The high background noise on the charts, together with the small
peaks, suggests that in all cases the residues were poorly
crystalline. A systematic search for 1likely components in the
residues, wusing the JCPDS files only gave positive identification of
KB;04 4H,0 in the 35% boron mix residue after combustion in oxygen.

3.2. Performance Tests

3.2.1 Burning Rate Determination

The full range of compositions containing from 5% to 70% boron was
used in the burning rate experiments. The compositions were pressed at
79.4 MPa in 0.5g increments into 6.35mm internal diameter steel delay
bodies to give a delay of column length of over 26mm. The delays were
cut back to 25.4mm with a horizontal air drill. Burning times at
atmospheric pressure were measured electronically.

The burning rate results are given in Table 5 and shown in Figure 9
plotted against percentage boron. There 1is a marked increase 1in
burning rate of the compositions with increasing boron content up to a
maximum value at 50% boron, at higher boron contents the burning rate
falls rapidly. The composition containing 5% boron did not ignite even
when primed with the 30% boron mix.

3.2.2 Gap Test Measurements

The gap ignition test (Refs 3 and 4) can be used to compare the
ignitability and igniting power of compositions. In this test, donor
and acceptor samples are separated horizontally by an air gap which is
varied according to the Bruceton staircase technique. The separation
distance corresponding to the 50%Z probability of the donor composition
igniting the acceptor is determined.

The ignitability of the  boron-potassium nitrate pyrotechnic
compositions has been compared by varying the acceptor composition
with a fixed donor composition. The composition containing 30% boron
was chosen as the donor composition and this composition is also used
as an acceptor when performing regular checks on the repeatability of
the technique. Compositions containing 10%, 25%, 30% and 60% boron
were used as acceptors. '

Stainless steel tubes of 5mm internal diameter and 40mm in length were
filled with 100mg of compositions pressed at 125MPa. With this weight
of sample column lengths were around 3mm. The results from 40 firings
are given in Table 6. The results show an increase in ignitability of
the boron potassium nitrate system with a maximum ignitability at
around 30% boron. The ignitability of the system has reduced only
slightly with compositions containing 60% boron.
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4. CONCLUSIONS

4.1 Thermal Test Results

The results for temperature of ignition, volume of gas formed on
combustion, time to ignition, infrared heating and exothermicity in
argon all show maxima, minima or marked changes in results with
compositions containing 20% boron. As the temperature of ignition of
the compositions is reduced so is the time to ignition.

The exothermicity results suggest that the main reaction between boron
and potassium nitrate could be represented (especially at the 207%
boron level) by the formation of boric oxide, potassium and nitrogen.
Further reactions to give hygroscopic borates are then 1likely.
Identification of the solid phase after combustion calorimetry was
difficult because of the formation of a glassy phase and hydrated
species.

4.2 Performance Test Results

The marked increase in ignitability with compositions containing 30%
or more boron possibly explains why no primings containing less than
30%Z boron have ever been developed. In addition the amount of gas
produced on combustion falls rapidly for mixes containing between 10%

and 25% boron. :

The maxima of the exothermicity and burning rate curves occur at the

'20% and 50% boron levels respectively, even though the shapes of the

curves are similar. This means that the hottest composition does not
burn at the fastest rate . The reason for this is that several factors
determine the burn rate. These include radial heat loss, porosity, gas
production, particle size and thermal diffusivity determine
composition burning rates. ' :

5. FUTURE WORK

This preliminary study has provided useful thermal and performance
data for the boron-potassiun nitrate pyrotechnic system. Further work
will now be carried out to elucidate the reaction mechanism of this
system using a number of thermal analysis techniques. These will
include simultaneous DTA/DTG-mass spectrometry to enable an
identification of the gaseous reaction products after combustion.



6. REFERENCES

1 Charsley E L, Lindsley G I, Robinson E A and Warrington S B.
Proceedings of the 1lth International Pyrotechnics Seminar 1986.

2 Charsley E L, Cox C T, Ottaway M R, Barton T J and Jenkins J M.
Proceedings of the Second European Symposium on Thermal Analysis; Ed D
Dollimore (Yeyden) 1981.

3 Robinson E A, Lindsley G I, Charsley E L and Warrington S B.
'Pyrotechnics' Proceedings 16th International ICT-Jahrestagung 1985.
10th International Pyrotechnics Seminar.

4 Kelly R, Lindsley G I and Williams N R. Proceedings of the 7th
International Pyrotechnics Seminar 1980.

33



34

TABLE 1 Ignition Temperatures for Boron-Potassium Nitrate Compositions

Percentage Ignition Temperature (sd) °C
Boron Flowing otatic
Argon Air
Batch 2  Batch 3 Batch 1 Batch 2  Batch 3
5 DNI DNI DNI
10 580 (6) 577 (1) 601 (3) 581 (1)
12.5 572 (6) 580 (5)
15 564 (2) 540 (8) 558 (4) 552 (3) 558 (5)
17.5 509 (3) 532 (3)
20 501 (3) 521 (6) 535 (3) 533 (2)
22.5 499 (3) 501 (1)
25 502 (3) 492 (5) 486 (8) 507 (4) 510 (10)
30 482 (6) 479 (2) 498 (2)
30* 484 (1)
35 479 (4)
40 458 (4) 501 (1)
45 476 (2)
50 449 (1) . 495 (5)
50% 455 (3)
60 443 (1) 484 (3)
70 426 (2) 470 (1)

DNI Did not ignite
* Washed Boron

Percentage Exothermicity (sd) cal g-!
Boron Argon Oxygen
Batch 1 Batch 2 Batch 3. | Batch 1
5 DNI 351 (33) DNI
10 897 (36) 910 (6)
12.5 1186 (11)
15 1409 (8) 1512 (1) 1398 (16) | 1155 (30)
17.5 1562 (28)
20 1769 (0) 1699 (3)
22.5 1704 (10)
25 1676 (5) 1678 (24) 1648 (9) | 2215 (105)
30 1558 (22) 1513 (10) | 2525 (6)
30%* 1551 (14) 2747 (142)
35 1446 (44) 3065 (78)
40 1345 (2)
45 1278 (1) 3742 (229)
50 1151 (8)
50%* 1167 (63) 3899 (316)
60 969 (11)
70 768 (20)

DNI Did not ignite
* Washed Boron

TABLE 2 Heats of Reaction in 1 Atm of Argon and 30 Atm of

Oxygen



TABLE 5
Percentage V (298K, 1 atm) (sd)
Boron em® gt
Batch 1 Batch 2 Batch 3
5 73
10 173 (7) 168
12.5 164 (11)
15 126 (8) 120
17.5 120 (7)
20 99 (3) 104
22.5 96 (4)
25 91 (9) 92 (2) 94
30 84
40 75
50 61
60 52
70 42

Volume of Gas Evolved During Combustion in 1 Atm of Argon

TABLE 4 Times to Ignition for Boron-Potassium Nitrate Compositions

Percentage Isothermal Temperature Infrared
Boron of 585°C Heating
Time (sd) s Time (sd) s
Argon Alr Argon
Batch 1 Batch 3 Batch 3 | Batch 1 Batch 3
5 DNI DNI 20.1 (2.3)
10 DNI DNI DNT 18.6 (0.2) 14.6 (0.4)
12.5 181 (1) 18.1 (0.9)
15 124 (13) 114 (17) 94 (6) 14,0 (1.0) 11.8 (0.2)
17.5 61 (0) 12.6 (0.9)
20 63 (2) 80 (0) 60 (10) 11.4 (0.2) 12.1 (0.1)
22.5 73 (0) 11.7 (0.6)
25 69 (1) 67 (7) 71 (2) 12.9 (0.1) 13.9 (1.6)
30 73 (1) 70 (2) 11.3 (1.7)
40 68 (4) 66 (2) 10.9 (2.0)
50 62 (0) 64 (2) 16.0 (2.6)
60 67 (0) 62 (1) 13.9 (1.0)
70 66 (1) 60 (0) 13.5 (1.9

DNI Did not ignite

35
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TABLE 5 Burning Rates

for

Percentage| Burn Rate (sd)
Boron mms™!
Batch 3
5 DNI
10 4.4 (0.1)
15 7.7 (0.7)
20 11.2 (1.1)
25 14.7 (1.0)
30 20.2 (2.8)
40 23.6.(1.5)
50 28.8 (1.9)
60 26.2 (0.5)
70 21.0 (1.1)

DNI Did not ignite

Boron-Potassium Nitrate Compositions

TABLE 6 Gap Test Results for Boron-Potassium Nitrate Compositions

Percentage| Gap Test Distance (sd)
Boron ' cm
Batch 3
10 3.64 (0.13)
25 3.95 (0.12)
30 5.09 (0.60)
60 4.56 (0.13)
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THERMAL IGNITION OF TiH; ggKC104*

R. W. Bickes, Jr.
Sandia National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

Many explosive components are ignited using the thermal pulse produced
by passing a low current through a small metal bridgewire which has
explosive powder pressed against it. A quantitative description to aid
the component designer of these so-called hot-wire devices that
includes ignition and powder burn does yet not exist. Therefore, we
began to carefully examine ignition as a function of the explosive
powder type and those physical parameters that the component engineer
can adjust in the the development of a new device. Using a 300-vatt,
cw, Nd-YAG laser, we rapidly heated a test fixture into which the

- pyrotechnic powder, TiHy ¢gKClO4, was pressed. Ve measured the time to
.ignition as a function of the applied heat flux,‘the mass of the
explosive powder and powder density. The experimental scheme was
statistically designed and the data analyzed by a multilinear
régression model. For lower laser power values the ignition times were
(almost) independent of powder mass. However, for high laser power
values (> 120 Watts) the ignition time vs powder mass regression
surface had a maximum at 22.5 mg of powder (near the mid-range of

weights tested).

*Vork performed under the auspices of the U. S. Department of
Energy (DOE) by Sandia National Laboratories under contract
DE-AC04-76-DP00789.
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INTRODUCTION

General descriptions of explosive ignition and powder burn are
available.l However, a quantitative model of the the thermal ignition
and burn of pyrotechnic powders in explosive components useful to the
component design engineer has not as yet been accomplished. To achieve
a better understanding of thermal ignition as a function of design
parameters that the component engineer can vary, namely powder density,‘
powder mass and the heat flux into the powder, we designed an
experiment to measure the time to ignition as a function of those
parameters. It is our future goal to obtain a table of data that will
permit development of a quantitative model of component function to be

useful to the design engineer of hot-wire explosive components.
EXPERIMENTAL TECHNIQUE

The experimental set-up is schematically illustrated in Fig. 1.
Radiation from a (cw) Nd-YAG laser (1.06-um wavelength) was focussed
onto a metal cup (designated HE) which contained the pyrotechnic
powder. After adjuéting the laser to the desired power, shutter S2 was
opened and the sample heated until it ignited. The time to ignition
was measured (as discussed below) as a function of the powder mass,
density and the laser power. Because the laser irradiates the metal
cﬁp and not the powder directly, the experimental assembly is called a

"hot plate apparatus."

In each experiment we loaded a known weight of the pyrotechnic,

TiHj, egKCl04, into the cup and pressed the powder to the required
loading pressure to obtain the desired density.2' The cup was made
from a machinable tungsten alloy called "Kennertium".3 The cup was
formed from 0.25-mm thick alloy, the inner diameter was 6 mm, and the
depth was 1.3 mm. The cup also contained an intrinsic thermocouple4
spot welded onto the cup bottom, captured between the pyrotechnic
powvder and the cup. Output from the thermocouple went to a digital

storage oscilloscope (see Fig. 1).
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The cup loaded with pyrotechnic was inserted into the support fixture
seen in Fig. 2 (note, the thermocouple is not indicated in the figure).
To minimize heat losses the cup was supported by a thin walled
stainless steel tube. Modest end confinement of the powder was
provided by dried wood plug pressed intd the open end of the cup.
Dried oak was used to again keep heat losses to a minimum. The entire
support was then installed into the explosive chamber and aligned to
the laser beam. The laser spot size at the cup was approximately 4-mm

diameter.

Preliminary experiments revealed that the Kennertium alloy reflected 50
per cent of the incoming 1.06-um radiation from the Nd-YAG laser,
effectively halving the laser power. A series of experiments were
carried outd concerned with a surface modification of the alloy in
order to increase absorption of the laser light. A two step procedure
consisting of an alumina blast with 5-um particles at 60 psi, followed
by thermal oxidation in air at 450 C for 4 hours, increased the
absorptance to 94 per cent. All of the experiments reported here used

the surface modified cups.

As noted earlier, with the laser set to the desired power,6 the cup

was irradiated and the thermocouple output monitored until the powder
ignited, rupturing the cup and breaking the thermocouple. (A loud
aﬁdible pop was usually obtained.) The temperature-versus-time curve,
ignition temperature and the time-to-ignition (the latter indicated by
the thermocouple failure’ ) were recorded for analysis. The infrared
detector noted in Fig. 1 provided the zero-time fiducial. A typical
temperature/time profile is shown in Fig. 3; the ignition temperature
was taken as the last recorded temperature before the thermocouple
failure indicated by the sudden break in the curve.

EXPERIMENTAL DESIGN AND DATA ANALYSIS

Our experimental scheme was statistically designed in order that we
could maximize the data obtained with a minimum number of experiments.8

The independent variables were taken as the powder type,9 povder mass,
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density and the laser output power. ‘The dependent variables were the
ignition temperature and the ignition time. The experimental region
considered was given by the following maxima and minima: powder mass,
5-40 mg; povder density (and corresponding loading pressure), 2.16-2.60
kg/m3 (4-20 kpsi loading pressures); laser power 22-170 watts. Ve
carried out two randomly ordered replicates of fifteen combinations of
the independent variables. The fifteen combinations are tabulated in
Table I.

Table I. Experimental Design
Definitions: X1; mass of pyrotechnic (mg)

X2; pyrotechnic density (kg/m3)
X3; laser output power (Watts)

>3
N
>3
w

Trial No. Kl

1 12.1 2.14 30
2 32.9 2.14 30
3 12.1 2.39 30
4 32.9 2.39 30
5 12.1 2.14 150
6 32.9 2.14 150
7 12.1 2.14 150
8 32.9 2.39 150
9 8.0 2.28 60
10 40.0 2.28 60
11 22.5 2.00 60
12 22.5 2.44 60
13 22.5 2.28 22.5
14 22.5 2.28 175
15 22.5 2.28 60

The data were analyzed using a stepwise regression scheme.10 Because
the thermocouples were welded to the cups, the temperature/time
profiles and the ignition temperatures reflected only the heating
curves for the cups. This was confirmed by the regression analysis
vhich showed the profiles to be independent of the powder parameters.11

The ignition time data, however, were highly correlated to the
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independent variables. The regression model obtained is summarized in

Table II.

Table II. Regression Model

Y2 = 17693.31 + 69.33%X1 - 7453.60%1n(X3)
- 0.77%X12 + 781.77%(1n(X3))2
- 7.41%X1%1n(X3)

vhere Y2 is the ignition time (ms) and X1 is the
powder mass (mg), X2 is the powder density (kg/m3)
and X3 is the laser output power (V).

RZ = 0.979
o = 139.36

DISCUSSION AND CONCLUSIONS

The regression model obtained (Table II) has several interesting
features. For example, it is independent of density over the range of
dénsities studied. This result was not anticipated and is not, as yet,
understood. As one would would anticipate the function times are
.strongly dependent on the laser power; for fixed mass values, the
ignition times decrease as the power increases. For laser values less
than 40 vatts, the ignition times are (almost) independent of powder
mass. However, for high laser power values (approximately 120 watts)
the ignition time has a maximum value for a powder weight of 22.5 mg
and decreases as the weight is either increased or decreased from that

value.

The latter result has a serious implication with regard to component
design. Obviously the component engineer will select an operating

current for his device well above the threshold for ignition,



55

corresponding to the higher laser values in our experiment. If the
engineer inadvertently selected a powder mass that maximized the

ignition time, as in our hot plate studies, then the mass selected
would maximize the energy required for ignition. One could easily

imagine a hot-wire failure under such design conditions.

Future experiments will use a test fixture that more closely simulates
a component. Our design is shown in Fig. 4. Vith this nev fixture we
hope to map out an extensive regression surface over a wider range of
the independent variables including additional powder variables such as
particle size, manufacturing lot and porosity. We believe such data

will be useful in the modelling of explosive components.
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IMPROVED TRACER COMPOSITIONS
FOR SMALL ARMS AMMUNITION

‘ P. Briére
Defence Research Establishment, Valcartier
Courcelette, Québec, Canada, GOA 1RO

ABSTRACT

The use of a fluoroelastomer Viton A as a binder in tracer
compositions has permitted the development of new improved compositions
for use in small arms tracer ammunition such as the 7.62-mm caliber. A
significant increase in luminous output and in trace duration was
observed when the original wax in SR372-type tracer composition was
replaced by an equal quantity of fluoroelastomer Viton A, and these

characteristics were again enhanced with increases in the Viton A used.

) Dépending on the choice of coated ingredient(s) during the
blending procedure, the luminous flux and burning rate can be
significantly altered. Optimum performénces were observed when

prototype compositions had only the magnesium coated.

- It was 6bserved that these tracer compositions were sensitive to
the rotational speed to which the tracer projectiles were submitted. An
augmentation in rotational speed generally increased their luminous flux
at the expense of a shortened trace duration. Finally, a large range of
performances were achieved by varying the percentage by weight of each
ingredient, and compositions loaded in 7.62-mm envelopes have
demonstrated a markedly improved luminous flux compared to the standard

Canadian 7.62-mm tracer.
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1.0 INTRODUCTION

With the acceptance of smaller ammunition such as the 5.56-mm NATO
standard for small arms ammunition, it has become increasingly difficult
to satisfy stringent user requirements of visible intensity and
detection range when using existing tracer compositions. Consequently,
effort at DREV has been aimed at acquiring an expertise in the
evaluation and optimization of tracer compositions, and in the
characterization of certain parameters affecting their performance. The
use of the Dupont fluoroelastomer Viton A as a binder (Ref. 1) in tracer
compositions has resulted from this effort and has permitted the

development of new improved compositions.

The conventional method of evaluating tracer rounds in a firing
field is not well suited to the research and development of optimized
compositions, as it is base& on visual and qualitative detection or

non-detection of the trace by observers. Consequently, DREV has put

.into operation a small arms tracer evaluation laboratory to study

-quantitatively the combustion characteristics of tracer compositions

under high rotational speeds. Various factors affecting tracer
performance, such as rotational speed, type of binder and processing

used, have been evaluated in this new facility.

2.0 TRACER FACILITY

The tracer facility is composed of 2 high—speed turbines énd their

controllers, of measuring instrumentation, and of a computer for data

collection, storage and reduction.

In order to simulate typical rotational conditions encountered by
an actual round in the field, the tracer projectile must be spun at very
high speeds. Simulation in the laboratory is accomplished by one of two
alr turbines capabie of speeds of up to 100,000 rpm and 300,000 rpm
respectively. These turbines are used to spin 7.62-mm and 5.56-mm
tracer bullets respectively at speeds close to the 130,000 rpm and
320,000 rpm that are achieved during rifle firing. It should be
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mentioned that simulation is not total since there 1s no provision for

air stream and turbulence effects.

Figure 1 1s a schematic representation of the 100,000-rpm turbine
installation. A 7.62-mm tracer test sample is mounted directly in the
sﬁaft of a custom holder coupled mechanically to the turbine (from
Barbour Stockwell). The turbine speed is monitored with a control unit
incorporating a speed control and a digital tachometer (Barbour
Stockwell Models 105E and 107B). The turbine speed 1s stabilized
automatically to * 3% of the maximum attained value by controlling a
throttle valve in the air line. The ailr required by the turbine is
supplied from high-pressure (15 MPa/2200 psi) dry air tanks and its
gauge pressure is reduced to 0.76 MPa (110 psi) by a high-capacity
regulator. Bearings of both the turbine and the tracer holder are
lubricated and cooled by an air-oil mist delivered from an alr-oil mist
generator (Alemite No. 4977).

The 300,000-rpm turbine set-up 1s similar to the above
description. The turbine and control unit were designed and built for
DREV by Cordin Co., and an oll-mist generator is not needed to assure
proper lubrification of the support bearings. This turbine 1s used

primarily for evaluating 5.56-mm tracer ammunition.

The spinning tracer round is ignited by the flash output of an
electric squib (C-I-L S-140). The squib and its support fall to a
horizontal position after the squib has.functionéd, to provide a clear
view of the burning tracer to the measuring instrumentation (Fig. 2).
Following ignition of the composition, the light output or luminosity is
measured in the visible spectrum using a Spectra Pritchard photometer
(Model 1980). This instrument measures the brightness of a diffuse
white plate located 1.4 m from the burning tracer and illuminated by it
(Fig. 2). The detector in the photometer 1s photopically corrected to
yield the same response as the human eye. The energy radlated by the
burning composition in the 0.25 - 15-um region of the electromagnetic

spectrum 1s measured using a Laser Precision radiometer (Model RK-~5100).
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The output signals of both measuring instruments are digitized via

an A/D converter and stored at a rate up to 60 data inputs per second

per instrument. A PDP 11/40 computer is used to control the data

collection, storage and analysis.

Approximately 90% of the evaluation process of prototype tracer

compositions 1s undertaken in the laboratory using the methods
described above. The remainder of the evaluation 1s carried out in a

firing range, by visual observation of tracer rounds in actual flight.

3.0 FLUOROELASTOMER BINDER

A tracer composition loaded in small arms ammunition represents a:
pyrotechnic composition that 1s subjected to some of the most rigorous
conditions that can be encountered. The tracer composition must
withstand a high linear acceleration in the gun barrel, and then a huge
centrifugal acceleration produced by its rotational speed of up to
320,000 rpm in the case of a 5.56-mm tracer. The binder must give the
pressed composition the robustness it needs to withstand these

conditions, but must not reduce the tracer performance.

The fluoroelastomer Viton A manufactured by Dupont has been used
successfully as a.binder in magngsium-strontium nitrate tracer
compositions (Ref. 1). Pressed compositions employing Viton A as a
binder demonstrate excellent mechanical properties and hence are capable
of withstanding the arduous conditions during rifle firing. Futhermore
the luminous performance of the composition is enhanced due to a
fuel-oxidizer reaction between the fluorine contained in the Viton

(having the formula CF,CHyCF;) and the magnesium of the composition.

The Viton A binder was tested for replacing the Carnauba wax
binder in SR372-type tracer composition. The average trace duration and

luminous flux (area under the curve of luminous intensity versus time)
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of three tracer charges, consisting of 1.0 g of tracer composition and
0.26 g of SR399 igniter composition loaded in 7.62-mm shells without
lead cores, were studied at a rotational speed of 90 krpm. Various
batches of projectiles were made with the composition pressed at 50, 70,
90, and 110 kpsi, and results are presented in Table I. The formulation
of the SR372-type tracer composition 1s given in Appendix A.

TABLE I

LUMINOUS FLUX AND TRACE DURATION
OF SR372-TYPE COMPOSITIONS

LUMINOUS FLUX TRACE DURATION

PRESSURE (cd.s) (s)

(kpsi) '

' CARNAUBA | VITON |CARNAUBA | VITON
50 2877 3837 4.17 | 5.37
70 2925 4040 4.13 5.27
90 2738 4000 3.93 5.10

110 2878 3857 3.97 5.27

Significant increases of about 25% of the trace duration and 35%
of the luminous flux at a given pressure is shown by the use of Viton
instead of Carnauba wax. Higher luminous intensities over longer
periods of time are observed for the Viton coﬁposition, which translate

into an increase in the luminous flux.

From these findings, the percentage by welght of Viton A binder
used in the composition was varied in order to Iinvestigate this effect
on the tracer composition performance. The igniter I-136P and
sub-igniter I-280 (Appendix B) were used to ignite 0.45 g of prototype
tracer compositions (BT-L30, and BT-L33 to BT-L37) loaded and pressed in
standard 7.62~mm envelopes. Pertinent results are presented in Table II

and plotted in Figures 3 and 4.
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TABLE II

LUMINOUS PERFORMANCE OF COMPOSITIONS WITH DIFFERENT BINDER LOADINGS

TESTS VITON A MEAN MEAN
COMPOSITION COMPILED BINDER LUMINOUS FLUX TRACE DURATION
(% by weight) (cd.s) (s)
BT-L37 13 2.0 562 1.96
BT-L36 15 3.0 578 2.05
BT-L35 14 4.0 659 1.97
BT-130 10 4.8 707 2.08
BT-L34 14 5.0 701 2.12
BT-L33 15 6.0 769 2.18

As the percentage by weight of Viton increases from 2 to 6%, the
luminous flux and the trace duration increase substantially. Thus, a
composition employing 6% of Viton should have the best trace detection
and a slightly larger range (a composition containing 7% of Viton A was
also evaluated, but demonstrated a very high percentage of ignition
failures). BT-L33 1s an example of this new improved tracer composition

family; its formulation is given in Table III.

TABLE III

BT-L33 FORMULATION

INGREDIENT % by weight
Magnesium (120-200 Mesh) . 36.5
Strontium Nitrate 43.1
Shellac 4.8
Chlorinated Rubber 4.8
Magnesium Carbonate 4.8
Viton A - Binder 6.0
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4.0 EFFECT OF COMPOSITION PROCESSING ON TRACER PERFORMANCE

From the different evaluations on tracer compositions using the
fluoroelastomer binder, it was observed that a rather large variation in
the luminous flux occurred in samples drawn from the same production
batch. The homogeneity of the composition was therefore suspected as
the most probable cause, since part of the blending procedure was
performed as a dry mix. Hence, evaluations were carried out to assess
the effects of different methods of composition processing on luminous

output.

The standard method adopted for processing of the tracer
compositions was one where the Viton was initially dispersed in an
acetone solvent and coated onto the magnesium. The remaining

ingredients were then added to the coated magnesium and dry mixed.

To determine the effect on luminods flux regularity of the choice
"of coated ingredients, four mixes (BT-L28, BT-L30 to BT-L32) having the
formulations given in Appendix B were prepared, pressed in 7.62-mm

shells and tested in the laboratory at a rotational speed of 90 krpm.

TABLE IV

LUMINOUS FLUX AND TRACE DURATION VS PROCESSING

LUMINOUS FLUX TRACE
TESTS COATED (cd.s) DURATION (s)
COMPOSITION|COMPILED INGREDIENTS

MEAN|STD DEV.|V.F.|MEAN|STD DEV.
BT-L30 10 Mg 707 133 18.8{2.08| .06
BT-L31 10 Mg + MgCO; + C.R.[579 77 13.3(1.91] .03
BT-L32 10 Mg + ST(NOy), [518 51 9.8{1.94| .03
BT-L28 10 ALL 497 44 8.9{1.88( .05

C.R.: Chlorinated Rubber V.F.: Variation Factor in %
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The results are presented in Table IV and show clearly that as
certain ingredients such as strontium nitrate are coated in addition to
the magnesium, the luminous flux becomes more consistent among samples
in a given batch, but at the expense of lower luminous flux and shorter
trace duration. The variation factors (ratio of the standard deviation
to the mean value, in %) of the luminous flux droﬁ from 18.8% to 8.9%
when comparing compositions with only the magnesium coated to those with
all ingredients coated. However, luminous flux and trace duration drop
significantly from 707 to 497 cd.s and 2.08 to 1.88 s respectively. It
was noted that the poorest sample tested in the BT-L30 rounds still
showed a luminous flux higher than the mean luminous flux of the BT-L28
rounds.

!

This investigation demonstrated that processing could play an

'important role in determining tracer composition performance. The

composition with only the magnesium coated showed a much higher luminous
emission and a longer trace duration, but unfortunately also

demonstrated the most irregular performances amongst samples.

'5.0 EFFECT OF ROTATIONAL SPEED ON TRACE PERFORMANCE

-As stated by Messina, Ingram and Summerfield at Ref. 2, a
knowledge of the effect of spin ratée on the burning time and luminosity
characteristics of tracer compositions will contribute to the design of

better tracer ammunition.

The effect of rotational speed on tracer duration and luminous
flux of the DREV prototype compositions has been investigated using both
spin turbines discussed in Chap. 2.

5.1 Spin Rates up to 90,000 rpm

Tracer rounds consisting of 1.0 g of the DREV BT-L0OO tracer compo-
sition (Appendix B) and 0.26 g of SR399 igniter composition, loaded in '
7.62-mm envelopes without lead cores, were evaluated at speeds of 0, 30,
50, 70 and 90 krpm (3 samples per increment). The average trace dura-

tion and luminous flux are provided in Table V and plotted in Figure 5.



TABLE V

Effect of Rotational Speed on Tracer Qutput

ROTATIONAL SPEED LUMINOUS FLUX TRACE DURATION
(krpm) (cd.s) (s)
0 3196 6.65
30 2769 6.33
50 2718 5.90
70 3386 5.50
90 ' 4000 5.10

As the rotational speed Increases, the trace duration decreases
about linearly (i.e. the burning rate increases proportionally). The
1uminousrf1uk decreases for speeds between 0 - 30 krpm, 1s about consis-
tent between 30 - 50 k;pm, and then increases substantially up to
90 krpm. '

It 1s to be notedrthat the rotational effects on 7.62-mm ammuni-
tion wefe not completely simulated in the laboratory since experimental
rounds were spun at maximum speeds of 90 krpm, compared to an actual
firing where the round rotates at a speed of some 130 krpm. From this
fact, differences in luminous flux and trace duration obtained at 50, 70
~and 90 krpm (Fig. 5) imply that further increases in luminous flux and
in burning rate could occur in increasing the spin rate from 90 to

130 krpm.

5.2 Spin Rates up to 300,000 rpm

Investigation of the rotational speed effects on 5.56-mm tracer
performance was extended to 300 krpm on the new high-speed turbine.
Tracer rounds consisting of 0.24 g of DREV BT-L33 tracer composition,
0.04 g of 1I-280 sub—ignifer and 0.04 g of I-136P igniter composition,
pressed in 5.56~mm shells, were evaluated at speeds of 0, 60, 120, 180,
240 and 300 krpm (5 samples per increment). Figure 6 illustrates the
results provided nuﬁerically in Table VI. |
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TABLE VI

Effect of Rotational Speed on Tracer Output

ROTATIONAL SPEED LUMINOUS FLUX TRACE DURATION
(krpm) (cd.s) (s)
0 359 3.2
60 50 2.9
120 46 2.4
180 124 1.90
240 201 1.88
300 214 1.58

The general shape of both curves in Figure 6 1is comparable to that of
the curves appearing In Figure 5. 'As observed in Section 5.1, the trace
duration decreases approximately linearly with an increase in rotational
speed. The luminous flux however was observed to be higher for
statically — tested tracers than for those dynamically evaluated. 1In
Figure 6, it 1Is shown that the luminous flux dramatically decreases from
static burns to samples spun at 60 krpm, and then substantially

increases for samples rotated above 120 krpm.

The decrease observed in trace duration of DREV prototype
compositions due to increasing rdtational velocity agrees with
obsérvations of other authors (Refs. 3 to 7). This effect might be
explained by the formation of a convex combustion front when the tracer
is spun. Barton and Bibby (Ref. 5) proved 1its présence after examining
by X-ray tracers burning both statically and under spin. They observed
that statically the tracers burnt with a flat or slightly concave
burning front, whereas under spin this burning surface became convex.
This convex combustion front becomes more pronounced with increasing
rotational speed, promoting a larger combustion surface and thereby

increasing the burning rate.

The decrease In luminous flux from rounds fired at O and 60 krpm
was observed to be caused by slag obstructing the orifice. Statically -

burning tracers ejected burnt residue during their combustion, thereby
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providing an unobstructed orifice in the bullet. However, at a
rotational speed of 60 krpm, residue was not ejected due to the
centrifugal force which held the slag in place to block the already
small orifice, resulting in poor flame production. For increases of
rotational speed above 120 krpm, however, the slag barrier was opened
up; this opening tended to increase in diameter with increasing
rotational speed, providing a progréssively less obstructed orifice in
the bullet and hence better flame production. The minimum rotational
speed, at which point the luminous flux started to increase, was higher
for the 5.56-mm (> 120 krpm) compared to the 7.62-mm (> 30 krpm) tracers

because of the smaller tracer charge and orifice diameter in the 5.56-mm

tracer ammunition.

6.0 PERFORMANCE RANGE

A large variation 6f performances (luminous output, burning rate,
etc) can be obtained by varying the percentage by weight of the
different ingredients. For example, the highest luminous flux observed,
composition BT-LO06 shown in Figure 7 (average of 8 rounds), was achieved
by removing the secondary ingredients (see Appendix B) which act as
retardants. This high luminous flux of 988 cd.s was obtained at the
expense of the shortest trace duration of 1.48 s. One of the longest
trace durations of 2.18 s, combined with an acceptable luminous flux of
769 cd.s (composition BT-L33, Figure 7 average of 15 rounds), resulted
from an increase in the proportion of binder and oxidizing agent

compared to the reference composition BT-LOO.

6.1 Comparison with the Canadian Standard Tracer

The standard 7.62-mm tracer currently in service use by the

Canadian Forces was evaluated for purposes of comparison with DREV

‘prototype tracer compositions. Ten rounds were fired at 90 krpm; a

misfire however was recorded with one sample wherein the combustion

front failed to propaéate'throﬁgh the entire tracer filling. Results
for the remaining nine rounds were compiled and the mean luminous
intensity is illustrated in Figure 8. Results from the DREV BT-L33

tracer composition are also shown on the same figure for comparison
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purposes, and show a luminous flux approximately twice as large, but a
trace duration shorter by 0.45 s. Hence the average luminous intensity
over the burn duration is greater for the BT-L33 composition by a factor
of 2.4.

6.2 Field Evaluation of Tracer Rounds

The basic BT-L0OO composition (herein designated as BT-L00-01) was
evaluated in actual 7.62-mm rounds fired in the field. Initially 0.42 g
of BT-LOO composition was loaded and tested under NATO procedures
(Ref. 8) which specify that at least 80Z of the samples must comply with
all NATO requirements; As 1s shown in Table VII, only 58% of the

samples tested were acceptable, due to three different defects

observed.
TABLE VII
FIELD EVALUATION OF TRACER ROUNDS
DEFECTS %

BATCH MASS QTY ‘ ACCEPTABLE

NO. (2) TESTED LONG EARLY | SHORT -
BT-1L00-01 42 100 14 12 - 16 58
BT-~L00-02 45 54 7 0 0 : 87

LONG: Trace started too soon
EARLY: Trace started too soon and did not reach required length

SHORT: Trace did not reach required length

NOTE: NATO requirements for 7.62~mm tracer ammunication specify that no
luminous output is to be detected before the bullet has travelled
13 m downrange, the trace must be visible by 140 m, and the

effective trace must extend to at least 775 m downrange.

As the rounds in which defects were observed were close to the
criteria for acceptability, another batch of samples (designated

BT-L00-02) was prepared for évaluation, this time having a slightly
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increased loading of 0.03 g of BT~LOO composition. This batch passed
the NATO specification, showing 877 acceptable firings. The 7 failed
tracers were caused by a trace starting too early, a problem more
related to the igniter composition than to the tracer composition

itself.

Observers qualified the trace as an improvement over the standard
tracer round since the signature was more clear and easier to detect.
Further firing sessions are planned for the future in order to complete

this evaluation.

7.0 CONCLUSIONS

The fluoroelastomer Viton A has been used successfully to replace
the Carnauba wax binder in the SR372 ~ type tracer compositions.
Compositions containing 2 to 7% by weight of Viton A have been
evaluated, and it has been observed that for loadings of up to 6% by
weight of the Viton A binder, the luminous flux increases substantially

along with slighly longer burn durations.

» Depending on the choice of ingredientsbcoatedbby the Viton A
binder in the composition, the luminous flux and the burning rate can be
significantly altered. Best performances were observed when the

prototype compositions had only the magnesium coated.

DREV tracer compositions were very sensitive to the effect of
rotational speed to which the tracer projectiles were submitted. An
initial decrease in luminous flux was observed in rounds spun at low rpm
compared to rounds fired statically; further increases in rotational
velocity resulted in increasing luminous flux. Any increase in

rotational speed, starting from static burns, shortened the trace

duration.

The improved tracer composions loaded in 7.62-mm rounds have
demonstrated a marked improvement in luminous flux when compared to
standard 7.62-mm tracer rounds currently in service use by the Canadian

Forces.
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APPENDIX A

SR372 - TYPE COMPOSITION

Ingredients o % by welght

Magnesium (Grade 3) 38.0
Strontium Nitrate (120 Mesh) 42.8
Shellac 4.8
Magnesium Carbonate (heavy) 4.8
Chlorinated Rubber 4.8
Beeswax or Carnauba wax 4.8




APPENDIX B

IGNITER AND SUB-IGNITER COMPOSITIONS

| Composition, % by welght

Ingredient
SR399 I-136P I-280
Barium Peroxyde (Class A) 86.0
Strontium Peroxyde (Grade B) 90.0
Calcium Resinate 10.0
Magnesium (Grade 4 or 5) 12.0
Magnesium (Type III, Gran.l5) 15.0
Acaroid Resin 2.0
IGNITER I-136P 85.0
TRACER COMPOSITIONS
INGREDIENT, % by weight
COMPOSI~|MAGNESIUM{STRONTIUM SHELLAC MAGNESIUM|CHLORINATED|VITON A
TION (TYPE I, NITRATE (Dewaxed, |CARBONATE RUBBER
GRAN. 12){(120 Mesh)jlead free)| (Heavy)
BT-LOO 3800 42.8 408 408 4.8 4.8
BT-1.06 44,2 49.8 —_ —_ —_— 6.0
BT-L28* 37-0 43-8 4-8 4.8 408 408
BT-L30* 37.0 43.8 4.8 4.8 4.8 4.8
BT-L32%* 37.0 43.8 4.8 4.8 4.8 4.8
BT-L33 36-5 43-1 4-8 408 4-8 600
BT-L34 3609 43.7 408 4.8 408 500
BT—L36 3709 4407 408 4.8 4-8 3.0
BT—L37 38.3 45-3 408 408 408 200

* Identical composition, but processed in separate batches.
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COMPARISON OF SEVERAL TECHNIQUES FOR MEASUR ING
THE PARTICLE SIZE OF POWDERS USED IN PYROTECHNICS

L.V. de Yong
Physical Chemistry Division
Materials Research Laboratories
"P.0. Box 50
Ascot Vale VIC 3032
AUSTRALIA

G. Wilson
RAAF Central Ammunition Depot
Kingswood, NSW 2750
AUSTRAL IA

ABSTRACT

The measurement and control of the mean particle size and
the distribution of sizes of powders used in pyrotechnic compositions
is essential - to ensure reliable and predictable performance of the
end product.' This is due to the influence of particle
characteristics, such as size and shape, oh the reactivity, the
sensitivity and the manufacture of pyrbtechnic compositions.

Five general types of particle sizing
instruments/techniques have been used to measure and compare the
particle size, and where possible, the particle size distribution of
three common pyrotechnic ingredients. These comprised bofon, silicon
and potassium nitrate with sizes in the range 1 to 170 ym. The
techniques used are traditional sieve sizing, light scattering
(Malvern 3600), light obscuration (Hiac 320), gas flow resistance
(Fisher Sub-Sieve Sizer) and a direct optical technique (Kontron IBAS
2 Image Analyser). The results of the latter four methods are
examined and compared with the traditional sieve sizing technique.
The advantages and disadvantages of each technique are also
discussed. '
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1. INTRODUCT ION

A1l pyrotechnic compositions are made of two or more
powders mixed together using dry or wet mixing/granulation
techniques. The composition is then pressed or cast into an outer
container to produce a useable piece of ordnance. One of the
important parameters affecting these type of operations is the
particle size of the ingredients.

