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FOURTH SEMINAR PROCEEDINGS

n INTRODUCTION

As the papers began to come in for the Fourth Seminar, I looked over the
SProceedings of the Third for comparison and noted with dismay that the introduction

there was labelled "Fourth Seminar Proceedings"! I don't re-all anyone bringing this to
my attention and, therefore, draw the obvious conclusion that no one reads introductory
remarks anyway. That's probably as it should be, because the real purpose of these
Seminars is to provide an opportunity for the participants to exchange information and
not to justify introductory comments.

It is a pleasure to acknowledge the support of the session chairmen, all of whom
accepted their assignments without a quibble. The pyrotechnics community owes a real
debt to the authors of the papers that will be presented; their willingness to share their
knowledge provides the basis of the informational exchange that justifies these Seminars.
The continuing active interest and cooperation of the Naval Air Systems Command and
the Applied Sciences Department, Naval Ammunition Depot, (Crane) is also deeply
appreciated.

At the time this is written, it appears that the Fourth Seminar has all the material
to be a fitting successor to the three previous mee, ýngs. I hope you will find it to be so.
You may be interested to learn that proceedings of the first three seminars can be
obtained from the Defense Documentation Center, Cameron Station, Alexandria, Virginia22314, by requesting AD 679911 (1st), AD 913407L (2?id) or AD 913408L t3rd).

To all of you who attend and by your presence support these Seminars, sincere
thanks; your participation is essential to a successful meeting.

As always, your comments and suggestions are welcomed. If they indicate sufficient
support exists for it. there may be a Fifth Seminar in 1976.

__ R.M. Blunt

General Chairman --June 17, 1974 ._.m

Denver, Colorado U OWN

The Proceedings of the past three seminars can
be obtained from: 11E .FoRCE
NATIONAL TECHNICAL INFORMATION SERVICE .

U.S. DEPARTMENT OF COMMERCE ...........

5285 PORT ROYAL ROAD _ _ _

SPRINGFIELD, VA 22161 ML TU,

Their Ordering identification is: A -
First -- AD 679911 1
Second -- AD 913407 1.

Third -- AD 913408

IBM
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RADIATIVE TRANSFER MODEL
OF A PYROTECHNIC FLAME

Bernard E. Douda
Naval Ammunition Depot. Crane, Indiana 47522

and
Edward J. Bair

Chemistry Department, Indiana University
Bloominton, indicna 47402

ABSTRACT

U I A two-line radiative transfer model for predicting the
spectral radiant flux of pyrotechnic illuminating flares over
a wide range of system variables such as formula, size, and
ambient pressure, has been formulated and validated.

To solve the transfer equation for observed radiant
intensity, the flame is represented by a model whose main
chiaracteristics are (a) the flame is a homogenet.us gaseous
atmosphere with plane-parallel stratification, '.b) the gas3 consists of inert molecules plus sodium atoms which can beU excited to the 2p or 2P leve', (c) there is local

thermodynamic enuilibrium governed by the local temperature,
I 3(d) the temperature gradient can be represented by a parabola
WN whose vertex is at the center of the flame, (e) the dispersion

profile and number density of sodium atoms have average values,
& inside the flame, that are independent of depth, and (f) the

individual line dispersion profile is replaced with a two-line
functinn to simultaneously describe the spectral distribution

i of both of the sodium D lines.

The parameters of the radiative transfer theory were
supplied from calculated themodynamic properties of the flare.

14 Optical thickness as a function of position in the flame was
determined using computed sodium atom densities and physical
flame size obtained photographically. A flame temperature

i gradient was constructed numerically as a function of temper-
ature in the flame using the (omputed temperature at the flame
center and the boundary. The two-line dispersion profile was
ronstructed as a function of line broadening. The shape and
intensity of the broadened flare spectrum was computed without
introducing further assumptions.
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1I!TRODUCTION

Illuminating flares are typically made from a mixture ofT magnesium, sodium nitrate, and a binder. Light is emitted from
these flares at a luminous efficiency of about 50,000 candle-
seconds/gram. To satisfy the continuing need to generate light

I more efficiently, the specific objective of this research was
directed toward determining the mechanisms by which light is
emitted from illuminating flames, the new knowledge providing
the basis for future improvements. In this paper, I will give

4I a summary of the recently completed work during which we
developed and validated a radiative transfer model of a pyro-

T technic flare. The model allows us to make predictions of the
flux emitted from the flame. Further details concerning this
research can be found in the final report.'

In this paper, I will first present the model and its
theoretical basis, next experimental data needed for the model
validation, and finally a comFarison of experiment with the

I model.

THEORETICAL

It was hypothesized that the flux radiated from a flame of
burning magnesium, sodium nitrate, and binder consists mainly

I of photons from the resonance transition of the sodium D lines.
If this were the case, we should be able to predict radiative
output by treating only the sodium D radiation. It is on this

3 basis that the radiative model was developed.

We know that the total radiant intensity IVP (T) at

frequency v in a direction described by P = cosO and issuing
from a volume element at optical depth T is given by the
rad.ative-transfer equation2

dl (T)/dT= [I () . (I)

The optical depth T is related to the physical depth z by
TV= fkdz ,where kV is the linear absorption coefficient of

13 the flame. The normalized spectral two-line profile of the
absorption coefficient is a function whic) takes account

B'-



oi flame line broadening mechanisms. The line-source function
S (T) accounts for increments or decrements in the radiant

intensity from a volume element at optical depth r due to
emitters and absorbers within that volume element. It is
defined at a given frequency by S el Ak , where e is

the monochromatic volume emission coefficient.

Formal integration of the transfer equation yields the V
expression

IT=T I T~a• *a•d

I = I exp[-(T -T4 /P] 2Ea'/ exp[-(T-T / ,]dT,v f = (2)

where T and T are the optical depth integration limits ii
from front to the rear of the atmosphere respectively, and
I and I are the spectral intensity at optical depths T

and T respectively. In order to solve the transfer equation,
for the observed radiant intensity, the flame is representeJ by •

the following model.

(1) The flame is a homogeneous gaseous atmosphere with plane-
parallel stratification. h

(2) The gas consists of inert mclecules plus sa.ium atoms
which can be excited to ihe 2P or ' P level.

(3) There is local thermodynamic equilibrium LTE governedby the local temperature. i

(4) Energy exchange by radiation leads to rauiative equilibrium.

4 (5) The refractive index of the medium is unitv. -

(6) The radiation is unpclarized when emitted atid remains
unpolarized in its interacticens with flame species. B

(7) The temperature gradient can be represented by-a parabola
i whose vertex is at the center of the flame.

Li

(8) The absorption profile p0 and number density of sodium
atzms N have average values, inside the flame, that

are independent of T .
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uI
T The form of Eq. (2) has been simplified for the present case,

namely (a) the observed flux is that emerging normal to the
surface (=l), (b) no flux is incident on the rear surface of

2 the atmosphere (IV =0), and (c) Sv(T) = BV(T') for the LTE case

where BV(T') is the Planck function. Under these conditions,

integrating from the front surface, where z and T are 0

to the rear surface where T = T , the total optical thickness,

the monochromatic emergent intensity is

I = a= B (T') exp(-Tra)dt. (3)

The theoretical relative spectral radiant power va'

proportional to spectral emergent intensity I,' for a particular

model, was found by numerical integration of Eq. (3) using
Simpson's rule of 2m intervals. Each computed spectrum 4 ,

normalized to a power maximum of unity, is plotted for comparison
with the corresponding experimental flare spectrum '' in
Figs. 1 and 2.

Parameters of the theory that must be supplied from properties
zI of the flame are (1) optical thickness T(z) as a function of

position in the flame, (2) a flame temperature gradient T'(z)
as a function of position in the flame, and (3) the scattering
prcfile a parameter in ýva

EXPERIMENTAL

The test flares were composed of 50 g of a magnesium--sodium
nitrate-binder mixture compressed into 3.: cm i.d. by 5.5 cm
long paper Oubes, having formulas shown in Table I. Formula
groups 1, 2, and 3 are nearly stoichiometric mixtLres, the
sodium nitrate in groups 2 and 3 bei.ng .1 and .01 of group 1
respectively. Stoichiometry was maintained in groups 2 and 3
by addition of potassium nitrate chosen because it reactq wth
magnesium at about the same rate as sodium nitrate arid because
of its low-emissivity in the neighborhood of the bouium D lines,
the region of interest for these studies.

II 1-3
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L•, of three different illuminating composition formulas
was tested in air at 8 levels of pressure; namely 760, 630,
300, 225, 150, 75, 30 and 6 torr. For each pressure-formula
combination, the burning time, flame size, and relative spectral
radiant power distribution in the visible region were recorded.

Relative radiant power spectra P.' of typical flares for
each pressure-formula combination are plotted in Figs. I and 2.
The solid curves in Figs. I and 2 are the experimental data.
These spectra are normalized to a peak value of unity for
convenience in the first step of the theoretical comparison.
Spectra were not obtained for formula groups 2 and 3 at 6 torr
because the flares did not sustain combustion at this pressure. L
Group 1 flares at 6 torr barely burned. Combustion difficulty
was visually observable for all flares tested at 75 torr or
less.

Values of the physical flame depth z' range from 6 cm for
formula group 1, 760 torr to 2.5 cm for formula group 3, 30
torr, a rather narrow range considerirg the large range of
experimental conditions.

DISCUSSION 1:

Visual comparison of the theoretical D and experimental V
4Y' relative radiant power spectra, plotted in Figs. 1 and 2,

A

shows that the discribution computed from theory agrees quite
well with the experimental distribution for each pressure-
formula combination.

In summary, it has been shown that the spectral radiant
power distribution of a pyrotechnic illuminating flare flame
can be predicted by a two-line radiative transfer model which
has been described. This can be done without introducing
assumptions which require ad hoc modifications of the model to
describe different flares. Known system variables such as
flare formula, flare size, and ambient pressure are the necessary
and sufficient input needed for the theoretical prediction.

L1
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TABLE 1. Flare Formulations U

Formula Groups
Ingredients 1 2 3 -
Magnesium 44.0a 40.4 40.04

Sodium nitrate 51.5 5.15 0.515 1
Potassium nitrate -- 49.95 54.945

Epoxy binder mix 4.5 4.5 4.5 1

apercent by weight
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Fig. 1. Illuminating Flare Flame Spectra for formula groups 1, 2, and
3 at 4 levels of ambient pressure. Theoretical relative radiant power
values 4, art indicated by boxes (). Experimentally determined
relative ?adiant power values D are shown by the solid line.
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3 at 4 levels of ambient pressure. Theoretical relative radiant power
values D are indicated by boxes (v'). Experimentally determined L
relative ?adiant power values SD are shown by the solid line.
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2!
ILLUMINANT PERFORMANCE IN INERT ATMOSPHERES

David R. Dillehay

Thiokol Corporation
Longhorn Division
Marshall, Texas

ABSTRACT

As part of the continuing investigation of illuminant combustion processes,
three sets of candles were burned in air, argon, and nitrogen at a pressure
of 760 torr. The mixes included a near-stoichiometric formulation and fuel
rich formulation. The performance variations and outputs may shed some
new light on the complexity of the combustion reactions and aid in modifying

~ J models of luminance production.

I
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INTRODUCTION

Although illuminant compositions have been in use for many years, the
details of the physical and chemical processes which result in the spectral
output are not well understood. In the last few years, several researchers
have started to delve into the theoretical aspects of illuminant combustion.
Part of the problem has revolved around lack of sufficient data on illuminant
formulations burned under carefully controlled and variable conditions.
The work reported by Douda 1 on the effect of pressure on the sodium D-line
profile is an excellent example of the type of data that will finally lead to an
acceptable model of a flare plume. This report will describe data gathered
as part of a study on illuminant burning rates. The data suggests some
interesting hypotheses for consideration in illuminant combustion problems.

L~. ~EXPERIMENTAL PROGRAM

The experimental data was developed at Denver Research Institute.
E Most of the test candles were manufactured at Longhorn Army Ammunition

"Plant. The formulations and physical dimensions of the candles tested are
given in Table I.

A cylindrical char 'er approximately two meters in both length and
diameter with a volume of about 6. 28 m 3 was used to contain the flare in
the desired atmosphere during combustion. The chamber is equipped with

several windows that permit the flare plume to be observed simultaneously
with spectrographs, radiometer/photometer devices and cameras for a
variety of characteristics. The chamber was evacuated to less than I torr
and refilled to 760 torr from a compressed gas manifold and tanks of com-

mercial argon or nitrogen. or locally compressed air.

The interior of the chamber and the permanent fixtures were painted a

high reflectance white. A baffle prevented direct radiation from reaching

the E. G. & G. Model 580 Photometer; and the effect was essentially that of
an integrating photometric sphere. This arrangement of photometer and
chamber was calibrated by placing a standard lamp in the spot usually occu-

I pied by the flare and recording the reading of the photometer on a strip

chart. The deflection of the recording pen was adjusted to a constant value
regardless of variations in the lumens/ft 2 read by the meter on the photo-

Smeter. Small changes in the chamber wall reflectance were removed by
this procedure. Frequent cleaning of the chamber was essential, however.

The flame was positioned with respect to a base-line established by a

He/Ne laser beam that also served to align the camera and the spectrograph.

iDouda, B.E. , "Radiative Transfer Model of a Pyrotechnic Flame",

RDTR No. 258, Naval Ammunition Depot; Crane, Indiana. Sept. 26, 1973.
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The candle was located 51mm below this reference line., which passed
through the center of the spectrograph slit and the camera lens. A beam
divider was used to insure the same viewpoint for camera and spectrograph.

Th spectrograph was a 3 meter grating instrument with a reciprocal

dispersion of llA/mm that caiL record on a 35mm strip the region from
3500 A to 7000 A. The glass windows on the test chamber limited the short U

wavelength record to about 4000 A and the Linagraph Shellburst film
response limited the long wavelength record to roaghly 6500 A. Process-
ing the film in Ek Co. Type 448 Monabath minimized the effects of varia-
tions in time and teriperature on film density.

* i;
Still pictures were taken with a Rolleicord camera at f/22, 1/30 second

on Plus X film through a neutral density of 3. 0. This exposure produced a

range of photographic densities at the positionr of the most intense region of
the flame that are in the linear region of the H & D cu-yve. lotion pictures

were made at 150 to 250 frames per second with a Locam camera on 16mm
Plus X Negative stock; the 1/900 - 1/1500 second exposure required a
change to N. D. 2. 0 filtration and f/5. 6 to produce densities similar to those-ý
in the still photographs.

I.

Ignition of the flare candles was accomplished by passing a low voltage

cuirrent through an "Atlas" electric match that had been fixed to the top of

the candle with masking tape.

RErjTLTS

Combustion in air in the chamber gave results similar to candles
burned at Longhorn for controls. A summary of the burning rate and
candlepower of each of the formulations is given in Table II.