Pyrotechnic compositions are also required to be safe to
handle and process whilst still operating reliably to produce a
desired delay time, light output etc. In terms of safety, the
particle size of the constituent powders also plays an important role
in manufacturing. For example, the presence of excessively fine
particles has been observed to cause increased sensitivity in some
pressing operations [1]. In terms of operational requirements, the
particle size is also important; for example it affects the burning
rate. There is also increasing evidence that the particle size
distribUtion, rather than simply the mean size, is of considerable
importance {2,3].

The particle size of powders is seldom determined directly
but derived from some other measurable property of the particle
(settling velocity, surface area etc). In the past, sizing of
pyrotechnic ingredients at Materials Research Laboratories has relied
on two simple techniques: gas flow resistance (Fisher Sub-Sieve
Sizer) and sieving. The Fisher gives a value of the mean size but no
information on the distribution. Sieving is primarily used to remove
agglomerates and screen out undersize/oversize material. However, in
the absence of other methods, it is also used, albeit infrequently,
to determine the particle size distribution.

Clearly, if tight control is to be exercised over the
particle size of pyrotechnic powders or if the particle size
determination is to be carried out rapidly, alternative techniques -
need to be used. This report presents the particle size distribution
of three common pyrotechnic ingredients, (boron, silicon and
potassium nitrate) using sieve analysis-and gas flow resistance. The
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results are then compared to those obtained on the same materials
using light scattering, light obscuration and image analysis
techniques.

2, PARTICLE SIZING TECHNIQUES

2.1 Gas Flow Resistance (Fisher-Sub Sieve Sizer)

The Fisher Sub-Sieve Sizer was developed to size particles
below the lower 1imit of standard sieves (< 20 um). It is based on
the principle of gas flow resistance (an air current flows more
easily through a bed of coarse powder than through an equal bed of
fine powder) and was originally developed for liquid flow for surface
area determination of granular materials [4]. It was later modified
for gas flow to determine the surface weighted particle diameter
[5]. The conversion of a gas permeability figure to a particle
- diameter involves conversion charts and assumes spherical particles
of uniform size.

The technique is simple, easy to use, fast (if the density
of the sample is known) and the result is obtained directly without
calculation. The sample is not destroyed in the analysis and
reproducibility can approach t 5% over the range 1-50 wm [5].
However, the technique measures only the mean diameter and provides
no information about the distribution. Therefore errors will arise
with multimodal distributions. The diameter determined is also
unique to this technique and generally shows poor correlation with
other techniques. Another major disadvantage is the maximum diameter
which can be measured; this is approximately 50 um.

2.2 Sieve Analysis

Particle size analysis by sieving has been widely practiced
and is generally one of the simplest methods covering the range from
20 ym to 125 mm using standard sieves. The lower 1limit of
20 ym tends to limit the usefulness of sieves to "coarse" particles,
but sieves down to 2 um have been used with wet sieving techniques
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[6]. The particle diameter measured by sieve ana]ysis‘is defined.as
the minimum aperture through which the particles can pass.
Therefore, generally sieve sizing is a function of the maximum
breadth and the maximum thickness of the particle only.

The apertures of a sieve act as gauges which pass or reject
particles. The probability that a particle will present itself at an
aperture depends on many factors: particle diameter, quantity of
sample, moisture content, agglomeration etc. However, once it is
present at the aperture, whether it will pass depends on its physical
dimensions and its angle of orientation. For an irregularly shaped
particle where its width is less than the mesh size but its length is
greater, its passage through the sieve depends on its orientation.
Sieve analysis therefore generally cannot make a perfectly sharp
separation except for highly uniform (monodisperse) samples.

Sieving uses a series of sieves, stacked on top of each
other, with a decreasing size of sieve opening (top to bottom) to
separate a powder into a number of size fractions. Mechanical
shaking of this "nest" of sieves is carried out to standardize the
technique.

Sieve analysis is simple and requires no sophisticated
equipment. It is time consuming and strict procedures must be
followed to obtain reproducible results.

2.3 Light Scattering (Malvern 3600)

When a particle is illuminated by a parallel beam of
monochromatic coherent light, a diffraction pattern is formed which
is known as the Fraunhofer diffraction pattern [7]. Examination of
the scattered intensity distribution of this pattern enab]es'particle
diameter measurements to be made. The Malvern 3600 is based on this
principle of the angular distribution of forward scattered light to
determine the size distribution of multi-particle polydisperse
powders and aerosols. To study solid particles (powders), the sample
is dispersed in a suitable liquid in-a stirred cell to ensure
constant movement. The cell is illuminated with a 5 mW He-Ne laser
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and the pattern of diffracted light falling onto a detector is
measured and processed by a minicomputer to calculate the particle

size distribution.

In theory, it is possible to obtain the size distribution
directly from the measured light energy distribution. In practice,
however, problems are encountered [2]. These are overcome by fitting
the 1ight energy data to a particle size distribution (Normal, Log-
Normal, Rosin Ramler or Model Independent). The log-normal
distribution is the most frequently used distribution for most
powders, but it is only suitable for mono-modal systems. The model
~independent distribution has the advantage of being able to
accommodate multi modal distributions.

The advantage of the Malvern system is that the theory of
Fraunhofer diffraction is based on well-known optical principles for
particles larger than 5um [8]. It is also fast, easy, and the
manufacturer claims that no calibration is required. The size range
extends frdm approximately 5 um to 1800 um and precision is claimed
to be + 3% and accuracy + 5% [9;10]. However, the system has its
disadvantages. The scattering particles are assumed to be perfect
spheres. Therefore, it produces a volume distribution derived from
the number of spheres of equivalent diffraction pattern [2]. For
many applications this approximates to the volume distribution of the
~ projected area'diameter (diameter of sphere having area equal to
projected area of particle) [10]. Also, in converting from a number
distribution to a volume distribution it is assumed that the density
of the particles is constant. Particle shape cannot be measured, the
concentration of particles must be controlled to prevent multiple
scattering and anomalous diffraction occurs for large transparent
particles when the relative refractive index is close to unity [11].

2.4 Light Obscuration (Hiac PC 320)

The least complex optical method of particle size
measurement is that of 1ight blockage or 1ight obscuration. The
instrument -used was a Hiac PC 320, the principle of which was
developed by Carver [12] as an alternative method to microscopy for



counting and‘sizing contaminants in hydraulic fluids.

The Hiac utilizes a stream scanning system where the
particles to be counted are suspended in a carrier fluid compatible
with the particles but having a different refractive index. This
suspension is then forced to stream through a sensor between a high
intensity source of collimated 1ight and a photodetector. As each
individual particle flows through the illuminated zone, it
momentarily reduces the amount of 1ight reaching the detector. This
changes the voltage output of the detector which is then converted to
the projected area particle diameter. The flow of particles within
the sensing zone is turbulent, causing the particles to tumble and
thereby exposing all surfaces to the detector. Therefore, an
irregular shaped particle will give a variable voltage signal, the
maximum of which is proportional to the greatest projected area of
the particle. -

The advantages of the Hiac are the high speed of analysis,
simplicity of operation and the large size range (5-9000 ym). The
technique is also well suited to highTy irreqular particles.
However, the theoretical basis of the voltage to projected area
conversion has been questioned and the use of high particle flow
rates may lead to anomalous results [13]. Its major disadvantage is
the need for calibration.

2.5 Image Analysis/Microscopy (Kontron IBAS 2)

The only direct or absolute method of particle size
analysis is optical microscopy, where individual particles are
observed and sized. Unfortunately, traditional microscope methods
are tedious and time consuming. This led to the development of
automatic analysis of microscope or photographic images [14]. The
earliest instruments were cumbersome, required skilled operators and
extensive maintenance. Modern instruments, such as the IBAS 2 used
in this study, allow an image to be rapidly scanned by a high
resolution vidicon tube to convert the optical image to a video
signal. This signal is then digitized and processed by a computer to
generate particle size data. The software used in this analysis



measures the area of the particle and converts it to a diameter of a
sphere of equivalent area. This approximates to an equivalent sphere

projected area diameter.

The image analysis technique is fast, non-intrusive and
very cost effective if Targe numbers of routine analyses are carried
out. It overcomes the problems with manual sizing (time, operator
bias etc) but negates the advantages of low cost and simplicity. To
obtain reliable estimates, many hundreds of particles need to be
sized and good representative images may involve extensive sample
preparation. Care should also be exercised in becoming over
confident in data manipulation. Sophisticated data manipulation does
not alter the quality of the original 1nformdtion.

3.  EXPERIMENTAL

3.1 Materials

A11 the materials used were production stock (Explosives
Factory Maribyrnong) to military specification. The samples were
dried before use and the boron was washed to remove surface coatings
of boric oxide. The boron and silicon were sized as received. The
sample of potassium nitrate was mi]]ed using a Calatti swing hammer
mill to give a useable size range. It was then sieved into five
fractions for subsequent size analysis. These fractions were: 1.
passed BSS 65 sieve/retained BSS 120 sieve; 2. passed BSS
120/retained BSS 200; 3. passed BSS 200/retained BSS 240; 4. passed
BSS 240/retained BSS 300; 5. passed BSS 300. All samples were
stored in an oven during testing to avoid absorption of moisture.

3.2 Sizing Techniques

(a) Sieving: The sieves used conformed to specification BS
410, Sieving was carried out using a mechanical sieving
machine (International Combustion Limited) and 100.0 g of
sample was used. Sieving time was standardized at 10
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minutes and each sample was separated into five size
fractions. The weight retained on each sieve was converted
to a volume using densities 2.11 gcm'3 (KNO3), 2.35 gcm'3

(B), 2.33 g cm™3 (Si).

(b) Fisher Sub-Sieve Sizer: The sample weight used was equal
to the sample density and duplicate samples were analysed
and then averaged.

(c) Malvern: The silicon and boron were dispersed in water
whilst the potassium nitrate was dispersed in
isopropanol. The samples then placed in an ultrasonic bath
for five minutes to ensure breakup of agglomerates. The
1ight scattering data was fitted to all four distributions
and the best fit determined by a 1eqst-squares method.

(d) Hiac: Again, the silicon, boron and potassium nitrate were
dispersed in water and isopropanol respectively. The
system was pre-calibrated with polystyrene lTatex spheres
and set for six size channels.

(e) Image Analyser: The samples were dispersed as above and
placed onto microscope slides. Photographs of the samples
were carefully taken along with a graticule for
calibration. In order to produce 1mages'of as many
particles as possible, several photographs were taken per
sample (up to 15). The images of the particles on the
photographs were then sized.

4, RESULTS & DISCUSSION

The data obtained were initially plotted on a cumulative
basis on -a log-probability scale in order to examine the distribution
type (normal, log-normal etc) and also the spread of particle sizes.

For the Hiac and image analysis, the raw output data



consists of the relative numbers of particles lying in successive
size ranges. Sieve analysis and the Malvern both however, measure
the mass of particles in successive size ranges. If the particle
density is assumed to be constant, then the Malvern and sieving
generate a volume distribution of the particle size.

Comparison between all four techniques can thus only be
achieved by converting the results from the number to the volume
basis or vice versa. For the purposes of this study, comparison is
on a volume basis and conversion of the data from the number to the
volume basis is straightforward using the equation [15]:

1 ’ (1)

where the suffixes m and n denote volume (mass) and number basis, I
is the total number of size ranges into which the particles are

classified (zi = [} and H} is the mean diameter in the size range i,
from d; tq d1+1.
graphical technique [16].

This conversion may sometimes be done using a

Accurate and direct comparison between distributions for
polydisperse non-spherical particles is also difficult because of the
effect of particle shape and the'type of particle diameter '
measured. Shape differences cause changes to the mean and the spread
of the distribution [17]. With all the methods examined, the
particle diameter obtained is based on the assumption of spherical
particles, with the exception of sieve analysis. The particle
diameters approximate to a projected area diameter, again with the
exception of sieve analysis, which measures the minimum aperture
through which the particle will pass. Consequently comparison
between sieve analysis and the other techniques will concentrate on
the central portion of the distribution.

Table 1 summarizes the particle size results and presents
the median (50%) particle size for all samples. The particle size
distributions obtained by sieving for the KNO3 samples are shown in
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Figure 1. Comparison between these distributions and those obtained
using the other sizing techniques is achieved by equating the sieve
diameter and the alternative diameter at the same value of cumulative

percentage.

5.1 Hiac

Figure 2 presents the particle size distributions for the
KNO3 samples obtained using the Hiac particle sizer and show clear
separation between the four sieve fractions. Figure 2 also
highlights the effect of sieving on the size distribution curve. The
size distribution of most powders follows the log-normal law which is
characterized by a straight line distribution curve. However,
sieving removes particles below or above the sieve diameter,
distorting the distribution. The distribution therefore becomes non-
linear and asymptotic to the minimum or maximum particle size.

Conversion of the Hiac from a number basis to a volume
basis allows a comparison between the Hiac and Sieve analysis (Figure
3). Clearly, the Hiac undersizes the potassium nitrate samples by
0-50%. The difference between these two techniques would primarily
be due to particle refractive index differences, particle shape, the
type of diameter measured or errors with data conversion (number to
volume). Since the refractive index of the potassium nitrate (ca.
1.51) is close to that of the calibration material (1.59), the
refractive index difference is small and its effects will be
minimal. The particle shape does not change with size and should -
also have minimal effect. However, the effect of not having
spherical particles will be to undersize the sample. Therefore, the
difference in the distributions of the two methods may be due to
either the assumption of sphericity of the particles, the different
particle sizes being measured (the Hiac measures projected area
diameter whilst sieving measures the minimum aperture through which a
particle will pass), data conversion from a number to a volume basis
or a combination of these.

Figure 4 and Table 1 show comparisons for boron and
silicon. Due to the lower 1imit of the available sieves, sieve



analysis could not be carried out on the boron sample - 100% passed
through a 43 um sieve. Comparison between sieving and the Hiac for

silicon shows Tlarge differences occur between the two distributions
although the median particle sizes agree to + 20%.

5.2 Malvern

Figure 5 presents the volume distributions of the sieved
potassium nitrate samples using the Model Independent fitting
routine. The distributions are similar to those obtained with the
Hiac showing clear separation and an asymptotic'approach to the
maximum particle size. |

Comparison between Malvern and sieve data (Figure 6) shows
the Malvern slightly undérsizes but tends to bracket the sieve
distribution. The Malvern will generate errors due to the effect of
the sample refractive index and systematic errors due to the
lTimitations of the Fraunhofer principle. The latter is however, only
significant below < 5 um. The difference between the two techniques
is probably due to errors in fitting the Malvern data to a fixed
distribution, and the difference in the actual size being measured.
The Malvern assumes spherical particles (which leads to shape errors)
and measures the projected area diameter whilst sieving .assumes no
special shape and measures a minimum apefture diameter.

Distributions for silicon and boron are presented in Figure
4, Again comparison between sieving and Malvern for boron could not
be carried out because of the Tower Timit of the available sieves.
However, Figure 4 indicates a particle size approaching the Tower
useful 1imit of the Malvern. Electron micrographs of the boron
sample show a physical size of approximately 0.5-2.0 um, confirming
that the sample is outside of the useful range of the Malvern and
sieving. The Malvern and sieving show good agreement in their median
particle sizes for the silicon samples but a poor distribution

correlation.
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5.3 Fisher Sub-Sieve Sizer

The median values determined by the Fisher (Table 1) are
significantly below those of sieve analysis (0-500%). This is
because all the samples lie outside the range of instrument (1-

50 ym). However, electron micrographs show the boron sample to be
0.5-2.0 ym which is verified by the Fisher result (0.68 um).

5.4 Image Analysis

Figure 7 again shbws good separation of the five potassium
nitrate samples. Comparison between image analysis and sieving in
Figure 8 shows that image analysis oversizes the diameter by 0-50%.
This is partially due to the setting of the lower 1imit of the
instrument. In order to eliminate dust and contaminants on the
photographic image, the lower limit of measurement was set from 0-

10 ym depending on the sample. This would cause a small shift in the
cumulative distribution curve to suggest oversizing. Differences
between the results of the two techniques would also be due to the
conversion of image analysis data from a number to a volume basis and
the fact that image analysis measures the equivalent sphere projected
area diameter whilst sieving measures a minimum aperture diameter.

5.5 Comparison between all Techniques

Comparisoh between all techniques is presented in Table 1
and Figure 4, Figure 9 also presents a comparison of all techniques
for a typical potassium nitrate sample. From Table 1, the median
values for all techniques agree within + 20% for the materials
studied, with the exception of the Fisher Sub-Sieve Sizer. This has
been shown to be due to the limitation of the instrument. Negus and
Azzopardi [18], who studied a range of ballotini spheres suspended in
water, found similar agreement in the mean particle size between the
Malvern, Sieve and Photography. Holley [3] also studied several
particle sizing techniques and found good agreement (thLZO%) between
the mean values of boron, bismuth oxide and blown magnesium using a

Hiac and a Malvern.
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Comparison between the distributions, however, shows that
significant differences are present. Neglecting the extremities of
the distributions, where the effects of particle shape become
pronounced [17], Figure 4 shows that for both boron and silicon,
sieve analysis, the Malvern and the Hiac all have distinctly
different distributions. For boron, differences will undoubtedly be
due to the limitations of the techhiques used leading to large
errors. This has been verified by microscopic examination of the
boron particle size. For silicon, the Hiac and Malvern give simular
distributions but both are distinctly different to that of sieving.
The main cause of these differences are the different types of
diameters measured, conversion from number to volume bases and shape
effects. The Malvern results are, however, closer to those of

sieving.

A1l the techniques show similar distributions for the
potassium nitrate samples (Figure 9). The refractive index of
potassium nitrate is low (1.59) and will not cause large errors.
However errors would be due to the different types of diameter
measured and conversion of the data from a number to volume (mass)
basis for the Hiac and image analyser. Nevertheless, the degree of
agreement is suprisingly high given the potential errors.

Image analysis oversizes the particle diameter compared to
sieving whilst the Hiac and Malvern more closely model sieving. The
Malvern also oversizes the diameter compared to the Hiac. Negus'and
Azzopardi [18] found similar behaviour, with the Malvern and sieving
showing better agreement than Malvern and photography. They found
that photography frequently oversized the diameter compared with
sieving and the Malvern which is confirmed by comparing Figures 6,8
and 9. Holley [3] also found that the Malvern oversized the diameter
'compared with the Hiac, which is confjrmed by comparing Fiqures 3,6
and 9.

6.  CONCLUSION

The distribution of the particle diameter for samples of
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boron, silicon and potassium nitrate measured by several techniques

has been compared with the diameter measured by sieving.

Image analysis is the most direct and absolute method, but
requires extensive sample preparation and complex equipment. The
Malvern and the Hiac are simple, fast and have lower limits for
particle size of 5 um; however, the Hiac requires calibration.
Sieving is simple, yet time consuming, and requires large quantities
of the material. It is generally limited to samples containing
particles with diameters greater than 20 um. The Fisher Sub-Sieve
Sizer has an upper size 1imit of 50 um, severely limiting its
usefulness. It has the added disadvantage of producing a mean
particle size only with no information about the distribution.

The results suggest that image analysis, the Hiac, Malvern
and sieving all agree to t 20 for the median values of particle
size. The Fisher Sub-Sieve Sizer severely undersizes the silicon and
potassium nitrate samples because of its upper size limit. For
boron, however, there is general agreement between electron
micrographs and the Fisher results whilst all the other techniques
oversize the sample due to their lower size limits.

Comparison of the size distributions show that Image
Analysis oversizes compared with sieving whilst the Hiac
undersizes. The Malvern results tend to bracket those of sieving and
appear to be the most appropriate technique to reproduce the sieving
process.

The absolute values measured and the corresponding size
distributions with all methods will invariably differ because of the
different techniques used, the actual diameter measured, conversion
of the data from a number to a volume basis and the useable size
range of the technique. Assumptions about particle shapes and the
refractive index of the material will also have a Tesser effect on
the diameter measured. It is therefore, difficult to directly

compare results from the various techniques.
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THE EFFECTS OF SPIN AND LINER THICKNESS
ON ILLUMINANT PERFORMANCE

by

David R. Dillehay
Morton Thiokol, Inc.
Marshall, TX 75670

Spinning an illuminant has pronounced effects on the burn time and
candlepower of the illuminant. The net overall effect is a reduction in
the burn time and a loss in candlepower output. This effect has been
analyzed and a theory proposed on the mechanism that produces these
effects. Experimental evidence indicates probable verification of the
theory. The theory is based on differential rotation rates between the
burning surface and the gases above the surface. This leads to increased
heét transfer which is proportional to the distance from the center to the
rotation on the candle surface. The increased heat transfer increases the
rate of regression of the surface which shortens the burn time. The
increased burning rate exceeds the optimum burning rate and a loss in
candlepower results. An experiment designed to minimize this differential

rotation was successful in eliminating the spin effect.

Increasing liner thickness in a steel illuminant can is effective in
extending the burn time up to a point. Additional'liner thickness then
causes a marked decrease in candlepower with practically no effect on
burn time. A theoretical analysis of this problem and calculated values
relative to expected performance indicate that the problem is with the
balance of heat sink of the steel case and pyrolysis of the liner. The
calculated effect of liner pyrolysis on the flame temperature is shown

to be comparable to the measured performance parameters.
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INTRODUCTION

The effect of spinning a pyrotechnic device is well documented in
both illuminants and tracers. In both cases, the burn time of the device
and the visible light output are markedly reduced. An analysis of
possible causes for this effect led to development of a theory that the
loss in burn time is caused by increased heat transfer due to differential
rotation between the pyrotechnic surface and the gases evolved during
burning. A method was devised to test this theory by baffling the inside
of a candle to minimize this differential rotation. Test results showed

elimination of the spin effect on the illuminant between O and 1500 rpm.

An investigation was made using a lined steel.can in place of the
original paper tube in a new illuminant candle. The liner was made of a
polysulfide/epoxy combination similar to the binder in current illuminants.
It was noted that candle performance was severely affected by the thickness
of the liner. The burn rate was not significantly changed but the candle-
power was degraded as the burn progressed. An analysis of the problem
indicated that the decrease in candlepower is probably caused by pyrolysis
of the liner during the bugn with significant degradation of thé light
integral.. A thin liner allows the steel can to act as a heat sink to
reduce.the.pyrolysis of the liner during the burn. Thicker liners afford
sufficieﬁf insulation to the outer layer of the liner to cause increased
pyrolysis of the surface. The effect of the liner thickness on spin
degradation was minimal. This supports the previous analysis of the effect

of spinning on performance.

Theoretical Analysis

Spin Effects

The effect of spin on the burn time of an illuminant is shown in
Figure 1. This curve is typical of a wide variety of candles that have
been tested under spin conditions. It can be shown that the effect of -
spin is proportional to the diameter of the candle. The smaller the
candle diameter, the less pronounced is the effect of spin. Extinguishment

of candles during burning under spin conditions shows the general pattern
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shown in Figure 2. This pattern shows that the illuminant is burning
faster near the case wall under spin conditions. The large spike left

at the end has been observed to fall out of the case during the last
stages of burning when suspended from a parachute. These factors led

to the development of a theory that the gases evolving from the illuminant
surface can track the spinning of the surface at the initial slow spin
rates. As the rotation speed increases, a point is reached where the
gases can no longer keep up with the surface and a shear of the gases
relative to the rotating surface is experienced. At this point, thermal"
transfer is increased due to the flow of the gases relative to the
surface. Since the outside edge of the candle surface has the highest
angular velocity, the heat transfer is highest near the edge. This
results in a faster burn rate at the outer edge. As the speed of rotation
increases, a point is reached where the pyrolysis of the surface becomes

the limiting factor and a plateau is reached in the burn rate.

To test'this theory, several candles were loaded with a cruciform
baffle instélled in the case prior to loading. The baffle was constructed
of 20 gage steel sheets coated with a thin layer of liner and placed in
the canister as shown in Figure 3, illuminant'charges were weighed and
placed in each quadrant formed by the cruciform. A split punch was used
to consolidate all of the quadrants at once. These candles were tested
under various spin conditions to replicate the oriéinal test data. The
results are shown in Figure 4. It can be seen that the onset of spin
effects was eliminated in these candles all the way out to 1500 rpm. It
is postulated that the effect of the baffle is to keép the gases in the
canister stirred to prevent the differential rotation from occurring.
Although the baffle is largely consumed by the flame during the burn,
extinguishment tests showed that there is an effective.projection of the
baffle above the illuminant surface of about 0.3 in. This appears to

be adequate to prevent the previously observed effects.

Liner Thickness

The following observations and assumptions were used to determine
the predicted levels of interaction between liner pyrolysis and illuminant

combustion products. Two mixes were loaded into steel cans with differing
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amounts of liner in the cans. For each mix, two cans were loaded with
no liner, two cans were loaded with a nominal 0.015 in. liner, two cans
were loaded with a nominal 0.030 in. liner and two cans were loaded with
a nominal 0.060 in. liner. These candles were all tested in the tunnel
for burn time and candlepower. The results are shown in Table 1. A
typical trace as recorded in the test tunnel is shown for each mix in

Figures 5.and 6.

Table 1.

Candle Test Results

Mix % % Liner ' Burn

No. Binder Mg Thick., in. Time, sec. Candlepower

555 7.8 55.5 0.000 50.0 370,100
0.015 52.7 332,100
0.030 52.4 324,800
0.060 50.0 201,100

566 5.0 56.6 0.000 40.4 480,700
0.015 41.5 439,500
0.030 42.3 381,300
0.060 ' 42.2 282,800

The above data is based on an integral time of 32.0 sec during the burn.

The candlepower is observed to degrade markedly during the latter
stages of the burn as a function of the liner thickness. This can be
seen in Tables 2. and 3. which show the average candlepower as a function

of time for the same tests.

Table 2.

Candlepower versus Time for Mix 555

Liner

Thick., in. #1 ' {2 #3 #4
0.000 305,000 382,000 363,000 334,000
0.000 348,000 363,000 377,000 420,000
0.015 315,000 272,000 301,000 272,000
0.015 324,000 329,000 324,000 343,000
0.030 320,000 262,000 243,000 229,000
0.030 315,000 339,000 363,000 239,000%*
0.060 281,000 215,000 172,000 138,000
0.060 267,000 162,000 157,000 148,000
* Unusual trace. Not included in Figure 7. '
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Table 3.

Candlepower versus Time for Mix 566

Liner

Thick., in. 1l {2 #3 #4
0.000 472,000 439,000 425,000 -
0.000 448,000 477,000 439,000 -
0.015 382,000 367,000 372,000 -
0.015 453,000 453,000 429,000 -
0.030 425,000 358,000 301,000 -
0.030 415,000 301,000 267,000 -
0.060 291,000 215,000 219,000 -
0.060 347,000 258,000 219,000 -

The data from Tables 2. and 3. are shown graphically in Figures 7. and
8. These results show that the candlepower is being adversely affected

during the burn without a significant change in the burning rate.

The liner is exposed to the combustion gases as the illuminant surface
regresses into the can. The thermal conductivity of the liner allows thin
layers of liner to be cooled by the high thermal conductivity of the steel
can wall, This reduces the temperature of the exposed top layer of the
liner and keeps the pyrolysis rate low. As the liner thickness increases,
the increased insulating effect of thé liner allows the exposed top layer
of the liner to become much hotter and the pyrolysis rate increases. At
some point, the liner thiékness appears as an infinitely thick layer and
the pyrolysis rate plateaus and a fixed pyrolysis rate exists for any
thickness above the plateau point. This is illustrated in Figure 9. To
allow calculation of the effect of liner pyrolysis on candlepower, some
values were assigned to the curve. The initial pyrolysis rate for thin
liners (up to 0.010 in.), was taken as 0.00005 in./sec for Mix 555. The
maximum pyrolysis rate for infinitely thick liners was taken as 0.00035
in./sec. Since the theoretical flame temperature of Mix 566 is 2582 ©K
compared to 1970 ©°K for Mix 555, the pyrolysis rates for thin and thick
liner for Mix 566 were adjusted to 0.0001 in./sec and 0.0007 in./sec

respectively.

The inside diameter of the can is taken as 2.0 in. The illuminant is
assumed to regress at 0.055 in./sec for Mix 555 and at 0.065 in./sec for
Mix 566. As the illuminant regresses into the can, more of the liner

surface is exposed. The pyrolysis products from the liner combine with
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the combustion products from the illuminant and change the thermodynamic
equilibria within the plume as it exists the can. The effect is the same
as adding additional binder to the illuminant formulation, but the burn
rate is relatively unaffected by the addition of the products to the
flame in this fashion. This is because the flame temperature just above
the illuminant surface is effectively constant throughout the burn which
keeps the thermal feedback to the surface nearly constant also. The
energy removed from the system by pyrolysis of the liner and the dilution
of the sodium present in the plume by the presence of the added binder
pyrolysis products can explain the reduced candlepower of the illuminant
as a function of time. The effect of adding binder to an illuminant
formulation is well known. As the binder is increased, the light integral
is reduced. Since the burn time is remaining constant, the reduced light
integral is reflected in reduced cahdlepower. The data in Table 4. show
the calculated equivalent binder levels for the two formulations as a

function of time and the liner thickness.

Table 4.

Calculated Equivalent Binder Content Versus Time

Mix " - Liner Thickness, (in.)
No. Interval, (sec) 0.000 0.015 0.030 0.060
555 0 7.8 7.80 7.80 7.80
' 10 7.8 7.87 7.98 8.16
20 7.8 7.95 8.16 8.52
30 7.8 8.02 8.34 8.88
40 7.8 8.09 8.52 9.23
566 0 5.0 5.00 5.00 5.00
10 5.0 5.05 5.24 5.42
20 5.0 5.11 5.72 6.10
30 5.0 5.26 5.96 6.78

These data are shown graphically in Figures 10. and 11. The similarity

to the performance shown in Figures 7. and 8. is noteworthy.

These equivalent binder levels should be_considered'merely as trends
since the pyrolysis rates were arbitrarily assigned; however, it is plain
‘to see that even small pyrolysis rates can lead to sizable changes in

composition.

These calculations show that the expected variations are in reasonable

agreement with the magnitude of the effects found in the experiments.
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IMPROVED HIGH-TEMPERATURE PERCUSSION PRIMER

N. A. Durand, R. R. Weinmaster, T. M. Massis
Sandia National Laboratories
Albuquerque, New Mexico 87185

V. Fleming
UniDynamics/Phoenix, Inc.
Phoenix, Arizona 85062

ABSTRACT

A study was condﬁcted to develop a percussion primer mix that would be
capable of functioning after a 20-hour exposure at 200°C. A total of 16
mixes were studied, of which 6 were chosen for basic thermal and
chemical properties. All mixtures were thermally evaluated with the
differential scanning calorimeter (DSC) and showed no exothermic
activity below 250°C. The mixtures were further evaluated by impact and
friction sensitivity. Two of the candidate mixtures were selected for
further development of a high-temperature, hermetically seéled
percussion primer. These vere KC103/SbZS3/CaSi2 and KC103/SbZS3/
CaSiz/HNS. The primer mixes were loaded into conventional hardware and
subjected to ball-drop sensitivity testing. These two mixes have
similar mean sensitivity of approximately 30 in. oz. which are well
within the design requirements of 60 in. oz. The hermetically sealed
primer that is being developed uses a stainless steel cup, anvil, and
sealing ring with a glass-to-metal seal in the output hole. This primer
has no reconsolidation requirements, and the sensitivity of this
percussion primer is comparable with other commercial primers which are

not hermetically sealed.
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INTRODUCTION

Vork on-high—temperature percussion primers has been going on since
1961 when Schlach & Ciccone of the Frankford Arsenal developed the first
pyrotechnic mixes capable of functioning after exposure to 400°F
(200°C).1’2 These mixes, G-11 and G-16, were slurry loaded into
standard brass hardvare, then dried. This method requires that the
primers be recompacted in the final application. Under most
circumstances, this requirement is not detrimental. These high-
temperature primers used the standard paper disc seal between the mix
and the anvil. This seal is not an effective barrier in controlling
moisture exposure to the mix. It has been shown that improper
consolidation and moisture are the major factors affecting percussion

primer sensitivity.1’2’3

In an attempt to address these problems, B. F. Beard of the Naval
Ordnance Station developed a Cartridge Activated Device (CAD) primer3,
wvhich had no consolidation requirements and an improved environmental
seal. This device is made of copper alloys and has a flat anvil design,
improving_offécentér hit sensitivity (Figure 1). The CAD primer is more
sensitive than the "G"-type primers; however, its temperature stability
is lower. The CAD primer has an upper temperature limit of 200°F
(100°C). |

HOUSING

_0.295 |
INCH

T RETAINER

f7aN

_ -,
// ANVIL/FLASH HOLE RING
SE

ALING DISC
COMPOSITION

Figure 1. CAD Primer Basic Design
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Our objectives were to develop a hermetic high-temperature (200°C,
400°F) percussion primer with an all-fire sensitivity of less than that
of the "G" primers and maintain the CAD primer advantages of no
reconsolidation and a flat anvil.

PREPARATION AND EVALUATION OF PRIMER MIXES

Sixteen compositions were formulated after studying their basic
thermal and chemical properties. The formulations are presented in
Table I. The mixes were examined for thermal stability using
différential scanning calorimetry (DSC). None of the mixes show any
thermal activity below 250°C. Further evaluation of the impact and
friction sensitivity was conducted. These results are presented in
Table I. The impact sensitivity was conducted using a (2 Kg) Bureau of
Mines apparatus. The friction sensitivity was measured using a BAM
Friction Test Apparatus. The values reported are the minimum weight
required to give one fire in six attempts.

Mixtures 1 through 10 vere blended by weighing 5 grams total weight
of dry ingredients into a 2-inch-diameter by approximately 2-inch-long
can. Two 1/2-inch-diameter, l-inch-long velostat rods were added, and
the can was rotated at 30 rpms for 18 hours. Compositions using BI-770
vere blended in small amounts due to its sensitivity. Mixture number 11
vas blended by crushing the materials together on a piece of paper with
a wooden spatula. Mixture number 16 was prepared by grinding a small
amount of mixture number 5 with BI-770 and a few drops of water.

Six mixtures wvere chosen to load into M42 brass hardware for
further impact testing. These results are presented in Table II." Of
the six, only three would reliably function at moderate impact energies.
They are the G-16 mix, the G-11 (with HNS replacing TACOT), and the
'G16/BI1-770. These mixtures were further tested to establish a mean
impact sensitivity using a Langlie format. The results are presented in
Table III.5 During this testing it was observed that the Gl11/HNS
mixture gave the most reliable output. The G-16 output tended to smoke
and fizzle at marginal input energies. The G-16/BI-770 mix proved to be

4

too brisant for our application.
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Table II

PRIMER MIX LOADED IN BRASS HARDWARE

Impact Height(l)
(cm) Results
#3  40% KClO4
10% Sb253 10 No Fire
15% Ti 20 No Fire
35% TMAP 30 No Fire
#5 G-16 Blend
53% KClO4 10 Fire
30% Sb253 10 No Fire
17% CaSi2 15 Fire
47 42% kelo, ¥ 10 No Fire
8% CaSi2 20 No Fire
8% Ti (Metal) 30 No Fire
42% HNS
#10 50% KClO4 10 No Fire
40% Ti (Metal) 20 No Fire
10% BI-770 30 No Fire
#11 G-11/HNS ‘
53% KClO4 10 No Fire
25% Sb253 10 Fire
12% CaSi2 10 Fire
10% BNS
$16 42% KClO4 5 Fire
24% szs3 4 Fire
14X Ti (Metal) 3 Fire
20% BI-770 2 Fire
1 No Fire

Notes: 1. 2 Kg Bureau of Mines Impact Tester.
2. This mix wvas loaded in Design #1.
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Table III
LANGLIE SENSITIVITY RESULTS OF PRIMER MIX
THAT FUNCTIONED ON IMPACT TESTING

X

(in. o0z.) _S_ X + 358

$#5 G-16 Blend
53% KClO4 32.2 - 3.3 48.7
30% SbZS
17X CaSi

3
2

#11 G-11/HNS Blend
53% KC10, ,
25% Sb253 33.9 3.3 50.4
12% CaSi2
10X BNS

$#16 G-16/BI-770
42% KClo,
24X SbZS3 21.8 0.9 26.3
14% CaSi2
20% BI1-770

Table IV shows the results of preliminry compatibility testing
using a Chemical Reactivity Test (CRT).6 The data for the G-11 mix and
HNS measured high 002 contents following aging at 200°C. The G-16 mix,
vhich is similar to the G-11 mix, measured moderate 002 values. The
other evolved gases measured moderate to low values. These CO2 data are
somevhat disturbing in that they indicate a potential reaction between
the G-11 constituents and HNS. But the trend is not clear because of
the absence of corresponding high nitrogen, NO, and N20 values. These
materials would also be evolved if the HNS was reacting. Note that the
only source of COZ’ NZ’ NO, and N20 in this mixture was the HNS. 1In
addition, HNS baseline-evolved gases were not measured and compared.
These CRT experiments are to be repeated using stainless steel or quartz
holders. Baseline tests will also be run on BNS. To measure the
stability of the G-11 constituents during high-temperature aging, a free
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chloride analysis will be performed. This will measure KClO3
degradation in the G-11 mixture as a result of any reaction with HNS.
Further work determining the effect of aging on primer sensitivity is
also in progress. If a compatibility problem definitely exists, the
G-16 mix would be used in the hermetic primer.

Table IV
CRT ANALYSIS OF PRIMER MIXES

Micrograms of Evolved Gas Per Gram of Sample

Mix N2 Cco NO CH4 CO2 NZO HZO
Blank 19 6 TR* TR 106 TR 75
Blank 49 3 TR 3 34 TR 35
G-16 78 52 TR 10 707 9 637
G-16 + BI-770 2205 720 0 12 6613 7 3348
G-11/HNS 718 412 380 32 6091 122 1237
G-11/8NS 563 362 33 7 5005 91 956

*Trace - less than one microgram

The sealing disc used in most commercial percussion primers is a
Kraft paper. High-temperature stabilizing tests show that the craft
paper deteriorates very badly, becoming charred and outgasing
appreciably (Table V). Several alternatives were selected and tested in
brass hardware using a disc and a washer configuration. The Kapton
washer was relatively simple to make and use. The Kapton proved to be
stable and compatible to 200°C when in contact with the G-16 mix. The
Kel F, Viton B, and Fluorel were not stable at 200°C and were rejected.
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Table V

MATERTAL COMPATIBILITY

Micrograms of Evolved Gas Per Gram of Sample

Mix ‘N, CO N0 CH  C0, N0 HO
G-16 78 52 TR® 10 707 9 637
Viton B 36 4 4 TR 49 0 930
G-16 + Viton B 149 2078 14 23 11048 183 250
G-16 + Viton B 171 3033 0 22 15888 1 929
Papert’? 55 3752 32 4 13628 1 11390
Paperl’é 469 2232 0 7 14001 TR 13630
Kapton™ 25 164 TR 5 1530 TR 100
Kapton + G-16 303 92 1 6 1033 TR 323
Kapton + G-16 124 81 4 2 641 TR 419
Kel F2'4 19 197 0 4.4 1870 TR 415
Kel F + G-16%1% 3 508 0 8 445 2 121
Kel F + G-16214 41 845 3 12 7246 2 2415
Fluorel?+% 83 22 TR 2 234 1 4N
Fluorel?’% 103 36 TR 3 6 0 774

Heated 66 hours

Beated 42 hours

Trace - less than one microgram
Other products detected

00N
. s o

THE HERMETIC PRIMER

The hermetic primer requires welding of the final assembly and the
use of a sealed spit hole. These requirements were accomplished by
using stainless steel for the primer hardware and a glass plug formed in
the spit hole of the primer. Several design variations were evaluated
using geometries that incorporated the anvil and seals. Other designs
vere similar to the CAD primer configuration. These designs are shown
in Figures 2 through 5. Experiments with these designs were conducted
using the G-11/HNS primer mix; the results are presented in Tables VI,
VII, and VIII. The results of these experiments show that three factors
are involved in reliable function: the primer mix pad thickness, the
closure disc or cup thickness, and the glass seal thickness/surface area
ratio.
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Table VI

STAINLESS STERL HARDVARE DESIGN STUDY

Design I

.008" Disc

.050" Pad

L 005
. 040

Design II .005
.020

.010
.010

.020
.010

.005
.010

Design III .005
.010
.010

Design IV .010
.020
.010

Notes: (1) 2 Kg Bureau of Mines tester.
(2) Sandia-designed drop tester.