"Combustion in both nitrogen ard argon showed marked decreases in
candlepower although the burning rate was not significantly affected. In
all cases, the flames in air are larger than the flames in nitrogen or argon.
Table III summarizes the results in nitrogen and argon normalized to the

results in air. (See Figures 1-14)

In examination of the results, it is apparent that the oxygen in the air
must contribute significantly to the production of light in magnesium-
sodium nitrate flares. Further, removal of the oxygen from the air, as in
the nitrogen tests, results in reduction of light output greater than for sub-
stitution of the inert gas, argon. The complexity of the combustion problem
is evident. However, a hypothsis may be offered for further testing.

Consider the flame as composed of three basic zones. The central zone is

a region assumed to be roughly in thermodynamic equilibrium as defined

2-2



by the calculated thermodynamic reactions of the NASA-Lewis SP-273
Complex Equilibrium Program. The second zone is the radiation volume,

ik limited on the interior by the optical depth for a radiation wavelength under
consideration and on the exterior by the lower temperature limit for
Plankian radiation. The third zone is the outer reactive envelope where

W external mixing with the atmosphere occurs. In the case where the exter-
nal atmosphere is air, the oxygen in the air reacts with the combustion
products and provides two benefits. First, the temperature of the third

�2.one if, increased, thereby creating an insulative layer of hot gas which
,reduces the heat loss of the central zone and produces additional thermal
excitation of sodium. The radiative volume is increased since the lower

j temperatire limit is moved further out. Secondly, the oxidation of sodium
vapor to sodium oxide will proceed at approximately 20400 K. Unless it is
oxidized and removed, the cooler sodium vapor will absorb a significant
amount of visible radiation.

Consider the results from the tests for 5% binder and 40, 47. 5, and
55% magnesium summarized below.

BR, in/sec Candlepower, X10- 3

% M Air A rgon Nitrogen Air Argon Nitrogen

40 .062 .061 .063 80 50 38
47.5 074 .071 .076 137 42 28
55 .086 .088 .094 178 26 20

I The 40% magnesium formulation is close to the theoretical stoichio-
metric formulation. The candlepower in argon would be expected to be the
same as in air since there is little non-combusted material available for
reaction with the oxygen in the air. The enhancement realized on burning
"in air can, however, be explained as the combustion of the excess sodium
vapor, removing the sodium as sodium oxide and i'educing absorptiun.

_ Some effect on temperature in the outer zone may also be postulated. On
the other hand, in nitrogen the candlepower is reduced because of the very
efficient quenching cross-section of nitrogen relative to sodium. It may be

I noted that this effect undoubtedly occurs in air but is overcome by the effect
of the oxygen.

The burning rate of the illuminant is the same regardless of the exter-
M • nal atmosphere. This implies that the physical plume is about the same

size for a candle whether burned in air, argon, or nitrogen. H-owever, it
"may be seen in the photographs that the visible plume decreases n size as
the external atmosphere goes from air to argon to nitrogen. This effect
is in keeping with the postulate.

2-3



I ~It is felt that significant improvemnent in theory will result from
additional tests covering a broader range of test conditions.
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TABLE I

COMPOSITION OF FLARES

Flare %00 Type Wt. in Lengt T, g Dia. Area
_Type3 Mg NaNO 3 Binder Binder grams Cm., in. cms cm

1 40.0 52.0 8.0 A 58 4.0 X 3.1 7.55

2 47.5 44.5 8.0 A 66 4.8 X 3.1 7.55

3 55.0 37.0 8.0 A 70 5.4 X 3.1 7.55

4 60.0 32.0 8.0 A 59 4.6 X 3. 1 7.55

5 40.0 55.0 5.0 A 59 4.2 X 3.1 7.55

6 55.0 40.0 5.0 A 59 4.6 X 3. 1 7. 55

7 47.5 47.5 5.0 A 59 4.4 X 3.1 7.55

A 3.1 7.35
31 44.0 51.5 4.5 B 50 3.0 Y 3.45 9.35

32 58.0 37. 5 4.5 B 50 3.0 Y 3.45 9,35

A ERL 2774 50% DMP 30 7.5% LP 33 4Z. 5%

B DER 321 61% DER 732 25% CX 3482. 1 14%

X WASATCH 30/50 Ball Milled

Y JAN-MV-382A TYPE III Gran 18

i h- j
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TABLE III

RESULTS NORMALIZED TO AIR

Argon Nitrogen
Flare Type KCDLA Rate KCDLA Rate

- 1 .313 0.904 .242 0.923

2 .118 1.100 086 1.050

3 .031 11000 .025 1.000

4 .015 1.100 .017 1.290

2 5 .625 0.984 .472 1.010

7 302 0.960 2z0 1.030

6 .146 1.020 112 1.090
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SPECTRAL CHARACTERISTICS OF FLARES
CONTAINING SODIUM IODATE AS AN OXIDIZER

Henry A. Webster III
and

Clarence W. Gilliam
Applied Sciences Department

Naval Amvunition Depot, Crane, Indiana 47522

ABSTRACT

Spectra are presented for several flare formulations which
incorporated sodium iodate as the oxidizer and magnesium as the

i fuel. While the flares containing iodate did not produce
increased candlepower, several new spectral features were
observed. One of the most interesting features was increased
emission in the blue region of the spectrum over that obtained
from the typical magnesium-sodium nitrate formulations. This
emission is attributed to the recombination of iodine atoms
in the 7o+u electronic state of molecular iodine followed

It by emission from this state. Other emission features are
discussed. Color measurements indicate that the iodate flares
are more "white" possibly making them better for target acquisi-
tion than sodium nitrate flares.
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INTRODUCTION

i IObtaining high light output efficiency from pyrotechnic
devices has always been a major problem and it would be atremendous advantage if the efficiency could be improved

substantially.

Light output from the chemical reactions in flares
originates by atoms or molecules in an excited state dropping'. •to the ground state, emitting radiation. Traditional pyro-
technic reactions produce species in their ground state.
Some of these species are then excited to an upper electronic
state by a purely thermal mechanism. Thermal excitation,
however, is a very inefficient method of producing excited
species.

~ •If the emitting species in a pyrotechnic reaction could
be formed directly in an excited state, the efficiency could
be greatly improved. If the excited state molecule can also
be chosen to emit in specific wavelength regions, the regions
of interest would be from 430-570 nm, i.e. that region where
sodium does not emit strongly.

SI Arnold, Finlayson and Ogryzlo discovered an intense iodine
chemiluminescence in the yellow region of the spectrum and

Sattributed it to iodiie atom recombination.' As far as can be
determined, iodine compounds have not beer considered for
illuminating compositions."

T EXPERIMENTAL

In or'der tc test the applicability of using sodium iodate
Sas an oxidizer and to obtain specific emissior, from iodine,

flares were made with the formulas shown in Table 1. Control
flares composed of magnesium-sodium nitrate were also pre-
pared. The flares were 33 mm in diameter, 25 mm long andcontained 50 grams of composition. In addition, two grams of
boron-barium chromate were pressed on the candles as a first
fire.

The flares were burned face up at a distance of 400 cm
from the measuring instruments. Relative luminous energy
and burning times were monitored by recording the output of
an EG&G Model 580 radiometer equipped with a photometric
filter on an x-y plotter. Table 2 contains a summary of the

I relative powers and burning times.

3-1



S~TABLE 1

1IFLARE COMlPOSITIONS

i Group
SIngredient 101 102 103 104 105

SMg 28.5 38.5 48.5 58.0 44.0

SNaIO4 67.0 57.0 47.0 ..

!]NaNO,3 ...... 37.5 51.5

SBinder 4.5 4.5 4.5 4.5 4.5

-3-

~t

SI
t

Gru

Inrdet 11 10t0 0 0

Mg2. 85 4. 80 4.

NaIO 467.0 57.0 47.0-3--



TABLE 2

RELATIVE POWERS AND BURN lIMES

Group Relative Power Bur-n Time

101 0.17 20 sec.

102 0.32 26 sec.

103 0.28 28 sec.I 104 1.00 23 sn.

105 0.93 25 sec.

~I

I

I
I~
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To prevent confusion over actual candlepower values which L
would obviously be different for these small diameter flares
when compared with full size illuminating flares, the data are L
all normalized relative to the fuel-rich magnesium-sodium nitrate
formulation, Group 104.

At the same time that the power measurements were made, L
spectra were taken in the visible region from 380 nm - 680 nm.
The spectra were taken on a Bausch and Lomb 1.5-m grating
spectrograph using Linagraph Shellburst film. The instrument
is equipped with a 450 groove/mm grating blazed at 490 nm and

0

has a dispersion of 15 A/mm in the first order. The flare was
masked in such a way that the light hitting the spectrometer
was from the region of the flame approximately two flare
diameters above the burning surface.

After each flare spectrum was taken, several spectra of
a 200 watt quartz iodine lamp were taken on the same film.
These spectra were used to correct the flare spectra for the
film response.

In an effort to study the new emission features apparent
in the sodium iodate flares, spectra were taken at higher
resolution with a 1-m Spex grating spectrograph. This spectro- L
graph is equipped with a 1200 g/mm grating blazed at 500 nm.
To provide the higher resolution, spectra were taken in the
second order over the limited wavelength region from 515-580 nm.
The spectrograph dispersion in this region in the second order
is 2.7 A/mm. Kodak lri-X glass plates were used for recording
the spectra.

Microdensitometer traces of all spectra were made on an
Optronics densitometer. For the low resolution results,
digital readings of film density were recorded at 100 micron,

0

i.e. 1.5 A, intervals along the entire wavelength region. For
the high resolution spectra, digital readings were recorded at

12.5 micron, i.e. 0.03 A, in the wavelength region used. The
density readings were converted to radiant power by applying
the film correction function generated from the quartz-iodine
lamp spectra. These spectra were then converted to luminous
power spectra by multiplying the radiant power by the photopic

luoinous efficiency function, i.e. the eye response curve.3

The resulting spectra normalized to a value of one at the
maximum emission are shown in Figs. 1-11. Figure 11 is the
high resolution spectra of Group 101 magnesium-sodium iodate.

3-4
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DISCUSSION

The compositions of the flare Groups 101 and 105 shown in
Table 1 were chosen by adjusting the fuel to oxidizer ratio in
the NASA thermodynamics program until the maximum flame temp-
erature was found. 4 This optimum formula was used as a
starting point for formulations. It is a known fact that fuel
rich formulas tend to produce more light than the so-called
optimum formula. 5 Thus, Groups 102 and 103 were arbitrarily
selected as fuel-rich sodium iodate formulas. Group 104 is a
fuel-rich formula similar to the current Mk 45 aircraft
parachute flare formula.

The data presented in Table 2 clearly show that the L:e
of sodium iodate as an oxidizer causes a decrease of about a
factor of three in both candlepower and efficiency. This loss
in output is probably a result of the reduction in the sodium
atom concentration. Due to the high molecular weight of sodium
iodate, the sodium concentration in Group 101 is 24% less
than in Group 104. The reduction in concentration means that
there are not only less sodium atoms to emit but it has been
shown that a reduction in sodium atom concentration also causes
a narrowing of the broadened sodium D resonance lines. 8  Sodium
D emission accounts for most of the light output in magnesium-
sodium nitrate illuminating flares. Fig. 12 shows a super-
position of the spectra of the iodate containing flares and
the nitrate containing flares. The half-width of the sodium D

region in the nitrate flares is 400 A while the half-width in
0

the iodate is only 160 A. The calculation of the resonance
broadening using Douda's method and lowering the sodium atom

density by 25% reduces the broadening to only 300 A. In order
to fit the data, it is necessary to adjust the Voigt function
a parameter. A value of the Voigt a parameter of 0.20 gives
a good fit to the experimental data. Reducing the a parameter
is equivalent to reducing the broadening due to like and
unlike species in the flame. The resonance broadening half-
width, i.e. broadening of sodium resonance lines by sodium atoms,
is reduced because there are fewer sodium atoms in the system.
The collisional broadening half-width, i.e. broadening due to
collisions between sodium and unlike species, is reduced due to
the increased reduced mass of the system because of the added
iodine. Order of magnitude calculations show that these
reductions in half-widths are not entirely sufficient to account
for the reduction in the a parameter. A detailed treatment,
however, to explain these differences is beyond the scope of
this paper. Arguments can be made to show that the broadening
and the a parameter are very sensitive functions of temperature
and concentration of species in the flame. The problem of

3-16
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mapping temperature and concentration gradients in a pyrotechnic
flame is at the present time very difficult. Much more experi-
mental work in this area is necessary in order to resolve the
fine points in a calculation such as the one done by Douda.

The decreased luminous output in the sodium iodate flares
would tend to rule out the use of the iodate as an oxidizer.
There are, however, interesting features in the spectra which
should be pointed out for use in special applications where the
high intensity of the magnesium-sodium nitrate formula is not
necessary.

The two most striking features in the spectra of the magnesium-
sodium iodate flares, see e.g. Fig. 2, are the strong band
emission at 538 and 560 nm and the increased continuum in the
blue region from 400 - 530 nm. In addition to those shown, there
is band emission at 380 nm similar in size and shape to that at
538 and 560.

The observed blue continuum is assigned to the molecular

iodine B 3no+ +-X 'Sg+ transition. 7  Figure 13 shows theo u g
two potential energy surfaces responsible for this transition.
There are two possible mechanisms for tihe production of this
emission. The emitting iodine molecule is formed by recombination
of iodine atoms.

I + I +rMc wol+ Mb

In a thermal excitation model, the ground state iodine molecule
formed by this reaction would be thermally excited to the upper
electronic state which would then emit. Another mechanism would
be for the iodine recombination reaction to form the excited
state directly followed by the observed emission. Either of
these two mechanisms is reasonable due to the high temperatures
in the flame. Based on the results which have been obtained, it
is impossible to distinguish between the two mechanisms. More
detailed studies would be required to observe the molecular and
the a'omic iodine emission and absorption simultaneously. This
type u,' information would be required to completely determine
the reaction mechanism.

The band emissions at 380, 538 and 561 nm have been

identified as barium iodide A2 r+-+X'E transition. 7  Barium
emission is also seen as atomic emission at 554 nm. The barium
in the flare comes from the barium in the boron barium chromate
first fire. The barium emission is seen throughout the entire
burning time and not just at the start of the burn. v
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The spectra shown in Fig. 11 unfortunately was not sufficiently
resolved to allow calculation of any molecular constants for Bal.

While the spectra were being taken, visual observations of
the flares indicated that the sodium iodate flares appeared to
be whiter in color than the sodium nitrate. In an effort to
quantify this observation to some extent, the spectral information
obtained on Group 101 and 104 flares, Figs. 2 and lO, was
converted to the tristimulus color values X, Y and Z from which
one can obtain the dominant wavelength and purity of each flare. 3

Fig. 14 shows a chromaticity diagram with the points marked
for Groups 101 and 104. As can be seen, the iodate are rendered
more nearly white than the sodium nitrate flares. For the
iodate flares, the dominant wavelength is 583 nm and the purity
is 81%. For the nitrate flares, the dominant wavelength is
584 nm and the purity is 94%. The fact that the sodium iodate
flares are more nearly white is due to the increased emission in
the blue region of the spectrum.