Disc
Pad

Disc
Pad

Disc
Pad

Disc
Pad

Disc
Pad

Disc
Pad
Glass Seals

Disc
Pad
Seals

# Shots

3
4

No Fires(l)

2 Fires(l)
2 No Fires

(2)

~50 in. oz.
~30 in. oz.

~90 in. oz.

~20 in. oz.

~20 in. oz.
Failed to rupture

~70 in. oz.
Seals broke



PRIMER MIX CONSOLIDATION STUDY

Table VII

Design IV - .010 Disc

129

Pad Thickness % TMD Sensitivity
.010 60% ~48 in. oz.
.020 60% ~54 in. oz.
.030 60% ~63 in. oz.
.020 75% ~70 in. oz.
.010 90% ~45 in. oz.
.020 90% ~55 in. oz.
.030 90% ~70 in. oz.
[ )
Table VIII

GLASS SEAL THICKNESS STUDY

Thickness/Surface Area
Ratio

3.
.93
.43
.95
.58
.05
.526
.263

QO O B P B NN

Final design

66

0.688

Leak Rate
-7
-7
-7
-7
-7
-7
-7
-7

<10
<10
<10
<10
<10
<10
<10
<10

0.136" X .010" thick seal

Results

No breakout

No breakout

No breakout
Partial breakout
Partial breakout
Complete breakout
Complete breakout
Complete breakout
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Table VI shows the cup or disc thickness and primer mix pad
thickness effect on the sensitivity of the stainless steel designs. It
can be seen that experiments conducted with thick discs/thin pads and
thin discs/thick pads result in low sensitivity. The best results were
obtained in experiments with thin discs/thin pads. The effect of the
primer mix loading densities are presented in Table VII. These results
indicate a trend toward increased sensitivity with increased pad

'thickness, with no apparent density effect. Experiments with the glass

seals are summarized in Table VIII. These results show an optimal seal
thickness/surface area ratio between 0.5 to 1.0 for this system.

The final hermetic primer design, Figure 6, minimizes the pad and
disc thickness while maintaining output and integrity. It also
maximizes the seal surface area and maintains hermeticity. This design
has a mean sensitivity of 35.91 in. oz. with a standard deviation of
3.78.

Summary

The hermetic high-temperature primer has been developed to
withstand extremes of 200°C for 20 hours, which is not normally
experienced by commercial percussion primers. This design has
incorporated the high-temperature G-11/HNS primer mixture into stainless
steel hardvare. The hardware maintains the desired features of the CAD
primer, i.e., no reconsolidation and flat anvil, and optimizes the
sensitivity obtaining a mean of 36 in. oz. The welded assembly with the

6

glass seal provides hermeticity to greater than 1 X 10” " ce/sec.
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EVALUATION OF A LOW TOXICITY DELAY COMPOSITION

P.P. Elischer, G. Cleal, M. Wilson
Materials Research Laboratories
PO Box 50, Ascot Vale, Vic. 3032

Australia

ABSTRACT

Many traditional pyrotechnic compositions contain toxic
ingredienté and as such are a cause for concern in the work area
unless elaborate safe guards are enforced to protect personnel. The
reluctance to move away from their use in pyrotechnic compositions
can be attributed to their proven performance in a wide range of
pyrotechnic compositions.

A new pyrotechnic composition comprising of boron and iron
oxide was developed at MRL for use in delays. The composition
exhibi ted uniform burning characteristics, was readily ignited from a
percussion primer and had a good output at the end of the delay
interval. Boron has a low toxicity and iron oxide is regarded as
being less hazardous to health than many of the traditional
ingredients used in Pyrotechnic delays.

In this investigation it was demonstrated that a highly
reproducible 0.20 + 0.02 second delay igniter can be prepared using
this composition. The report also assessed some parameters which may
effect delay time and reproducibility and generated useful data which
may be used for the development of similar delay systems.
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1. INTRODUCT-ION

Pyrotechnic delays have the important function in many
explosive devices of providing a time interval between two events.
The accuracy specified for the time interval will depend upon the
service requirement of the device. If the time interval is not
reproducible then either safety to personnel could be compromised,
particularly if the device is deployed by hand, or proper functioning
of the device at the target could be effected.

Many traditional pyrotechnic delay compositions contain
compounds such as the salts of barium, chromium or lead. These are
fine dusty materials which are toxic and suspected or proven
carcinogens (1,2,3). They therefore pose a potential health risk to
personnel unless elaborate safe guards are enforced. Chromium
compounds and chromates, for example, have been identified as the
cause of lung cancer amongst workers in the chromate industry and
when used in solution, they are exceedingly active chemically and are
powerful skin irritants. Exposure of personnel to such chemicals is
a matter of increasing concern in the area of Occupational Health.
Consequently it is desirable to use alternative compounds which do
not constitute the same degree of risk.

MRL is engaged in a Research & Development program aimed at
improving pyrotechnic devices and materials, not only from a
functioning point of view but also in matters related to Occupational
Health and Safety. The work is this report describes the
development and assessment of an accurate pyrotechnic delay igniter
using a new composition developed at MRL. This composition contains
25% boron and 75% iron oxide. Boron has a Tow toxicity and iron
oxide is regarded as being non-toxic and therefore is less hazardous
to health than many of the traditional materials used in delay
compositions. As such both these materials satisfy Occupational
Health considerations.

Previous work undertaken (4) at MRL has shown that the
composition containing boron and iron oxide have the desirable
features for use as a delay; when ignited the consolidated
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composition exhibited uniform burning characteristics, it was readily
ignited from a percussion primer and had a good flame/particle output
at the end of the delay interval.

In this investigation it was demonstrated that the new MRL
composition can be used to prepare highly reproducible delay
igniters. The report also includes an assessment of some parameters
which may effect delay time and reproducibility and provides useful
data for the development of similar delay systems.

2. RESULTS AND DISCUSSION

2.1 Choice of composition

The burning rate of a delay composition is effected by many
variables. According to Cackett (5) the burning rate of binary
mixtures such as those studied here is dependant on the formulation
of the composition and the physical characteristics of the
ingredients used. As the proportion of fuel increases the burning
rate increases to a maximum and then decreases. The shape of burning
rate vs percentage fuel curve is characteristic of the ingredients
used and can exhibit a flattened region or a blunt peak which in
either case corresponds approximately to the maximum burning rate of
the composition. To produce an accurate delay composition the
proportions of the ingredients should be selected from this flattened
or peak region to minimize the effects of mixing variatiohs.

This was the criterion used to determine the optimum boron
and iron oxide formulation. In all, eleven different boron and iron
oxide compositions were prepared and the time required for the lead-
encased delay to burn over a 100 mm length was recorded using a stop
watch. Although only qualitative results were obtained, a distinct
trend was observed. Burning rate values (TABLE 1) show that the rate
of burning vs percentage boron curve tends to flatten out in the
region where the proportion of boron lies between 20% and 3(% giving
a constant burning rate of 2.99 s/100 mm. Within this region small
variations in the proportion of ingredients would not have a
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significant effect on the burning rate. Outside this region, a
marked and rapid decrease in the burning rate was observed, with the
composition failing to ignite when the proportion of boron was less
than 8% or greater than 60%. On the basis of these results the
composition selected for further investigation, designated MRL (X)
12 was:

75 percent iron oxide
25 percent boron

This formulation corresponded approximately to the midpoint of the

plateau region in the burning rate vs percentage fuel curve.

Table 1
BURNING RATE OF DELAY COMPOSITIONS VS BORON CONTENT

Composition Burning Rate
% boron % iron oxide sec/100 mm
5 95 failed to ignite
7 93 25.1
10 ' 90 9.9
15 85 3.5
20 80 2.9
25 75 2.9
30 70 3.3
40 60 4,4
50 50 8.3
60 40 27.2
70 30 failed to ignite

2,2 Effect of pressing load on burning rate

Variation in delay time and reproducibility, attributed to
varying pressing loads was also investigated. Compositiohs
consolidated using high pressinglloads may fail to ignite from a
primer, conversly low pressing loads could cause the delay column to
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crack or crumble during rough handling and combustion and although
the desired delay functioning time may be achieved, the standard
deviation may be unacceptabley high.

To investigate the effect of pressing load, a precut length
(approximately 10 mm) of lead-encased delay composition was
consolidated into experimental delay tubes (fig. 1). . Four groups,
each comprising 25 experimental delay units were prepared in this
manner with each group being pressed at different loads. The delay
columns were cut back to 7 mm lengths, thereby keeping the free space
above the column constant. It was found during preliminary
investigations, which established the delay igniter configuration,
that a delay length of 7 mm was necessary to give a 0.2 second delay
(6). The delay tubes were then fitted to M49 flare surface trip
coVerplates and the functioning times determined using an interval
counter. The results (TABLE 2) show no significant variation in the
functioning time of the delay units with increased pressing load,
suggesting that functioning time was not dependant on pressing load
within the range investigated. The results did show that standard
deviation is dependant on pressure load, the effect being more
prominant at lower pressing loads, tending to decrease as the
pressing load is increased. All standard deviations were within the
desired limits, except at the Towest pressing load. On the basis of
these results the pressing Toad to consolidate the lead-encased delay
in further investigations was selected at 320 MPa. It was observed
that the aluminium delay tubes deformed slightly at higher pressing

Toads.
Table 2
PRESSING LOAD VS DELAY FUNCTIONING TIME
Pressing load Length delay Delay functioning
MPa mm time sec
160 7.16 + 0.05 0.193 + 0. 023
240 7.20 + 0.3 0.192 + 0,014
320 7.19 + 0.04 0.198 + 0.008
400 7.17 + 0.07 0.195 + 0.009
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2.3 Effect of free space above the delay column on functioning time

The effect of varing free space above the delay column, on
the functioning time, of thé delay igniter was also investigated.
Many sealed delay units incorporate‘a free space above the delay to
compensate for the pressure generated by the igniter or by the
combustion products of the delay composition. Any variations in the
free space effectively alters the dynamic pressure at the burning
front of the delay, which in turn can alter delay time.

Experimental delay units were prepared as previously
described in section 2.2. using a pressing load of 320 MPa. Six
groups, each containing 10 delay units of a particular length were
prepared and the functioning times determined using an interval
counter. The results (TABLE 3) show that the volume of free space
above the delay does have a marked effect on the functioning time of
the delay igniter. The functioning time increases fairly rapidly
from 0.165 s to 0.200 s as the volume of free space approaches
0.5 cm3. Between 0.5 cm3 and 0.85 cm3 there is a small increase in
delay time. However, both the delay time and standard deviation are
within the desired Timits. Ideally then, to produce an reproducible
0.2 + 0.02 second delay using consolidated delay lengths of 7 mm; the
volume of free space should be in excess of 0.5 cm3 (i.e. the length
of the aluminium tube should be 20 mm or greater).

Table 3
FREE SPACE ABOVE DELAY COLUMN VS FUNCTIONING TIME OF DELAY

Congth of detay tuve | Vol of [7se space | Lenatn of | Functoritg cin
cm mm sec
10 0.24 7.20 + 0.07f 0.165 + 0.010
15 0.37 7.22 + 0.06] 0.181 t 0.011
20 0.48 7.19 + 0.05f 0,200 + 0.012
25 0.60 7.19 £ 0.05 0.210 + 0.009
30 0.73 7.21 + 0,03 0.210 + 0.005
35 0.85 7.18 + 0.05] 0.214 + 0.005
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2.4 Effect of storage on delay time

Moisture has a considerable effect on the burning
characteristics of many pyrotechnic compositions (5). This is
particularly true for pyrotechnic delays where a high moisture
content can have an adverse effect on performance. Pyrotechnic
compositions containing boron are very susceptible to moisture uptake
from the atmosphere (7,8). This is due to the hygroscopic nature of
boric oxide which forms a surface coating as a result of oxidation.
The extent of oxidation depends on the age of the boron, the method
of storage and the degree of exposure to the air. The tendency of
boron to oxidize and subsequently absorb moisture from the air does
cause concern and a previously acceptable sample may after a period
of time fail to meet specification requirements. This can be
rectified by washing the boron prior to use, as boric oxide is
soluble in water (7,8,9).

To determine the effect of storage, two samples of
boron/iron oxide compositon, one containing washed boron and the
other unwashed boron were placed in open trays and exposed to the
atmosphere for 36 weeks. The samples were then rolled into lead
tubing and the bench burning rates determined using a stopwatch. The
composition containing unwashed boron had a burning rate of 5.0 s/100
mm. This was slower than controls stored in a sealed container which
had a burning rate of 4.1 s/100 mm at the start of the test period
and 4.2 s/100 mm at the finish of the test period. The variation in
the burning rate of the controls was considered to be minimal.
Similarly, after 36 weeks the burning rate of the composition
containing the washed boron was 3.1 s/100 mm which was only
marginally slower than the controls which had burning rates of 2.7
s/100 mm and 2.9 s/100 mm respectively. The difference between the
burning rates of the two composition at the start of the test period
is considered to be due to the purity of the boron and its moisture
content. Washed boron had a free boron content of 88% and a moisture
content of 0.54% and unwashed boron had values of 54% and'1.07%
respectively.
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A sample of composition containing washed boron from a
stock batch was also conditioned at 80% relative humidity for a
period of 26 weeks. The delay time of delay igniters filled with
this composition after the conditioning period and fitted to M49
flare surface trip coverplates was 0.242 + 0.013 second. Delay
igniters were prepared at the start and the finish of the test period
using the stock batch composition which was stored in a sealed
container. These controls ghve delay times of 0,200 + 0.013 and
0.222 + .010 second respectively. Despite the severity of the test,
the increase over this period was relatively small suggesting that
delay compositions containing washed boron would have good storage
properties if kept in sealed containers.

This work reaffirms the findings reported in ref 7,8 and
highlights the importance of using washed boron in all pyrotechnic
delay compositions.

2.5 Effect of temperature on delay time
2.5.1 High and low temperature

Firings were carried out of +60°C, ambient, and -40°C to
assess the extremes in performance of the delay composition when
filled into delay units. The results (TABLE 4) represent the average
of 10 readings.

Table 4
EFFECT OF TEMPERATURE ON FUNCTIONING TIME OF DELAY

Temperature Length of delay Funcgiogl?g time
°C mm Y
sec
+60 7.23 + .004 0.178 + 0.005
ambient 7.19 + .005 0.200 + 0.009
-40 7.20 + .007 0.222 + 0.012




2.5.2 Temperature Cycling

Delay units were subjected to an ISAT A
temperature/humidity cycle for a period of three weeks. The delay
units were placed in a sealed container to exclude the humidity
effects and to utilize the temperature effects only. The burning
time of the delays after temperature cycling was 0.202 + 0.011
seconds, this compared favourably with controls stored at ambient for
the same period which had an average delay time of 0.201 + 0.010
seconds. The results indicate that temperature variations likely to
be encountered during storage would not adversly effect the delay
functioning time. Radiographs showed no evidence of cracking or
flaking of the delay column.

2.6 Effect of Rough Handling on the integrity of the Delay Column

Limited environmental testing was carried out to assess the
integrity of the delay after rough handling. The testing cycle
covered a period of 2 months. X-ray analysis of all delay units
after the subsequent test cycles showed no evidence of cracking or
flaking. The results (TABLE 5) show no significant variation between
the delay time of the controls which were stored under ambient
condi tions for the test period and the units subjected to
environmental cycling. This indicates that the configuration chosen
for the 0.2 second delay is more than adequate to survive normal
rough handling of the store which would occur during transport. The
overall mean delay time of the seventy units was 0.203 + 0.009
seconds with a max spread between the highest and lowest value being
0.044 seconds.
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Table 5
EFFECT OF ROUGH HANDLING ON FUNCTIONING TIME OF DELAY

Test Functioningsglme of Delay

Control (after 2 months) 0.201 + 0.010.
Temperature cycling and 0.202 + 0.008
handling drop

+
Vibration 0.210 + 0.010

+
Bump 0.201 + 0.006

+
Impact 0.199 + 0.009

2.7 Sensitivity of the delay composition to initiation by external
stimulil

The boron and iron oxide composition was subjected to
standard sensitivity tests necessary for safety certificate issue
(10). Rotter impact (impact sensitivity), Mallet test (Friction
sensitivity), Glancing Blow (Friction impact sensitivity),
Temperature of Ignition (T of I, thermal sensitivity), Ignition by
Flash (ignitioh sensitivity), Behaviour on inflamation and ignition
by electrostatic discharge.

The sensitivity to electrostatic discharge was determined
using the standard Safety Certificate screening test. This test
does not provide quantitative values regarding the susceptibility to
ignition from an electrostatic spark, but it does categorize
materials between main energy values. The boron/iron oxide
composition ignited consistently at spark ignition energies of 0.045
Joules. Values of this order indicate that the delay composition is
sensitive to static discharge and care should therefore be taken to
ensure processing facilities are properly earthed.
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The composition is also sensitive to ignition by friction,
ignitions were recorded when boxwood and steel mallets were used in
conjunction with yorkstone and mild steel anvils. Again when ignited
the composition burnt slowly producing little gas.

In all other tests the boron-iron oxide composition behaved
as a typical pyrotechnic material exhibiting the following
properties: ’

(1) high temperature of ignition, greater than 400°C
(2) minimum ignition energy during glancing blow of > 11 mJ
(this is the max energy that can be attained with this test

apparatus)

(3) ignites from a flash output and readily supports
combustion,

and (4) is relatively insensitive to impact, having figure of
insensitiveness (F of 1) of greater than 200.

2.8 Flow properties

The flow properties of powdered materials are an important
consideration in many industrial processes. Generally pyrotechnic
compositions containing finely powdered ingredients have poor flow
properties. These compositions are difficult to handle and because
of their dusty nature pose a potential health hazard to production
personnel.

The flow properties of these compositions can be improved
by wet granulation or by the addition of a flow modifier, such as the
product aerosil R972. A comparative study was carried out to
determine any variation in the burning characteristics of delay
igniters filled with granulated composition or composition containing
2% aerosil. The latter composition recorded delay times of 0.29
seconds. This was significantly slower than the 0.21 seconds
obtained with controls prepared using ungranulated boron/iron oxide
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composition without flow modifier. Although further cut back of
delay 1ength would compensate for this increase, the granulated
composition would be preferred, the delay times recorded were
identical to the controls, there was a marked improvement in the flow
properties and a significant reduction in the amount of fines.

3. CONCLUSION

The preparation of an accurate reproducible delay using a
composition comprising 25% boron and 75% iron oxide has been
demonstrated. A]though‘on1y one configuration was studied, the data
may also be used to prepare similar delays with longer burning times
or different configurations.

The 0.2 second delay was prepared by consolidating a precut
length (10 mm) of lead encased delay onto a waxed paper disc which
had previously been inserted into a 20 mm long aluminium tube. The
pressing load used was
32-N/m2. The delay length was then cut back to 7.2 mm to obtain the
desired delay times. All firings were carried out using the the
M42F1 gasless percussion cap (11) as the igniter.

The reliability and reproducibility of the units when
fitted to M49 flare surface trip cover plates has inpart been
established. Approximately 200 firings have so far been carried out
under a number of varying conditions resulting in only a small
variation in the delay time. '

The composition is sensitive to electrostatic discharge and
it is therefore imperative that handling and processing facilities be
properly earthed.
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SOME ASPECTS IN CHEMISTRY OF 1,1,1,3,5,5,5-HEPTANITROPENTANE
L,T.Eremenko,G.V.0reshko,M.A.Fadeev

Institute of Chemical Physics
(Chernogolovka Branch)
USSR Academy of Sciences
142432 Chernogolovka USSR

A possible way for preparing 1,1,1,3,5,5,5=heptanitro-
pentane from acetate 2-nitropropen-1-0l-3 and nitroform
has been reported about 20 years ago (1]

CH2=C(NO2)CH2O(O)CCH3 + 2 HC(N02)3 —
-—-——-(NO2)BCCH20H(NO2)CH2C(NO2)3 + CHBCOOH
I

Only 15 years later this synthesis was described [2]
and then reproduced in 1983 {[3] . During this period of ti-
me some of experimental data of (I) have been published [4],
as well as two preparative methods: from 1,2,3-trinitropro-
pane and nitroform [5] and from sodium 2-nitropropandiol-1,3
and nitroform (6] :

NO,CH,CH(NO, )CH,HO0, + 2 HO(NO,)y —= T + Hy0 + 1,0,
6
(HOCH,) 5CNO,” + 2 HO(NO,); =——— I + H,0 + o®

This polynitroalkane drew the attention due to the pre-
sence of a mobile hydrogen atom at the third carbon., This
fact would permit to use (I) as the starting material con-
taining the large amount of active oxygen in various reac-
tions to prepare new energetic compounds. The compound (I)
itself was also of interest because of its high crystal den-
gity and relatively good stability on storage. The first
attempt, however, at the electrophylic substitution of hyd-
rogen for a nitrogroup in position 3 was not succesgsful:
1,1,1,3,3,5,5,5-octanitropentane was not obtained [3] . In
the literature there are no reactions with (I) although its
high sensitivity to base, especially in the presence of wa-
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ter has been mentioned [3] . :

The aim of our work was the complex study of the proper-
ties of (I) and its 1,5=-difluoro-(II)- and 1,5-dimethylderi-
vatives (III)*, as well as some of the aspects in chemistry
of these compounds. ,

The results obtained in the course of our work have be-
en published in wvarious chemical Journals. In this paper
all the results are summerized and special features are
shown in chemical behaviour of secondary nitrocompounds con-
taining strong electronegative groups in the §3-position:

(NO2)3CCH2CH(N02)CHQC(NOZ)3 - I

P(NO CCHZCH(Noz)CH2C(NO2)2F - IT

2)2
CHBC(NOZ)ZCHZCH(NOZ)CHZC(NOZ)ZCH 3 - I1T

From three nitrocompounds considered (Table 1) molecu-
le of (I) is of special interest from the chemical point of
view. Its reactive center, as well as in molecules of (II)
and (III), at the third carbon is really not active: the
secondary nitrogroup is in the form of the real nitrocom-
pound (H-C-NO2). This was confirmed by the X-~Raying and
the calculation of the electron density distribution on
atoms of (I) [6] e« To involve (I) in desired chemical re-
actions we had first to activate the reaction center in po-
gition 3. The well-known way to such activation is the
transfer of hydrogen atom to oxygen of the nitrogroup or
its elimination as a proton to form the anion center, as
it was, for example, the case with (ITI) [1,7] . The both

- ways are realized by the attack of the nucleophyles on the

nitrocompound. However, the reaction is very complicated
by the presence of three nitrogroups in (I) or fluorine
and two nitrogroups in (II) in positions 1 and 5. So far
no anions or secondary nitrocompounds containing & trinit-
ro- or fluorodinitromethyl group in the Fi—position were
obtained. In the presence of substances of basic nature

* 2,2,4,6,6-Pentanitroheptane (III) was first described in

[1,7].
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such compounds either undergo decomposition [3} with the
elimination of one nitrogroup or a rearrangement takes pla-
ce yielding a 1,1,3,3-tetranitropropyl fragment.

Table 1

Certain Physical Properties of (I), (II) and (III)
(Experimental Data)

Substance

Property
| I IT III

Melting Point,°C 103-104 48-49 81-82

Crystal Density,e/cc 1,74 [ 2] 1,867 1,80 [3]
. 1,9130,01 [8] 1,642

Standard Enthalpy of -604,3+3 [4]

Combustion,kcal/mole -604 [ 2]

Method to Prove X-Raying [ 6] X-Raying X-Raying

Structure NIMR NMR MR

a) Dengity of II and III was determined picknometrically in
our laboratory. ‘

To inhibit these competitive reactions (decomposition
and rearrangement) it was necessary to carry out the salt-
forming reaction at low temperatures (=70...-10°C) [10] .
We managed thus to obtain the anion center in position 3
in molecules of (I) and (II) and also isolate ammonium, py-
ridinium and anilinium salts of (I) and (II) in the form of
crystals ﬁ1] . The exchange reaction between ammonium
salts of (I) and (II) and AgNO3 or KC1 in aqueous solutions
gave Ag- and K-salts of corresponding polynitroalkanes

11,12] .
All the salts obtained are unstable and should be hand-
led with due care.

From the salts some of nitronic acids were prepared
and identified: 1,1,1,5,5,5-hexanitropentane-3-nitronic
acid with decomposition temperature of about 95...100°C,
1,5=-difluoro=-1,1,5,5=-tetranitropentane-3-nitronic acid with
decomposition temperature of 46...48°C []3] and 2,2,6,6-tet-
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ranitropentane-4-nitronic acid with decomposition temperatu-
re of 75...80°C [14] . The structures of the acids were
confirmed by the NMR spectra (13, 14] .

In the further chemical conversions the salts of (I)
and (II) or their corresponding nitronic acids were invol-
ved. First of all the reaction of halogenation of the
salts in aqueous solutions by elemental halogens was stu-
died. In the case of bromine and chlorine the reaction
proceeds quantitatively yielding 3-halosubstituted com-
pounds:

c(wo CHzCX(NOZ)CHZC(NO

2)3;
CHZCX(NOZ)CHZC(N02)2F’

273
FC(NO,) 5
where X = Br, Cl, F.

The fluorination under these conditions results in the
recovery of (I) and (II) due to the reaction of the star-
ting salts with HF formed in the competitive reaction of
fluorine with water.

In obtaining 3-fluoro-1,1,1,3,5,5,5-heptanitropentane
(I-1) and 1,3,5-trifluoro-1,1,3,5,5-pentanitropentane(II-1)
ammonium salts of (I) and (II) were fluorinated by the fluo-
rine-nitrogen mixture in the aqueous buffer solution of XF
yith Ca.CO3 in the presence of n-hexane. On the rapid bub-
bling of the gas mixture and at temperatures of 0...5°C
3=-fluorosubstituted compounds were prepared and studied
[11,12,1ﬂ ¢ The yields of compounds obtained by various
methods and some of their properties are given in Table 2.

The second reaction which was thoroughly studied in-
volved the introduction of the nitrogroup in position 3.
It has already been mentioned that the attempt to obtain
1,1,1,3,3,5,5,5-octanitropentane from (I) with the HNO,~

J

H,S0, nitrating mixtures failed [3] . The authors [1

however, readily obtained 2,2,4,4,6,6-hexanitropentane

from (III) using the simple nitration of the anion of
(ITII) by the diluted HNOB. We also studied nitrations of



Table 2

Yield, M.p., Density,
- o

Index Substance Formula % c (X-Raying),
g/cc

I-1  [(¥0,),0CH,|C(NO,)F 33 . 100-101 1,925

I-2 BNOZ)BCCHz]zc(N02)01 42-92 68-69 1,936

-3 [(§0,),CCH,] ,c(N0,)Br 90 69-T70

II-1  [F(NO,),CCH,| ,C(NO,)F  60-77 119-120 1,916

II-2 [F(Noz)chHé]zc(N02)01 85-88  80-81 1,90%)

TI-3 _[F(N02)200H2]2C(N02)Br 87-92 70-71

a) Density was determined picknometrically.

galts of (I) and (II) by the systems HNO3 - H2804.

Other available methods were also usged: the nitration
by nitronium tetrafluoroborate, the oxidative nitration by
Ag- and Na-nitrites, the nitration by nitrogen tetraoxide
and nitryl chloride.

Succegssful appeared only acid nitrations of wvarious
salts of (I) and (II) [17,18] . 1In both cases the reacti-
ons proceeded not very smoothly but in the same directions.

Three. bagic reactions may take place depending on the
nitrating mixture: nitration in position 3 with the remai-
ning of the molecule structure; oxidation with the formati-
on of symmetrical bis(polynitroethyl )ketones and the forma-
tion of O-ethers of oximes of bis(polynitroethyl )ketones.

X(NO2)ZCCH2C(%§EEE§2?(NOZ)2X (X =F or NOZ)
T

1 [

X(J02)ZCCH20(N02)ZCH2C(L02 2X l X(NO2)2CCH20(O)CH2C(NOZ)2X
X(N02)200H2€CI C(NO2)2X

N
«

0
|
X(N02)2CCH2C(N02)CHZC(N02)2X

T
2
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Certain physical properties of the compounds obtained,
their yields and compositions of nitrating mixtures are given
in Tables 3 &and 4. The structures of the compounds, inclu-
ding those of ketones [19,20] , are identified by the X-Ray-
ing, NMR and IR spectra.

Polynitroalkanes, I-4, II-4 and III-4, are crystalline
compounds which melt without decomposition. The density of
crystals III-4 was found to be 1,72 g/cc. This value differs
very much from the value in [3] sy 1,89 g/cc, which appeares
to be not correct.

1,5-Difluoro-1,1,3,3,5,5-hexanitropentane (II-4) was
also obtained by the fluorination of 4i-K-1,1,3,3,5,5-hexa-
nitropentane with elemental fluorine:

K (N02)2CCH20(N02)ZCHZC(NOZ)2 X -——;;?;—a—
2
—p F(NOZ)ZCCHZC(N02)20H2C(NO2)2F

A1l the polynitroalkanes were also obtained by the oxi-
dation of nitronic acids:

F,CCOOH+KNMNO

CN(0)OH —2 A R(NO,).CCH, C=0

2)2 2 2 2)2 2

All the ketones were reduced to corresponding seconda-
ry polynitroalcohols with good reactivity [20] . We failed
to obtain ketone derivatives by the convenient methods be-
cause they were very readily enolized [19] . However,
C-ethers of carboximes (I-6, II-6, III-6) were obtained

R(IO CCH

with good yields on the nitration of (I), (II) and (III)

[14,21,22] .

O-Ethers are reactive. For example, the treatment of
II-6 with ethanol results in the elimination of HN02 from
the molecule and the formation of an ungaturated O-ether
of the following structure:

F(N02)200H2

C=N0C (X0, [CHZC(NOZ)ZF] ,
F(NOZ)C=CH
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Table 4

Compositions of Acid Systems and Yields
of Products of Nitration of I, II and III

Salt Compqsition of Acid System Yields of Products
HNO3 HZSO4 H20 CFBCOOH I+III-4 I+II-5 I+II1I-6
1 99 0 0 - - 70
5 95 0 0 - - 57
10 90 0 0 1 - 57
10 85 5 0 43 13 8
I 98 0 2 0 64 26 -
95 0 5 0 65 20 -
90 0 10 0 65 13 -
80 0 20 0 50 11 -
70 0 30 0 20 - -
20 0 0 80 - - 60
1 99 0 0 - - 61
5 95 0 0 - 22 8
IT 10 90 0 0 8 18 -
98 0 2 0 51 35 -
80 0 20 0 18 23 -
70 0 30 0 39%* - -
IIT 20 0 0 80 - - 66

* Data from [167 .

The compound melts at temperature of 104...105°C,
crystals are monoclynic, space group P21/b’ a = 15,427(3);
b = 16,217(3); ¢ = 9,835(I) &, )/ = 118,32(2)°, = 1,843
g/cc.

To determine energetic parameters three compounds ha-
ve been chosen: I, II-1 and I-6, for which Dr.Nesterenko
using the calculation scheme [ 23,24 ] determined and then
experimentally found the relative impulse (Irel) and the
detonation velocity (D) at densities obtained by real
pressing (charge diameter 20 mm) (Tabl.5). The experimen-
tal data were in good agreement with the calculated para-

X

meters.
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Table 5
Calculated Energetic Parameters (D’Irel)
of I, ITI-1 and I-6

Compound Density, D, I

g/ce km/sec rel
I 1,84 8,69 120,4
II-1 1,86 8,28 118, 3
I-6 1,84 8,55 17,8

CONCLUSIONS

1. A possibility for the electrophylic substitution
of hydrogen at the third carbon atom in 1,1,1,3,5,5,5=hep-
tanitropentane and its 1,5-difluoro- and 1,5-dimethyl-
substituted compounds has been shown.

2. A number of 3-halogen-~ and 3-nitrosubstituted
compounds of 1,1,%,7,5,5,5-heptanitro- and 1,5-difluoro-
1,1,3,5,5-pentanitropentanes has been obtained: 1,1,1-
3,3,5,5,5~0ctanitropentane, 3-fluoro-1,1,1,3,5,5,5-hepta-
nitropentane, 1,5-difluoro-1,1,3,3,5,54hexanitropentane,
1,3,5=trifluoro-1,1,3,5,5-pentanitropentane and some
others, that are energetic high density compounds.

3. A new reaction is found for preparing O-ethers
of carboximes of 1,1,1,5,5,5~hexanitropentanon-3 and
1,5=-disubstituted 1,1,5,5=tetranitropentanones-3 in acid
media.
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COMPUTER PREDICTION OF THE PRODUCTS OF OPEN BURNING
OF FOUR PYROTECHNICS MATERIALS
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I. L. TOMINACK
ORDNANCE ENVIRONMENTAL SUPPORT OFF ICE -
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ABSTRACT

To obtain a data base which might be useful for comparison with
actual field tests of open burning, a computer simulation was done of open
burning of four materials of interest in pyrotechnics, namely, lead
styphnate, phosphorous, black powder and a flare containing magnesium,
sodium nitrate and an epoxy binder. A computer program designed to
calculate the combustion species and other data for propellants was used.
The simulated burning was performed at 68.02 atmospheres (1000 psi) and
the combustion species expanded to 1.0 atmosphere (14.7 psi). To obtain a
range of oxygen concentrations, substances were combined with air at four
ratios, resulting in a range of combustion temperatures.

For phosphorous, unreacted material, at least one nitride and
P406’ were predicted for all air ratios. Products from lead styphnate
included free Pb, PbH, PbO, Pb304. At the highest air ratio all of
the lead was converted to Pb304. Predicted products for black powder

at zero air included free S and eight sulfur-containing species. At the
highest air ratio, the total sulfur appeared as 502 and H2504. At

zero air major predicted products for the flare were unreacted Mg and
solid Mg0. At the highest air ratio all of the magnesium was accounted
for as solid MgO.

Computer simulation is a valuable tool for predicting the products of
open burning. It can indicate whether the starting material has been
effectively destroyed and can provide a basis for evaluating the
feasibility of disposal by open burning.
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INTRODUCTION

For safety reasons, waste or obsolete pyrotechnics materials are
often destroyed by open burning. To obtain a data base which might be
useful for comparison with actual field tests of open burning, a computer
simulation was done of open burning of four materials of interest in
pyrotechnics; namely, lead styphnate, phosphorous, black powder and a
flare containing magnesium, sodium nitrate and an epoxy binder. The
literature search did not indicate the existence of a computer program to
simulate open burning, so a program designed to evaluate the performance
of rocket propellants (Ref. 1) was modified and used. This program
computes the flame temperatures, combustion species and other
thermodynamic data for propellants.

DESCRIPTION OF COMPUTER MODEL

The simulated burning was performed at 68.02 atmospheres (1000 psi)
and the combustion species were then expanded to 1.0 atmosphere
(14.7 psi). The output units were converted to give grams (g) of products
per 100g of material burned, and also to read milligrams (mg) of products
per liter of total combustion products. To obtain a range of oxygen
concentrations, substances were combined with air at four ratios. This,
concurrently, resulted in a range of combustion temperatures.

For lead styphnate, black powder and the flare, material-air weight
ratios used were 100/0, 75/25, 50/50 and 25/75. For phosphorous, the
initial ratio was 85/15 because this substance contains no oxygen. For
the four ratios selected, a tabulation was made of the predicted
combustion temperature, enthalpy, and ratio of specific heats, both before
and after expansion. These data are shown in Table 1. The total volume
of gases from 100g for each substance is also included. During the
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expansion process, the entropy is assumed constant but the temperature,
enthalpy, and ratio of specific heats may all change. The computer
program was capable of showing liquid and solid phases in addition to
gaseous ones. The computer data sheets listed products down to
10']69/1009, or to 10'189/1iter. For convenience, values less than
10'39/1009 were not considered in this analysis of the results.

RESULTS AND DISCUSSION

For each of the four materials a tabulation was made of the computer
resy1ts for the four air ratios used. Liquid and solid phases are shown
when these were indicated in the computer data. As a check on whether the
predicted products accounted for the input materials, calculations were
made to determine the total amount of selected elements. The results for
both are given as g per 100g of input pyrotechnic material. The Kelvin
temperatures, indicated by the computer after the products are expand~d to
one atmosphere, are given. These temperatures changed as the material-air
ratio changed. The results for each of the four substances used are
described below:

1. Phosphorous - The following ratios of phosphorous to air
were used: 85/15, 75/25, 50/50 and 25/75. Since results were requested
as g of product per 100g of pyrotechnic material burned, the actual |
amounts were:

Phosphorous (g) Air (qg) Total
100 17.647 117.647
100 33.3333 133.3333
100 100.0000 200.0000

100 300.0000 400.0000
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For the first ratio, the following products were predicted:
unreacted P as P4 and P,, the nitrides PN and solid P3N5 and the
oxide Ps0g. Data are given in Table 2. Solid P3Ng is also
indicated for the 75/25 ratio, but for larger air ratios only PN is
shown. For the highest air ratio the products are P406’ PN and P2.
Unreacted P is found at all air ratios, ranging from a high of 82.98% at
75/25 to a low of 3.42% at 25/75. The calculated distribution of P among
unreacted element, nitrides, and oxides is given in Table 3. The ext~nt
of oxidation as shown by the amount of P406 formed ranges from a low

of 4.82% at the smallest air ratio to a high of 81.86% at the largest
one. The presence of both P, and PN in the final products is evidence

that even at the highest air ratio considered, total oxidation is not
achieved. /

2. Lead Styphnate - The compound used for computer simulation

was lead 2,4,6-trinitroresorcinate monohydrate. The formula is,

| ‘ A
OV #ox > Pd . Ao O

p O

NOs

This compound has a molecular weight of 468.3. The percentages of le~d
and nitrogen are 44.24 and 9.01, respectively. The products predicted for
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the decomposition of the pure compound include lead as Pb, Pb2 and

. 1iquid Pb, small amounts of PbO and PbH, N2, co, C02, H20 and Hz.