Although little work has been done in the area of the effect!
of color on target acquisition, it would seem that a source l

with a more uniform distribution of light would be preferable
to a highly monochromatic source. Thus, if one were interested
in white flare light of moderate intensity, the magnesium-sodium
iodate composition would provide a reasonable system.

i
CONCLUSIONS

Flares composed of magnesium and sodium iodate show
increased emission in the blue region of the spectrum. While
the total luminous power is a factor of three less in the iodate
flares than in magnesium-sodium nitrate flares, the increased
blue emission makes the output of the iodate flares appear --

whiter. The blue emission is assigned to the A - X transi-A
tion of molecular iodine.

Band systems due to barium iodide formed by the reaction
of the iodine atoms with the barium first fire were identified.
The systems at 538 and 561 nm were observed under moderate
resolution to determine molecular constants. Due to a lack
of resolution, this was not possible. The emission bands are
very specific and seem to be reasonably strong based on the
fact that they are due to a barium impurity.
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Magnesium-sodium iodate flares could be used as a moderate
intensity white light source for better target acquisition. The
use of barium and iodine containing flares might provide
increased specific emission at 538 and 560 nm.
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A MATHEMATICAL MODEL OF FLARE PLUME
COMBUSTION AND RADIATION

I John E. Tanner, Jr.
Naval Ammunition Depot

Applied Sciences Department
Crane, indiana 47522

ABSTRACT

i A mathematical model of the temperature, composition and

radiation profiles along the length of the plume of a pyro-

fT technic flare is constructed based on observations and on

relevant radiation and thermodynamic theory, taking the

magnesium/sodium nitrate/binder flare as an example.

"Predicted changes in luminous output due to changes in

fuel percent, pressure, and ambient oxygen content correlate

SIJ moderately well with observations.

It is shown that a significant amount of air augments

combustion and that this air has a large effect on flame

temperature and on luminous output. It is also shown that the

smoke is a very weak gray body, much less than 1% of a blackbody.

Particle burning times are shown to be considerably shorter

than those predicted from single particle burning experiments.

There is also some indication that when a fuel-rich flare burns

in an oxygen-poor environment, much of the stoichiometric

excess magnesium does not vaporize.



I -

The results show that the maximum temperatures are

probably within 200 degrees of computed adiabatic temperatures

for all but the most fuel-rich flares.

Ii
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INTRODUCTION

I Many experimental and theoretical studies of the combustion

of flares have been made to detennine the details of the
Ij combustion and light emission processes so that a better

understanding of their operation could point the way to devising

flares of greater luminosity or color purity.1-7

The purpose of the present study has been to construct a

theoretical model of flare combustion which would incorporate

all the experimental observations and at the same time test

them for consistency. The goal is to predict other results

which have not yet been determined with accuracy, in particular,

luminosities from untried compositions.

Therefore, a computer program has been constructed which

models combustion, radiation, and flow of material in the plume

ST.of a pyrotechnic flare. This is done by following a fixed

MK amount of the original composition as it leaves the burning
surface and progresses toward the tail of the plume.

The flow is modeled in one dimension only. No movement

or variation in properties perpendicular to the plume axis is

I considered, except for the spreading out of the gases to fill

a cone-shaped plume. Ambient air (or other gas) is assumed to

mix in continuously along the plume.

I4
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The slow step in the combustion reaction is taken to be the

vaporization and combustion of the metal particles, which,

begins when they are ejected from the flare body surface and

continues to completion in the plume, with a constant, arbitrarily

predetermined rate.

The binder and oxidizer are assumed to decompose completely

to gaseous products at the flare surface. Chemical equilibrium

among these gases and the available metal vapor is assumed to
8r

instantaneously follow changes in local temperature. 8

Radiative loss to the outside is the only macroscopic energy

transfer considered. Heat feedback within the plume is ignored.

Three types of radiative energy loss are modeled: (1) gray

body radiation proportional to T4 , (2) simple line emission

proportional to the concentrations of the relevant species and

to the Boltzmann factors and transition lifetimes for their

excited states, and (3) strong resonance line emission producing

a very high optical density. For this latter case, a simple

two-temperature radiative transfer process is constructed.

BASIC EXPERIMENTAL FACTS

In an initial test of the model, we have taken the magnesium/

sodium nitrate/organic binder flare composition as an example,

since this represents the most common military flare, and the

one most thoroughly observed.

4-2



Various evidence as follows indicates a temperature of about

1000*K at the burning surface: It has been observed, 7 using

high speed photography, that most magnesium particles (m.p. 922MK)

melt only a millisecond before ejection from the solid, and

Pit that they ignite a short distance from the surface. Further-

more, decomposition of sodium nitrate, which produces the gas

to blow the magnesium out of the flare, has been shown to take

place rapidly enough at or above 1000*K.G Finally, ignition

temperatures of magnesium dust in air have been reported to

j be about 9000K. 1

Plume temperatures have been determined by thermocouples"

and by absolute brightness measurements'2 at a frequency in the

sodium D line. Both types of measurements yield maximum temper-

3 atures in the vicinity of the computed adiabatic temperature,

i although they are uncertain by several hundred degrees. The

position of the maximum temperature is found within a few inches

of the surface in the thermocouple measurements cited.

Observations' indicate that the region of greatest bright-

3 ness begins about one diameter from the surface. For stoichiometric

mixes, the brightest region is fairly concentrated, whereas for

"fuel-rich mixes it is well spread out along the length of the

t I plume.

The shape of the flame and smoke plume depends on the

I 3orientation of the flare and on the surrounding air flow. For a

flare burning upright in still air, the plume can be approximated

1. 4-3
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as cone shaped, with an apex angle of 15-300. Plumes of large

diameter (4-1/4") flares may be luminous a distance of 4-6 feet,

to a point where the photometric brightness has decreased by

a factor of about 106 from the maximum value.

Power spectra indicate that most of the luminous intensity

is from the sodium D radiation,' 2 a doublet of frequency 5890 A

This radiation accounts for about 8% of the total heat of combustion

in flares which have been optimized for efficiency of luminous

output.

THE MODEL

The heart of the model is the NASA computer program for

complex equilibria.' 4  This program computes equilibrium

compositions and temperatures from a given set of reactant

materials and their enthalpies. Modifications were added to cause

the program to automatically recompute equilibrium a specified

number of times to represent closely spaced points along the

plume. At each point, increments of air and of magnesium are

added to the amount of initial reactants, to represent the p
continual mixing in of air and vaporization of magnesium.

Radiation losses are computed based on temperature and emitter

(sodium atom) concentrations at each point. These losses are

subtracted from the enthalpy used in computing equilibrium 11
at the next point. In this way, a temperature, composition p

Li
and radiation profile are constructed along the length of the

V 44- [4-
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plume. The radiant outputs are added up for all of the points,

separately for each emission process, to obtain the total output

of the amount of material considered.

Details of the addition of materials and of the enerqy

losses in the case of the magnesium/sodium nitrate flare are

as follows:

SI The rate of vaporization of magnesium is in reality

dependent on local temperature and oxygen concentration. To

properly take this into account would have introduced considerable

complexity into the calculation. Therefore, the vaporization of

magnesium is assumed to proceed linearly with time, such that

the magnesium will all be consumed near the expected point of

maximum brightness.

The air (or other gas) is added linearly with distance, the

adjustable proportionality constant being referred to as the

SI"air mixing rate". This rate was made proportional to the flare

SI candle diameter and to the 2/3 power of ambient pressure for

simulating altitude effects.

The only radiation modeled was the sodium D line and gray

body radiation. Radiation losses for most processes involving

small molecules in the gas phase could be calculated as directly

proportional to the species concentration, the Boltzmann factor

for the excited state (not the energy difference between states)

m and the radiation lifetime of that transition.

WE-5
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However, in the special case of sodium D radiation, the

extreme optical density makes the final brightness highly non-

linear in sodium concentration. Therefore, a simple two-

temperature re.diative transfer model was postulated. The line

was taken to have a Lorentzian profile with half width computed

from a standard formula.' 5 The emerging radiant exitance,

I, was then assumed equal to

I' = p10  [l-exp(-Z k,)] exp(-Z' kx)d(x-xo))

where I* is the radiant exita.ce from a blackbody at thermo-

dynamic equilibrium as given by the Planck formula. The

first factor in the integral represents emission in the hot -

region; the second factor is absorption in an outer cold region

of the flare plume; k. is the optical density, which is a F

function of the species concentration, the transition lifetime,

the Lorentz half width, and the distance from line center,

(X-X ).15 Z and V' are total path lengths in the hot and
0

cold regions, respectively. Z is equated to the plume diameter,

and Z/Z' is an adjastable input parameter. An adjustable

proportionality constant, p, (hereafter referred to as the

"i"sodium radiation constant") is also included.

i4-6
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Gray body radiation losses were calculated proportional to

T4 with a simple adjustable constant, referred to as the "gray

body radiation constant".

Some of the omissions and approximations made deserve

further comment. The consequence of neglecting heat feedback

within the plume is that the effects of composition, ambient

pressure, and other variables on burning rates cannot be

T estimated even to a first approximation. Also, a consideration

of heat feedback is necessary in order to take into account the

-Jeffect of local temperature on metal particle burning rates.

Since the effects of local temperature and oxygen content

on particle vaporization were not taken into account, the model

It. predicts continuing vaporization of all magnesium where the local

plume temperature exceeds its boiling point. If not enough

oxygen is present, the vaporization of the excess magnesium

severely depresses the computed flame temperature, possibly

leading to too low a predicted luminous output for fuel-rich

jl flares burning in an oxygen-poor environment.

In spite of these omissions, and the approximations with

which other aspects were modeled, it is believed that the

model can make useful predictions.

S~4-7
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RESULTS

Predicted temperature and flame brightness lengthwise along

the plume are compared in Fig. 1 for the reference flare--58% Mg/

37-1/2% NaN0 3/4-1/2% epoxy binder of 4-1/4" diameter.

The adjustable parameters, which are the radiation constants,

the rate of air mixing, and the particle burning time have been

chosen after a number of trial calculations on this flare

so as to give the best fit to experiment, and to be reason-

able theoretically.

Trial calculations used to help determine the air mixing

rate constant are shown in Fig. 2a, where the temperature is

plotted for various assumed values of this rate. The value two

parts air to one part solid at 200 cm is a compromise which

produces nearly the maximum total luminous output and satisfactory

flight times.

For comparison, the adiabatic temperatures which would be

attained during combustion and mixing with air are shown in

Fig. 2b.

The adjustable gray body radiation constant turned out to

be about 0.1% of the corresponding blackbody coefficient, a

small value but perhaps reasonable considering the high L

reflectivity of magnesium oxide.

The sodium radiation constant was a factor of 4, which is

not unreasonably larger than the hoped-for value of unity.

The ratio of hot to cold optical path lengths, t/I', was

arbitrarily taken as 10.

4-8
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The particle burning time for 400 microns (30/50) particle

I size was chosen as 0.1 sec, a compromise between single particle

experiments which indicate longer burning times' 6 and modeling

of the observations of the position of luminous intensity,

which indicates shorter burning times.

Having chosen these parameters, we may examine the mnanner

SI in which temperature, flame brightness, and total lum.nous

output are predicted to vary as the experimentally-controllable

parameters are varied. These parameters include the fuel

- V(magnesium) content, ambient pressure, and percent ambient

oxygen. Illustrations of their effects are presented in

Figs. 3 and 4, and in Table I, respectively.

The remainder of the results presented here consist of

comparisons of predicted temperatures and luminous output with

specific experimental observations reported in the pyrotechnic

literature.
J The effect of flare candle diameter on the optimum fuel

content has been studied by Douda.1 7  Predicted luminous

outputs are compared with his results in Table II.

The effect of pressure on luminous output is shown in

Table IV, where predicted values are compared with observations

of several experimenters.'' 18

SI4Ij, 4-9



The effect of a nitrogen environment on flare output has

been observed both by Waite and Weaver,'" and by Hamrick and

Rose. "'

Waite and Weaver burned flares of various sizes face down-

ward in an upward flowing stream of air or of nitrogen gas

which, however, was not partitioned from the surrounding air.

Comparisons of predicted luminous output with their results

for 4-1/4" flares of 55% magnesium content are presented in

Table III.

Hamrick and Rose used thermocouples to determine flame

temperatures at a number of points simultaneously both on and

off the plume axis. Their flares of 4-1/4" diameter were

burned face upward in an open cylinder supplied with nitrogen

at the bottom. Predicted temperatures are compared with their L

measurements at two different magnesium contents in Fig. 5.

DISCUSSION

In most respects, the model predictions agree qualitatively

and semi-quantitatively with expectations and with the specific

experimental results presented.

"The model correctly predicts a decrease in flame brightness

and total luminous output with decreasing atmospheric pressure.
I-

This effect is predicted to increase greatly as fuel content

is increased. The observations of luminous output presented

S~4-10

_ ,,,,,.. .,...4. .l• L••i. . . - - ,,- • i••7 -



WI
LI

in Table IV do show this effect of fuel content, though it is

not as large or as consistent as is predicted. The lack of

consistency among the different experimenters could be due

simply to the well known erratic performance of pyrotechnic

_k flares, particularly non-standard items produced in small

quantities. That the predicted effect of fuel percent is

I larger than that observed could be due to the manner in which

CZI the magnesium was assumed to burn, as was discussed in aRIFi
previous section.

Observations indicate an increase in the length of the

visible portion of the plume as pressure is decreased. The

model also predicts this effect, of a magnitude similar to

that actually observed, see Fig. 4.~ I
A variable similar to atmospheric pressure is atmospheric

oxygen content. Flares can be burned in an atmosphere of

nitrogen instead of in air. One expects the same deleterious

I effect of lack of oxygen on fuel-rich flares in both cases.

However, a low ambient pressure causes a large increase in

dissociation of combustion products, which further lowers the

flame temperature.

The mouiel predicts a much more severe effect of a nitrogen

environment on flame temperature and luminous output of fuel-

rich flares than has been observed experimentally, as can be

seen in Table III and Fig. 5, respectively. The discrepancies

4-11
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between prediction and the observations of Waite and Weaver

(Table III) may be in part due to a lack of rigorous exclusion

of air in their experimental setup. The apparatus of Hamrick

and Rose was probably much better for excluding air.

The bulk of the discrepancy may well be due to the lack

of consideration of the effect of local oxygen concentration

on vaporization of the magnesium. The magnitude of this effect

was checked in a few cases by making the calculation under
4]

the assumption that only as much magnesium vaporizes as there

is oxygen available to react with it. The results in Table III

and Fig. 5b show that the effect is large, and so the detailed

behavior of the burning process is an important question. L

A question of considerable practical importance is the
optimum fuel/oxidizer ratio, the criteria being the total

output (luminous efficiency) and the burning rate. For candles

burning in an inert environment, a nearly stoichiometric fuel/

oxidizer ratio would be expected to give greatest efficiency.