A complete 1ist is given in Table 4. At the 50/50 ratio, the lead is
almost even1y'divided as PbO vapor and liquid with only a small amount of
free lead. At the highest air ratio, all lead is predicted to be solid
Pb304. The distribution of the lead among the free element, hydrides,
and the two oxides is shown in Table 5.

3. Black Powder - The composition was as follows: Potassium
nitrate, 75%; charcoal, 15%, and sulfur, 10%. The principal items of
interest are the fate of sulfur and what potassium comopunds are formed
from the nitrate. ‘At all except the highest air ratio, the most abundant
product is 1iquid K,C03. At 75% air, where the temperature has
dropped sharply, it is solid K2C03, and this accounts for all of the K
originally present. At zero and 25% air, KOH, free S, and K2H202
are present. The complete 1ist is given in Table 6.

A variety of products is predicted for sulfur. At zero air, these °
are 52’ HZS’ cos, SO2 and small amounts of 520, HS, SO and CSZ'
52 and HZS are also found at 25% air. At the highest air ratio, the
sufur is present only as SO, (42.38%) and H,SO, (57.66%).
Calculated values for the distribution of S and K among the products are
shown in Table 7. For both elements all of the original amounts can be
accounted for in the products.

_ 4. Flare - The composition was as follows: magnesium, 58%;
sodium nitrate, 38%; and Epon-812, 4%. The reaction products of the two
major ingredients were of greatest interest. The principal product of Mg
was solid Mg0 at all ratios. Substantial amounts of Mg and small amounts
of MgH were predicted for low air ratios. The results are given in
Table 8. At the highest air ratio, all of the Mg was accounted for as
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solid Mg0. At zero air, the Na from the NaNO3 was listed as mainly free
Na, with a small amount of NaH and about 0.5g of NaCN. A small amount of
HCN was also indicated. At the highest air ratio, the end products were
NaOH, Na2C03, and a small quantity of NaO. The distribution of Mg and

Na at the four ratios is shown in Table 9.

CONCLUSIONS

Examination of the computer results may be used to evaluate the
feasibility of destruction of pyrotechnics materials by open burning. In
the case of phosphorous, for example, at the highest air ratio used both
free phosphorous and PN are present and together account for close to "0%
of the final products. For lead styphnate, only at the highest air ratio
was all of the lead converted to Pb304. This indicates that to avoid
formation of free lead, excess air must be used.

At zero air black powder is predicted to yield free sulfur and eight
sulfur-containing species, most of which are toxic. For the flare, the -
predicted products at zero air include unreacted magnesium, sodium, and
small amounts of NaCN and NaH. The final products are Mg0, NaOH, and
Na2C03.

Computer simulation is a valuable tool for predicting the products of
open burning and thereby providing a basis for decision on whether such
open burning constitutes an acceptable method of destruction. While this

technology is useful for the prediction of inorganic and low-moelcular
weight organic compounds, it has not advanced to the point were formation

of large complex organic molecules may be predicted.
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IGNITION CRITERIA AND ITS THERMpL THEORY FOR MIXTURES
OF TWO EXOTHERMIC REACT IONS

Chang-Gen Feng and Guo-Yi Yang
Department of Mechanical Engineering
Beijing Institute of Techmology
P.0. Box 327, Beijing, China

Peter Gray and Terry Boddington
School of Chemistry
University &f Leeds, Leeds LS2 9JT, UK

ABSTRACT

The present paper is concerned with the ignitiom problem of
simultaneous parallel reactions, A simple and unifying approach
is discussed to the behaviour of such systems below and up to
ignition point. Criticality is theoretically studied for three
reactant geometries: slab, cylinder and sphere and by using the
numerical techniques developed in the theory of bifurcation we
are able to evaluate quantitatively the critical parameters, i.e.
the ignition criteria for mixtures of two exothermic reactions.
These criteria are summarized by the well-known Frank-Kamenetskii

parameter

§ = Qcla’EAexp (-E/QTQ)/XRT;

When real system has § >6cr y where Sc,, is the ignition criterion
for the system, then ignition is expected to occur as the system

approaches the critical temperature 6, .. . Here § is defined as

(T-T.)/(RTI/E)

Accurate values of Sﬂ_ andGQ‘, for different systems of the
present problem and their computational methods are presented and

discussed in the paper.

173



174

INTRCDUCT ICN

It is well known that the behéviour of a single, exothermic
reaction with its reaction-rate coefficient k obeying the
Arrhenius law may be described by the classical theory of thermal
explosions (Ref. 1-4). Ignition is said to occur when the Frank-
Kamenetskii parameter § is caused to exceed some critical value§, .
This critical value of § , served as ignition criterion, depends
on reactant geometry, the reduced ambient temperature & and the
Biot number Bi (Ref. 4). In circumstances in which heat flow is
purely conductive (Bi = % ) and activation energies are not too
low or ambient temperatures are not too high (€ = 0) §, has values
of 0.87846, 2, and 3.32199 for the infinite slab, infinite cylinder
and sphere.

Many real, exothermic systems involve more than one sihul-
taneous reaction. Even when they are chemically independent,
interactions must arise through their several responses to the
collective generation of heat, and the classical theory of thermal
explosion is no longer appropriate.

Researches of this problem began in 1967 when a pair of
simultaneous, independent reactions with the ssme dependence on
concentration but different Arrhenius parasmeters was analysed by
Gray and Herod (Ref. 5). Later studies relative to the subject
include Gray (Ref. 6), Bowes (Ref. 7 and 8), Abramov et al. (Ref.
9-11), Nunziato et al. (Ref. 12), Gontkovskaya et al. (Ref. 13),
Zolotoko and Klyachko (Ref. 14) and Borovikov and Gol'dshleger
(Ref. 15). Recently a simple and unifying approach is give in two
papers(Ref. 16 and 17) where a communal activation energy E as the
basis for dimensionless quantities, such as § , is introduced and
the affairs is illustrated by considering 2 pair of concurrent,
exothermic reactions with the exponential approximation to the
Arrhenius law, In these papers the slab problem is solved by the

quadrature method and the cylinder and sphere problems are solved



by the variztional method. It is seen, however, that the results
from the variational method are less accurate than the quadrature
method.

Accordingly, in the present paper the numerical techniques
developed in the theory of bifurcation is used to evaluate
accurately the critical parameters for simultaneous paréllel reac-

tions, following the path as given in Ref. 16 and 17.

BMSIC EQUAT IONS

We start our discussion by considering firstly the one reac-
tion case.

For reactants with the simplest geometries, the treatment of
a single, exothermic reaction begins with the heat balance equation

in the form
AV'T + QR exp(-E/RT) = wcdT/at (1

where

VT = TS + () /r)3T/or

and j = 0,1,2 for the infinite slab, infinite cylinder and sphere
respectively. Thermal conductivity A is assumed to be constant., In
this paper we restrict the discussion to symmetrical systems with

Dirichlet boundary conditions

dT/dr = 0 & r=0; T=T. at r=a, (2)
although the methods presented is quite general, Here T, Q, RO, E
R,v, ¢y, t, ¥y a_, T are thermodynamic (absolute) temperature,

molar exothmicity, pre-exponentisl term, activation energy,
universal gas constant, density, specific heat capacity, time,
distance from coordinate origin, mcale distance for reactant mass
(radius or half- width for simple geometries) and ambient

temperature, respectively.
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when stationary state is considered, eqn. (1) becomes

AV*T + QR,exp(-E/RT) = 0 (3

In eqns. (1) and (3), the pre-exponemtial term R involves

concentration. In terms of the reduced temperature 6

6 = (T-T.)/(RT,/E) “4)

and the reduced radius 4

(o = r/ao (5)

we have
v + S8 =0 (6)
where
Vo = dze/ap‘ + (j//o)de/Jlo
He) = expl0/Ci+€0)] 7

and parameters

£ = RT,/E (8
and

§ = QEaR exp(-E/RT.)/ART. (9

are called the reduced ambient temperature and the Frank-
Kamenetskii's reduced heat-evolution rate (or Frank-Kamenetskii
parameter),

The above discussion is for a single reaction and eqgn. (6)
is call the reduced heat balance equation in case of a single,
exothermic reaction occuring in the region.

I1f, however, we have n simultaneous, independent chemical
reactions of exothermicity Qi proceeding concurrently at rates
Riexp(-Ei/RT), i=1,2,...,n, and the thermal conductivity does not
vary much with temperature or composition, then the stationary-

state heat balance equation is

N
ﬁ
A
b

)

AVT + 22 =0 0

o (to)
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AV?T + ZQ R e (-E,/RT)=0, osr<a,

where Zi is the power density (the rate of energy release per

unit volume) of reaction i and
= (12)
Z = ?? Z, :

is the total power density of the set of simultaneous reactions.

We expected at the end to find a simple and unifying
approach to the behaviour of such systems below and up to
criticglity. We begin by considering the tempepature dependence
of the total rate of heat evolution in unit volume given by

d(fnZ) , _ | Z. E, +Z;E;+m (‘3)
T TA'- W zl*z:g + o T =Ta

We take the above equation as our difining eguation for an effec-

tive or overall activation energy E of the 'lumped' reactions
when gauged by the dependence of the overall rate of heat release

on temperature, i.e.
E RT: d(n Z)/c‘T , (at T=T,) (14

We notice that from eqn.(13) the above equation may be expressed

explicitly as

E = d|E| + NRE + (15')
where

% = -ZA;/Z, (at T =T,) (16)

is the fractional contribution of constituent reaction i to total

heat release in unit volume, and clearly
X o= | (17)
1
We also call the quotient Ei/E the relative activation energy
of the constituent reaction i and denote it ?i'

We proceed by difining € and € in terms of this communal
activation energy E so that they have the same forms as those
given in eqns. (4) and (8).

Returning to eqns. (10) and (11), we can express the power
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density of the reaction i in terms of its value at the reference

temperature Ta’ denoted as Zi(Ta)’ by the identity

Z, = Z{(Ta) exp[?ie/(l+&9)] (&)
which in turn gives us the communal heat-balance expression

describing the stationary state

Ve +[&E Z(Ta)/xRT;] %‘Zd‘; €><p[7zi0/(l+£9] =0

RG2
It guides our choice of an effective &, leading us to define

8 = a:EZ(Ta)/XRTa.z = Z- S,‘; (20

where

§. = “oinZ&(Ta)/KRT: (v

1

We now can write eqn. (11) as

ve + §5(0) =0, osps] @22)
where

f(9) = DA exp[?ié’/(nee)] : (23)

The boundary conditions in terms of dimensionless quantities are

de/dp=0,a't‘ /o=0,- 8 =0 ., at /o=| (24
We notice that the presentation of the above system ig in
the same form as that of a single reaction case, eqn. (6). We also
notice that when there are just two reactions present, we need
only to specify two values to specify the problem, We éhoose for
convenience to specify (i) the fractional power density for the

first reaction &, and (ii) the ratio of the activ-tion energies

w = E,/E.‘ = 712/72' (25)
Once o, and w are specified then the other parameters in eqn. (22)

are

o = P - & (26)

Lo+ w‘%n-w)Jﬂ (27)

o~
i

(v-o, + o(,w)" : (ag)

o~
0
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The considerations for basic equations are now complete and
in the following sections we present results ( obtained by two
different methods ) for the infinite slab, infinite cylinder and

sphere for a pair of simultaneous exothermic reactions,
THE METHODS

In thermal explosiofi theory, the point of thermal explosion
or ignition is defined as the value of § at which solutions of
the heat balance equation (6) (with suitable boundary conditions)
change discontinuously. In the case of a single reaction and #£(6)
= ea, egn. (6).has positive solutions only for a finite interval
" of § between zero and 8+ « The point of thermal ignition is then
defined by this upper limit of the interval, §, . For other forms
of f(8) , ean. (6) has positive solutions for any § >0 and the
point of thermal ignition is defined when the number of solutions
of eqn. (6) changes abruptly. In the case that each « >pand 4, >0
the above is also true for eqn. (22). In fact eqn. (6) is
mathematically identical to eqn. (22) since they all show the
bifurcation point of the limit type(Ref. 4 and 18).

The calculation of the critical parameters of thermal explosion
however is not trivial because the solution §(p) at the limit
bifurcation point is not stable. Our first method for solving
eqn. (22) is based on a laplacian eigenvalue technigue for the
bifurcation phenomena of nonlinear equations by which the point
of thermal explosion is identified as the point of bifurcation
of eqn. (22).

The necessary and sufficient condition for §. to be the
bifurcation point may be expressed as §, = A, , where A, is the

principal eigenvalue of the linearized form of egn. (22)

Viu o+ 67;(6)21 = 0 _ (29

where u is the positive eigenfunction of egqn. (29) belonging
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to 4 =8 , and # denotes d#(6)/d8 . Eqn. (29) is easier to handle
when seeking critical values of the parameters § , 9g=6(?=0) etc.

In order to satisfy the condition §, =2, , we set

ds/dt = A(8§) - § ' (30

This implies X,=§ for t-= ® (therefore 4§/ -0 ). Here 1, (§)is
the dependence of A, on § . However, because we do not know how

A, depends on § , a simplified equation is used (Ref. 19)

d§ /o = C [ (Vu + 85 @u)g 04 (1)

where C1 is constant and \9Qﬂ is a negative scalar function,

These equations are solved by numerijical methods as steady

states of the following system
36/t = 36 /30 +(j/[o)36/a,0 +§fl0), ospsi, t>0, (32a)
¥/3p =0, p=0; §=0, p=1; +>0, (320)

au/at = a‘u/a{o‘ + (j/f,) au/alo + 57;(0)ulo‘</osl, t >0 (33a)
w/p =0, p=0; u=0, p=ls t>0 (33)

Bg/at = J [321.L/a[o1 + (j//o) au/a(a-r Sj;(e)u]j/o‘jdlo (347

Our second method for solving egn. (22) is based on the GPM
(General Parameter Matching) algorithm developed for calculating
certain branching conditions in nonlinear eigenvalue problems (Ref.
20).

Consider a single second-order ordinary differential equation

/7
Y = f(xY.9,6) osxg| (35
subjecf to the boundary conditions
F'o) =0 ; u.y(l)+/a,3r’u)= Y, 36

Branching is then represented in the form of bifurcation
curves of § versus ? =y(0). The condition for a branching point
is

3§
7

An explicit representation for 8(7) is not possible and we may

= 0 _ 37)



obtain expressions for eqn. (37) through the rules for differen-
tiation of implicit functions.
Eqn. (35) can be solved using a standard shooting method.

This requires the additional condition

3(0) = ? (38)

With 7 and § specified (by initial guesses), ean. (35) is
integrated to x = 1., If the specified parameter values represent
a consistent solution to eqns. (35) and (36), then the boundary
condition at x = 1 will be satisfied, i.e.

F,(?;S) =oe,jj(i,'z,S)i—/sly’(i})z,g)—x, =0 (39)
Since all solutions of eqn. (35) and (36) satisfy eqn. (39), the
equation

l-_,("l,f‘:)"'a (40)

may be considered as an implicit representation of the bifurcation

diagram ( & versus 7 ) which gives

¥ _ _ R/

. 7 F /38 “
Combining egqn. (37) with eqn. (41) gives
Fo(1.8) = 3R/sn =0 (42)

The parameter values at the branching point are obtained by the

simultaneous solution of eqns. (40) and (42).

The right hand side of eqn. (42) is obtained by differentiating

eqn. (39), which gives the following

B @ D0,0.8) + 6,00000.8) (450

2F
PY

(LY, 8) + p W1y, 8) @ss)

New variables used in GPM are defined as

- 2y . oo Y
_Q. = 21 ) -(1! a)z (440.)

= 2y = Y
Y, = < \K‘—%— (d4)
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2%y ;R

.Q,_ = .arlx > Qz - M2 : (44c)
_ 313 ’ MY
@ = 3537 ¢ = 35 Y]

These variables are obtained by differentiating eqn. (35). This
results in the followihg auxilliary ordinary differential equations
which must be integrated along with eaqn. (35)

Q= %_Q, + %’i,.()_,’ (45a)
‘P.”"%‘H +%‘K’+%}'§‘ (45bs
al = %3_7". a? +za;’;;,n,’n. +;1ﬁ @)+ Lo, 9;‘12 (s5¢)
@ =[aj‘\P 33:3 v’ ;—S-%-]_Ql-l-:—;-gb

3333’ 3.'/‘ ol d asw'] ait ?; ¢’ (4

The initial conditions for these auxilliary equations are derived

by differentiating the initial conditions for eqn. (36) and are

given by

_O.I(O) 5 _Qll(o) = 0 (460
Y, (0) =0 ; v'(o) =0 G6n)
0, (0) =0, 0, () =0 )
@(0) =0, Q0 =0 (464

Differentiation of eqn. (42) yields
2_1'? = Qa0 0,8) +5,0;(1,1,5) #7a)

LI ’
Bl w18 8P (L 7.8) ww

The solution of eqns. (40) and (42) is then obtained by the

Newton-Raphson technigue, i.e.

oF 3R ot
il N R AR 4
Rk vt
W 4§ E (7,89

where the superscript i denotes the iteration, and the parameter



values are updated by

47'v:+‘ = 7Z’i. + A}Z (4-1‘1)
§W™ = 5t 4 4§ (@14

Eqn. (48) is solved by a simple Gaussian elimination procedure.
Numerical values obtained for &, and 6., (=7) by these
methods are the same and are presented and discussed in next

section.
RESULTS

Results are given in tables 1-6,

Table 1
CRITICAL VALUES OF &.. IN SIAB

w 1.1 1.2 1.3 ‘1.4 1.5 1.6

0.878114 0.877323 0.876306 0.875188 0.874041 0.872907
0.8778%6 0.876358 0.874411 0.872234 0.869969 0.867702
0.877623 0.875579 0.872821. 0.869673 0.866345 0.862969
0.877480 0.875015 0.871597 0.867608 0.863311 0.858885
0.877413 0.874697 0.870818 0.866175 0.861065 0.855705
0.877429 0.874663 0.870584 0.865557 0.859884 0.853801
0.8775%32 0.874959 0.871024 0.866009 0.860173 0.853742
0.877732 0.875641 0.872311 0.86789% 0.862552 0.856454
0.878036 0.876777 0.874677 0.871752 0.868037 0.863578

®

eNeoNeoloNoNolNoNoNo]
L]
O DI AWNN

w 1.7 1.8 2 3 5

0.871808 0.870755 0.868808 0.861855 0.855211
0.865484 0.863344 0.8593%345 0.844766 0.83053%0
0.859629 0.856376 0.850232 0.827271 0.804270
0.854450 0.850082 0.841723 0.809545 0.776304
0.850250 0.844806 0.83%4220 0.791937 0.746555
0.847490 0.841089 0.828%84 0.775157 0.715127
0.846906 0.839822 0.825373 0.760738 0.682666
0.849756 0.842604 '0.827434 0.752436 0.651718
0.858438 0.852689 0.839672 0.762093 0.633939

oNeNoNoNeNoNeoNoNo)
L ]
O DI AN BWNWN -
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Table 2

CRITICAL VALUES OF €, . IN SIAB

o 1.1 1.2 1.3 1.4 1.5 1.6

0.1 1.185938 1.183877 1.181270 1.178454 1.175608 1.172831

0.2 1.185195 1,.,181325 1,176319 1.170815 1.165184 1.159632

0.3 1.184623 1.179245 1.172111 1.164113 1.,155807 1.147524

0.4 1.184234 1.177711 1.168808 1.,158605 1.147811 1.136902

0.5 1.184047 1.176811 1.,166618 1.154623 1.141669 1.128346

0.6 1.184078 1.176657 1.165819 1.152662 1.138078 1.122747

0.7 1.184349 1.177383 1.166784 1.153423 1.138112 1.121549

0.8 1.184881 1.,179163 1.170036 1.157981 1.143543 1.127288
0.9 1.185701 1.182218 1.176335 1.168083 1.157571 1.144992

1.7 1.8 2 3 5

0.1 1.170170 1.167650 1.163052 1.147210 1.13%32767

0.2 1.154276 1.149171 1.139796 1.107110 1.077049

0.3 1.139459 1.131718 1.117389 1,066697 1.019575

0.4 1.126161 1.115762 1.096322 1,026267 0.960255

0.5 1.115047 1.102027 1.077375 0.986376 0.899082

0.6 1.107169 1.091689 1.061877 0.948123 0.836259

0.7 1.104301 1,086807 1.052279 0.913886 0.772626

0.8 1.109744 1.091383 1,053708 0.889683 0,711178

0.9  1.130597 1.114678 1.079512 0.896382 0.665575

Table 3
CRITICAL VALUES OF &, IN CYLINDER

w W 1.1 1.2 1.3 1.4 1.5 1.6

0.1 1.999897 1.998172 1.998030 1.995397 1.992701 1.990038

0.2  1.999896 1.996404 1.993549 1.988417 1.983088 1.977761

0.3  1.999391 1.994558 1.989779 1.982353 1.974513 1.966574

0.4 1.999053 1.993218 1.,986870 1.977448 1.967315 1.956896

0.5 1.998894 1,992804 1.985008 1.974025 1.961958 1.,949320

0.6 1.998929 1.992717 1.984431 1,972521 1.959096 1.944723

0.7 1.999175 1.993412 1.985452 1.973542 1.959695 1.944561

0.8 1.999648 1.995023 1.,988485 1.977962 1.965244 1.950732

0.9 1.999709 1.996855 1,994098 1.987103 1.978206 1.967523%

1.7 1.8 2 3 5

0.1 1.987460 1.984994 1.980438 1.964219 1.948781

0.2 1.972556 1.967537 1.958178 1.,924175 1.891118

0.3 1.958730 1.951098 1.,936710 1.883158 1,829787

0.4 1.946467 1.936211 1.916621 1.841560 1.76448%

0.5 1.936476 1.923677 1.8988%8 1,800169 1.695014

0.6 1.929836 1.914756 1.884893 1,760586 1.621575

0.7 1.928283 1.911546 1.877490 1.726293 1.545568

0.8 1.9%34811 1,917833 1,881902 1.,705852 1.472613

0.9 1.955206 1.941433 1.910291 1.726502 1.428668
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CRITICAL VALUES OF 6, .

1.1

1.385191
1.384277
1.383576
1.383100
1.382869
1.382905
1.383234
1.383882
1.384894

1.7

1.3661T1
1.346969
1.329027
1.312864
1.299270
1.289498

1.285686

1.291846
1,316782

CRITICAL VALUES OF &,

1.1

3.321840
3.321703%
3.320833
3.320248
3319972
3.320032
3.320452
3.321266
3.,321510

1.7

3,298054
3.272559
3.248870
3.227803
3.210560
3.198979
3.196027
3.206871
3.,241624

1.2

1.382687
1.3795T1
1.377034
1.375155
1.374040
1.373834
1.374704
1.376866
1.380611

1.8

1.363154
1.340856
1.319749
1.3003%86
1.283620
1.270848
1.264525
1.269486
1.297131

1.2

3.320194

3.316264
3.313085
3.310770
3.309451
3.309288
3.310472
3.313240
3.317886

1.8

3.293860
3.264020
3.235876
3,210326
3.188723
3.173204
3.167339
3.177633
3.217694

Table 4

1.3

1.379519
1.373501
1.368374
1.364332
1.361632
1.360613
1.361738
1.365663
1.373345

2
"1.357662
1.329654
1.302618
1.254084
1.235055
1,222926
1.223806
1.253877

Table 5

1.3

3.,376084
3,308390
3.301906
2,296889
3,293660
3,292633
3.294349
3.299536
3.309198

2

3,286120
3,248117
3,211416
3,177000
3,146424
3,122267
3.,109100
3.115903
3,163666

IN CYLINDER

1.4

1.376120
1.366854
1.358701
1.351966

1.347068 .

1.344596
1.345417
1.350866
1.363148

3

1.338830
1.:290807
1.242380
1.193878
1.145927
1.099769
1.058098
1.027767
1.032732

IN SPHERE

1.4

3.311583
3.299612
3.289192
3,280740
3.274810
3.272155
3.273826
3.281350
3.297060

3

3.258654
3.190537
3,120736
3.049887
2.979276
2.911538
2.852411
2.816074
2.847982

1.5

1.372696
1.360069
1.348680
1.338928
1.331382
1.326885
1.326750
1.333164
1.350146

5

1.321758
1.255307
1.186782
1.116073
1.043152
0.968225
0.892189
0.818317
0.761657

1.5

3.306982°

3.290510
3.275792
3.263401
3.254130
3.249105
3.249990
3.259378
3,281602

5

3.232603
3.134792
3.030796
2.920085
2.802311
2.677740
2.548581
2.423873
2.345696

1.6

1.369360
1.353396
1.338712
1.325779
1.315291
1.308317
1.306606

1.313268

14334581

1.6

3.302443
3,281426
3,262241
3.245597
3,232505
3.224464
3,223792
3.234325
3,263033
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Table 6
CRITICAL VALUES OF 6, . IN SPHERE

q w 1.1 1.2 1.3 1.4 1.5 1.6
0.1 1.606117 1.60%3080 1.599288 1.595215 1.591120 1.58T140
0.2 1,605006 1.5993%22 1,592022 1.584044 1.575923 1.567955
0.3 1.604156 1.596243 1,585812 1.574187 1.562178 1,550261
0.4 1.603579 1.593955 1.580897 1.566010 1.550358 1.534615
0.5 1.603296 1.592593 1.,577586 1.560016 1.541144 1.52183%9
0.6 1.603336 1.592324 1.576295 1.556919 1.535549 1.513207
0.7 1.603731 1.593358 1.577594 1.557777 1.535163 1.510823
0.8 1.604518 1.595965 1.582296 1.564242 1.542670 1.518471
0.9 1.605749 1.600498 1.591608 1.579079 1.563084 1.543936

w 1.7 1.8 2 3 5
0.1 1.583342 1.579756 1.573240 1.551006 1.530965
0.2 1.560296 1.553024 1.539730 1.493877 1.452241
0.3 1.538708 1.527664 1.507322 1.4%6235 1.371094
0.4 1.519188 1.504318 1.,476674 1.378444 1.287386
0.5 1.502667 1.483986 1.448841 1.321201 1.201067
0.6 1.,490627 1.468307 1.,425633 1,265894 1.112337
0.7 1.485617 1,460194 1.410427 1.215547 1.022145
0.8 1.492483 1.465435 1.410434 1.177886 0.93%34026
0.9 1.522060 1.497952 1.445107 1.180129 0.864377

The classical case of one reaction can be retrieved in alter-
native ways -~ either by the special case w = 1 or by setting o = 0
or 1. From tables 1-6 we see that critical values for § and 6,
in the present problem have their up limit, i.e. that of classical
values with single reaction. These values are §,= 0.87846, 2, 3,32199
and 6, .. = 1.18684, 1.38629, 1.60746 for slab, cylinder and sphere
respectively.

The ignition behaviour is affected by the communal contribution
of the simultaneous exothermic reactions: the ignition criteria is
lowered making ignition more easier.

In the present paper the results obtained are for exponential

approximation only and other results will be published elsewhere.
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CONCLUS IONS

(1) Although the classical theory of thermal explosves was
developed to deal with a single exothermic reaction, it can be
extended to systems in which two or more reactions proceed con-
currently.

(2) when the interactions-of the systens arise only from thermal
feedbak, a single expression of the form

vi@+3€8 =0
can provide a useful analysis of stationary states up to criticality.
The basis for 8 isf27;7%, where E is an effective activation energy
based on the rate of heat evolution.

(3) The value to be used for § is the sum of the seperate values of
$ for the constituent reactions:

§=28,4 §,(+-) for two (or more) reactions.

(4) The treatment is valid for artitrary Biot number.

“(5) Accurate values are obtained in the present study for the Frank-
Kamenetskii parameter § and the corresponding temperéture@,lw'using

two numerical techniques.
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SOME CONSEQUENCES OF CONDENSED-PHASE FORMATION IN
THERMODYNAMIC CALCULATIONS ON ENERGETIC MATERIALS*

Eli Freedman
US Army LABCOM
Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005-5066

ABSTRACT

The formation of a condensed phase can give rise to two interesting
effects in computations on energetic materials. Usually, one expects
that adding a new substance as a possible product will increase the
computed impetus. The inclusion or exclusion of a gas-phase product in
the computations may determine whether a condensed phase forms, which in
turn sometimes has enough of an effect on the molecular weight of the
gas to invert this expectation. More important, the formation of a
"~ solid product reduces the geometric volume available for the gaseous

products, thus causing an increase in the computed pressure.

NOMENCLATURE
g = mass of gas produced by one gram of'propellant
I = impetus of a propellant (g/J)
M = molecular weight of hot propellant gas
n = number of moles of gas produced by one gram of propellant
R = universal gas constant
TV = constant-volume flame temperature (K)
Y = ratio of heat capacities

*Approved for public release. Distribution unlimited.
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I. INTRODUCTION

The impetus, I, of a gun propellant is defined1 as the quantity
gRTV/M. It has the significance that the quantity I/(y - 1) is the
absolute maximum work that can be obtained by unlimited expansion of the

hot gas produced by the propellant.

In the case when the propellant produces no solid products, g is 1,
which gives the more common form, I = nRTy. This is the usual case,
because with few exceptions, military propellants are formulated so as
to produce no solid products at flame temperatures. - The most important
exception is black powder, which produces about 50% solid or liquid

products at flame temperature.

There are now many thermodynamic programs that can compute the
impetus of a propellant containing an arbitrary number of different
elements. All such programs are necessarily limited to a prescribed
library of species as possible reaction products. Users can instruct
the program to omit from consideration wvarious species in the library,
but the program cannot go outside of the library, and therefore cannot
indicate that-impoftant species are missing. The results are therefore
always subject to.the theoretical objection that they are inéorrect
because a significant product was never considered. This situation is
unlikely now for systems containing only C, H, O, and N, because they
have been thoroughly studied by mass spectrometry, so that the
occurrence of a new, significant species, while theoretically possible,

is now improbable.

With an element like boron, the situation is not so clear; there

may be at least one significant species that has not yet been

1See, for example, J. Corner, Theory of the Interior Ballistics of Guns,
Wiley, New York (1950).
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identified; as it is, there are at least a dozen known possible products
containing B and/or H and/or O. Combined with the large number of known
molecules containing C and/or H and/or O and/or N, there is an abundance
of possibilities, perhaps too many. The library for the NASA-Lewis
programz’3 TRAN72, for example, contains data for 86 C/H/N/O/B species,
without counting ionic species that are usually ignored. Fortunately,
TRAN72 can be dimensioned to cope with 125 (or more) species, but this

is not always the case. Thus, the 'Blake'’ program4 can deal with only

29 gases and 3 condensed phases.

There is no theoretical means for deciding which species to include
or exclude. The usual procedure is to proceed systematically deleting
or adding one species at a time, and observing the effect on the
impetus. If an addition/deletion has no marked effect on the result,
that species is evidently not significant, and can be ignored. The
addition or deleéidn of a significant species is always expected to
result in the incréase or decrease, respectively, of the impetus. There
does not appear to be any theoretical basis to this expectation, but one
can intuitively rationalize it. The combustion of a propellant proceeds
by the,exothermic>decomposition of a few big molecules into a number of
smaller, stable'oﬁes; this results is an increase in temperature and a
decrease in the molecular weight of the mixture. Increasing the product
list by adding an unstable (i.e., insignficant) species evidently has no

effect, because being unstable, it does not form to any noticeable

2The original chemical equilibrium program, CEC, is described in

Gordon, S. and McBride, B.J., "Computer Program for Computation of
Complex Chemical Equilibrium Compositionse....," NASA SP-273 (1971).
3The addition of routines for computing transport properties to CEC
produced TRAN72, which is described in Svehla, R.A. and McBride, B.J.,
"Fortran IV Computer Program for Calculation of Thermodynamic and
Transport Properties of Complex Chemical Systems," NASA TD 7056 (1973).

4E. Freedman, BLAKE~—-A Thermodynamics Code Based on TIGER--Users' Guide
and Manual, ARBRL-TR-02411 (1981) [AD A121 259].
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extent. Adding a new, stable species to the product list, however,
increases the number of product species and also the amount of heat
liberated, thus increasing the temperature and decreasing the molecular

weight of the product gases.

While performing thermodynamic computations with TRAN72 on

> of this Laboratory noticed

propellants containing boron, R.A. Fifer
just the opposite effect: When HBO was included in the list of products,
the computed impetus decreased. Table 1 shows the results on a simpler
formulation, with HBO and HBO,, included and excluded. When the
computations were repeated using 'Blake', the same effect was noticed,

but to a lesser extent, the reason probably being a difference in the

thermodynamic data being used.

Table 1 also shows that the effect is not limited to constant-
volume (gun) calculations; a similar, although smaller, effect occurs

when a constant-préssure.(rocket)'calculation is made.

Examination of the results of the computation shows that the change
comes about because of the effect of the gaseous products on the solids
formed. The impetus is dependent on the molecular weight only of the
gases; thus, if it happens that the formation of a solid causes enough
of a change in the molecular weight of the gases, there can be an
inversion in the expected direction of change of the impetus. This and

other effects of solids formation are discussed in this papei.

5R.A. Fifer, Ignition and Combustion Branch, Interior Ballistics

Division, BRL. Private communicatione.
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II. IMPETUS OF CARBON/HYDROGEN/OXYGEN SYSTEMS

Since the thermodynamic data for boron compounds are not yet
definitely established, a system containing only C, H, and O was used.
An artificial molecule named ARTEX was used; its molecular formula was
CHS, and its enthalpy of formation was varied from -5 to 5 kcal/mol.

Three compositions, A, B, and C, shown in Table 2, were used.

The 'Blake'4 program was used for these calculations. The results
are given in Table 3 for three compositions and three enthalpies of
formation. This Table gives the flame temperature, pressure, and
molecular weight of the gas phase, all for a loading density of 0.2
g/cc. For each case, the results are computed for four cases: (1) both
C(s) and CH, included; (2) and (3) each of these omitted in turn, and
(4) both C(s) and CH, omitted: It also gives the ratio of each quantity

in cases (2), (3), and (4) relative to its value in case (1).

When C(s) is permitted to form, the enthalpy of reaction of the
system increases markedly because of the large heat of condensation of
carbon (about 171 kcal/mol). This increase in enthalpy'of reaction in a
system at constant volume manifests itself as an increase in the flame
temperature (compare col. (4) with col. (3)). When C(s) is not
permitted to form, more CH4 forms instead, resulting in an increase in

the molecular weight of. the gas (compare col (3) with col. (2)).

The most interesting aspect of Table 3 is the comparison of col.
(3) with col. (1). When CH, is added to the product list, the computed
impetus decreases in six of the nine cases considered, contrary to the
usual expectation that adding ingredients to the product list always

causes an increase in the impetus.

In all nine cases, the inclusion of CH4 causes an increase in the

computed flame temperature, which generally brings about an increase in
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the impetus. But in the six interesting cases, the concomitant increase
in the molecular weight of the gas phase suffices to offset the

temperature ingrease, and the impetus decreases.

Rocket calculations on these C-H-O systems show a similar but much
smaller (less than 0.03%) effect in some cases, but not in others. It

was not worthwhile looking for cases with a larger effect.
III. THE EFFECT OF THE VOLUME OF THE CONDENSED PHASE

The effect on computed impetus of including or excluding a
substance just discussed is interesting because it is unexpected, but as
the examples given show, it is not especially large, and is not expected
to occur often. A larger effect on the computed impetus is can be
caused by the change in geometric volume occasioned by the formation of
a condensed phase. This effect is never noticed in computations with
TRAN72 or related/programs, because they all assume that condensed

6,7

phases occupy zero volume. The TIGER program, from which 'Blake' is

derived, however, takes this effect into account explicitly.

The libraries of these latter programs include data for the molar
volume of each condensed phase as a function of temperature and
pressure. Sufficient data are available for only a few products (e.g.,
carbon). For most other materials, only the molar volume at room
temperature and, sometimes, a coefficient of thermal expansion are
known. The structure of the program makes it easy to change these

numbers as desired.

6W.E. Wibenson, Jr., W.H. Zwisler, L.B. Seely, and S.R. Brinkley, Jr.,

"TIGER Computer Program Documentation (1968).
7M.'Cowperthwaite and W.H. Zwisler, "TIGER Computer Program
Documentation,”" SRI Publication No. 2106 (1973).
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Perhaps the most interesting system to consider is black powder,
because it forms so much liquid or solid at chamber conditions. To
simplify matters, a mixture of 60% nitrocellulose and 40% potassium
nitrate was used. This mixture is exothermic and forms roughly the same
amount of liquid potassium carbonate as black powder does. This mixture
also forms liquid potassium hydroxide, but this product has been

uniformly suppressed in the following discussion for simplification.

A special 'Blake' library was assembled containing six different
sets of data for K2CO3(L). The thermodynamic data for all six were
identical. The molar volumes assumed for the six were 0.001, 0.1, 10,
72, 100, and 500 cc/mol; thebcoefficients of thermal expansion were
assumed to be 0 for the first three and the last two; the observed value
of 0.075 cc/mol-K was used in conjunction with the measured room-
temperature molar volume, 72 cc. The computed pressure obtained with

TRAN72‘was used as a reference vaiue.

Tables 4 and 5 contain the results of calculations on this mixture
for ideal and real gases, respectively. The interesting number is the
ratio P(Blake)/P(Tran72). According to the assumptions made here, this
ratio should be 1.000 when the molar volume of K2CO3(L) is small enough
to be neglected; this is indeed the case for assumed molar volumes of

0.001 and 0.1 cce.

When the assumed molar volume is 10 cc, a small effect is noted at
a loading density of 0.4 g/cc. As the assumed volume increases, so does
the effect. 1In the most extreme case, the pressure is increased by
almost 40%; in the "normal"™ case, the increase is 15% at a loading

density of 0.4 g/cc.

The effect of the coefficient of thermal expansion is seen when one
looks at the effect of increasing molar volume. The inversion at 72

cc/mol comes about because this is the one case where a non-zero value
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is used for the expansion coefficient. At a temperature of 2600 K, the

volume being used is about 195 cc.

Another way of looking at these results is to consider the specific
volume of the gas. If no condensed phase is formed, then this quantity
is just the reciprocal of the loading density; otherwise, it is

decreased by the volume taken up by the condensed phase.

The results for the non-ideal gas case in Table 5 differ quanti-
tatively but not qualitatively. The effect of the condensed phase,

however, is magnified by non-ideal gas effects.

IV. EXPERIMENTAL CONFIRMATION ?

The first of the two effects discussed here cannot be confirmed
experimentally, because there is no way in which a possible product can

be "omitted."

The second effect, however, should be observable by making pressure
measurements in closed-chamber firings at a sufficiently high loading
density. Such experiments do not appear to have been made on a suitable

system.

Freedman and Sasse'8 have previously noted that thermodynamic
computations on black powder give low pressures where, if anything, high
ones would be expected. There are no data available for the density of
potassium carbonate at temperatures around 2000 K; the computations in

Ref. 8 merely extrapolated room temperature data. It is conceivable

8E. Freedman and R.A. Sasse', "The Thermodynamics of Real and Unreal
Black Powder," Proceedings IX International Pyrotechnics Seminar,
Illinois Insitutue of Technology [Chicagol; p. 177 (1984).




that the correct value is actually very much larger, which would then

account for this discrepancy.