Experiments in air show that quite fuel-rich mixtures are the

most efficient. The experiments by Douda,1 7 cited in the

previous section, show how the optimum fuel/oxidizer ratio

decreases with increasing candle size. Several factors could

contribute: As plume diameter increases (1) efficiency of

mixing with air could decrease, necessitating that the candle

contain more of its own oxidizer and, (2) the efficiency of

4-12
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Secondly, it should be possible with a reasonable effort

to improve the basic model itself by including the effects of

heat feedback within the plume and by including a particleFI
burning model which contains a dependence on local temper-

ature and oxygen content. This would allow at least a first

approximate prediction of burning rates. It would also

remove the arbitrariness in the way the particle burning is

described and would improve the predictions for fuel-rich

compositions burning in an oxygen-poor environment.

I
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TABLE I

Predicted Luminous Efficiencies (cd-sec/g) of Flares Burned-1 in Various Atmospheres. Epoxy Binder 4.5%.

Percent Environment
Magnesium Nitrogen Air Oxygen

S41% 14,000 21,600 22,000

T 58% 3,900 43,900 66,000
S58%, 1/4 unburned 20,700

I
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TABLE I I

.Predicted versus Observed Effect of Fuel Percent on Efficiency.
Efficiencies Listed in cd-sec/g.

Magnesium 55% 62% 70%
Diameter

2.0"1 predicted 43,600 52,500 62,200
observed 31,10O0 37,800 35,900

4.25" predicted 42,300 42,300 45,300
observed 46,000 44,600 36,900

7.33" predi cted 38,800 31,200 28,800
observed 40,200 36,300 32,500
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I

TABLE III

SIComparison of Predicted and Observed'Luminous Efficiencies
of 4.25" Mg/NaNO /Laminac Flares of Composition 55%/40%/5%
respectively. 3

Magnesi um Efficiency, cd-sec/g
Particle Size Environment predicted observed

l 30/50 Nitrogen 3,350 22,500

50/100 Nitrogen 1,930 28,400
3,470*

50/100 Air 38,400 47,700

*Assumption that excess magnesiurm is not vaporized.

I4
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Fig. 5. Computed flame temperatures (nitrogen atmosphere) for flares
4 of 4.25" diameter, compared with thermocouple measurements." Straight

line segments connect values measured simultaneous.y on a single flare.
The dotted line assumes that no excess magnesium vaporizes.
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WALLOP INDUSTRIZ:S LTD.

F L ARE LI N ER MA TE R IA L S
%U

Dby J. D. Gilbert

Wallop Industries Lilited, Middle Wallop, Hampshire, England

ABSTRACT

For some time it has been felt that the use of traditional materials such
as paper and more recently Lantex, a phenolic bonded paper or fabric
material, might be replacable with advantage by plastic.

Plastics offer a cheap) lightweight varied range of materials with the
possibility of forming fittings, lugs, following ogive shapes et cetera.

A summary of the work carried out at Wallop into the suitability of
different liner materials will be given. All the readily available plastics
at the commencement of this work were considered although some were rejected
on various grounds. This work showed that Kematal and pap ,r, with some
reservations, were the most generally useful materials. It was found that
the type of flare composition determines the most suitable liner material.

Introduction

Flare composition pressed into metal tubes presents problems due to such
factors as the difficulty of removing the flare from the pressing bolster
and the fast, often explosive burning of the filled item. The fast
burning can be reduced or prevented by using an inhibiting liner or by
coating the ir-ide of the metal tube with an inhibiting material.

Most illuminating flare compositions are pressed into a tube, normally
of paper or phenoliic resin impregnated paper or fabric, (Lantex). The
filled liner is then fixed into the metal case which protects the flare
composition during storage and handling.

For a long time it has been felt that Lantex may not be the most suitable
1 material for flare liners. This feeling is given substance by the
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continued use of paper flare tubes within the pyrotechnic industry.

Lantex tubes whilst reasonably priced become expensive when grooves,
slots, et cetera are required. The increased cost is due to both
machining and to the increased rejection rate due to the more frequent
splitting of the tubes when the composition is pressed into them. At
the present time the only alternattive to Lantex in wide use is paper.
Paper tubes can be easily fabricated nut suffer from the disadvantage
of having a high, up to 10%, moisture content, and the impossibility of
machining grooves et cetera to them. Some initial observation had shown
that for a given flare composition the luminous efficiency and burning time
were greater for flares burnt in paper tubes than those burnt in Lantex.

We thought that plastics offered an attractive alternative to paper or
Lantex. Plastics are easy to fabricate, most are chemically inert and

they allow moulded lugs, grooves etcetera to be provided during the initial
fabrication.

Plastics Choice

An the moulding plastics available at the time ware considered. Some
plastics were rejected at this stage on various ground. For example:-
(1) chemical degradation on storage e.g. Delrin an homopolymer of
formaldehyde decomposes to formaldehyde, and polyvinylacetate gives some
aoetic acid. (2) High equilibrium water content e.g. Nylon (10%).
(3) Poor physical properties e.g. P.T.F.E. with poor dimensional stability
especially at the crystallinity changes. (4) Failures found in previous
work were not considered further e.g. poly,,arbonate tubes were found to
grow during the burning of the flare. (5) Plastics that might present
moulding difficulties were rejected.

LThe mattrials finally choscn for investigation were Kematal, polypropylene,
glass filled polypropylene, high density polythene, and styrene

acrylonitrile. For comparison purposed Lantex, paper and aluminium
tubes were included.

The plastics were moulded into tubes of approximate 1" inside diameter
nand 3k" long. Some variation in size was found, due to the moulding

characteristics of the individual plastics. These were expected and
for the purpose of this work were ignored (the differences found were up
to 0.012 inch on diameter). The other materials, Lantex, paper and
aluminium were also used in tubes of this size. The flare compositions
were pressed into the tubes in several increments under a load of 4 tons/
square inch. The lower ends of the flares were sealed and the flares
ignited with an electric fuze. The light output was measured with an
eye response photoelectric cell and recorded on a U.V. oscillograph
recorder. In all cases the flares were burned vertically flame
upwards.

5 21
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Compositions Choice

4 The flare composition used covered as wide a range of materials and
burning rates as was feasible. The fuels used were coarse and fine

' m magnesium in varying proportions, and titanium. The oxidants used were
sodium, and strontium nitrates in different proportions, calcium oxalate
was present in some composition as a rate modifier. The details of
the compositions used are given in Table 1.

Results

Quantitatively, Kematal, polyproplylene, H.D. polythene and styrene
acrylonitrile burnt away at approximately the same rate as the flare
composition. The paper and Lantex tubes burnt more slowly. The glass
of the glass filled polypropylene remained as a chimney. The flares in
aluminium burnt very fast and erratically and the tubes tended to
melt rapidly down one side. Only two flares were burnt in styrene
acrylonitrile tubes due to the difficultics found in moulding the plastic.

1 The burning rates and photometric data for the flare candles are given

in Table 2.

1PW From this work the following observation can be made:-

IF 1. Generally the flares in aluminium tubes burnt very fast and did not
have very good efficiencies. This reduction in efficiency is
however less pronounced with the faster burning composition, such
as the titanium based compositions.

2. Styrene acrylonitrile was only used in two tests but as the
efficiences were poor no further work was ocne with this mateial.

3. The luminous efficieacies of the compositions based on the coarser
grades of magnAesium with sodium nitrate as oxidant were affected

fi by the liner materials in the following order:- paper, Kematal,
H.D. polythene, glass filled polypropylene, polypropylene, aluminium,
Lantex and the worst was styrune acrylonitrile.

Compositions using the finer grades of magnesium were still the
most efficient in paper and Kematal but the order of superiority
for the other liner materials varied.