V. ACKNOWLEDGEMENT

It is a pleasure to thank R. A. Fifer for sharing the results of

his computations with me, and for valuable discussions.

VI. REFERENCES

1. See, for example, J. Corner, Theory of the Interior Ballistics

of Guns, Wiley, New York (1950).

2. The.original chemical equilibrium program, CEC, is described in
Gorddn, S.-and McBride, B.J., "Computer Program for Computation of
Complex Chemical Equilibrium Compositions....", NASA SP-273
(1971).

3. The addition of routines for computing transport properties to CEC
produced TRAN72, which is described in Svehla, R.A. and McBride,
B.J, "Fortran IV Computer Program for Calculation of Thermodynamic
and Transport Properties of Complex Chemical Systems," NASA TD 7056
(1973).

4. E. Freedman, BLAKE--A. Thermodynamics Code Based on TIGER--Users'

Guide and Manual, ARBRL~TR-02411 (1981) [AD A121 259].

5. R.A. Fifer, Ignition and Combustion Branch, Interior Ballistics

Division, BRL. Private communication.

197



198

6. W.E. Wibenson, Jr., W.H. Zwisler, L.B. Seely, and S.R. Brinkley,

Jr., "TIGER Computer Program Documentation (1968).

7. M. Cowperthwaite and W.H. Zwisler, "TIGER Computer Program

Documentation," SRI Publication No. Z106 (1973).

8. E. Freedman and R.A. Sasse', "The Thermodynamics of Real and Unreal

Black Powder," Proceedings IX International Pyrotechnics Seminar,

Illinois Institute of Technology [Chicago]; p. 177 (1984).

TABLE 1. COMPUTATIONS ON A PROPELLANT CONTAINING BORON

PROPERTIES OF THE INGREDIENTS

Abbrev. Formula Delta H at 298 K
B B10H34C 8N 2 -81.0 kcal/mol
‘ T C 1N 7H 9O 3 =-11.5

COMPOSITION: 80 & T, 20% B

_ INCLUDE OMIT OMIT OMIT
Result HBO & HBO2 HBO HBO2 HBO & HBO2
P (MPa) 223.2 224.4 225.2 226.7
T (K) 2358. 2372. 2381. 2398,
IMPETUS (J/G) 1116. 1122. 1126. 1134.
MOL WT (GAS) 14.41 14.35 14.12 14.04
ISP* (SEC) 222.9 223.1

* ISP computed for a chamber pressure of 500 psia and an exit pressure
of 14.7 psia. :



Name
ARTEX
Carbon

Oxygen
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TABLE 2. THE THREE COMPOSITIONS STUDIED

COMPOSITION A COMPOSITION B COMPOSITION C
Pct by Weight Pct by Weight Pct by Weight
66.67 61.54 57.14
16.67 15.38 14.29
16-66 23.08 28.57

TABLE 3. COMPUTATION OF IMPETUS FOR THREE C-H-O COMPOSITIONS

Tv fK)
ratio

P (MPa)
ratio

I (J/9)
ratio

Mol Wt
ratio

DELTA H(ARTEX) = 5000 CAL/MOL

(1) (2) (3) (4)

COMPSN A COMPSN A COMPSN A COMPSN A
C(S) AND CH4 ONLY CH4 ONLY C(S) NO C(S) OR CH4
INCLUDED INCLUDED " INCLUDED INCLUDED

1777. 1833. 1366. 1010.
1.000 1.032 0.769 0.568
225.6 205.8 235.6 124.5
1.000 0.913 1.045 0.552
1111, 1029. 1118. 623,
1.000 0.926 1.006 0.560
10.99 14.80 3.94 13.48

1.000 1.347 0.358 1.227
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TABLE 3.

T (K)
v s
ratio

P (MPa)
ratio

I (J3/9)
ratio

Mol Wt
ratio

T (K)
ratio

P (MPa)
ratio

I (J/9)
ratio

Mol Wt
ratio

COMPUTATION OF IMPETUS FOR THREE C-~H-O COMPOSITIONS (CON'T)

(1)
COMPSN B
C(S) AND CH4
INCLUDED

1870.
1.000

239.8
1.000

1186.
1.000

11.37
1.000

(1)
COMPSN C
C(S) AND CH4
INCLUDED

1960.
1.000

253.2
1.000

1256.
1.000

11.76
1.000

(2)
COMPSN B
ONLY CH4
INCLUDED

1914.
1.024

225.2
0.939

1126.
0.950

14.13
1.243

(2)
COMPSN C
ONLY CH4
INCLUDED

1988.
1.014

243.0
0.959

1215,
0.967

13.61
1.157

(3)
COMPSN B
ONLY C(S)
INCLUDED

1556.
0.832

254.8
1.063

1219,
1.028

5.12
0.450

(3)
COMPSN C

ONLY C(S)

INCLUDED

1688.
0.861

267.8
1.057

1292.
1.028

6.29
0.535

(4)
COMPSN B

NO C(S) OR CH4

INCLUDED

1193.
0.638

151.5
0.632

757.
0.639

13.09
1.152



TABLE 3.

T, (X)

ratio

P (MPa)
ratio

I (J/9g)
ratio

Mol Wt
ratio

T, fK)
ratio

P (MPa)
ratio

I (J/9)
ratio

Mol Wt
ratio
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COMPUTATION OF IMPETUS FOR THREE C-H-O COMPOSITIONS (CON'T)

DELTA H(ARTEX)

(1
COMPSN A
C(S) AND CH4
INCLUDED

1649.
1.000

200.3
1.000

988.
1.000

11.66
1.000

(1)
COMPSN B

C(S) AND CH4

INCLUDED

1746.
1.000

215.2
1.00C

1065.
1.000

11.95
1.000

(2)
COMPSN A
ONLY CH4
INCLUDED

1699.
1.030

186.8
0.932

934.
0.945

15.13
1.297

(2)
COMPSN B
ONLY CH4
INCLUDED

1779.
1.019

204.9
0.952

1024.
0.962

14.44
1.209

= 0.0 CAL/MOLE

(3)
COMPSN A
ONLY C(S)
INCLUDED

1172,
0.711

201.1
1.004

952.
0.964

3.80
0.326

(3)
COMPSN B
ONLY C(S)
INCLUDED

1420.
0.813

228.3
1.061

1089.
1.022

4.89
0.409

(4)
COMPSN A
C(S) OR CH4
INCLUDED

808.
0.490

96.2
0.480

481.
0.487

13.97
1.197

(4)
COMPSN B
C(S) OR CH4
INCLUDED

1056.
0.605

126.5
0.588

632,
0.594

13.89
1.162
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TABLE 3.

TV SK)
ratio

P (MPa)
ratio

I (J3/9)
ratio

Mol Wt
ratio

TV (X)
ratio

P (MPa)
ratio

I (3/9)
ratio

Mol Wt
ratio

COMPUTATION OF

(1)

IMPETUS FOR THREE C-H-O COMPOSITIONS (CON'T)

(2)

(3)

COMPSN C COMPSN C COMPSN C
C(S) AND CH4 ONLY CH4 ONLY C(8)
INCLUDED INCLUDED INCLUDED
1836. 1856. 1573.
1.000 1.011 0.857
229.1 221.7 244.0
1.000 0.968 1.065
1137. 1108. 1173.
1.00C 0.975 1.032
12.27 13.92 6.07
1.000 1.134 0.494
_ DELTA H(ARTEX) = -5000 CAL/MOL
(1) (2) (3)
COMPSN A COMPSN A COMPSN A
C(S) AND CH4 ONLY CH4 ONLY C(S8)
INCLUDED INCLUDED INCLUDED
1526. 1552, 944.
1.000 1.017 0.619
176.6 166.8 161.9
1.000 0.945 0.917
872. 834. 767.
1.000 0.957 0.879
12.37 15.47 3.74
1.000 1.250 0.302

(4)
COMPSN A
NO C(S) OR CH4
INCLUDED

521.
0.341

61.7
0.349

309.
0.354

14.03
1.134



TABLE 3.

T, SK)
ratio

P (MPa)
ratio

I (J/9)
ratio

Mol Wt
ratio

TV gK)
ratio

P (MPa)
ratio

I (3/9)
ratio

Mol Wt
ratio

COMPUTATION OF IMPETUS FOR THREE C-H-O COMPOSITIONS (CON'T)

(1)
COMPSN B
C(S) AND CH4
INCLUDED

1628.
1.000

192.1
1.000

951.
1.000

12.55
1.000

(1)
COMPSN C
C(S) AND CH4
_INCLUDED

- 1720.
1.000

206.3
1.000

1024.
1.000

12.81
1.000

(2)
COMPSN B
ONLY CH4
INCLUDED

1641.
1.008

183.9
0.957

920.
0.967

14.84
1.182

(2)
COMPSN C
ONLY CH4
INCLUDED

1726.
1.003

200.3
0.971

1001.
0.977

14.33
1.119

(3)
COMPSN B
ONLY C(S)
INCLUDED

- - v —

1260.
0.774

199.8
1.040

951.
1.000

4.71
0.375

(3)
COMPSN C
ONLY C(S)
INCLUDED

1456.
0.847

220.6
1.069

1058.
1.032

5.84
0.456

(4)
COMPSN B
C(S) OR CH4
INCLUDED

900.
0.553

101.9
0.530

509.
0.535

14.70
1.171
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TABLE 4. THE EFFECT OF THE VOLUME OF A CONDENSED PHASE ON

COMPUTED PRESSURES --- IDEAL GAS CASE
VOL K2CO3(L) = 0,001 CC/MOL -- IDEAL GAS
Loading P(Blake) Sp Vol of Moles
Density Tv P(Blake) =====—=—- Gas of
(g/cc) (K) (MPa) P(Tran72) (cc/qg) . K2CO3
0.01 2192. 4.26 1.000 100.000 0.935
0.10 2504. 43.47 0.999 10.000 2.183
0.20 2569, 86.73 0.999 - 5.000 2.470
0.30 2598. 129.86 0.999 3.333 2.600
0.40 2615. 172.94 0.999 2.500 2.675
VOL K2CO3(L) = 0.1 CC/MOL -~- IDEAL GAS
Loading P(Blake) Sp Vol of Moles
Density Tv P(Blake) =—====--- Gas of
(g/cc) (K) (MPa) P(Tran72) (cec/qg) K2CO3
0.01 2192, 4.26 1.000 100.000 0.935
0.10 2504. 43.47 0.999 10.000 2.183
0.20 = 2569. 86.73 0.999 5.000 2.470
0.30 2598. 129.87 0.999 3.333 2.600
0.40 2615, 172.96 1.000 2.500 2.675
VOL K2CO3(L) = 10 CC/MOL ~-- IDEAL GAS
Loading P(Blake) Sp Vol of Moles
Density Tv P(Blake) ======-- Gas of
(g/cc) (K) (MPa) P(Tran72) (cc/qg) K2CO3
0.01 2192, 4.26 1.000 99.991 0.934
0.10 2503. 43.57 1.002 9.978 2.179
0.20 2568. 87.16 1.004 4,975 2.464
0.30 2597. 130.89 1.007 3.307 2.593

0.40 2614. 174.83 1.010 2.473 2.668
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TABLE 4. THE EFFECT OF THE VOLUME OF A CONDENSED PHASE ON

COMPUTED PRESSURES --- IDEAL GAS CASE (CON'T)
VOL K2CO3(L) = 72.0 CC/MOL (STANDARD)
Loading P(Blake) Sp Vol of Moles
Density v P(Blake) =—=====-- Gas of
(g/cc) (K) (MPa) P(Tran72) (cc/9) K,C0,
0.01 2191. 4.26 1.000 99.898 0.928
0.10 2496. 44.64 1.026 9.754 2.130
0.20 2559. 92.22 1.062 4.721 2.388
0.30 2588. 143.27 1.102 3.041 2.495
0.40 2606. 198.24 1.146 2.200 2.548
VOL K2CO3(L) = 100 CC/MOL —-- IDEAL GAS
Loading P(Blake) Sp Vol of Moles
Density Tv P(Blake) =====--- Gas of
(g/cq) (K) (MPa) P(Tran72) (cc/9g) K,CO,
0.01 2191. 4.26 1.000 99.907 0.929
0.10 2495. 44.44 1.022 9.786 2.141
0.20 2557. 91.21 1.051 4.759 2.407
0.30 2583. 140.71 1.083 g 3.081 2.522
0.40 2597. 193.27 1.117 2.242 2.584
VOL K2CO3(L) = 500 CC/MOL =-- IDEAL GAS
Loading P(Blake) Sp Vol of Moles
Density Tv P(Blake) =====——- Gas of
(g/cc) (K) (MPa) P(Tran72) (cc/qg) K2CO3
0.01 2185. 4.28 1.005 © 99.547 0.905
0.10 2450. 48.19 1.108 9.033 1.933
0.20 2462, 108.51 1.250 4.016 1.969
0.30 2414. 177.32 1.365 2.457 1.752

0.40 2332, 241.92 1.398 1.794 1.412
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TABLE 5.

THE EFFECT OF THE VOLUME OF A CONDENSED PHASE ON

COMPUTED PRESSURES --- REAL GAS CASE

VOL K2CO3(L) = 0.001 CC/MOL =-- REAL GAS

Loading P(Blake) Co-Vol Sp Vol of
Density Tv P(Blake)  ~===——-—- of Gas Gas Phase
(g/cc) (K) (MPa) P(Tran72) (cc/g) (cc/q)
0.01 2196. 4,30 1.010 0.747 100.000
0.10 2527. 46.30 1.064 0.601 10.000
0.20 2601. 97.68 1.125 0.557 5.000
0.30 2635, 154.70 1.190 0.532 3.333
0.40 2656. 218.07 1.260 0.514 2.500
VOL K2CO3(L) = 0.1 CC/MOL -- REAL GAS
Loading P(Blake) Co-Vol Sp Vol of
Density Tv P(Blake)  —======- of Gas Gas Phase
(g/cc) (K) (MPa) P(Tran72) (cc/g) (cc/g)
0.01 2196. 4,30 1.010 0.747 100.000
0.10 2527. 46.30 1.064 0.602 10.000
0.20 2601. 97.68 1.125 0.557 5.000
0.30 2635. 154.72 1.191 0.532 3.333
0.40 2656. 218.10 1.260 0.514 2.500
VOL K2CO3(L) = 10 CC/MOL -- REAL GAS
Loading P(Blake) Co=-Vol Sp Vol of
Density Tv P(Blake)  =======- of Gas Gas Phase
(g/cc) (K) (MPa) P(Tran72) (cc/g) (cc/qg)
0.01 2196. 4,30 1.010 0.756 99,991
0.10 2526. 46.42 1.067 0.624 9.977
0.20 2600. 98.27 1.132 0.583 4.974
0.30 2635. 156.26 1.202 0.560 3.306
0.40 2655. 221.23 1.278 0.542 2.472



TABLE 5. THE EFFECT OF THE VOLUME OF A CONDENSED PHASE ON
COMPUTED PRESSURES --- REAL GASE CASE (CON'T)

VOL K2CO3(L) = 72 CC/MOL (STANDARD) =-- REAL GAS
Loading P(Blake) Co~Vol Sp Vol of Mol/kg
Density Tv P(Blake)  —=====-- of Gas Gas Phase of
(g/cc) (K) (MPa) P(Tran72) (cc/qg) (cc/g) K2CO3
0.01 2194. 4.30 1.010 0.851 99.896 0.938
0.10 2519. 47.72 1.097 0.864 9.743 2.215
0.20 2596. 105.30 1.213 0.859 4.705 2.515
0.30 2635. 175.93 1.354 0.850 3.021 2.646
0.40 2663. 263.82 1.525 0.839 2.178 2.716

VOL K2CO3(L) = 100 CC/MOL -- REAL GAS

Loading P(Blake) Co-Vol Sp Vol of Mol/kg
Density Tv P(Blake)  —==—=-=-- of Gas Gas Phase of
(g/cc) (K) (MPa) P(Tran72) (cc/qg) (cc/g) K2CO3
0.01 2194. 4.30 1.010 0.841 99.906 0.939
0.10 2519. 47.47 1.091 0.828 9.777 2.226
0.20 2591. 103.83 1.196 0.815 4.747 2.533
0.30 2625. 171.55 1.320 0.802 3.066 2.670
0.40 2646. 253.75 1.466 0.789 2.225 2.745
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AGGLOMERATION CHARACTERISTICS OF THE METALLIZED SYSTEMS
COMBUSTION

Yurii V. Frolov
Boris E. Nickol'sky

Institute of Chemical Physics
The USSR Academy of Sciences
117334 Moscow, USSR

ABSTRACT

The phenomenon of powdered metal fuel particles égglome-
retion during the condensed systems burning studied.

Basic laws of the combustion wave Al and Mg agglomerat-
ion for high metallized propellants are investigated.

It has been established that this process has many
stages and is determined by the initial components properties
and samples combustion conditions.

The main role of metal and oxidizer sizes ratio in me-
tal agglomeration degree is demonstrated.

The model of powedered metal agglomeration in the com-
posed systems with melting and nonmelting components is
proposed.

209



210

1. Introduction

4ds a rule the metallized mixtures and double~based pro-
pellants combustion is accompanied by the accumulation and
direct interaction of metal fuel particles on the burning
surface and in the preheat zone in condense phase. The re-
sult of this interaction is the particles size raise and
structure complicacy [1J.

This phenomenon has been called agglomeration.

In common case the agglomeration is a complicated mul-
tistage process and is strongly influenced by mixture com-
position, components properties and combustion conditions.

After appearance on combustion surface, metal particles
reside there some time moving in different direction, rotat-
ing and consolidating together.

During double-based propellants combustion the'particles
interaction initial stage takes place by the thermostable
nitrocellulose decomposition products. The reaction layer
temperature is less than Al and Mg melting points so metal
particles are in solid state.

They begin melting only after their appearance in high
temperature gas flame zone. Particles receive the oppotunity
to merge and to form large drops.

Double~based propellants agglomeration process has two
stages:

a) cementation on burning surface;

b) melting and merging in high temperature flame zone.

Formed particles size can be one mm diameter or more.

During the combustion of mixture condense compositions
type 80lid metallized propellants and pyrotechnic mixtures
the metal fuel agglomeration process is more complicate and
strongly influences of the mixture composition and structure.

The metallized composition efficiency is influenced by
agglomeration process because of the chemical reaction comp-
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letness, the condense phase dispergation and, most of all,
the impulse loss dependence of agglomeration process tsake
place.

The mein peculiarities of powdery Al and Mg combustion
wave agglomeration dt the inorganic oxidizer composite mix-
tures combustion are discussed at this paper.

2. Experiment

2.1, Experimental method.

It's important for agglomeratioh gtudy to select disper-
gated condense~phase products directly from the burning sur-
face and to extinguish them quickly.

The simplest method best known and less perfect is the
distribution in the flame torch of different heat-removing
plates at different distances from the burning surface. These
plates are coated with a viscous composition (for example,
glycerine) which is adhesive respect to particles.

More perfect method is shown at fig.1.

Arrangement involves a selector with a rotating drum
which makes it possible to collect the entire condensate
which escapes from the burning surface of the sample.

The sample cen be cylindrical (burning fron the end
féce) or of slit form (burning from inside surface). For
8lit form using it's possible to create a high temperature
combustion products flow along the burning surface with ave-
rage apeed to 100 m/sec.

The rotating drum intermal surface is covered by a thin
layer of inert liquid. Solid combustion products get into
it., The presence of a liquid and the drum's rotation (~ 1000
rps) facilitate the rapid quenching and prevent particles from
mutual sticking.

The general temper time of solid particles is 143 ms.
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In case of high metallized mixtures combustion with
small picked out gas amount the cylinder is used as a select-
or with burning sample inside it.

After burning particles were dissipated by ethanol, fil-
tered and analyzed by microscope. The results were determined
in form of integral and differential curves =- D43 and D30
sizes plots.

2¢2¢ Experimental results

The burning surface temperature TS for the pressure
range 1 + 100 atm achieves 1000 + 1200°K during the getero-~
geneous condense systems type solid propellants and pyrotech-
nic mixtures combustion.

The difference between the most probable Ty value and
particles temperature is (mainly) 100 + 150°, It means that
the melting and hence interaction of Al and Mg particles
take place on the burning surface.

The preheat zone in condense phase heat release growth
intensifies the particle heating, reactivity, melting and
agglomeration process.

The threshold conc¢entration of the particles interaction
is determined by their size. For small size particles the
initial agglomeration process threshold concentration is
less, k

With the metal coﬁcentration increase the agglomeration
degree ( ;9= Dag/Do) rises up to the 10 + 100 values or
more. There are large drops (size to some mm) for metal con-
centration 35+40%. For the 50455% values one can observe the
frameformation process, the scale of frame often exceeds
initiel sample scale.

Practically, there is neither agglomeration nor Al ig-
nition for the mixtures with metal content over 65+470% -
that is so-called "cold burning" regime.

Hence with the metal concentration increase the agglo-
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meration process has several characteristic stages.

Metal particle size: with its growth the agglomeration
degree decreases but drop's size may increase. The oxidigzer
particles size is important for this phenomenon. For small
metal fuel content (25430% - solid propellants) the aggléme-
ration degree is mainly detined by the oxidizer size (fig.2)
regardless of the burning rate, metal size, pressure or
binder properties.

In case of high metallized mixtures (CMe > 30%) the ag-
glomeration is defined by the metal and oxidizer sizes ratio,
Phere is the agglomeration degree maximum value for metal and
oxidizer equal size using.

The binder chemical properties and decomposition in-
fluences upon value z .

In case of solid propellants the binder gasification
high degree is favourable for 2 decrease.

In case of high metallized mixtures burning the solid

" and liquid products formation during binder decomposition is
favourable for the metal particles separation and as a re-
sult agglomerates sizes decrease.

For example for teflon and Al mixtures combustion there
is practically no agglomeration in the combustion wave be-
cause of the large carbon amount formation after the teflon
decomposition and particles separation.

Pressure: the pressure increase reduces the agglomerat-
-ion process (for the same other conditions) for metallized
solid propellants and opposite raises one for the pyrotechn-
ic mixtures combustion as a rule. But at the same time the
effect of pressure can be more complicated (fig.3).

Burning rate U: in common case the normal burning rate
increase reduces the agglomeration degree but there is no
direct correlation between U and.q'values (fig.2,4).

Agglomerates structure is compound and content besides
Al and Mg the incompletely decomposed products of the oxi-
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dizer and binder decomposition and different additives.

But fraction of metal in the solid propellants (CMéQZS%)
- agglomerates reduces with its size growth and is about 25+40%
for large particles.

In case of pyrotechnic mixtures combustion (CMe>30’40%)
the metal fuel content in agglomerates raises on the coatrary.
Liquid drops - agglomerates completely content of metal. For-
med frames content 85490% of metal and metal oxides.

The complete burning time of agglomerates defines its
effective diameter. It's determined as a diameter of metal
particle with the same burning time. For the first approxi-
mation the effective and critical diameters ratio characte-
rises the metal fraction in agglomerate which defines in
turu the motor performance.

3. Discussion

As it is known, heterogeneous compositions have inuni-
formed structure. In common case it consist of oxidizer par-
ticles (or metal particles) with the binder and more fine
oxidizer (metal) between them.

The larger oxidizer is the more thickness of binder
layer increases.

There is a difference between the binder and oxidizer
decomposition rate. And the contact boundary of fuel and
oxidizer is characterized by the decomposition and gasificat-
ion rate maximum value.

For definite conditions (non-melting components, for
example) the burning rate front propagation is entirely de-
termined by the contact boundary field propagation average
rate.

Some fields with binder and metal burn graduslly around,
come off and are carried away by gaseous products flow to
high temperature flame zoné. Here is the decomposition pro?
cess continuation, the metal particles interaction and merging
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according to kinetic laws [5J.

It's a "pocet" agglomeration model. There is the agglo-
meration peculiarities explanation as a result of this model -
the component ratio pressure, burning rate, etc. dependences,
and the agglomerates composition and structure.

For example, the pressure or burning rate increase
decreases the heating layer in condense phase thickness and
raises the components decomposition rate. As a result the
agglomerates sizes decrease for systems type propellantsQ

If we have mixtures with component surface melting
stages of the particles accumulation in liquid layer, contact
formation between them, escape process from liquid burning
surface to gas phase is of great importance. Such as mixtures
based on Na, Rb, Ienitrates.

There are threé stages of agglomeration formation and
growth:

.= in reaction liquid layer of condense phase (~45%);

~ on burning surface - accumulation ( ~45%);

~ on burning surface - movement (~10%).

~Particles of agglomerates stay on the b.surface for
gome time. Right before the rupture there is a so=-called
"bridge" between the particle and b. surface., This "bridge"
consigts of oxidizer and binder decomposition liquid products
(fig.5) and has a value proportional to R e

Since each stage has its characteristic time the influ-
ence on agglomeration process is defined by those values.

The Al and Mg particles junction has been studied expe--
rimentally in ref.5. Kinetic law of junction allows to find
the diffusion junction time:

/X \\V\_ A(T) _t'
| ZRo R

where n,m - constants of junction,

| A(T) - temparature function,
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x-—
The

¢ 570

where

9;,9‘!&-
Qk»%, -
S1» Sp -

F(p)

The

contact diameter between two particles with the Ro
radius.,

contact time of particles in liquid layer:

S = DS o - 9, GV be, 8 (V4 )8, -

- F(P)+ 68V, - dg Sn ,

80lid and liquid particles density;

parameter;

gurface tension coefficient and viscosity;
gravity;

surfaces of the particle interaction with gas flow
(1) and 1liquid layer (2);

force as a result of pressure gradient near burning
sample surface;

resistance coefficient to gas flow;

initial particle volume and part of colume plunged
in liquid layer.

gravity is perpendicular to the burning surface.

It is believed that there is homogeneous distribution
of components in mixture and metal particles have equal size
and form regular row with the initial distance between par-
ticles yS# Oe

After metal particles appearance on the b.surface move-
ment is defined from a one side by moving forces of gas phase

products

flow and from other side by the liquid surface tens-

ion force FG .

4q %cﬁsg

= P

ggg ‘g_FfGS(V‘ d_t ):ﬂ&—(i W¢)‘¥7
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where

g - the distinct between particles;

;é the angle defines the contact area;
& the regional moistening angle;

Cy - resistance coefficient to gas flow.

Initially the rupter is defined by the criticel value y
and then the selfdevelopment liquid phase rupture process
takes place.

Equations (1-3) allow determine the agglomeration degree
as a function of pressure, inital size, metal content, etc.
and frameformation conditions (yg = 0).

The agglomeration degree is influenced by pressure and
metal type (fig.6). Calculations and experiments are in food
agreement.

When metal contents increase the combustion temperature
décreases and gas-formation process reduction. As a result
the frameformation process turn into the "cold" burning re-
gime without agglomeration.

Suggested agglomeration process models based on the
compiex of simple stages which allow analyse the influence
of,the main parameters of metallized systems combustion on
agglomeration and find the methods of its regulation.
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Fig. 1. Selector of condensate - 1) sample of slit form; -
2) rotating drum; 3) inert layer; 4) motor.
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Burning rate and Dz size as  function
of oxidwzer (AP) particles size :
(1,2) and (3,4) have differedl binder type

Pig. 2. Burning rate (a) and mass middle size of agglomerates
D43 (b) as function of oxidizer particle size (PA).
20% Aluminium with middle size 10 (1,3) and 20 (2,4)
micron. N
Compositions 1,2 and 3,4 have different type of
binder.
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Fig. 3. Agglomerate size D

as function of pressure on com-
bustion of mixtures with nitrate of: Na(1), K(2),

Rb(3), Sr (4), Cs (5) as ammonium perchlorate (6).
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Burning rate and agglomerates size 23
as tunction of pressure
( 407 AP + 457 AL + 15 /. RBinder)

Fig. 4. Burning rate and agglomerate size D43 as function of
pressure for mixture of AP (40%) and Al (45%) and
binder with elementary composition.

C H 0 N
1 84 10.5 55 - -
2 80 10 609 301 -
3 41 504 1803 350 - 7
4 32 32 22 - 14




223

fig.5a. Metd particles on
durning surface :

contact of partiedes in
uofm‘d reactice  fayer

Fig. 5. Metal particles on burning surface: a) contact of
particles in liquid reactive layer; b) movement of
particles from burning surface.
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Fg.56. Metal particles on burning surface :
mosement of particles from
burning  surfaaz

Pig. 5. Metal particles on burning surface: a) contact of
particles in liquid reactive layer; b) movement of
perticles from burning surface.
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Ogglomeration degree (?) of AL and Mg as
pressure (P) funetion

Fig. 6. Agglomeration degree Z of Al and Mg as pressure P
function.
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DISTRIBUTIONS USING A HYDRODYNAMIC
MULTIPARTICLE-SIZE COMPUTER MODEL
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William Comeyne
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ABSTRACT

In a study of detonation pressures of mixtures of various pyrotech-
nic powders dispersed in air, the question of powder uniformity and the
existence of regions free of powder is critical. Since it is at best
difficult to determine the highly transient powder concentrations experi-
mentally, a hydrodynamic computer model simulating the injection of
powders into plastic bags was developed.

Powder injection simulations show that the 2 um powder is reasonably
well mixed in the bag after 0.5 seconds of injection. A mixture of 2 um
and 0.5 um powders are also well mixed, because both travel with the gas
velocity. However, the mixture of 30 um and 2 um powders show a consider-
able segregation. At the end of 0.5 seconds there exist regions in the
bag which have no 30 um powder.

A comparison of three particle sizes shows that fine powders expand
almost in a form of a semi-circle initially, while course powders move in
a plug flow fashion. This is the cause of segregation.

227



228

INTRODUCTION

Detonation of pyrotechnic powders was studied by injection of mix-
tures of powders into large plastic bags supported by rectangular wire
mesh on the ground. The details of the experiments performed with single
size powders and the corresponding computer simulations were described
in an earlier paper (Gidaspow, et al., 1984). The main thrust of this
paper is the simulation of multisize-particle mixtures.

The motion of the powder of size K is described by formulating multi-
dimensional mass and momentum balances for each size K. Interaction be-
tween the powder of size K and the fluid is described by means of drag
coefficients which are obtained from the standard drag coefficient rela-
tions for the sphere in the dilute phase and from the packed bed Ergun
equation for the dense phase. A particle-particle friction coefficient
between the various size particles is also included to obtain proper
segregation, although this effect is generally small. A normal component
of solids stress is also included into the model to prevent the particles
from compacting to unreasonably high solids volume fractions. This model
is a generalization of the hydrodynamic model for single size particles
fully described by Gidaspow (1986).

MATHEMATICAL MODEL

The differential equations for particle size or phase K are written
in a form suggested by Soo (1967). They are a generalization of the
single particle size model of Gidaspow and Ettehadieh (1983). The
momentum equations solved in the code (Gidaspow et al., 1985) are,

) -> > o> -

5t (Pyey Vi) * Vrlegop vy v ) =
N

> o>
- skVP * g 9" Gk Ve, * E:: Kiq (v1-vk). (1)
1=1
They are supplemented by the continuity equations,
3 ->
3% (pkt—:k) + V.(Skpk Vk) =0 (2)

In Equations (1) and (2) e, is the volume fraction of phase k, p, is the
density, Vi the velocity, P the pressure, Gy is an elastic modulus for
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phase k arising from a force that resists compression and Kkz is a friction
coefficient for size k between % "phases" in the sense used by S. L. Soo
(1967).

Gas-Particle Friction
The drag relations are those of Gidaspow and Ettehadieh (1983) where the
subscript "1" refers to the gas phase.

150(1 — €1 Jexppy |, 1.75p1 vy —vileg

1 él(dktﬁk)z (drok) <08
3, ealvi—vilpe
= - € .8 < .
1033 fles) 08< 6 <10
where,
fle) = g2%,
_ 24 0.687 |
Cor =g, (1+0.15Re} ) Re;, < 1000
= 0.4, Re;. > 1000

and

di|vy —
Rey = kY1 = vilor€e1
B

Particle-Particle Friction
In an earlier study of segregation of particles in a vertical pneu-

matic conveyor (Arastoopour et al. 1980), it was found necessary to add

a particle-particle momentum interaction to quantitatively describe
segregation of a binary mixture. Syamlal (1985) and Gidaspow et al (1985)
have generalized this approach and have shown that a reasonable form for

this interaction is as follows.

prorerel(dy + di)>
Prd} + pyd?

K = F(1 -
oy (1+¢€) Ve =il

where
3‘/%1 + (e + 61)!‘

i 4(5,%‘ - (ep + e,)i)
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e = [(®f — &) + (1 = a)(1 — )@@y + (1 - ou«m%—f +a
o, '

for X < b + (1 —Dp)P;
= (1- )@, + (1= Bp)8il(1— X) + B,

. b,
or X 2 Fr - o009,

d

e =\[— when d 2> d;
di
X, = —%_
€+ €

&, d; — volume fractions at maximum packing

In this study this effect is small relative to the drag and acceleration.

Solids Stress

To prevent the particles from reaching unrealistically high solids
volume fractions, a repulsive normal stress must be included. The numeri-
cal value of this stress is not important in this study, since the mixture
remains dilute. The stress modulus used was as follows.

_ 10(-8.76 €, +5.43)

G k

k

Geometry, Boundary and Initial Conditions

The inlet powder velocity was assumed to be 42 m/sec for both the gas
and the powders. The geometry is shown in Fig. 1. Although the experi-
ment corresponds to inlet with two opposing jets, we assumed symmetry and
made the calculations for half the bag as shown in Fig. 1.

Initially, the bag was filled with air at one atmosphere. The density
of the gas was assumed to follow the ideal gas law. The temperature was
assumed to remain constant. At zero time a jet of powder moving at a
velocity of 42 m/sec was assumed to enter the bag. This value was obtained
experimentally from.a record of cloud motion versus time. In view of the
high velocity and thus high drag, the velocity of the gas and the particles
were assumed to be equal. Small oscillations in flow visible through the
inlet pipe were disregarded, since previously (Gidaspow, et al. 1984)-we
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Figure 1. Schematic of Bag.

found that such oscillations had a negligible effect on mixing of single-
size powders. At all the walls, except at the inlet and at x =*2my

the velocities were prescribed to be zero. At x = 2m, the gradient of
vertical velocity was set to zero and the horizontal component of velocity
was set to zero. In the computations reported here a grid size of 1.0 cm
horizontal by 5.87 cm vertical was used. The time increment was 5 x 10'5
sec. The computer program used is based on the ICE method.

Mixtures Studied

In this paper we present the results of our simulation of injection
of three powders into rectangular bags. The first powder was of a single
size. The two remaining powders consisted of a binary mixture of two

sizes.

The simulation was for the powders given in Table I below.

231
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TABLE I Composition Number

1 2 3

Powder A: 3

Solids density, kg/m 1820 1820 1820

Particle size; um 2 2 2

Weight fraction 1.0 0.7 0.5
Powder B: 3

Solids density, kg/m -- 2700 1650

Particle size, um -- 0.56 30

Weight fraction -- 0.3 0.5

Computed vs Experimental Contours - Composition 1

Powder concentrations expressed in kg/m3 are shown in Fig. 2 at
several times. At the end of 0.5 seconds there are no large nonuniformities.
This is due to the fact that the powder moves with the gas. At the end
of 0.5 seconds the computed pressure in the bag has risen to 494 kPa.

At the walls the computed concentrations are higher than elsewhere
due to the use of the nonslip boundary condition. Although the velocity
of the powder may not be exactly zero at the walls, the gas velocity is
clearly zero. This effect alone will cause accumulation of powder at the
walls. Fortunately this effect is very localized.

Figure 2 also shows the experimentally determined cloud contours
marked by the solid lines. The comparison of the theory and the experi-
ment is good. The experimental contours have a small oscillatory behaviour
which was caused by the slightly oscillatory entering flow. This effect
was ignored in the calculations reported here. Tabke II shows a compari-
son of the computed and experimental cloud tips near the center of the

bag.

TABLE II - Propagation Distances for Composition 1
At Time Experimental Computation
0.025 sec 95 cm 105 cm

0.075 sec 178 cm 175 cm
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Fig. 2. Comparison of Computed Concentration Profiies (kg/m3%

to Experimental Cloud Contours from High Speed
Photographic Movies (Inlet Velocity 42 m/sec,
2um Single Size Powder)
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COMPOSITION 2 - 2um and the 0.56 um powders at several injection times.
Fig. 3 shows the concentration of the 2 um and the 0.56 um powders

at several injection times. We see little segregation, since both powders
move almost with the velocity of the gas. At the end of 0.5 sec there are
few nonuniformities, especially for the finer powder.

COMPOSITION 3 - 2um and 30 um Mixtures

Fig. 4 shows the concentrations of the 2 um and the 30 um powders as
a function of time, again. The behavior for the 2 um powder is the same
as for composition 2. The large-size powder, however, tends to travel in
a slug form. This causes a marked segregation to take place. At 0.5 sec
we see that while the fine powder is all over the bag, the course powder
is absent from large portions of the bag.

Tabte III shows a comparison of the propagation distances obtained
from the movies of the cloud contours to those computed at two times
after injection.

TABLE III - Propagation Distances for Composition 3

At Time Experimental Computation
0.025 sec 115.5 cm 135 cm
0.075 sec 194 cm 200 cm

Figure 5 shows the axial velocities of the powders at two positions
indicated in Figure 1. At 0,05 seconds the powders still move at the
same velocity at the center of the bag, while the gas started moving all
over in the bag due to the rapid transmission of pressure through the pure
gas. At the same time away from the inlet, segregation has already begun.
At 0.025 sec, there is already segregation even at the center of the bag.
The segregation is much more away from the center. We see that the large
powder has reached the center-line of the bag because it traveled in plug
flow, while the light powder expanded with the gas and therefore took
longer to reach the center line.
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Figure 6 shows the radial velocities of the gas and the two powders
(at x = 20 cm) close to the inlet as a function of radial distance at
several times. It shows that the fine powder moves with the velocity of
the gas, while the 30 um has practically zero velocity in the radial direc-
tion. However, due to gas recirculation in the bag the velocity of the gas
and the fine powder have changed direction.

EFFECT OF PARTICLE DIAMETER

To see the effect of particle size on the initial jet expansion, four
computer runs were made for 0.5 um, 5 um, 15 um, and 50 um single size
powders of a density of 1820 Kg/m3 entering at 42 m/sec. Fig. 7 shows
the powder concentrations at 0.01 seconds for three particle sizes. We
see that the fine powder forms almost a semi-circle, while the coarse
powder traveled in almost plug flow. Fig. 8 shows the dot photos of con-
centrations. The finer powders had expanded to the wall, while the 50 um
powder traveled in a plug. At 0.1 seconds the finest powder is all over
the bag, while the 50 um powder only began to be reflected from the outer
wall. Clearly, the size of the powder plays a major role.

NOTATION

CDk Drag coefficient of phase k

d Characteristic diameter of particu]ate phase k (cm)

g Acceleration due to gravity (cm/sec®)

G, Solid stress modulus {(gm/cm.sZ)

Kk1 Gege;a]ized drag coefficient between phase k and phase 1 (gm/
cm’s

N Total number of phases or particle sizes

P Pressure, Pa

Rek Reynolds number for particulate phase k

t Time(s)

u,  Velocity of phase k in x direction (em/s)

vy Velocity of phase k in y direction (cm/s)

Vk Velocity vector (cm/s)

Greek Symbols

€ Volume fraction of phase k

@k Volume fraction of solids phase k at maximum packing
¢k Characteristic shape factor of solids phase k

My Gas viscosity (gm/cm.s) 3

pi  Density of phase k (gm/cm”)
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Fig. 7. Effect of Particle Sizes on the Computed Powder Concentrations
(kg/m3). Length of Chamber = 1 m, Width = 0.88 m.
Inlet Velocity = 42 m/sec.
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Fig. 8. Effect of Particle Size on the Degree of Mixing.
Length of Chamber = 1 m, Width = 0.88 m,
Inlet Velocity = 42 m/sec.
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EVOLUTION OF AN F-111 PYROTECHNIC TIME DELAY

John D. Glass
Teledyne McCormick Selph
Hollister, California 95023

ABSTRACT

This paper supplements a Poster Session display, including cross-
sectioned hardware, which reviews the design maturation of the F-111 1,6
second pyrotechnic time delay (PTD). The 1.6 second PTD is used in the
F-111 Crew Escape System (CES).

Extensive on-going age surveillance test programs on F-111 CES out-of-
shelf/service 1life pyrotechnies, coupled with accelerated aging tests,
have resulted in design changes in almosf all elements of the F-111 1.6
second PTD. The current design now has a laser-welded, hermetically
sealed delay subassembly which eliminates use of adhesives and permits
life-of-airplane capability. The initiation stimulus for the Small
Column Insulated Delay (SCID) has been redesigned such that dual M42C1-
PA101 percussion primers and a dry pressed prime charge have replaced a
single MU2C2-793 primer and potted prime. The output pyrotechnic train
and booster shell have been changed to the more reliable HNS-II/stainless
steel booster shell design. It is a rare example of a qualified ordnance
design being continually monitored and modified to include state-of-the-

art pyrotechnics as test results have dictated.
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INTRODUCTION

Twenty years ago the F-111 Crew Escape System (CES) module was an
ihnovative attempt to meet the specification requirement to provide for
safe crew escape throughout the flight regime, It remains the only
module escape system that has ever been qualified and used in an
operational airplane. Since the first ejection in 1967, the F-111 CES
has an unsurpassed record for safety and reliability, Its success has
been due to a good original design, ample testing, introduction of design
improvements after subjection to extensive testing, and an on-going

surveillance test program,

The F-111 CES uses pyrotechnics extensively in order to get the occupants
under an inflated parachute as soon as possible, within the restraints of
human tolerance and material capability. Timing and sequencing
operations are critical to the success of the F-111 CES. Pyrotechnic

time delays (PTD) perform these crucial functions.

.One of the Teledyne McCormick Selph time delays used in the F-111 CES is

the 1.6 second PTD, The evolution of this PTD design epitomizes the
design philosophy inherent in the maturation of the F-111 CES design.

The evolution of this delay's design has been hastened in recent years by
efforts to extend the service 1life of the F-=111 CES pyrotechnic
components. General Dynamics has conducted an extensive on-going age
surveillance test program on F-=111 CES out-of-shelf/service 1life
pyrotechnic components. In addition, accelerated aging tests have been
incorporated into 1lot acceptance testing of F=111 time delays,. These
tests highlighted minor deficiencies which do not affect reliability in

the short term, but do affect extended service life.

The current design is a result of modifications made to provide life-of-

airplane capability.



TECHNICAL DISCUSSION

Table 1 outlines the chronological evolution of the F-111 1.6 second PTD
design. Table 2 provides a comparative analysis of the original and

current designs.

For simplicity, the F-111 1.6 second PTD will be referred to as "PTD" in

the following discussion.

1. ORIGINAL DESIGN (Reference Figure 1)

In 1960, the original PTD design incorporated several innovative
elements. The most significant was its use of a Small Column Insulated
Delay (SCID) instead of the conventional pressed column delay fuse. The
SCID element provided a significant advancement in the technology of

compact precision PTD's.

The SCID assembly consists of a thin column of deflagrating pyrotechnic
material (boron/barium chromate) encased in a.lead jacket. Because the
manufacturing techniques are similar to those of mild detonating fuse and
other linear explosive materials, the SCID possesses similar reliable and
reproducible functioning characteristics - recognizable advantages in the
design and application of close tolerance delay elements and ordnance

distribution systems,

Conventional approaches use blends of pyrotechnic powders which are

carefully weighed out and pressed in several increments into metal
sleeves or housings. These sleeves are, in turn, assembled into
cartridges (along with appropriate ignition systems and base charges)
using extreme care to seal the sleeve against gas leakagelpaths around or
through the delay. Because the assembly of each conventional delay
element is based upon a one-at-a-time pressing approach, samples of each
lot must be withdrawn for performance testing to insure consistence of

powder, workmanship, tooling and other variables,
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With a SCID, the known unit length burn rate remains constant for all
material within that lot. In its simplest form, to "size a delay" or
produce the desired time interval, it is only necessary to uncoil the
SCID, and compute and cut the desired length. Since these operations are

performed on an assembly bench, great accuracy can be obtained.

SCID minimizes or eliminates many undesirable features found in the
conventional pressed column delay. Elimination of bypassing is achieved
by the small core diameter sheathed during the drawing process so that
contact between powders and tube wall is assured. The longer column
length also enables more effective sealing when installed to the PTD

housing.

Greater control is available with most SCID designs because of faster
burning powders and uniform processing. Variations in density and column
length are decreased. 3CID eliminated incremental pressing and
associated variables of die wear, humidity, atmospheric contamination and

human factors.,

Assured characterization of each complete SCID lot is possible through
direct sampling of burning rate. Once completed, the balance of the SCID
lot will continue to reflect consistent properties. Shelf storage

problems are eliminated by virtue of the sheath.

In the original design, a firing pin impacts and initiates an MU2C2-793
percussion primer. The percussion primer's output fires through an onion
skin paper closure into a pickup prime ignition mix of zirconium/lead
dioxide which is potted directly onto the SCID's surface. Nitrocellulose
lacquer is used to make a slurry with the prime charge. The boron/barium
chromate mixture in the delay SCID is ignited by the prime. The SCID,
sheathed in varglas and of coiled configuration, burns with a consistent
burn rate of approximately 1.6 inches/second without generating an
excessive amount of gas. It has a coreload of 7-10 grains/foot. The
output of the slow SCID terminates in a pickup charge of lead styphnate,
a transition primary charge of lead azide (50 mgs) and the main output
charge of RDX. The output pyrotechnic train is encased in a gilding

metal booster shell, Adhesives are used in assembly of the PTD elements,



2. CURRENT DESIGN (Reference Figure 2)

In the current design, a firing pin impacts and initiates two redundant
M42C1-PA101 percussion primers. The primers' outputs are channeled
directly into the pickup prime ignition mix of zirconium/lead dioxide
which is positioned over the end of the SCID delay column. The prime
mix 1s dry pressed into an orifice/screened load shell which is then
welded to the input end of the SCID element, The boron/barium chromate
mixture in the delay SCID is ignited and burns at a consistent burn

rate of approximately 0.9 inches/second. It has a coreload of 10-12

grains/foot. The delay SCID is hydroformed in a stainless steel (CRES)

jacket. The output of the slow delay SCID ignites a short 1length of
fast SCID (HIVELITE) which initiates a transition primary charge of
lead azide (85 mgs). The main output charge is HNS-II and the output
pyrotechnic train is encased in a CRES booster shell. No adhesives are
used in construction of the PTD and its delay assembly is a 1laser-

welded, hermetically sealed component.
3. ' SIGNIFICANT DESIGN CHANGES (Reference Tables 1 and 2)

In 1961, a conical cavity was backdrilled into the delay SCID. This
provided more reliable ignition of the SCID because the potted prime
mix is in contact with the SCID's powder core, The prime is compatible

with the SCID's delay mixture.

In between 1961 and 1973 there were no significant design changes. The
PTD functioned accurately and reliably. '

In 1973, the output pyrotechnic train was altered in favor of a safer,
more reliable output booster. Studies of detonation energy transfer
between booster shells had determined that a main output. charge of HNS
encased in a CRES shell provided the optimum design., The gilding metal
shell and RDX output were replaced with a CRES shell and HNS-I. At the
same time, in order to be consistent with other ordnance designs, a
fast SCID (burn rate of approximately 9000 inches/second) replaced the
lead styphnate pickup chargé.
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In 1974, additional preload testing was introduced to ensure accuracy of
the production SCID length. Different SCID lengths are cut from the
front, middle, and rear of the SCID spool, then tested at —650F and
+2000F. Regression analysis of the results determines the SCID length to

be used in production.

Concurrent with field usage, General Dynamics had been conducting
extensive on-going age surveillance test programs on F-111 CES out-of-
shelf/service 1life ordnance items, In 1979, as a result of the age
surveillance testing, adhesives were eliminated from use in the PTD
fabrication. The new design incorporated a welded delay assembly which
provided a hermetical seal. It had been found that the PTD's adhesives
deteriorated over a period of time and decreased the unit's reliability.,
Also in 1979, instead of potting the prime mix directly into the SCID's
conical cavity it was slurried into a prime cup. The prime was cured
before the prime cup was welded to the SCID assembly. This process

increased the quality control of the prime ignition mix's components.

In 1980, CRES ‘tubing was swaged over the SCID. The>de1ay SCID was
changed to a delay composition which had a burn rate of approximately
0.75 inches/second instead of 1.6 inches/second. Consequently a shorter
length of SCID was needed and a straight configuration could be wused
within the same envelope. This resulted in ease of manufacture since the
SCID spool could be processed at one time, easily stored in six foot
lengths, and cut to desired delay lengths as required. This design
change eliminated the possibility of bypass, especially critical in a
man-rated system where absence of a time delay could be fatal. At the
same time the 793 primer (thiocyanate/chlorate) was replaced with the
PA101 primer (lead styphnate). The PA101.is more reliable at 2000F and
has greater brisance,

In 1982, accelerated aging, including 28 days at +2000F, was imposed at
the time of 1lot acceptance testing. The prolonged high temperature
conditioning degraded the nitrocellulose binder in the prime causing SCID
ignition failures, Consequently in 1983, as a result of the failure

analysis investigations, nitrocellulose lacquer was eliminated from the



design. The prime mix is pressed into a prime cup which has a 200 mesh
CRES screen over its ignition orifice. The failure rate due ¢to
artificial aging at high temperature dropped from approximately 75% to
less than 10%.

In 1984 a redundant, dual primer design replaced the single primer.
General Dynamics' age surveillance testing established the primer as the
most unreliable element in the PTD's design. At the same time, the lead
azide -prime charge load was increased from 50 to 8 mgs. to make the
output pyrotechnie train consistent with other PTD designs, e.g., F-=15,
F-18. The SCID coreload was increased to 10-12 grains/foot to further
facilitate ignition and enhance deflagration characteristics. Tighter
acceptance criteria on the boron content in the delay SCID were imposed.
The latter provided more consistent burn rates throughout the SCID
spool. The burn rate increased from 0.75 inches/second to 0.90

inches/second.
CONCLUSIONS

In the aerospace industry, where there is a reluctance to make any
changes to a qualified design, the F-111 PTD's continuing evolution is
unique, It highlights the benefits of surveillance testing of out-of-
shelf/service 1life units. It shows that qualified ordnance designs can
and should be monitored for performance and reliability and modified as

results didtate.
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CHEMISTRY AND SHOCK INITIATION OF INTERMETALLIC REACTIONS

A. P. Hardt and S. L. McHugh(*)
Lockheed Palo Alto Research Laboratory

S. L. Weinland(**)
Lawrence Livermore National Laboratory

Abstract

Shock initiation of pyrotechnic mixtures is a relatively new'disc1p11ne. In
earlier studies, the estimation of the Hugoniots of porous mixtures had been
described (1) and application of experimental results to pyrotechnic mixtures
was reported (2). In this investigation, the shocked reaction mixture was
recovered in order to demonstrate that reaction took place.

The mixture hafnium-platinum was chosen for its low thermal initiation
threshold and highly exothermic reaction. Specimens were subjected to shock
in a gas gun using aluminum fliers. The product was recovered from a steel
catcher and examined by metallography. The initiation threshold in terms of
flier velocity was predicted from the Herrmann P-a model and the initiation
enthalpy. Although reacted material was clearly identified, the initiation

(*) Research was partly supported by Lockheed Independent Research Funds.

(**) Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.

255



256

threshold was not bracketed. The reaction product, Pt3Hf, was characterized
by density and metallography. Although shock was shown to compact the
starting mixture, the product, after melting, contained a uniform distribution
of micropores.

Introduction

In recent years shock initiation of pyrotechnic (2) and of intermetallic

(1) mixtures was studied experimentally and analytically. It appeared that
the initiation threshold was related to the internal energy at the
autoignition temperature. The conclusion was drawn that the initiation
mechanism was one of temperature elevation by shock compression. Whereas
there is some evidence (3) which corroborates this model, in previous studies
the reaction product was never recovered so that the attainment of a reaction
threshold was always uncertain. In this study we describe one method for
recovery of the product as well as its characteristics. We used an
ihtermeta]]ic reaction because the shock propérties of the starting material
are well known. : - | '

Most recent studies on intermetallic reactions have stressed their self-
propagating character (4) which is particularly pronounced in the formation of
carbides, borides, and aluminides of the transition elements and which
recommends them for pyrotechnic applications. We are reporting on a new
example of an intermetallic reaction, one between hafnium and platinum, and
one which is an example of a Lewis Acid-Base reaction (5). The products of
these reactions are formed by the sharing of electrons and they are reported
(5) to have unusually high melting points (> 3200 C) and chemical inertness.

Table 1 Tlists the partial electronic structure of the transition elements
which all possess partially vacant d orbitals. Whereas a comp]etg]y filled d
orbital has 10 electrons, it is seen from Table 1 that the number of d
electrons in transition elements can range from 2 to 10. Unlike other
elements whose valence electrons have energies which are determined by the s
and p electrons, in transition elements the stabilities of the d electrons lie
below those of the corresponding s and p electrons and so become available for



bonding. Orbitals that are not completely filled can overlap to allow the
sharing or hybridization of bonding. The bonding energies are known and can
be used to predict the heats of formation (5).

Table 1 PARTIAL ELECTRONIC STRUCTURE OF THE TRANSITION ELEMENTS

Orbital
3d Element | Ti v Cr Mn Fe Co Ni
No. of Orbital Electrons 2 3 5 5 6 7 8
4d Element Ir Nb Mo Tc Ru Rh Pd
No. of Orbital Electrons 2 4 5 5 7 8 lO
5d Element Hf Ta W Re Os Ir Pt
No. of Orbital Electrons 2 3 4 5 6 7 9

The Chemistry of Hafnium Platinide

A Lewis Acid-Base reaction takes place when one reactant (hafnium) is a
transition element in which the d orbitals contain less than five 5d electrons
and the other reactant (platinum) is a transition element with more than five
5d electrons. The bonding energies and the crystallography of the resulting
compound (Pt3Hf) were predicted by L. Brewer and his co-workers (5). The
values for the heats of formation for the hafnium and zirconium platinides
(and to a slightly lesser extent, the palladinides) have been determined to be
about 130 kca]/mo]. We have found by DTA an ignition temperature for the
platinum-hafnium mixture in the vicinity of 250 C. Assuming a heat capacity
of 38 kcal/mol K, and taking into account the heats of fusion of the starting
mixture, one finds an adiabatic reaction temperature of 3500 C.

The crystal density of the hafnium platinide is very high ( 20 g/cm3) SO
that it will also have an unusually high acoustic impedance. We shall see,
however, that the reaction product contained a significant void fraction so
that the bulk density of the shock synthesized product is between 10 and

20 g/cm3. By calculation it can be shown that the initiation threshold is
highly dependent on initial bulk density.

257



258

The Mechanism of Shock Initijation

Shock initiation of a porous reactive mixture proceeds by a different
mechanism than does the initiation of an explosive. In a porous medium,
compression causes a temperature rise. Relief of pressure behind the shock
wave is not, as in a gas, accompanied by temperature drop, but by attenuation
of the shock while the compressed shocked material remains hot. The creation
of a persistent hot zone is the mechanism which accelerates the diffusional
process which starts the reaction. The problem is one of relating the impact
energy of the driver (the flier) to the internal energy of the compressed
mixture at the threshold of initiation.

Unlike in explosives where the reaction is known to be completed within the
width of the shock wave (or nearly so), in pyrotechnic mixtures the creation
of the hot zone merely initiates the reaction [with a delay of the order of
microseconds (2)], while the completion of the reaction through diffusion
takes place over a longer time frame (> milliseconds). The total reaction
time may approach seconds, depending on particle size, impurities, etc.
Gehera]]y, pyrotechnic (intermetallic, thermite, fuel-oxidizer) reactions can
be initiated at shock pressures which can be estimated by methods which will
be explored further in this paper, as long as the pulse width is wide

(>1 us). The long pulse width is probably related to the crush-up mechanism
required by the initiation process, explaining the more efficient initiation
by impulse (drop hammer, etc.) which is accompanied by a long compression
wave. However, reactive mixtures can also be initiated by shock of the
requisite magnitude and duration using gas guns, magnetically or explosively
driven slappers, or by a transmitted shock as in a donorless TBI (3). In an
earlier paper (1) one of us used a magnetically driven flier, while in this
study we have used a gas gun.

We shall now show how to calculate the flier velocity necessary for initiation
and how to use this method to predict the shock sensitivity of a reactive
mixture.



Prediction bf Shock Initiation Threshold

To calculate the particle velocity required for shock initiation of a porous
mixture, an equation of state is required. Usually there are insufficient
data for this purpose and it becomes necessary to construct such an equation
of state from data obtained from the nonporous material, for which there are a
number of methods (6). For the purpose of this illustration, a simplified
version of Herrmann's P-a model is used.

Herrmann's P-a model describes the inelastic compaction of a porous material
at Tow pressures while yielding the correct Hugoniot at high pressures.
Normally an iterative process is required to solve the Mie-Grueneisen equation
of state with an internal energy term. However, for these calculations we
assume that the conditions of the porous mixture at yield (i.e., at crush-up)
and at consolidation are known and that the Hugoniot describes a solid without
voids (a=l). We assumed yield strengths for the porous mixture in order to
estimate the effect of this assumption on the particle velocities. The
assumption of a yield strength was shown not to be critical because the
results were not affected by the choice of the elastic 1imit of the mixture.

Simplified Method for Predicting Flier Plate Velocity Required for Ignition

Given the Hugoniots for solid platinum and solid hafnium (8), as shown in
Fig. 1, a Hugoniot for the solid (fully compacted) mixture was calculated as
follows (6)

n
1 72 : 1
_— = m. —— (1)
p 1 p.
S i-1 1
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The porous mixture Hugoniot was calculated from the solid mixture Hugoniot
using Herrmann's P-a model (7) as follows: '
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where
Ko = bulk modulus of solid
Cy = bulk sound speed of solid
Co = initial elastic wave velocity
The bulk and shear moduli for the solid mixture (Ksmo and Gsmo) were
calculated to be
n m; b -1 :
Kemo = e = 1.92 Mb (6)
| i=1 J
Zn i og|” b (7)
Gsmo = . W = 0.66 M
i=1

(Values of moduli are listed in Ref. (9).)



such that
-Ksmo
c = = 0.321 cm/us (8)
0 P
and
' * %'Gsmo
Smo N
Co =€y = 5 = 0.387 cm/us (9)

where c, was assumed to be equal to the longitudinal sound speed, Cq.

Hence:

0.177
0.177 a * (1-a)

ae‘ when P = 0

a

The slope of the elastic response of the‘compressed powder was assumed to be
at constant a ' (Fig. 2) and equal to

%e %e

Voo _ = -2.89 Mb (10)
@ 1
€ .32 0.177ae + (1 - ae)2
The plastic response was computed by assuming that the quadratic form of
Herrmann's P-a model is valid for the response between the yield strength
(Pe at ap) and the compaction pressure (Pg):
2 p
a-1 Ps-P 0
ap—l = (PS—PE) where a = o (12)

and for

Equation (12) was used to calculate the values of P for l<a <ap,

PS>P>Pe.
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In order to convert the P-a curve (Fig. 2) to a pressure - particle velocity

curve ( a P —up), the following relationships were used:

P - P0 = p, US up
Ug pg = o (Ug - Up)
Therefore,
2
u-p_ p
p - PO
P - Py
e o
P = ?-EL—ELj-
ae—a

Knowing o and o, one can solve for uj as shown in Fig. 3.

P

The energy along the porous mixture Hugoniot was calculated from

2

1
E='2- Up

The particle velocity corresponding to the enthalpy of the mixture at the

(16)

(17)

autoignition temperature (6.8 cal/g) was found to be approximately 0.024 cm/us

at 17-20 kb.

The P-u, relationship for aluminum is

P = 2.70 x 10° (0.535 + 0.134 up) u

P

The velocity of an aluminum flier at the initiation threshold pressure of
17-20 kb is given by



2 (0.535 - 0.268 “é) (0.134 U~ 0 535) u ( P ) '
vVoo+ v + hd p - =0 (19),
0.134 0.134 3

2.703 x 10

up= 0.024 cm/us
P in kb

V in cm/us.

The velocity varies with the assumed elastic 1imit and compaction pressure as
shown in Table 2. It is apparent that the factor which chiefly determines the
required flier velocity (or initiation sensitivity) is the degree of
compaction, or porosity.

The calculated thresholds in Table 2 show parametrically the dependence on
initial density and pressure at full compaction.

» Because the initiation sensitivity is solely a function of the initial energy
and, therefore, of fhe particle velocity, it depends only on the constitutive
properties and/or the compaction of the reactive mixture. This dependence of
initiation sensitivity on compaction had not been stressed in earlier
publications (1,2). '

Experimental Study

The experimental study was performed on a gas gun, 2.5-m long, 63.5-mm
diameter. The maximum helium gas pressure was 200 atm and the maximum
velocity attainable at maximum load factor(*) was 1 km/s.

Velocity measurements were made with a series of four electrically shorting
whisker pins which were positioned in the barrel near the muzzle.

(*)

Helium pressure/projectile mass, Pa/g

263



264

Table 2 CALCULATED SHOCK INITIATION THRESHOLDS

Pes kb P, kb vV, cm/us
po = 9.0 g/cm3
P, = 50 kb
1 17.1 0.035
5 18.4 0.036
10 20.3 0.037
Py = 9.0 g/cm3
PS = 60 kb
18.6 0.036
19.9 0.037
10 21.8 0.038
- Py = 13.6 g/cm3
P, = 50 kb
1 32.3 0.094
5 32.9 0.095
10 33.3 0.095

Table 3 TEST RESULTS

Test Number

Projectile Velocity

Estimated Shock Pressure

m/s kb

1 970 55
2 645 35
3 570 30




The cross section through the sabot and the steel catcher is shown in Fig. 4.
The specimen consisted of stoichiometric mixtures of hafnium and platinum,
12.7 mm di x 2.5 mm, pressed to 46% of theoretical density. The specimen was
sandwiched between a 0.88 mm aluminum cover and a 6.3 mm aluminum backplate.

The exb]oded sequence of the assembled test equipment is illustrated in Figure
5. The dimensions of the flier and target were so chosen as to provide for
full densification of the specimen before the sabot face would strike the die.

The force of the impact causes significant distortion of the steel catcher.
The reaction product was recovered by cutting the catcher along the plane of

the backing plate in which the product was imbedded.

Microstructure of the Product

The densities of the unreacted compacts were obtained and their void fractions
computed. They were sectioned and examined by metallography. Figure 6 shows
the microstructure of the unreacted material. The platinum and the hafnium
particles are distinguishable as well as a uniform distribution of irregularly
shaped voids.

Samples of each reaction product were sectioned and examined
metallographically, by SEM and by microprobe. Figure 7 illustrates two
distinct regions of one such specimen. The top region is unreacted material
which was in contact with the aluminum back plate which acted as a heat sink.
Another reason for the non-uniform reaction pattern may be that the shock wave
at the back plane of the specimen was probably no longer planar. The material
in the top section appears to be fully compacted as shown by the absence of
the initial porosity. The lower section has fhe typical appearance of the
reacted material. The reaction causes the product to melt (as shown by
dendrite formation in polished and etched specimens) and produces spherical
voids due to shrinkage and outgassing.
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X-ray mapping showed some aluminum and in some of the specimens the platinum
to hafnium ratio appeared to vary. The typical appearance of the reacted
material is shown in Figure 8 which illustrates the spherical voids and the-
homogeneity of the continuum phase. Some of the aluminum contamination is
evident.

A density measurement of the product was performed on a Micromeritics
Auto-Pore 9200. The density of the continuum phase was 19.96 g/cm3 and the
bulk density was 10.58 g/cm3. Comparing these data with the computed

density values of the starting material (Table 4), one concludes that the bulk
density of the product is not significantly increased by shock initiation.
This finding is in agreement with that of Maiden et at. (10) who synthesized
TiB, by shock loading a mixture of titanium and boron with Comp B

(PCJ=295 kb) and found that the product remained porous. Maiden's study
differs from that of Holt et als(1l) who initiated by hot wire a compressed
mixture of titanium and boron which was placed in the catcher of the same gas

.gun which was used in our study. Immediately after the reaction front had

advanced through the entire compact, it was shock loaded. In this case a
product of 99% of crystal density was achieved.

Table 4 DENSITIES OF THE INITIAL MATERIAL

Specimen No. Percent Theoretical - Bulk Density
Density g/cm3
1 46.4 9.03
2 45.9 - 8.93
3 45.9 8.92
Conclusions

The system hafnium-platinum was selected to study the shock initiation of an
intermetallic reaction because it was known to have a low initiation
temperature. We predicted the shock initiation threshold using the Herrmann
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P-a model. In this study we have not bracketed the threshold experimentally
or demonstrated the lowering of the initiation threshold by increasing the
porosity. We have shown that the elastic 1imit of the mixture does not
significantly affect the initiation sensitivity; to predict the threshold it
is therefore sufficient to characterize the starting mixture by determining
the constitutive properties and the void fraction. '

The significance of these findings is that the shock sensitivity of a
pyrotechnic mixture can be affected in two ways: one by the lowering of the
sensible heat at the initiation temperature (as by the addition of a reactive
component (Ref. 1)) and by controlling the degree of compaction.

It was shown by examination of the recovered reaction product that the shock
energy and the heat of reaction combine to melt the product. The bulk density
of the product was not significantly greater than that of the starting
material and it contained a uniform distribution of spherical micropores.
Shocked but unreacted material (Figure 7) was shown to be free of voids so
that the voids in the final product were ascribed to outgassing and

shrinkage. The findings were shown to be in agreement with those of other
shock initiation studies.

The experimental method for product recovery is an inexpensive method of
confirming the shock initiation threshold of pyrotechnic mixtures.
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SYMBOLS USED

smo

coefficient in P-a model

initial elastic wave velocity (cm/us)
longitudinal sound speed in solid (cm/us)
bulk sound speed in solid (cm/us)
subscript, elastic response

internal energy at ignition (cal/g)

ith componént, shear modulus

shear modulus of solid mixture (Mb)
function used in P-a model

subscript, ith component of mixture

ith component, bulk modulus

bulk modulus of solid mixture (Mb)

weight percent or mass fraction of ith component
subscript, at elastic limit

Pressure (Mb or kb)

_Pressure at elastic limit (kb)

Pressure at full compaction (kb)
Particle velocity (cm/us)

shock velocity (cm/us)

flier plate velocity (cm/us or m/s)
porosity

slope of P-a relation

initial (elastic) slope

initial porosity

porosity at elastic limit

density of porous mixture

density of ith component of mixture
initial density

solid density



1.

5.
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NAVAL WEAPONS SUPPORT CENTER
TRANSIENT VELOCITY WINDSTREAM TEST APPARATUS

Donald R, Hazelton
Henry A. Webster III

Applied Sciences Department
Naval Weapons Support Center
Crane, Indiana 47522

ABSTRACT

A test apparatus for producing high-speed airstreams has been designed,
documented and constructed. The apparatus is currently used for determining
the effect of airflow on the output of pyrotechnic devices. The apparatus is
of the intermittent blowdown type. The pyrotechnic device to be tested is
Tocated at the exit nozzle of the apparatus and is subjected to a free-jet
expansion of air,

The apparatus has been designed to produce both constant velocity outputs
and pre-programmed variable ve1ocity—timevoutputs and is capable of producing
subsonic air speeds of 0.1 - 0.9 Mach for run times of up to 100 seconds at
the Tower speeds. A mfcroprocessor-contro11ed valve is used to generate
variable velocity versus time windstreams in an effort to simulate the
environment experienced by a flare during a free-fall launch from an aircraft.

This paper discusses design considerations and performance parameters as
well as details of the final design. Information is provided on performance
of the apparatus in both the constant velocity and variable velocity modes of
operation.
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1.0 INTRODUCTION

An improved Windstream Test Apparatus for determining the effect of
airflow on the performance of pyrotechnic devices is now in operation. The
Navy has several pyrotechnic devices that are launched from aircraft. In 1974
the use of a Windstream Test Apparatus was initiated at the Naval Weapons
Support Center, Crane, Indiana, to test pyrotechnic devices under simulated
conditions of launch from an aircraft. The results have been very good and
use of this device has been expanded. The purpose of this effort was to
design and construct an improved Windstream Test Apparatus to meet the new
demands required by current development efforts, to correct some of the
deficiencies which existed in the previous system, and to provide a new
capability for research and development work on pyrotechnic items.

2.0 DESIGN CONSIDERATIONS AND PERFORMANCE REQUIREMENTS

The initial task was to design and document a subsonic windstream test
apparatus to be used for flare testing. As the apparatus was to accommodate
burning flares and provide for all-aspect radiometry and photography, past
‘experience had determined that it would be a free-jet expansion blowdown
apparatus. The decision that it be of the free-jet expansion, blowdown type
was due principally to: (1) the burning of flares required that it be
outside, of the free-jet type, and somewhat isolated from other facilities;
and (2) the required airstream velocity dictated that it be of the blowdown,
or intermittent, type due to cost of construction. The basic components of a
free-jet expansion, blowdown windstream test apparatus are shown in Figure 1.

A preliminary list of performance/design requirements was established as
follows:

1. Produce constant velocity windstream speeds of 0.1, 0.3, 0.5, 0.7,
and 0.9 Mach.



2. Maximize run time(s) as a trade-off of cost and complexity/size of
facility versus dollars available.

3. Have capability of producing tailored (programmed) variable
velocity versus time.

4. Have windstream diameters of six inches and ten inches.

5. Be equipped with a minimum of two measuring devices--one for
calibration/control purposes and a second device to continuously monitor
velocity/pressure during test.

6. Operate with tank working pressures of less than 200 psi.

The anticipated apparatus was to be a collection of air storage tanks
manifolded together feeding a stagnation chamber which is used to level out
pressure fluctuations. ‘The air flow out of the apparatus is controlled by a
pressure-regulating valve which can be controlled by using either a very
simple electronic/hydraulic/air system or by a microprocessor with appropriate
feedback signals from pressure transducers (or other measuring devices).
Velocity variations of ¥ 10 percent and temperature variations of 30°C were to
be permitted in the airstream. The system was to be designed so that all
parts could be easily removed; i.e., the system shall be connected by flanges
instead of being a total welded unit. Tanks were to be individually valved so
that portions of the system could be shut off when not in use. Since this was
to be an outdoor facility to be used in all weather conditions, appropriate
controls, etc., had to be incorporated to allow use of the facility at
temperatures 6f -10°C. This would require shielding (and potentially heating)
valves and the incorporation of drying units on the air compressors to prevent
condensation. Each tank was to have appropriate bleed-off valves and drain
ports to allow removal of any moisture which might condense in the tank(s).

Design effort was to include computer calculations to determine flow
fields around a minimum of five flare configurations that would be
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determined. Other pertinent aerodynamic considerations were to be
calculated. Appropriate nozzles, valves, pressure tanks, plumbing, air
quality equipment, drying units, and control and measurement units would have
to be specified. Appropriate ancillary facilities, such as instrument
rooms/enclosures, pads, utilities, air compressors, etc., were to be
determined. ‘To the extent possible, all components were to be off-the-shelf
items and the specifications were to include recommended manufacturer, part
numbers, and prices for individual items. It was anticipated that the only
custom-made parts for the apparatus would be the nozzles and, potentially, the
pressure-regulating valve. Design effort was to be done to maximize the
capability of the apparatus while minimizing the construction costs.

The documentation required would consist of a set of drawings and
specifications done in sufficient detail to allow procurement and installation
of the designed apparatus. For custom-made parts, drawings were to be
provided. These drawings were to be prepared such that they could be given to
a machine shop and the part constructed. Dimensions, tolerances, types of
materia]é, finish of materials, etc., were to be provided. Drawings were to
be prepared for the actual construction of the apparatus. These drawings were
to specify tank sizes; pipe sizes; valve, pipe, and plumbing connections;
types of-welds; types and finishes of materials; dimensions; tolerances; etc.
These drawings were to be prepared such that they could be given to a
construction firm and a working apparatus could be constructed.

3.0 SYSTEM DESIGN

The design of the apparatus was accomplished through the in-house efforts
of the Applied Sciences Department and Public Works Department, and.through
Contract N00164-81-C-0132 with the Indianapolis Center for Advanced Research,
Energy Engineering and Research Division, Indianapolis, Indiana. The general
Tayout and major components of the apparatus, except for the instrumentation
and control systems, are shown in Figure 2,
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3.1 SIZING OF THE AIR FLOW SYSTEM

With major parameters identified, the run and pump-up times were
calculated using basic gas dynamics relations. The actual design procedure
was iterative in nature with components selected and the resultant performance
calculated. The calculated windstream run times and supporting information
are provided in Table 1. The Mach No., M, is provided for: 0.1, 0.3, 0.5,
0.7, and 0.9 for the 10-inch nozzle (A = 78.5 inz) and the 6-inch nozzle
(A = 28.3 inz). The preselected maximum storage capacity of four 1850
gallon tanks, volume of 989 ft3, was used for these calculations. It was
determined that to achieve 0.9 Mach through the 10-inch nozzle, utilizing the
maximum storage capacity of 989 ft3, and starting with the storage tanks at
the maximum pressure of 200 psi would require a stagnation tank pressure of
24,5 psi and result in a run, or operating, time of 12 seconds for the
constant temperature condition. )

3.2 HEAT SINK

As can be seen from Table 1, the air stagnation temperature decreases
significantly during the course of a test and necessitates the addition of
heat sinks to the two downstream tanks. The heat sink geometry and thermal
characteristics were selected to achieve temperature variations of 78°R at
Mach numbers of 0.9, as compared to 128°R with no heat sink, and 83°R at a
Mach number of 0.3, as compared to 148°R with no heat sink, for the 10-inch
nozzle. Temperature variations for the 6-inch diameter nozzle will be of the
same magnitude--albeit over a considerably longer period of time.

3.3 MACH NUMBER AND/OR VELOCITY CONTROL

The primary means of Mach number control is through the pressure-regulating
valve. The Mach number can be maintained at a constant value by maintaining
pressure constant in the stagnation chamber even though the velocity will vary
over the course of a test. With four appropriate heat sink elements installed
in the downstream tanks, the discharge temperature will vary by
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about 80°R with a change of about 8 percent in the sonic velocity. This
directly influences the test section velocity which will likewise vary by
about 8 percent. The facility control system operates in two distinct modes:

1. Maintain a constant pressure in the settling of stagnation chamber.

2. Vary the stagnation chamber pressure in a predetermined manner
resulting in a prescribed velocity variation with time.

Mode (1) is achieved by using the pneumatically actuated pressure-regulating
valve. Mode (2) operation can also be utilized to maintain a constant
velocity--the total pressure is s]ow1y'increased to compensate for the
decrease in total temperature.

3.4 NOZZLE DESIGN

The nozzle design was carried‘out using three separate procedures. First,
the preliminary nozzle shape was determined using matched cubic contours.

- With the initial contour specified, detailed calculations of the flow field

were carried out using a finite element model. The finite element results
provided input data for a boundary layer computer program. This code supplied
a viscous correction to the nozzle shape. The finite element and boundary
layer results were compared to the initial design criteria. The complete
process was repeated until the initial criteria and calculated values were in
agreement to a specified accuracy. A converging nozzle is used to obtain a
smooth variation of the Mach number from settling chamber to the test section.

The calculated iso-Mach lines for both nozzles with corrected wall
coordinates at M = 0.9 are shown in Figures 3 and 4. The fact that the wall
velocity passes through a minimum near the inlet and a maximum near the exit
can easily be observed from the figures. Observation of these plots may
indicate a lack of uniformity at the exit plane. This is not the case and the
detailed exit Mach number distributions are shown in Table 2. As can be seen,
the Mach numbers vary only slightly from the design goals.



3.5 BLOCKAGE FACTORS

The flares are to be tested in an open or free jet. The effect on Mach
number of placing the model (flare) within the airstream was calculated for
five flare configurations with: major axis perpendicular to airstream; major
axis aligned with airstream; and major axis 45 to airstream, and the effect
was determined to be acceptable.

3.6 STAGNATION TANK

Stagnation tank design is based on a peak working pressure of 100 psig.
As previously discussed, there are demountable, bolted and flanged,
interchangeable discharge nozzles of 6 and 10 inch inside diameter. The
stagnation tank inlet pipe discharges rearward into the tank. There is one
flow distribution plate followed by three anti-turbulence flow screens of 16
mesh, No. 28 wire gauge material. A 100 psig rupture disk is placed in the
upstream end of the stagnation tank. General features of the design are shown
in Figure 5.

3.7 AIR FLOW CONTROL VALVES

The control of the air flow to the stagnation tank is a critical element
of a blowdown design. It was determined that adequate control could be
achieved by proper selection of available commercial valves. Only the two
major valves employed will be discussed herein: (1) eight-inch on-off valve
and actuator assembly, and (2) eight-inch variable position throttling valve.

The eight-inch on-off valve and actuator assembly is an electronically
controlled, air-actuated, on-off valve and assembly and delivers air to the
eight-inch variable valve. The actuation time of this valve is Tess than
0.5 seconds from full open to full closed or vice-versa. The valve selected
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is a Fishere* type 1063-8550, eccentric disc (modified butterfly) type. A
modification of the pressure connection to the actuator to increase the inlet
to a minimum of 1/2-inch IPS is required to achieve the desired actuation time.

The eight-inch variable positioning throttling valve selected is a
remotely controlled variable position valve and actuator assembly, Fishere
type 1052-8550-546, eight-inch. The valve is controlled from the control room
by a Fisher® TL 109 cascade controller to throttle air at a maximum pressure
of 200 psig down to whatever pressure is set on the TL 109 controller or by
microprocessor input to generate a desired pressure versus time schedule.
There is a pressure transmitter (Fishere type 1151GP5E12PB), which picks up
the nozzle pressure and generates a 1-5 volt DC signal to the TL 109,

3.8 [INSTRUMENTATION

Two separate instrumentation systems will be used in the facility
operation and calibration. A conventional system will be used to monitor the
operation of the compressed air systems: compressors, aftercooler, and
dryer. A microprocessor system will be used to monitor both steady state and

- transient test conditions and also regulate the velocity control valve for

programmed variable velocity.

Conventional instrumentation; i.e., pressure gauges, thermocouples, and a
relative humidity measurement device, will be used to monitor the air
compression system and the stagnation chamber. These will be Tow frequency
response devices--not suitable for rapid transients--but will allow monitoring
of tank pressures, etc., during the compression and run cycles. The location
of the sensors is shown in Figure 2 with all readouts routed to the control
room.

*Fisher® is a registered trademark of Fisher Controls Company,
Marshalltown, Iowa.
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In order to track the transient velocities, moderately high frequency
response instrumentation is required; i.e., time constants of from 0.01 to
0.10 seconds. These measurements will be confined to the stagnation chamber
and will consist of temperature, pressure, differential pressure, and relative
humidity measurements. The location of these sensors is likewise shown in
Figure 2 with the power supplies, signal conditioners, etc., located in the
control room. A1l the sensor-generated signals will be processed using the
data acquisition system.

3.9 MICROCOMPUTER-BASED ACQUISITION AND VALVE REMOTE SET POINT GENERATOR

The data acquisition, data processing, and valve programming system
consists of a microcomputer, an analog to digital converter, a digital to
analog converter, a graphics system, and a printer plus miscellaneous items.
A block diagram of the system is shown in Figure 6.

The various pressure, temperature, position and relative humidity signals
are first conditioned, then digitized using the analog-digital converter.
This data stream is processed by the microprocessor and converted to
engineering units. The data can be stored in memory or on floppy disks.
Aerodynamic parameters are computed; 1i.e., Mach'number, veTocity, total and
static pressure, total and static temperature, Reynolds number, etc., and then
displayed on the graphics terminal or printer. At the same time, a valve
control algorithm generates a digital data stream, which is converted to
analog form and governs the valve control system.
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4,0 SYSTEM OPERATION

The system will provide both constant velocity and variable, or tailored,
velocity airstreams. The constant velocity mode of operation does not require
the microprocessor. In this mode of operation the stagnation chamber pressure
is sensed and fed to the cascade controller which in turn controls the
eight-inch variable positioning throttling valve to maintain constant pressure
in the nozzle inlet, and hence a constant velocity in terms of Mach number.
See section 3.7 for a more detailed discussion. In the variable velocity mode
of operation the microprocessor provides a preprogrammed velocity profile or
script, to the controller which in turn controls the throttling valve.

4,1 CONSTANT VELOCITY

Constant velocity operation is achieved by use of a standard commercial
off-the-shelf package consisting of a variable positioning throttling valve
and actuator assembly and cascade controller to throttle air at a maximum
pressure of 200 psig down to whatever pressure is desired. See Section 3.7
for additional information. Control is achieved by maintaining a constant
nozi]e inlet pressure indicative of a constant Mach number flow through the
nozzle. As heat sink material is included in the downstream tanks temperature
change is negligible and hence a nearly constant airstream velocity is
achieved. In a typical high velocity operating sequence the temperature
change has been measured and has been found to produce an actual velocity
change of 2-3 percent.

The design goal of maintaining or controlling velocity to within
t 10 percent of desired set point has been achieved at all but the lower
velocities. In fact when operating at the higher velocities, 0.6 Mach and up,
the variation has typically been in the region of £ 3 percent. At the lower
velocities, 0.1 and 0.2 Mach, the desired range of variation can't be achieved
over the range of total storage tank pressures but can be achieved through a
select range of pressures. What this all amounts to is that if operation
within the # 10 percent range is desired then the allowed run times
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are reduced as operation must occur within a select range of tank pressures.
As most of the navy pyrotechnic items are launched from aircraft and/or
utilized under higher velocity operating conditions this does not appear to be
a problem.

4.2 VARIABLE VELOCITY

Variable velocity operation is achieved by providing to the controller via
the microprocessor a preprogrammed velocity profile, or script, indicative of
a desired pressure versus time schedule. The microprocessor system provides
much more than just valve control. It is also the center of the data handling
system. The data acquisition, data processing, and valve programming system
consists of a microprocessor, an analog to digital converter, a digital to
analog converter, a gkaphics system, and a printer plus miscellaneous items.

A block diagram of the system is shown in Figure 6. Additional information is
provided in Section 3.9.

The,system is able to achieve most of the envisioned velocity versus time
conditions, within the major operating limitations of the design. The
systems' performance is better described by examining results of running two
of the pre-programmed variable velocity-time profiles.

For discussion purposes herein these runs will be referred to as Run S and
Run U. Run S is a program which has an initial velocity of 820 ft/sec and a
constant rate of change during the blowdown period, and is shown in Figure 7.
The solid 1ine is the programmed (desired) velocity profile and the broken
line is the actual velocity profile produced. As can be seen control is very
| good until the velocity decays to less than 300 ft/sec. Run U is a program
having an initial velocity of 850 ft/sec and a variable rate of change during
the blowdown period and is shown in Figure 8. The solid line is the
programmed (desired) velocity profile and the broken lire is the actual
velocity profile produced. The control is quite good until the velocity
decays to less than 230 ft/sec.
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The above profiles, both having initial velocities greater than 800 ft/sec
were selected to show performance capabilities, including Timitations of the
system. For Tower velocity runs performance of the system typically
improves. Run V, see Figure 9, is a program having an initial velocity of 518
ft/sec and a variable rate of change during the blowdown period. The control
is reasonably good until reaching the end point of 110 ft/sec.

The cause of the loss of control at lower velocity rests with the design
of the controller. In order to drive the valve faster (increase rotational
velocity) initially while the stagnation chamber pressure is higher an
increased proportioning feedback is programmed in. As the stagnation chamber
pressure decreases (decreasing velocity) the magnitude of the proportioned
feedback selected actually exceeds the magnitude of the signal available and
the controller loses control. Table 3 provides a general comparison of nozzle
inlet pressure versus velocity for a given atmospheric pressure. For a
velocity of 0.9 Mach the corresponding initial nozzle inlet pressure is 9.95
psid. wfth the proportioned feedback set to 10 percent of initial span
(9.95 pSid) it is apparent that the 10 percent point of 0.995 psid is reached
before the velocity decays to 0.3 Mach (0.927 psid).

Another design parameter that should be mentioned is that the maximum rate
of change, decreasing function, that the control valve can achieve is an
instantaneous rate of change between 400 and 600 ft/sec depending on system
operating pressure and other parameters required for the given profile.

4,3 SCHEDULE

The contract for fabrication and installation of the Windstream Test
Apparatus, Contract Number N62472-82-6312, was awarded in December 1981 with
an initial completion date of August 1982. An extension of the completion
date was required and the equipment was installed and working in May 1983,
The system became operational in the constant velocity mode on 27 May 1983.
Concurrent with letting the contract for fabrication and installation another
contract was awarded for computer software and calibration, Contract
N00164-81-C-0230. The design of the apparatus is such that for constant
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velocity operation the microprocessor is not required but for variable
velocity/tailored airflow operation the microprocessor controls the system.
The system became ooerationa1 in the variable velocity, or microprocessor
‘controlled, mode on 26 April 1984,
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TABLE 1. WIND TUNNEL RUN TIMES

M Y A Py Pt T; . Variable Temp Constant Temp
ft3  in2 1bg/in?2  Tbf/in2 IRt £ t It

sec sec :
0.1 989 78.5 200 14,6 520 111 370 102 520
0.3 989 78.5 200 15.4 520 38 372 34 520
0.5 989 78.5 200 17.2 520 23 377 21 520
0.7 989 78.5 200 20.1 520 17 383 15 520
0.9 989 78.5 200 24.5 520 13 392 12 520
0.1 989 28.3 200 14.6 520 309 370 284 520
0.3 989 28.3 200 15.4 520 104 372 95 520
0.5 989 28.3 200 17.2 520 64 377 58 520
0.7 989 28.3 200 20.1 520 47 383 41 520
0.9 989 28.3 200 24.5 520 37 398 32 520

TABLE 2. MACH NUMBERS AT THE NOZZLE EXIT

r M2 = 0.1 r M2 = 0.9 r - Mp=0.1 r M2 = 0.9
rZ D2 = 6" Ty D = 6" r2 D2 - 10" T2 Dy = 10"

0.05 9.932E-02 0.05 8,918E-01 0.05 9.942E-02 0.05 8.950E-01
0.15 9,936E-02 0.15 8.922E-01 0.15 9.946E-02 0.15 8.952E-01
0.25 9,942E-02 0.25 8.929%E-01 0.25 9.932E-02 0.25 8,955E-01
0.35 9.952E-02 0.35 8,939E-01 0.35 9.961E-02 0.35 8.960E-01
0.45 9.,965E-02 0.45 8.952E-01 0.45 9.972E-02 0.45 8,967E-01
0.55 9.980E-02 0.55 8.968E-01 0.55 9,985E-02 0.55 8.976E-01
0.65 9,996E-02 0.65 8.987E-01 0.65 1.000E-01 0.65 8,987E-01
0.75 1,001E-01 0.75 9.010E-01 0.75 1.001E-01 0.75 9.002E-01
0.85 1.,003E-01 0.85 9.037E-01 0.85 1.002E-01 0.85 9.022E-01
0.95 1,004E-01 0.95 9,067E-01 0.95 1.003E-01 0.95 9.052E-01




VELOCITY
M

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

*2P
Pamb

TABLE 3. NOZZLE INLET PRESSURE VERSUS VELOCITY FOR
ATMOSPHERIC PRESSURE OF 29.30 in Hg

AP*

Pamb

0.0
0.0018

- 0.0070

(1 + 0,2M2)3.5_1

0.0158
0.0283
0.0444
0.0644
0.0884
0.1166
0.1491
0.1862
0.2283
0.2755
0.3283
0.3871

0.4523 -

0.5243
0.6038
0.6913
0.7874
0.8929

NOZZLE INLET PRESSURE
AP (PSID)
714,39 PSI/29.30 in Hg

0.026
0.101
0.227
0.407
0.639
0.927
1.272
1.68
2,15
2.68
3.28
3.96
4,72
5.57
6.51
7.54
8.69
9.95
11.3
12.8
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M=0.740

M=0.890

FIGURE 3. MACH CONTOURS FOR 10" DIAMETER
NOZZLE AT Mo =0.9

M=0.440
M=0.690

M=0.890

FIGURE 4. MACH CONTOUR FOR 6" DIAMETER
NOZZLE AT Me =0.9
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VALVE
SENSORS
CONTROL _
Pay Te Hz Hz Pamb
SIGNAL
CONDITIONERS
DIGITAL ANALOG-
ANALOG DIGITAL
CONVERTER CONVERTER
DISC
2 DISK CON- MICRO- PROCESSOR gSgPES
DRIVES TROLLER
SERIAL SERIAL
MEMORY INTERFACE INTERFACE
GRAPHICS PRINTER

'FIGURE 6. DATA ACQUISITION AND CONTROL»SYSTEM
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SHOCK SENSITIVITY OF TiHg gsKClO4*

P. S. Headley
UniDynamics Phoenix, Inc.
Goodyear, Arizona 85338

R. W. Bickes, Jr.
Sandia National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

The pyrotechnic TiHg, 45KCl04 (THKP) is shock initiated in a through-
bulkhead actuator (TBA) manufactured at UniDynamics. In the testing of
various lots of THKP, we observed an apparent lot-to-lot variability in
the the shock sensitivities of the powders. The shock sensitivity for
each powder lot was obtained by firing fifty TBA units each specially
machined with a different bulkhead thickness. These powder lot
qualification tests were both expensive and time consuming. For those
reasons, ve developed a nev sensitivity test that is a less
complicated, inexpensive and consumes less THKP powder. In addition,
it has the advantage that we can nov easily vary several powder
parameters such és’density, povder preparation and condition, powder
mass and the diameter of the powder column. Our new test method
consists of simultaneously shocking 20 simulated TBA units in a so-
called shock board. The shock board contains the simulated TBAs around
its periphery; the TBA simulators can have various bulkhead thicknesses
and are easy to machine. The simulators are mounted at the ends of
EXTEX tracks that are all fired at the same time by a detonator located
at the center of the board. After firing the assembly, the units are
checked for function and the data analyzed using the ASENT computer

program.

*Work performed under the auspices of the U. S. Department of
Energy (DOE) by Sandia National Laboratories under contract
DE-AC04-76-DP00789.
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INTRODUCTION

The pyrotechnic TiHg, ¢sKCl04 (THKP) is shock initiated in a through-
bulkhead actuator (TBA) device used for valve operation.1 Ourrdevice
is shown in Fig. 1. A mild detonating cord transfer line initiates
the HNABZ donor which then detonates producing a shock that traverses
the 0.085" thick bulkhead providing a shock wave into the pyrotechnic.
VISAR3 studies of the bulkhead surface facing the pyrotechnic have
shown the shock wave to be of relatively long duration (> 1 us) but
with a decaying profile. The peak pressure entering the THKP is
approximately 3 GPa. The time duration of the éhock is a function of
the bulkhead thickness; the peak pressure is related to both the
bulkhead thickness and the area of the HNAB donor pressed against the
bulkhead. The shock ignites the THKP producing an output gas pressure
that peaks at approximately 600 MPa, about 30 us after the fire pulse.

In the manufacture of the TBA we observed an apparent lot-to-lot
variability in the shock sensitivity of the THKP. The powder
sensifivity was obtained by firing fifty specially manufactured TBA
units with bulkhead thicknesses ranging from 0.080" to 0.135". After
firing, the units were examined to determine if the THKP ignited. The
data were statistically analyzed using the ASENT# computer program to
dgtermine the mean thickness for ignition and the associated standard
deviation (o). For one of the powder lots tested (designated PA-71)
the mean ignition thickness was 0.1194" (o = 0.00399") and for another
lot (PA-91) the thickness was 0.1053" (o = 0.00537"). This THKP lot
acceptance procedure was very costly and time consuming. For those
reasons ve developed a new sensitivity test that is an inexpensive

procedure that saves both time and THKP powder.
EXPERIMENTAL TECHNIQUE

Our new sensitivity test method consists of simultaneously shocking
tventy simulated TBAs in the so-called shock board shown in Fig. 2.
The 9"-square plastic board contains 20 charge holders around the

periphery; each charge holder can be machined to have the desired
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CLOSURE CUP

KNAB POWDER
(DONOR)

HOUSING ADAPTOR

PYROTECHNIC POWDER

C(ACCEPTOR)

THERMAL DiSK
CLOSURE CuP

THROUGH-BULKHEAD ACTUATOR (TBA)

Figure 1. Cutavay and assembly views of the shock initiated through
bulkhead actuator (TBA). Not shown is the mild detonating cord line
that initiates the HNAB donor charge.
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CLEAR PLASTIC
SHOCK BOARD

HNAB DONOR
CHARGE

RP-2 EBW
DETONATOR - EPOXY

PETN BOOSTER

TEST HOLDER CHARGE

Figure 2. The TBA sensitivity shock plate. The EBV detonator at the
center of the plate initiates the EXTEX tracks which terminate at the
simulated TBAs (designated as test holder in this figure) around the
periphery of the plate. The simulated TBA’s are illustrated in Fig. 3.
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bulkhead thickness, see Fig 3. The shock boards are inexpensively
manufactured using a "CNC" process.5 The charge holders contain 20
mg6 6f the acceptor THKP pressed to the desired density. The charge
holders are mounted above the ends of the EXTEX’ tracks shown in Fig.
2. The tracks are all fired at the same time by the exploding
bridgewire detonator® located at the center of the board. The path
lengths to each HNAB donor cavity and THKP charge holder are identical
and consequently all of the HNAB donor charges initiate at the same
time. As seen in Fig. 2, the HNAB donors are initiated by PETN
booster charges located at the ends of the EXTEX tracks. After firing
the assembly, the acceptor units are checked for function and the data
analyzed using the ASENT program. This test procedure has proven to
be much more efficient and less costly than our production technique
and also affords us the opportunity to look at sensitivity as a
function of other THKP parameters such as density, surface area,
povder preparation and conditions, powder mass, and the diameters of

the acceptor and donor charge holders.
EXPERTMENTAL RESULTS

For ease of assembly, our first shock board design used only EXTEX for
both the tracks and the donor charges, and we ohserved a large scatter
in the sensitivity data. In order to determine the cause of the
séatter, we carried out VISAR tests of TBAs loaded with EXTEX as the
donor instead of HNAB. These studies indicated a large variation in
the particle velocity at the acceptor side of the bulkhead.

Therefore, we attributed the scatter in the preliminary tests to the
observed variation in the EXTEX output. We then reconfigured the
shock boards to use HNAB as the donor boosted by a PETN pellet as
shown in Fig. 2. Ve also tested several conventional TBA units (i.e.
HNAB donor) using EXTEX mild detonating cord instead of the cord
usually used with our device. The VISAR experiments showed that the
particle velocities obtained for units initiated by the two different
cords were indistinguishable. Therefore, we are confident that the
HNAB output from the shock board closely simluates the TBA component.
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N1

ACCEPTOR TEST EPOXY

POWDER \\\l

’/,//’

| CLOSURE DISK

\ .
\\ L (BULKHEAD
N\ | T THICKNESS)

-

TEST HOUSING

Figure 3. Shown is a stainless steel simulated TBA. The simulators
can have variable bulkhead thicknesses and can be pressed with THKP to
the desired density.
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Ve prepared two shock boards, one with 0.109" thick charge holders
(nominal bulkhead thickness) and the second with 0.100" thick units.
(In fact, the charge holder bulkhead thicknesses were individually
measured and those dimensions were used in the analyses.) Each board
contained 5 units loaded with high density (2.27 kg/m3) PA-71 THKP, 5
units with low density (2.11 kg/m3) PA-71, 5 units with high density
PA-91 and 5 units with low density PA-91. The units vere randomly
located on the board. Only one of the acceptor units ignited (PA-91,
0.100"-bulkhead thickness).

Our next experimental setup again used two boards which both contained
0.090"-thick bulkhead charge holders. Approximately half of each of
the different types of units fired on each board. We analyzed our
data from the four boards (20 units of each type) with the ASENT

program obtaining the results summarized in Table I.

Table I. Data Summary

THKP Loading Mean -
Lot Density Pressure Thickness o
(kg/m3)  (kpsi) (inches)  (inches)
PA-71 2.11 6.7 0.0885  0.0066
PA-71 2.27 13.5 0.0882  0.0017
PA-91 2.11 12.0 0.0875  0.0036*
PA-91 2.27 23.0 0.0889  0.0044

*The 0.100" function was deleted from the data set.

DISCUSSION

The data in Table I show that the mean bulkhead thicknesses for
ignition were the same for the two powder lots and indicate that the
two lots of powder had the same shock sensitivities. But, those

thicknesses (0.089") were significantly smaller than the values
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obtained using the component procedure where the average thickness for
the two lots was 0.112" (see Introduction). However, the HNAB donor
cavities in the shock boards were machined with a diameter of 0.112"
(in order to use available hardware) as compared with the TBA donor
diameter of 0.125". Thus, our shock board units had a donor bulkhead
area 20 per cent smaller than the TBA; this smaller area correlates
well with the thinner bulkhead thickness we observed (0.112" vs
0.089"). Therefore, we attributed the smaller thickness obtained with
the shock boards to the lower pressure pulse obtained from the smaller
diameter HNAB donor charge. Future tests will use 0.125" diameter

donor cavities.

Our shock board results contrast with the variability observed in the
TBA component sensitivity data. For our board experiments, we
obtained pressure-density curves for the two lots tested. The low
density PA-71, 2.11 kg/m3, required a loading pressure of 6.7 kpsi;
the pressure for PA-91 was 12 kpsi. The high density PA-71, 2.27
kg/m3, was pressed at 13.5 kpsi and PA-91 at 23 kpsi. 1In the
manufacture of the TBA component the THKP is pressed to a specified
loading pressure (12 kpsi). One factor for the observed lot-to-lot
differences in shock sensitivity may have been due to variations in
density in the TBA for different powder lots. However, the density
variations would have had to have been greater than the range we
tésted with the shock boards. Until further experiments are carried
out, the TBA shock sensitivity variation observed will remain

unexplained.

Vhile these results must be regarded as preliminary, we believe our
shock board method will provide an inexpensive and fast test for
obtaining shock sensitivities of pyrotechnics as a function of several
povder parameters. In addition, we can easily vary the diametérs of
the charge holders and the HNAB cavities to determine their effects on

shock sensitivity.
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Increased Accuracy of Squib Bridgewire Measurements
Using a 4-Contact 2-Pin Connector

William C. Hoffman, III
NASA Johnson Space Center
Houston, Texas

ABSTRACT

The production of the NASA Standard Initiator (NSI), a squib used to start
most of the pyrotechnic events on the Shuttle and its commercial payloads,
~involves resistance measurement of a 2 mil 304 stainless steel bridgewire.
The design specification for the NSI requires the resistance to fall between
0.95 and 1.15 ohms. The resistance is not to vary more than 0.05 ohms from
the initial value measured prior to installation on the spacecraft: a
requirement designed to insure that no degradation has occurred in the NSI.
Bridgewire measurements prior to installation would occasionally exceed the
*0.05 ohm requirement due to variations in contact resistance between
connector and NSI pins. In essence, flight quality units were being rejected
due to an unreliable measurement made either at the manufacturer or
installation Tocation., The 4-contact 2-pin connector eliminates the effect of
contact resistance on the bridgewire measurement thus providing accurate
readings and reducing the number of rejects on flight quality hardware.
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INTRODUCTION

The NSI as shown in figure 1 is an electrical initiator using a 2 mil 304
stainless steel wire to carry current between two Inconel pins. The pins are
coated with a layer of gold per MIL-G-45204B to minimize contact resistance
between the mating connector and pins: a design feature implemented to
increase unit reliability. Bridgewire resistance is taken with an Initiator
Resistance Measuring Equipment (IRME) which is a 10 ma current limited unit
designed specifically to make measurements on the NSI. The connector which
mates with the NSI complies with MIL-C-39029B. The connector and circuit
describing the measurement technique are shown in figure 2. Note that the
connector socket contacts provided both the voltage sensing circuit and the
input current path for the IRME leads. The contact resistance present between
the socket contact and pin is placed in series with the bridgewire resistance.
The voltmeter senses the drop in voltage across the bridgewire and contact
resistance. The IRME computes bridgewire resistance by dividing the total
drop in voltage across the voltmeter leads by the input current. Example 1
illustrates how the measurement varies with contact resistance. Repeated
mating of the IRME connector with NSI's reduces the quality of fit between
socket and pin and increases the inherent contact resistance. Due to the
noticeable effects of wear on the repeatability of measurements, a 500 cycle
limit was placed on the connectors.

IMPROVED CONNECTOR PRINICIPLES

In order to reduce the number of NSI's being rejected by noncompliance with
the 0.05 ohm requirement, it was necessary to minimize contact resistance in
the measurement circuit. Figure 3 illustrates how the 4-contact 2-pin
connector is designed to achieve this objective. The voltage sensing and
current supply circuits are split between the forward and rear contacts.
Current is supplied through the rear contact. As the current flows through
the socket contact and into the NSI pin, contact resistance is encountered.
In this case however, the voltage sensing leads are not measuring the drop
associated with the rear contacts. At the point of forward engagement, the
current is divided between the voltage sensing circuit and the bridgewire.
Since the input impedance of the voltmeter is 2 megohms, and the bridgewire
resistance is 1.05 ohms nominal, most of the current flows through the
bridgewire. Example 2 shows how the 4-contact 2-pin connector improves the
bridgewire measurement over the previous design.
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PRODUCT TEST RESULTS

Verification of the design along with durability, repeatability, and
sensitivity were conducted using 10 connectors constructed at JSC and
subjected to testing. One hundred NSI bridgewire resistances were measured
with the 4-contact and 2-contact connector designs. The 4-contact 2-pin

- connector (new connector) showed a resistance which averaged .0055 ohms lower
than the 2-contact 2-pin connector (old connector). To determine the effect
extended wear had upon the new connector, a NSI was mated 1000 times with the
test connectors. The value of bridgewire measurements taken with the units on
three NSI's before and after the engagements did not vary. One final test of
the new connector was to compare contact resistance sensitivity with the old
design. The gold plating was sandblasted from the pins of a NSI. Bridgewire
measurements were taken on the NSI with both the new and old connectors before
and after sandblasting: the measurements did not vary for the new design, but
increased 0.025 ohms for the old design.

The 4-contact 2-pin connector is being produced at JSC from stock materials
and has been implemented in NSI production at the manufacturing plant. As
part of a wear study, two new connectors in field use have experienced 7000
cycles with no degradation in performance as established by compar1ng 1n1t1a1
and current bridgewire measurements of selected NSI's.

SUMMARY

The 4-contact 2-pin connector reduces the effects of contact resistance on
bridgewire measurements where variations in the.resistance value on a given
NSI are not permitted to vary more than 0.05 ohms from measurement to
measurement. Reduction of contact resistance sensitivity in the new design
has resulted in the elimination of the 500 cycle 1imit on the connector.
Preliminary test results have demonstrated a connector life of greater than
7000 cycles., Tests are continuing to determine the cycle 1ife limit of the
connector. Credit for developing the 4-contact 2-pin concept for this
application is due to Robert L. Robinson, NASA/JSC.
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LASER INITIATION OF TiHy/KC1Oy
(x = 0.2, 0.65, 1.65)

John A. Holy
Mound*
Monsanto Research Corporation
Miamisburg, Ohio U45342

ABSTRACT

A laser initiation system for measuring the ignition properties of
pyrotechnics and explosives is described. The laser source is a continuous
wave (cw) argon laser operating in the visible wavelength region. A
shutter-chopper system converts the cw beam to a pulsed beam. The 514.5 nm
line with a chopped pulse width of 3 milliséconds was used té ignité ﬁhe
three pyrotechnic compositions TiHy/KClOy(x = 0.2, 0.65, 1.65). In an »
argon atmosphere of 0.79 MPa, the ignition thresholdé—with'a fécused
Gaussian beam diameter of 66 microns were 55”, 866, and 657 microjoules
for the three respective compositions. The ignition broperties of
TiHyx/KC10y are found to be strongly dependent on pressure. Rapid A
changes in the reflectivity of the sample surface also occur within

microseconds after application of the laser pulse.

¥ Mound is operated by Monsanto Research Corporation for the U. S.
Department of Energy under Contract No. DE-ACOU-T6DP00053.
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INTRODUCTION

Lasers can provide unique energy sources for the ignition of pyrotech-
nics, explosives, and propellants. This energy can be delivered at
wavelengths from the infrared to the ultraviolet in pulses as short as
picoseconds or in a continuous wave. When a laser with good power
stability is used, the energy delivered to the sample surface can be set
very precisely and reproducibly. Many parameters such as power, power
density, energy, and pulse width can readily be varied. Ostmark! has
measured the effects of pulse width, ignition energy, ignition power, and
beam radius on the laser ignition of the Mg/NaNO3 system.

The effectiveness of a laser in igniting a material will depend upon
its reflectivity and absorption coefficient at the wavelength used. The
optical properties of the sample determine the effective coupling 6f the
laser energy into the sample and the volume over which this energy is
deposited. A contrast can be made to a hot wire ignition source where the
cdupling is determined by the thermal properties of the sample and by a
physical interface between the wire and powder. The variability in this
physical coupling between samples adds an additional, imprecisely known
parameter in an ignition expefiment. There is an uncertainty with
correlating changes in initiation properties with changes in materials
properties or with changes in the physical coubling between wire and
powder. Electrothermal response (ETR) testing can provide an estimate of
the coupling though.2 Changes in initiation properties with a laser
source can be unequivocably related to changes in materials properties.
However, further experimentation would be necessary to relate these
changes to changes in optical, chemical, and/or thermal properties.
Another advantage of a.laser source is that the energetic material can be
tested directly, either in loose powder or pellet form, without the need
to fabricate other test devices.

A laser initiation system based on a continuous wave (cw) argon laser
is under development in our laboratory. It is used for measuring the
ignition sensitivities of energetic materials and for fundamental studies
of ignition processes. This system was used to measure the ignition
properties of the three pyrotechnic compositions TiHy/KC1lOy, with x =
0.2, 0.65, and 1.65.
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EXPERIMENTAL

A schematic representation of the laser initiation system is shown in
Fig. 1. The sample is mounted in a stainless steel chamber which can be
pressurized to 6.9 MPa. Quartz or sapphire windows mounted on flanges
provide the optical access to the chamber.

The cw beam from the argon laser is foéused by lens L1 onto a 2% duty
cycle chopper blade C and recollimated by L2. The electronic shutter S is.
controlled by the sync circuit to allow one complete pulse from the
chopper blade through to the sample. Focusing the beam on the chopper
blade minimizes the passing of the blade edge through the beam so that a
temporally square wave output is produced. The chopper can produce a
minimum pulse width of 125 microseconds. The pulse width can be
continuously varied up to many millisondé'with the chopper and from milli-
seconds to minutes with the shutter. =~

Lens L3 with a focal length of 250 mm focuses the laser beam onto the
sample surface. Beam splitters BS1 and BSz2 are fused silicafsubstrates
with a coating on one surface that is 80% transmitting in-the visible and
90% reflecting in the 3-5 micron infrared band. BS1 and BS3 direct part of
the incident beam to photodiode PD1 and a power meter. The output of PDI
triggers a time interval counter to directly measure the pulse width.

BS1 also reflects an image of the sample surface to BS2. Visible light
transmitted through BS2 and infrared light reflected by BS2 create
separate visible and infrared analysis channels. The optics for the
infrared channel are still under development and need to be more complex
than shown schematically in Fig. 1. When this channel is completed, the
infrared microscope will be able to measure the time-temperature profile
at the center of the laser spot on the sample.

Lenses L4 and L5 focus an image of the sample surface and laser spot on
photodiodes PD2 and PD3 and in front of the viewing microscope. Inter-
ference filter IF passes only a narrow band of light centered at the laser
frequency to PD2 and cutoff filter F passes light with wavelengths longer
than 560 nm to PD3. PD2 thus monitors the laser light reflected from the
sample surface, and PD3 measures the incandescence génerated from ignition
of the sample.

A major consideration in the operation of this system is the measure-

ment and reproducibility of the power density at the focused beam spot on
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the sample surface. The argon ion laser has a Gaussian output beam and a
power stability of +0.5%. The total power in the laser beam can be easily
and reproducibly measured with a power meter, but the absolute accuracy of
most commercially available power meters is 13%. The intensity distribu-

tion across a Gaussian beam is given by3

I(r) - —2P_g72r?/%? (1)
g2
where I(r) is the intensity at radius r from the beam center, P is the
total power of the beam, and ro is the radius of the beam. The beam
radius is defined as the point where the intensity is e~2 of the center
intensity.
A lens with a focal length f will focus a Gaussian beam of wavelength A

and diamter D to a Gaussian spot of diameter d given by”

4, f '
d = 1—;‘5. (2)
The depth of field of this focus is defined as the distance over.which the
spot size increases to J2d and is given by” '
2

334 - 1%"(%) (3)

The focused spot size is measured by the Ronchi ruling method5 with
the aid of the viewing microscope in Fig. 1. A Ronchi ruling is a trans-
parent plate with equally spaced metallic ahd clear stripes. With a side
flange of the chamber removed, a fiber optic illuminator cah be inserted
into the chamber to illuminate the sample. The viewing microscope is then
adjusted to bring the sample surface into focus. The sample is then
removed and replaced with a Ronchi ruling on a ﬁranslation stage. The
ruling is then adjusted to be in focus at the viewing microscope so that
it is in the same position as previously occupied by the sample. Spot size
is determined from the maximum and minimum power transmitted through the
Ronchi ruling as its lines are scanned across the beam. Lens L3 can also
be adjusted to set the focus of the laser beam exactly at the Ronchi
ruling. The focused image of the laser spot on the sample can be viewed
directly throught the viewing microscope at low laser powers, but the

image is usually focused and viewed on a piece of graph paper below the



318

microscope. The focused spot can be easily and reproducibly set to minimum
diameter by observing its size through the viewing microscope while
translating L3.

The focused spot size for the system was measured to be 66 microns.
Equation (3) gives a depth of field of approximately 12 mm. The spot size
was measured to change by 110% when L3 was moved +3 mm from optimum focus.
These numbers indicate that there would be a negligible change in spot |
size from sample to sample for reasonable sample and holder dimensional
tolerances.

A typical ignition experiment consists of optimizing the focus of the
beam on the sample at low power, translating the sample to a fresh spot,
triggering the shutter to allow one pulse on the sample, and capturing the
outputs of the power meter, PD2, and PD3 on a waveform recorder. If the
sample does not ignite with one pulse, the sample is translated to a fresh
spot, a higher laser power is used, and the procedure repeated.

The three TiHy/KC10y compositions used each had a 33/67 fuel/oxi-
dizer mass ration. The pyrotechnic powders were pressed inﬁo ceramic
charge holders with an inner diameter of 4.27 mm and a length of 3.68 mm

in two increments at a pressing pressure of 69 MPa.

RESULTS AND DISCUSSION

The results reported here were all obtained with the 514.5 nm line from
the afgon laser with a focused diameter of 66 microns at the sample. A
pulse width of 3 milliseconds was used. This spot size and pulse width are
comparable to bridgewire diameters and'ignition times in many hot wire
initiated devices. The details of the absorption of the laser pulse can be
complex, but thermal equilibrium is usually reached within tens of nano-
seconds so that the laser can be considered as a thermal ignition source
in these experiments.

Figure 2 shows typical outputs from the power meter, PD2, and PD3 when
ignition occurs in 0.79 MPa of argon. There is incandescence that starts
and quenches before complete ignition occurs. The ignition does not
accelerate until about 1.3 milliseconds after the end of the laser pulse.
This indicates that oncé the initiation has progressed to a certain point,
it will be self-sustaining. There are also rapid and signiéicant decreases

in the reflectivity of the'powder surface that occur within microseconds
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after application of the laser pulse. This should make the sample more
effective in absorbing the laser energy. During alignment, it was noticed
that even as little as 20 mW focused on the sample would darken the
surface of these compositions in a few seconds.

The precise control of the energy at the sample surface available with
a laser ignition source can provide data such as shown in Fig. 3. When the
laser power is only a few milliwatts below the threshold for é given pulse
width, the incandescence at the start of ignition can be observed but the
reaction quenches. This ability to quench the ignition should make it
possible to create and separate products that occur during the ignition
process. A better understanding of the ignition process should result.

When samples are ignited under identical conditions, the recorded
photodiode outputs all have the same general form as the ones in Fig. 2.
There is some variation in the size, number, and time of occurrence of the
incandescence peaks before sustained ignition, and there is about a one
millisecond spread in the leading edge of the strong incandescence peak.
These difference between samplés are probably caused By ibcai microscopic
variations in the evolvement of the reflectivity changés, other surface.
modifications, or pfoduct gaées that may result prior to sustained
ignition. | '

Increasing the power above threshold does not have much effect on the
ignition as indicated in Fig. 4. Ignition times are reduced somewhat from
the power levels of Fig. 2, but once the power is significantly above
threshold, ignition times are not changed. A similar independence of
ignition times on power levels has been measured in the laser ignition of
exposives.6

The pressure of gas in the sample chamber has a significant effect on
the ignition of these pyrotechnic composition. Figure 5 shows the effect
of increasing the pressure at a power level that is twice the threshold
power for TiHq g5/KClOy in 0.79 MPa of argon. The sample does not
ignite if the pressure is decreased to 0.45 MPa. Ignition times are
decreased and the intensity of ignition is increased as the pressure is
raised above 0.79 MPa. It would be expected from these plots that the
threshold energies should decrease as the pressure is increased; experi-
ments are in progress to measure threshold sensitivities as a function of

pressure. A decrease in ignition energy with increasing pressures up to 10
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MPa has been reported for several propellants.7 A decrease in ignition
time with increasing pressure at subatmospheric pressures has also been
observed in laser initiation of propellants.8 In our laser initiation
experiments on these TiHyKC1lOy compositions and on severai explosives,
it has been necessary to ignite the samples in a sealed pressurized
chamber to obtain the smooth, reproducible, thermal-type ignition
indicated in Figures 2, 4, and 5. Ostmark! also found that it was
necessary to use pressure to ignite explosives with a COp laser. A few
samples of TiHg, ¢5/KC10y were ignited in the chamber in one atmosphere
of air. The samples required much more power for ignition, and there was a
considerable variation in the power required, ranging from 6 to 9 watts.
The ignition was also much more violent which suggests that a different
ignition mechanism other than a pure thermal one is required at lower
pressures for small spot ignition. »

Important pressure effects thus can occur in the thérmal»ignition of =
many pyrotechnics, propellants, and explosives. A combarisoh of these
laser ignition results can be made to hot wire.ignition in typical devices
where a pellet of material has been pres§ed against a bridgewihe'on a
header. As the initiation reaction proce@es, decomposition products will
form and create pockets of pressure near any initiation points{ If there
are leak paths for this pressure due to samplé porosity,'gaps,.cracks, or
other openings, more energy would be needed to ignite the material. This
energy could become greater than the energy available, and the reaction
could be quenched due to these pressure leaks. Munger9 has observed the
quenching of ignition when vents were intentionally provided near the
bridgewire in a header.

As a test of the general applicability and reproducibility of the laser
system for measuring the ignition properties of energetic materials, the
threshold sensitivities of the three TiHy/KC1Oy formulations were
measured. The pulse width and overpressure were set at 3 milliseconds and
0.79 MPa, respectively, and the laser power was varied. The samples and
beam were aligned and the power scanned through the thresholds as
previously described.

Table 1 contains the results of the experiments for the samples that

were scanned through the threshold. Only a relatively small number of
samples were used, but there were many shots per sample as the threshold
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wasrapproached: Other samples were also ignited above threshold but not
reported in the table because they were not scanned through the threshold.

The uncertainty values in the power and energy columns are not statisticai

Table 1

THRESHOLD SENSITIVITIES OF TiH,/KC10y IN 0.79 MPa
OF ARGON FOR 514.5 nm 3 msec LASER PULSES

: Center Power
Power Energy Density No.

X (mW) uJ) (kW/cm?) Samples
0.2  188.5+2.5 55L+6 10.8 5
0.65 289+2 866+8 16.9 3
1.65  219.5+7.5  657+23 12.8 3

values but the extreme limits measured for the threshold; i.e., no'
samples ignited below the low limit and no samples did noﬁ ignite above
the high limit. There was more variation in the surface_roughness of the
TiHq,65/KC10y pellets, and resulting microscopic variations in the

laser beam absorption probably caused the larger threshold spread>for
this composition. The sample~to—-sample variation in the threshold is
relatively small; and these measurements show that a laser system can be
an effective tool for measuring threshold sensitivities. Significant
changes in the laser ignition sensitivity with x can easily be measured
with the trend being TiHg,K65>TiH1 ,65>TiHg, 2 in order of ignition

energy. The TiHq g5/KC10y pellets are darker than the other two
compositions, and laser energy is, at least initially, ﬁore effectively
absorbed.

Ignition of these compositions has beeq achieved at low total power
levels because the power is concentrated into a small spot. The power
density at the center of this spot determined at r = 0 in Eqn. (1) is
also listed in Table 1. The central power densities are on the order of
10 kW/cm2, but these éfe comparable to the power densities in the
bridgewires of many hot wire initiated devices.

Modeling of the laser ignition process will‘be necessary to complete-
ly understand it. There has been considerable effort in modeling laser

annealing of semiconductors, and many of the theoretical techniques
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developed for them should be applicable to energetic materials.

Lax10s11 and Liarokapis and Raptis12 have modeled the temperature
distribution in silicon heated by a cw Gaussian laser beam. Ostmark?

has fit his data for Mg/NaNO3 ignited by a COs laser with é flat top
intensity distribution to the thermal explosion theory. Since the laser
beam is absorbed in a three dimensional volume, it is necessary to know
the reflectivity and absorption coefficient. As in silicon,12 these
parameters can have a temperature and time dependence. It has already
been seen how the reflectivity for the TiHy/KCl10Oy compositions

changes considerably prior to ignition. Further experiments and modeling
will also be necessary to relate the absolute and relative threshold
sensitivities determined with a laser to other thermal sources such as a

hot wire.

CONCLUSIONS

These experiments have shown that a laser can be4e'very effective
source for measuring the ignition properties of pyrotechnics. Threshold
sensitivities and the important effects of pressure can be preclsely and
reproducibly measured. Reproduclble, smooth, thermal ignition can be
achieved only 1f the samples are ignited under pressure. Ignltlon is a
complex process as indicated by the surface modifications that occur well:
before ignition and by these pressure effects. The versatility of being
able to Vary many parameters and the ability to create a quenched
ignition with laser sources should increase the understanding of ignition

and provide useful data for development of ignition models.
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PRESSURE DEPENDENT BURN RATES OF TiH,/KC10y
(x = 0.2, 0.65, 1.65)

John A. Holy
Mound ¥
Monsanto Research Corporation
Miamisburg, Ohio 45342

ABSTRACT

The burn rates of the TiHy/KCl1Oy pyrotechnic system with x = 0.2,
0.65, and 1.65 have been measured in helium and nitrogen atmospheres
bétween 0.5 and 350 MPa by a closed bomb technique. For x = 0.2 and 0.65,
the burn rate increases monotonically with pressure up to approximately 4
MPa and 40 MPa, respectively, and then becomes approximately constant
independent of pressure with values around 45 cm/sec. The burn rate for
x = 1.65 increases with pressure up to 350 MPa, the limit of our
appafatus. In the pressure dependent regions of each hydride, the burn
rates fit'the R = aPm equation wéll; the values of a and ﬁ decrease as x
increases. Two types of deviations from ideal linear burn behavidr have
also been’observed. One type may be attributed to a cbnductive*to-
convective burning transitibn in a "porous bed" pyrotechnic analogous tb
conductive-to-convective transitions that have been proposed for porous
bed explosives. The other type is characterized by damped acoustic oscil-

lations which cause acoustically driven burn instabilities.

¥Mound is operated by Monsanto Research Corporation for the U. S.

Department of Energy under Contract No. DE-ACO4-76DP00053.
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INTRODUCTION

Burn rate measurements can provide important information about the
characteristics of propellants, pyrotechnics, and explosives. There has
been extensive use of burn rate data in the propellant indusﬁry for many
years, and it is a straightforward matter to apply the techniques
developed for propellants to pyrotechnics and explosives.

The two most commonly used methods to measure burn rates are the
closed bomb technique and the strand burner technique. In the usual closed
bomb technique, a pressure bomb is loaded with propellant grains at a
typical density of 0.1-b.2 gm/cm3. At these densities, the bomb is self-
pressurizing, and the.product gases and heat generated by the burning
sample will raise the bomb pressure from atmospheric to 350 to 700 MPa.
From the pressure4time record of only one burn, the burn rates as a
function of pressure over the total pressure range may be calculated.
However, the calculations are often complex, invdlving equations of étate,
thermochemistry, geometrical factors of the propellant grains, and heat
losses to chamber walls with assumptions such as uniformrignition of all
grain surfaces and constant regression of grain surfaces at each
pressure.1'2 |

In the strand burner technique, the sample is pressed into a strand
and two or more fuse wires are placed in the sample at known intervals.
The pressure bomb is pressurized with an inert gas, and its vélume is
large relative to the sample mass so that the sample burns in an
approximately constant pressure environment. The fuse wire breaks measure
the passing of the flame front, and the time interval between breaks
directly determines the burn rate at one pressure. There are no complex
calculations involved, but many samples are required to measure the burn
rate over a 1arge.pressure range.

The experimental results reported here were obtained from a hybridi-
zation of the usual closed bomb and strand burner techniques. Small
samples were burned in a bomb prepressurized with an inert gés as in the
strand burner, but the burn rates were determined from the small pressure
pulse generated during the burn as in the usual closed bomb technique.
Thus, the sample is burned under identical conditions to the strand
burner, but a continuous record of the burn is obtained rather than just a

few timing marks. This continuous record is important when deviations
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from a constant burn rate at an approximately constant pressure occur, as
will be seen in some of the data.

Burn rate data are usually fit to the equation R = aPn, where R is
the burn rate, P the pressure, and a and n constants determined from the
best fit. The amount of pressure dependence for a composition is usually
considered indicative of the involvement of gas phase reactibns in the
burn. Many propellénts and explosives typically have values of n in the
0.8-1 range up to 350 MPa while values of n determined for pyrotechnics
are in the 0.2-0.4 range up to 2-3 MPa.3~7T The burn rates of these
pyrotechnics usually become constant or even decrease as the preséure is
further increased. A truly gasless system may show no dependence of the
burn rate on pressure. Most of the burn rate data on pyrotechnics has been
obtained at pressures‘below 10~-20 MPa.

The burn rates of the three pyrotechnic systems TiHy/KClOy(x =
0.2, 0.65, 1.65) have been measured in helium and nitrogen atmospheres at
pressures t6'350 MPa. The burn rates are used to characterize and compare
thercombustion performance of these compositions. These ¢ompositidns also
provide a good system to measure the importaﬁce 6f gas,phase,reaCtioﬂs

because they should become more "géssy" as the hydrogen cdntent'increases;

EXPERIMENTAL

The three TiHy/KC10y compositions used each had a 33/67 fuel/ozi-
dizer mass ratio. The pyrotechnic powders were pressed into ceramic charge
holders with an inner diameter of 4.27 mm and a length of 3.68 mm in two
increments at a pressing pressure of 69 MPa.

Figure 1 shows the mounting configuration of a sample in the pressure
bomb. The pfessure bomb is a model R1.5;6-6O from High Pressure Equipment
Company, Inc. modified to accept a Kiétler_207C pressure transducer in its
side. The embty bomb has an inner diameter of 3.81 em and a depth of 15.24
em with a volume of 166 cm3. This volume is reduced when the bomb cover
with inserts and samble holder is installed. Initial runs were started
with a free volume estimated to be approximétely 113 cm3, but interfer-
ring acoustic oscillations sometimes were set up ih the bomb. Another
iﬁsert was added to reduce the free volume to approximately 81 em3 which
seemed to alleviate the oscillation problem. -

In pressures above 3.5 MPa the samples were ignited with a 2 mil
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Tophet C wire held in contact with the surface by a small piece of high
temperature tape. Below 3.5 MPa, the wire would tend to overheat and break
between the sample and feédthrough leads before the sample ignited. At the
lower pressures M10O4 electric matches were used to ignite the samples.

A typical preésure trace is generated with the following procedure.
The bomb is first pressurized with nitrogen or helium to the desired
pressure. The sample is ignited, and the change in pressure is detected by
the pressure transducer, amplified by a Kistler 504E amplifier, captured

on a Data Precision 6000 waveform recorder, and stored on floppy disks.

RESULTS AND DISCUSSION

Pressure Traces

A pressure trace generated by TiH_ 5/KC10y burned in 345 MPa of
nitrogen is shown in Fig. 2. This type of trace occurs when the sample
burns at a constant rate'resulting in a constant slope in the pressure-
time curve. It is assumed that the ignition front spreads>rapidly over the
surface and that the resulting two-dimensional planar flame front then
proceeds down the sample. Robertson and Igel8 opticaliy'measured the
burn rate across the surface of a TiH_68/K0104 pellet pressed against
a transparent header and obtained a value of 2.2x10” cm/sec, a value
approximately 500 times larger than the highest bﬁrn rates'measuhed
through the pellet in these experiments. Their experiments support the
planar flame front assumption. Some rounding of the pressure trace near
the beginning of the burn due‘to ignition start up can be seen though. The
break in slope marks the end of the burn. The pressure rise after the burn
is caused by the hot reaction products transferring heat to the bomb gas.

-Many of the pressure traces are not as ideal as the one in Fig. 2.
There are two types of deviations that occur. In the type shown in.Fig. 3
there is an abrupt change to a larger slope that smoothly decreases with
time. The other type shown in Fig. 4 is characterized by an abrupt change
to a much larger slope which forms the leading edge of a train of damped
oscillations. The occurrence of these transitions is dependent on the
pyrotechnic composition, the pressure, and type of pressurizing gas. In a
particular pressure range, the deviations tend to be qualitatively fhe
same although quantitative variations in the size of the slope change,

time of occurrence, and existence of the oscillations do vary somewhat
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Figure 2. A typical pressure trace generated hy T1H 2/KC1O in 345 MPa
“of nitrogen. - ,
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Figure 3. A pressure trace showing a conductive-to-convective transition for
TiH /KC10, in 240 MPa of helium. The dashed 1line is the assumed
pressure waveform if the sample burned at its initial linear rate.
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Figure 5. Examples of transitions with (upper trace) and without (lower
trace) superimposed oscillations for TiH] 65/KC]O4 in 144 MPa
of nitrogen. ' )
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from sample to sample; The largest difference that occurred between

‘'samples is shown in Fig. 5 in which the trace with the largest slope

increase also had small damped oscillations superimposed on it. This
suggests that the slope change is a combination of the two typés of
deviations. There is also a larger pressure change generated by the burn
with the oscillations.

Conductive-to-Convective Transitions

The type of pressure trace in Fig. 3 is consistent with a conductive-
to-convective burning transition. Similar traces have been reported for
explosives under self—pressuriziﬁg9'?0 and constant pressure burning
conditions.9'11 Conductive burning is characterized by a conductive heat
transfer from the flame front to the adjacent unburned layer of the
sample. The flame front propagates in a smooth linear manner by igniting
the unburned portion of the sample in a layer-by;layer deflagration
process. The initial linear portion of the curve in Fig. 3 is the result
of conductive burning. _ - )

Convective burning occurs when hot product'gaSes pehetrate the pores
of the unburned portion of the pellet'and ignite individual particles.
This results in the burning of a much larger volume of material than in
conductive burning. The conductive—to-convectiVé transition is considered
to be a step in the deflagration¥to-detonatidn tranéition(DDT) in
explosives and energetic propellants, and this transition is usually
studied in the DDT context.9v72‘17. Explosive powders that have been
pressed into pellets that are at less than 100% of theoretical maximum
density(TMD) are called porous bed explosivés. A direct analogy can be
made for porous bed pyrotechnics, and the porés provide the path for the
transition to convective burning.

When measurements are taken Qith a constant pressure technique in
which a bomb is first pressurized with an inert gas, the pores of the
pyrotechnic become filled with the pressurizing gas before ignition. This
is a different situation than for a sample in a self;pressurizing configu-
ration. Then the sample burns in a pressure generated by hot product gases
with oﬁe atmosphere of pressure initially in the pores. The pressure
gradient between the product gases and pores would be ﬁuch greater in the
self;pressurizing case. Belyaev et al.9 investigated identical samples

of PETN in constant pressure and se1f4pressurizing configurations. They
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" found that the reduced pressure gradient in the constant pressure case
delayed the conductive-to-convective transition by causing it to occur at
pressures 5-15 times greater than in the self-pressurizing case.

The transitions for TiHq_g5/KC10y in Fig. 6 show how the
conductive-to-convective transition can occuf earlier as the preload
pressure increases. At 138 MPa the burn rate is larger than at 69 MPa, and
the pressure gradient ié génerated faster near the pellet surfaée thereby
overcoming the impedence of the pore pressure more effectively. As the
pressure is further increased, the pressure in the pores becomés more
effective in impeding the flow of gases. The transition generally becomes
weaker with a smaller slope at the higher pressures studied as can be seen
in a comparison of Figures 3 and 6.

The slope changes in Figures 3'and 6 cannot be proved conclusively to
be caused by the transition to convective burning without further complex
experiments to monitor gas flow into the pellet, but observations of the
changes in the form of this transition with sample hydrogen content and
pressurizing gas are consistent with a convective transition. Table 1
qualitatively summarizes the pressures or pressure réngeé’where the slope
change occurred and the size of the effect. The trend is that the
conductive-to-convective transition becomes more pronounced asithe
hydrogen content of the fuel is increased and when the pressurizing gas is
changed from nitrogen to helium. Since helium is more compressible than
nitrogen, it would be less effeétive in impeding the flow of the product
gases into the pores. The exact form of the reaction equation for these
compositions is not brecisely known,18 but the amount of gas generated
by each composition should increase as the hydrogen content increases.
Figure 7 shows that the maximum pressure generated during a burn generally
increases with the hydrogen concentration. A larger pressure gradient
would thus occur. This qualitative scaling with the pressurizing gas and
hydrogen content-is consistent with a conductive-to-convective burning
transition. '

Acoustically Driven Instabilities

The generation of oscillations in combustion systems have been studied
in propellant applications,?9 vented gas explosions,zo’z? closed bomb
testing,2’22’23 and whistle mixes.zu The latter application is

probably the only one in which théy are not considered undesirable.
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The oscillations shown in Fig: 4 are caused by acoustic'waves that are
set up in the closed bomb, and they are very similar to the ones observed

in closed bomb testing of the propellant Hivelite.22,23 Table 1 also

Table 1

PRESSURE RANGES OF OBSERVED OCCURRENCES OF CONDUCTIVE-TO-
CONVECTIVE TRANSITIONS AND ACOUSTIC OSCILLATIONS

Pressures with

Conductive-to-Convective Size of Pressures with
Fuel Gas Transition{(MPa) Transition Oscillations(MPa)
TiHg,o - No 7-14 small none
35,138 medium
275 small
He 0.4-1.4 small none
TiHg,65 No 35-70 small 3.5-14
205-275 small T
- He - 35-48 _ large , 0.3~14
70-290 small T o
TiH; g5  No 14y large C o T1-70
205-310 medium

He 7-240 large ' none

indicates in which pressure ranges these oscillations occurred for the
three compositions. The oscillations tended to be reduced in amplitude
with more damping in the 81 em3 volume compared to the 113 em3 volume,
and that is wh& the smallef volume was used for most of these measure-
ments. The natural resonant frequency of an enclosed cavity is
proportional to v/JV:25 where v is the velocity of sound in the gas in
the cavity of volume V. The increase in thg frequency of oscillation with
reduced volume can be éeen in Fig. 4. Oscillations much larger than the
ones in these pyrotechnic compositions also ocqurred in attempts to
measure the burn rates of the explosive 24(5—cyanotetrazolato)pentaamine—
cobalt(III) perchlorate(CP). The Fourier transforms of the oscillations in
CP obtained in three differént bomb volumes and in helium and nitrogen
each contained one predominant peak whose frequency scaled as V/JVQ6.

The oscillations also were damped but not éliminated when absorbing »

materials were inserted into the bomb, an effect similar to one observed
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in vented gas explosione.20 All of these measurements support an
acoustic wave mechanism for the observed oscillations.

These acoustic oscillations are probably generated when the Fourier
transform of the pressure waveform contains frequency components that are
near the resonant frequency of the bomb. Unfortunately, they are not just
oscillations superimposed on a linear pfessure trace. The leading edge of
most of the oscillations is very steep, much steeper'than the leading edge
of the slope breaks at the convective burning transitions. The oscilla-
tions seem to cause very rapid consumption of the remaining sample. The
convective transition and the oscillations may not be completely
independent as illustrated in Fig. 5. Here it is seen how even small
oscillations that occurred in the'one sample significantly increased the
rate of sample consumption. The oscillations may cause a "loosening up" of
the porous pellet which aliows a much deeper and rapid pehetration of the
convective gases. This deeper penetration of gases may even cause a
deconsolidation ef the sample and drive unburned particles into the flame
zone as has been proposed by Fifer and Cole in their experiments on
HMX.27 The oscillations could also fracture oxide layers on the TiHg
fuel thereby e%posing areas of fresh reactive surfaces throughout the bulk
of the pellet.28 o -
Burn Rates .

The determination of the burn rates is complicated at many pressures
by the deviations from a constant slope as shown in Figures 3, 4, and 5.
To obtain linear burn rates from these pressure traces, a straight line is
fit over the initial linear portion of the trace and extended until it
intersects the actual pressure curve as indicated by the dashed line in
Fig. 3. It is assumed that if the sample burned at the initial linear rate
oveﬁ iis entire length, it would be entirely consumed at this intersec- _
tion. The time from the intersection of the fitted straight line from the
initial baseline pressure to the intersection point is taken as the burn
time for the sample. This time is simply divided into the sample length to
get a burn rate valﬁe. The pressure value for this burn rate is taken as
the initial pressure blus one-half of the pressure change that occurred at
the time of the end of the fitted linear burn, or the average pressure

during the burn. For pressure traces without any convective transitions or
oscillations sueh as the one in Fig. 2, the end of the burn is taken as



the point where there is a break and decrease in slope; The variability in
the conductive-to-convective transitions and acoustic oscillations will
-introduce some scatter in the burn rate values determined by this
technique. When they occur, it causes more heat to be generated faster at
the burnlng sample which could cause a change in the reaction product mix
and final pressure. Variations in the time and intensity of the convective
transition and oscillations may thus cause variations in where the fitted
straight line intersects the actual pressure trace.

At initial pressures below 1 MPa when the burn.rates are relatively
sméll, the slopes in the pressufe traces actually decrease with time due
to the condensation of reaction products that occurs during the burn.
However, the start and stop of a sample burn can usually still be eaéily
deduced from the slope breaks that occur. Unfortunately, the burn rates
for TiH_ g5/KCl0y at the lower pressures in helium could not be
obtained because damped oscillations occurred before the éhd of the burn
and the decreasing slope prevented a straight line fit.

The burn rate data can be fit to the R = aPn equation dver certain
pressure ranges. The fit .was obtained with the Marquardt nonlinear
least-squares technlque. Table 2 shows the results of these fits. The
error columns in Table 2 are the standard error, or square root of the

variance, of the coefficients calculated from the fitting program.

Table 2
VALUES OF BURN RATE PARAMETERS

Pressure a error error

Fuel Gas Range(MPa) (em/sec/MPal) (a) n (n)
TiHg. o N, 0.5-4 12.0 0.9 .880 079
"4-350 42.5 3:3 -.018 .018

He 0.5-5 9.81 " 0.27  .916  .022

"5-350 38.5" 4.0 <061 .023

TiHg, g5 N, 0.5-40 3.17 0.25  .605  .034
. 40-350 4.3 1:1 019 . 006

He 0.5-40 3.19 0.19 . 702 .018

40-350 41.8 0.8 . 009 . 004

TiHq g5 Ny 0.5-350 1.94 0.15 .49 .015

He 0.5-350 2.1 0.29 .384 . 025
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The burn rate data and fits with the values in Table 2 are plotted in
Figures 8 and 9. A feel for the amount of scatter in the data can be
obtained from tﬁe plots in nitrogén for TiHq, 65 near 10 MPa and for
TiH » near 35 MPa where different samples were burned near the same
pressures. The slight oscillatory behavior in the burn rates for TiH1.65
is probably real because it reproduces in both the nitrogen and helium
data, but the deviations from a straight line fall in the range of thé
scatter of the data. The gap'in the fit for TiH g5 in nitrogen near 35
MPa may be due to the scatter in the fitting parameters, and/or there
could be a sharp change in the rate near this preésure. The differences in
burn rates in nitrogen and helium generally fall withiﬁ the data scatter
and the error values in Table 2,_and it is difficult to discern any trends
between the nitrogen and helium fits. 7

A salient feature of the bhrn rate curves is the break in slope that
occurs near 4 MPa for TiH » and 40 MPa for TiH gg. Similar slope
breaks have also been measured by Glasby29 in Pb0,-Si and PbO-Si
systems and by Ward et"al.5 in the Mg/NaNO3 system. Above 40 MPa, the
burn rates for TiH,» and TiH g5 are approximately'the'same and nearly
independent of pressure. Extrapolation of the TiH1,65 fit would place
its burn rate in the range of the other two compositions near 1.5 GPa.

The dependence of the burn rate on pressuré is usually conéidered
to be indicative of the importance of gas phase reactions during
combustion.3s2 This concept is consistent with the data in Figures 8 and
9 in that the pressure range over which there is a burn rate dependence on
pressure increases as the hydrogen content of the fuel increases. Higher
hydrogen content would be expected to produce more gaseous products.

The slopes of the burn rate fits decrease éignificantly as the '
hydrogen content increases, changing from 0.9 for TiH o, to 0.6-0.7 for
TiH g5, to 0.4 for TiHy g5. The causes of these changes probaﬁiy lie
in the detaiis of the beacﬁion kinetics. It seems réasonable to assume
that hydrogen will be driven out of the titanium sometime during the
reaction. The dehydriding process is endothermic which would cool the
sample and slow its reaction rate. Reed et al.30 nave made thermodynamic

calculations of the reactions in various TiHy/KC10y compositions under
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several different conditions. The reaction product mix varied with x,
temperature, and pressure. Reaction products could be TiO», Ti305,
Ti03, KC1, H»0, and Hp. Results of these calculations showed that
the equilibrium reactioﬁ temperature decreased and the number of moles of
reaction products increased as the hydrogen content increased. The
compositions would thus burn cooler and slower with increasing hydrogen
content. |

Qualitative evidence for a different reaction product mix has also
been observed in these burn rate experiments. When the pressure bomb was
cleaned after each sample burn, it was noticed that there was a difference
in the appearance of the residue at different pressures. Below 35 MPa,
there was more residue and it was a fluffy mixture of gray and white.
powder. Above 70 MPa, there was less residue and it was a more granular
mixture of gray and yellowish components. Further experiments quantifying

the reaction products should prove interésting. -

.CONCLUSIONS

These experiments have indicated the interesting and complex combus-
tion behavior that can occur in the TiHy/KC1Oy pyrotechnic system. A
linear conductive burn, a transition from conductive-to-convective
burning, and acoustically driven instabilities can occur in the same’
sample. A direct comparison of these effects in pyrotechnics can be made
to the‘same effects in explosives and propellants. Continuously monitoring
the burn with pressure transducers provides information about these
effects that would have been missed if only fuse wire breaks were used to
obtain the burn rates. The fuse wire breaks would also have given
erroneous linear burn‘rate values when the conductive-to-convective
transition or acoustic oscillations occurred. The linear burn rate data
did fit the usual R = aP" burn rate equation.fairly well. The data éléo
indicate that it is predominantly the gas pressure, not the gas
composition, that effects the burn rate, but that the gas composition can
have effects on the conductive-to-convective transitions and acoustic
oscillations. A thorough explanation of the effects reported here would
involve calculations involving reaction kineties, equations of state, heat
transfer, and gas diffusion. Additional COmplex experiments to measure gas

and heat flow into the sample and analyze reaction products would probably
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be necessary.
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THE USE OF MICRO-COMPUTERS IN THE DEVELOPMENT
OF PYROTECHNIC DEVICES

S.Li.Howlett - Pains-Wessex Ltd

High Post Salisbury England

The use of Micro-Computer models in the design and evaluation of small
calibre signal rockets and infra-red decoy flares is described.

Two separate programmes are used in the design of the rockets., The
first is concerned with the internal ballistics of the motor e.g.
choice of propellant, pellet profile, nozzle dimensions etc. The
second is concerned with the flight characteristics of the rocket e.g.
launch angle, range, height etc. Both programmes use data generated
over many years from several thousand static motor tests and rocket
flights. Using both programmes a rocket can be designed which will
perform within 10% of the required specification.

The computer programme for infra-red decoy flares provides a complete
three dimensional simulation of the trajectories of a heat seeking
missile,aircraft and I.R. flare from missile launch to intercept of the
target aircraft or decoy flare. The model provides direct assessment
of the degree of protection provided by an infra-red flare with a
particular infra-red signature burn profile and trajectory. The
programme was compiled using data from actual flight trials with back
up data from a complex simulation rig. B

INTRODUCTION

Small calibre rockets within the range 30-50mm are extensively used by
many armies of the world as hand fired signalling and illuminating
devices. The design of these rockets has in the past relied upon
experience and empirical methods of development. These methods are
slow and costly often involving hundreds of test firings over months -
or years,

Computer programmes for the design of large rockets or missiles have
existed for some time but these were not ideally suited to the
relatively slow, high drag pyrotechnic rockets. About 8 years ago we
at Pains-Wessex developed a computer model for small rockets. We used
a model published in the open literature but modified the programme
using data from thousands of static motor thrust time measurements and
rocket trajectory data.’

In the design of an infra-red decoy flare there are many factors to be
considered when assessing the degree of protection provided to the
aircraft, Early designs of decoy flares were unsophisticated and were
based on the concept that if the infra-red signature of the flare
substantially exceeded the signature of the aircraft all will be well.
Subsequent flight trials and simulation rig evaluations have shown that
many factors in addition to I.R. signature and burn profile must be
considered. A computer model has been designed which provides a
complete 3 dimensional simulation of the three elements in an
engagement from missile launch to the intercept of a flare or target
aircraft which provides a direct assessment of the degree of protection
afforded by the flare,
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ROCKET MODEL

The computer model for the design of small rockets is in two parts.
The first part is concerned with the internal ballistics of the motor
and the second with the external ballistics or trajectory of the
rocket.

The objective of the first part is to predict the pressure time and
thrust time profile of the motor. Some of the factors used in the
computer calculations include:

a) Propellant data, e.g. burn rate, with the pressure and
temperature coefficients, molecular weight of the exhaust
products etc. On file in the programme is the data on all
propellants available to Pains-Wessex.

b) Propellant surface area; the programme has on file all of the
common propellant shapes e.g. tubular, perforated rods etc.

c) Chamber design including maximum permitted pressure, thermal
capacity and conductivity etc.

d) Nozzle shape, size.and material.

These and many other factors are processed by the computer to provide -
the type of output shown in figure 1, the pressure time curve and
figure 2,the Thrust Time Curve. : -

The pressure, time profile is used to ensure that the pressure does not
fall below the operating pressure of the propellant and also that the
maximum pressure does not exceed the strength of the ‘motor case. The
thrust time profile is used in the second part of the programme to-
predict the trajectory of the rocket.

In addition to the thrust time profile in order to calculate the
trajectory the computer requires the following data.

a) Weight of the rocket before and after motor burn out.

b) Drag of the rocket; the computer has on file drag coefficient
data for most of the common rocket profiles.

c) Launch angle
d) Spin rate
e) - Environmental factors

These and other factors are processed by the computer to provide the
trajectory plots shown in figure 3a and b, Figure 3a is a plot of the
height of the rocket in metres against the range in metres for a rocket
fired at 45°. Figure 3b is a plot of time in seconds against range for
the same rocket.
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Usually this type of rocket is required to deploy a payload, which may
‘be a parachute suspended illuminating flare, at a specified range and
height. Deployment of the payload is often controlled by a pyrotechnic
delay and ejection charge in the motor bulkhead, reference figure 4,

If the rocket shown in figures 3a and 3b was required to deploy a
payload at say 300-330m at a height of 175-190m then a bulkhead delay
of 4.5 to 4.9s would be required.

We have found that our programme is capable of predicting rocket
performance to be within — 10% and a basic rocket design can be
- produced from a performance specification in less than 20 hours of
computer time.

INFRA-RED FLARE MODE]L
A computer model has been designed to evaluate all of the key
parameters likely to affect the effectiveness of an I.R. decoy flare.
The model includes:-

a) Target aircraft I.,R. signature (polar plot)

b) Decoy flare I.,R. signature and burn profile

c) Atmospheric attenuation

d) Flare dispenser geometry and Flare trajectory’

e) Missile seeker head characteristiqs and field of view.

£) Missile closing veloéity and manoeuvrability

g) Aircraft manoeuvrability .
h) Simultaneous or sequential mﬁltiple flare release

Data is loaded into the computer on the form of answers to gquestions
shown on 3 "Spread Sheets" or questionnaires. Figure 5 shows the
spread sheet for the missile with questions such as:-

1) File name i.e, Missile Identification

2) Attenuation Files, the model already has on file the attenuation
factors for given wave bands and altitude, under this heading
the operator is required to identify the wavebands under
consideration for the metal or body of the aircraft, the engine,
plume and the flare.

3) Launch data, here the computer requires such information as
range of missile at lock-cn, elevation, azimuth, mode i.e.
whether a missile is on a fixed course or manoeuvring and
whether we wish to consider one missile attack or several from
different approach angles.

4) FLIGHT DATA, this section considers missile flight data such as
velocity and whether on a chase or intercept flight path,
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5) HEAD SPECIFICATION, the questions here concern the seeker head
performance data such factors as field of view and maximum
tracking rate.

6) BODY SPECIFICATION, this section is concerned with the
manoeuvrability of the missile.

Figure 6 shows the spread sheet for the aircraft.

1) Section 1 is concerned with the identification of the aircraft
and the number and type of dispenser,

2) Section 2 concerns the speed and altitude of the aircraft and
given the peak metal and plume peak emmittance the programme
will take into account the appropriate polar plot.

3) Section 3 relates to any aircraft manoeuvre we care to consider,

Figure 7 shows the spread sheet for the flare, items 1 to 5 are self
explanatory, item 6 is the type of flare being considered, the computer
has on file the burn profiles of typical flares but if required a new
profile can be entered for examination. e.g. figure 8.

The model can present the assessment of flare effectiveness in a number
of different forms, 3 of which are shown in figures 9,10 and 11.

Figure 9 shows the irradiance ratio i.e. the ratio of the emmittance of
flare to aircraft against separation of flare to aircraft. If the

ratio is significantly above 1 over the full missile field of view then
the flare will be effective. ‘

Figure 10 shows a table of miss distance for various missile attack
angles in azimuth if the miss distance is always above 20m then the
flare is providing good protection.

- The third method of presenting the results is in the form of a dynamic

visual demonstration, figures lla and 1llb are 2 stills off the computer
showing the field of view of the seeker head, the aircraft profile and
the flare. Movement of the seeker head relative to the aircraft and
flare illustrates the effectiveness of the flare.

It is not easy to assess the accuracy of the computer predictions of
flare effectiveness but indications from comparison of the results

of computer studies, dynamics rig trials and actual flight engagements
indicate an accuracy in marginal scenarios of better than 90%.
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FIGURE 8 — TYPICAL FLARE BURN PROFILE
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FIGURE 11b Visual Demonstration Of Flare Effectiveness
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EXO-ELECTRONS AND MATCH SENSITIVITY

Stig R. Johansson
Intermatch Sweden AB
S-551-18 Jonkoping, Sweden

ABSTRACT

Since 1950, it has been known that highly energetic electrons,
so called exo-electrons, are emitted from freshly formed surfaces,
such as an abraded metal surface or non-metallic surfaces resulting
from mechanical crushing operations.

The presence of free electrons in reactive systems may lead
to chemical reactions with environmental species. For instance,
tribologists have found that if the environment is a lubricant, the
result is corrosive or chemical wear on metals.

~ For a match maker. to whom a typical reactive system is a
pyrotechnic composition, it is tempting to try to utilize tHe enhanced
reactivity of mechanically created surfaces for the development of
new match compositions.

When a match is struck, particles in the head composition are
likely to break and give rise to the emission of exo-electrons, which
contribute to the pyrotechnic ignition process. If this be true, the
required match sensitivity could be achieved by adding an exo-
electronically active component to the composition and simultaneously
decreasing the content of the oxidizer, i.e., potassium chlorate.

This would lead to cheaper and safer matches, whether of the safety or
the strike anywhere variety.

Exploratory tests with safety match compositions containing
calcium fluoride, Can, which is a highly exo-electronically active
substance, do in fact indicate that exo-electrons take part in the
ignition process. Based on this finding, a patent application on the
use of exo-electronically active materials in match head compositions
has been filed. However, conditions for maximum effect remain to be
established.
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INTRODUCTION

In 1950, Kramer (Ref. 1) showed that highly energetic electrons
are emitted from some minerals and other non-metallic substances when
crushed by hammering or ground in a mortar.

The source of these electrons, which Kramer suggested should be
callede xo-electrons, was freshly formed particle surfaces.
When brought in front of an open-ended point-counter of Geiger type, the
electron pulses could be detected and counted (Ref. 2).

Some of the results published by Kramer have been summarized in
the diagram of Figure 1, where the decimal logarithm of the number of
counts per second (quantity symbol N) has been plotted versus the log
of the age (t) of the new surfaces. The measuring points, not shown in
the diagram, line up nicely, indicating a uniform decay Taw.

While most minerals, among them typical fillers for match
compositions, have - according to Kramer - an emission rate around one
count per second 1 min after crushing, fluorite, Can, exhibits a rate
about two orders of magnitude higher. To a match maker, this observation
cannot be allowed to pass unnoticed: would it be possible to utilize the
Kramer effect, as the phenomenon of exo-electrons has been called, for
purpose of increasing the friction sensitivity of matches? If so, the
oxidizer content of the compositions could be reduced correspondingly.

MECHANO-CHEMISTRY IN TRIBOLOGY

This was the title of a paper presented by Rowe and Murphy of
The Mobile Company at a tribology conference held in 1974 (Ref. 3).
Primarily concerned with metal-lubricant reactions at mechano-activated
(rubbing) surfaces, these authors found that exo-electrons can lead to
rapid surface oxidation in the presence of oxygen, or to other chemical
reactions with environmental species. Enhanced surface activity can also
lead to stress corrosion and corrosion fatigue. If the environment is a
lubricant and rubbing of the surfaces is an on-going process, corrosive
or chemical wear takes place.

Rowe and Murphy point out that the evidence for exo-electron
emission at rubbing surfaces is firm. They express the enhanced reactivity



FLUORITE, CaF2

ALBITE, NaAlSi,0
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SANDSTONE KA1Si,0

Figure 1. Decay of exo~electron emission from minerals after
crushing with hammer (after Kramer, Ref. 1).
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(AR) caused by surface activity by the equation
AR = AR(Exo-electrons) + AR(Catalysis) + AR(T) + AR(P).

In this equation, AR(T) and AR(P) account for the thermal and the
pressure effect, respectively.

The terms are not independent of each other, at least not as far
as temperature is concerned. Increasing temperature does not only increase
the contribution of the thermal term, AR(T), but of AR(Exo-electrons) and
AR(Catalysis) as well.

As to the temperature dependence of exo-electron emission, Kramer
found that after heating and subsequent cooling of a powder sample, the
decay curve jumped downward and proceeded at a faster rate. In fact,
heating a sample to 100 9C almost stopped the activity entirely. He sur-
mised that this effect could be due to increased emission during the
heating period. This assumption was experimentally verified by heating
a sample while under measurement in the point-counter apparatus. During
the heating of a quartz sample from 26 ° to 52 OC, which process took
place between 11 and 18 min after the crushing operation, the emission
rate increased almost by 100 %. After arriving at 52 °C and maintaining
the sample at this temperature, the emission rate fell sharply.

ON THE IGNITION MECHANISM OF FRICTION MATCHES

The qualitative equation of Rowe and Murphy is believed to summarize
the important features of the ignition process occurring when a pyrotechnic
match is struck (Ref. 4). The details of the mechanism are virtually un-
known, but qualitative descriptions of the ignition sequence found in
the literature comprise one or more of the following processes:

(1) Formation of a reactive powder mixture.

(2) Components of the powder mixture are subjected to
mechanical pressure when the match head is pressed
against the friction surface.

(3) Generation of mechanical heat of friction.

(4) Emission of exo-electrons.

(5) Evaporation of phosphorus resulting in tetrameric,

pyrophoric P4(g).



365

Processes (1) to (4) occur for all types of pyrotechnic friction
matches, while (5) is valid only if phosphorus is present in the match
head composition or in the friction composition. After the ban of white,
poisonous phosphorus, elementary phosphorus exists only in the red, non-
toxic modification in the match industry, and then exclusively in the
friction composition of safety matches. Thus, process (5) is not valid
for strike anywhere, or SAW, matches; few believe it is valid for safety
matches even.

Process (1) furnishes the chemical prerequisite for ignition by
providing good mechanical contact between oxidizer and tinder. The latter
is an easily oxidizable substance 1ike red phosphorus, sulfur, or tetra-
phosphorus trisulfide, P4S3 - better known to the trade as sesqui sulfide.
P4S3 is present in the head composition of current SAW, or sesqui, matches.

Process (2) improves the contact between oxidizer and tinder, and
the heat evolved by process (3) provides the activation energy needed.

For reactions between KC103(s) and P(red) or between KC103(s) and P4S3(s),
the activation energy is low; under favourable conditions maybe close to
zero (hypergolic reactions). This leads to the conclusion that pyrotechnic
ignition occurs at Tower temperature than does thermal ignition alone.
Sesqui matches ignite at about 170 oC, safety matches at abot 200 °c.
However, hot spots created during the course of mechanical friction can
really attain high temperature, so nothing can be taken for granted.
Archard (Ref. 5) maintains that when steel surfaces are rubbed against
each other at a speed of 1 m s'], a load of 25 N produces a maximum

theoretical "flash temperature" rise of 700 K.

As far as thermal (non-rubbing) ignition of safety matches is
concerned, P(red) does not participate. Instead, sulfur or the glue has
to act as tinder material.

So far, process (4) has been unknown to match makers. Analyzing
the various factors in play during the ignition process may turn out
difficult. For instance, is the well-known sensitivity enhancing effect
of potassium dichromate in safety matches due to catalysis or to exo-
electrons emitted from freshly formed surfaces of K2Cr207 crystals?
Adding exo-electronically active substances on purpose should be a way
to find out if the Kramer effect applies to matches.
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EXO-ELECTRONS AS FIRE MAKERS

Match compositions contain, among other things, 30-60 % by weight
of potassium chlorate and 10-33 % of silica filler, usually glass powder.
According to Kramer, silicious substances are not particularly exo-
electronically active. He found an emission rate after t = 1 min of 4
and 8 counts per minute for sand and crystalline quartz, respectively.
The corresponding value of fluorite turned out 176 (Ref. 1, p. 540). It
may be mentioned, though, that sand particles embedded in metals by sand-
blasting have been reported to overshadow the exo-electron emission from
the metal (Ref. 6).

In order to investigate whether the Kramer effect shows up when
matches are lighted, fluorite was added to standard safety match compo-
sitions in a series of experiments performed in 1983.

Two grades of fluorite were used, viz.,

- Reagent grade, 99.98 % Can.

- Technical grade, 95 % Can.
The friction sensitivity of matches made under controlled conditions in
the laboratory was determined by measuring the force (F) required to
achieve ignition on a standard friction surface containing red phosphorus.
The force constitutes an inverse measure of the sensitivity (S); if the
latter quantity is wanted, it can be calculated from the relation

S =1-(F/N) (dimensionless).
As a rule, 100 matches of each composition were measured.

When K2Cr207 was replaced by the same amount of reagent grade

Can, the sensitivity remained virtually unchanged:
Composition Sensitivity, S  AS/%
Standard 0.69 11
Standard without K2Cr207 0.62 (Ref.)
Standard without K,Cr,0- but 0.67 8 -
with CaF, (reagent grade)

2

The mean values (S) given in the table are calculated from F values read
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Figure 2. Linearized distribution curves of the force required

to ignite safety matches containing (1) normal amount of K2CréO7,

(2) same amount of'Can, no K2Cr207, (3) neither K2Cr207 nor CaF2.
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