4. Trials with faster burning compositions have shown that these are
less sensitive to the liner material.

5. It seems likely that as long as a minimum thickness of liner
is between the composition and the outer case the results are

independent of the material of the outer case but dependent on the
liner material. The minimum thicki.ass of liner depends on both
the flare composition and the liner material. In parrallel with

~ 5-3



the photometric work an X-ray study of burning flares was carried
out.

The film to be shown was taken from the X-ray fluorescence screen.
The flare candles were rotated at about 4 rev/s about their
vertical axes on a turntable. The rotation enable the distinction
to be made between the formation of a cone or a tilted plane
surface during the turning of the flare. The compositions used were
those that were used for the photometric work; and the liners used
were paper, Kematal, Lantex, high density polythene and glass
filled polypropylene. The flare compositions, liners and comments ,
on the X-ray film are given in Table 3.

Conclusions

On the basis of this work some firm and some tentative conclusions canbe drawn:-

1. The most suitable liner for a given composition is not necessarily
best for any other composition. The results obtained give an
indication of the most likely material in a given case.

From an efficiency point of view paper or Kematal are the most
satisfactory materials for liner construction. The disadvantage of
paper is its high equilibrium water value and the ensuing shrWnking
and stretching that occurs with the change in its water cotitent.
This becomes a prcblem if cracks can occur between the flare and the
liner allowing the flame to burn ahead of the compositions surface,
rapid and often explosive burning can then occur. Howevor, a flare
pressed into a papcr tube and potted into a metal outer case soon
reaches equilibrium and becomes stable. Kumatal or any
thermoplastic suffers from the disadvantage of requiring a moulding
tool but once fabricated the cost per flare liner is low.

2. Intuitively tha conductivity of the liner material pla:ys some part
in the burning characteristics of tho flarcs. L

TABLE 4

Thermal Conductivity

paper 3 x 10-4 cal/cmOC

Lantex 7 x 10-4

Kematal 5.5 x 10-4

Polypropylene 5 x 10-4

H MeD. polythene 8.7 x 10-4

Aluminium .57 "

"U-
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As the conductivity of aluminium is several orders of magnitude
I greater than the othere, different behavious might be expected.

That a high conductivivy effects the burning rate is shown by the
data in Table 5 for a magnesium/sodium nitrate flare of 2.5"
diameter and about 5" long.

A further effect of the liner material might be due to its heat
capacity and latent heat of fusion both of which might be

j expected to reduce a flares' efficiency by removing energy
and reducing the flame temperature. This effect would be offset
by the heat of burning of the flare tube. Unfortunately dataj •is difficult to obtain to substantiate or disprove this theory.

Summing up, the material surrounding a flare is very important as far
as the suitability of a particular flare composition is concerned for!a given application. The final choice of liner material will still

U have to be based on the off setting of one factor e.g. cost and
quantities required, against such things as desired light output and
speed of burning, but at least now a more informed choice can be made.

X'I
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TABLE 1

Details of Composition Used

composition i'Speed' Ingnrdints : _ _

A slow Mg 49% Varnish 5% NaNO3  39% Ca(O'.C) 2 7%

B slow Mg 50% Varnish 4% NaNO3  46% 1
I

c slow IMg 55% Varnish 2.5% NaNO 3  42.5%

D medium IMg 58% Polyester vaN0 3  34%
epoxy 8% I

E fast ,g 50% Varnish 4% NaNO 3  40% Ca(OOC)2 6%

fast Mg 50% Varnish 5% NaNO 3  35% Ba(N03)2 10%

SG fast Ti 48% Boiled Sr(NO3A 45% Chlorinated
Linseed rubber 3%
Oil 4%

I H fast Mg 55% Viton 5% polytetrafluoroethylens 40%

5-6i
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TABLE 2

The effect Pf liner materials on the pyrotechnic
I pjrformance of various compositions

I Composition Tube m•terial Buxning rate Light output Efficiency
in/s kcd/4n 2  kcd s/g

A paper, 0.055 47 29
Lantex 0.13 51 14
Kematal 0.055 40 26
polypropylene 40,6 40 23
glass filled p.p. 0.11 81 25
H.D. polythene 0.07 54 27

Sstyrene acrylonit- l 006 18 11
aluminium 0.27 106 16

B paper 0.07 4,7 26
Lantex 0.2.9 60 11

SKematal 0.07 50 26
Spolypropylene 0.07 29 17

glass filled p.p. 0.08 40 18
H.D. polythene 0.07 42 21
aluminium 0.26 120 16

C paper 0.07 86 41
• Lantex 0.20 72 12

Kematal 0.07 80 41
polyplcpylene 0.07 42 21

glass filled p.p. 0.08 75 4SH.D. polythene 0.07 75 37

aluminit-n 0.27 138 18

D Kematal 0.09 149 39
paper 0.09 59 29
Lantex 0.17 116 30
Saluminium and J 0.15 92 41
asbestos paper,

Table 2 Continued ......
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TABLE 2 (continued)

Composition Tube material Burning rate Light output Efficiency
Cono i in/s kcd/in2  kcd s/g

pE pper 0.15 95 26
Lantex 0.16 84 20
Kematal 0.13 76 22
polypropylene 0.13 48 13
glass filled p.p. 0.14 77 21
H.D. polythene 0.13 58 16
styrene acrylonitrile 0.15 51. 13
aluminium 0,39 145 14 [

r paper 0.17 113 20
Lantex 0.22 78 14
Kematal 0.15 77 20
polypropylene 0.16 87 19
glass filled p.p. 0.13 65 15
H.D. polythene 0.15 46 13
aluminium 0.54 250 17

G paper 0.16 36 5.0
Lantex 0.21 46 4.9
polypropyloue 0.25 32 2.9
glass filled p.p. 0.26 40 3.6
Kematal 0.24 56 5.4
H.D. polythene 0,25 ?1 2.9
al.uminium 0.36 62 3.8

H paper 0.18 -a 4.7
Lantex 0.19 22 3.8
Lantex with thin coat 0.18 21 3.7

i •,ZAnzx witn thick coat
Of Viton 0.18 19 3.6

polyplMpylene O.13 14 2.4
glass filled p.p. 0.18 16 2.9
glass filled p.p. with
thin coat of Viton. 0.1.9 19 3.2
glass filld p.p. with
thick coat of Viton 0.17 17 3.2
H.D. polythene 0.17 8 1.4
aluminium 0,67 21 1.1
Kamatal 0.18 20 3.5

F1
II

~~5-8



TABLE 3

Flares noted in the order they appear on the film

Efficiency of light Y-ray
Flare Mix Tube production in this Shape of burning

k No tube material surface

- I-_
29 F glass filled poor some sloping

polypropylene3 28 C Lantex very poor some coning

L27 C paper good slight saucer
26 C H.D.polyethylene good slight saucer
25 C Kematal good slight saucer

24 D Lantex fair some coning
22)godfa
21) D paper good flat

20)
19) D Kematal very good very slight saucer

18)17) A Lantex poor irregular irregular burning,
17 coned and sloped.
16) A paper good slight saucer
15)

14)
13) A Kematal good some saucer

12 H Lantex fair turbulent but flat

9 H paper good turbulent but flat

7) H Kematal fair turbulent but flat

1I fair :ub.ent some

1 6)1 G 1 Lantex light intensity very coning getting
5) low at start, rose progpessively worse

for first third then slag left in tube.
irregular.

2) G paper good from start but flat.

0 G Kematal good from start, quite fla-c, some
fairly regular turbulence.

I T-
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TABLE 5

Results from flares burnt in 2.5" diameter ues

Lnret Burning Light Efficiency

Liner Centre Rod time output kcds/g
_____ ____ _____ ____ ____ ... . ..___ 8.___ kcd _ _ _ _ _ _

2 layers Doirin '20 thou' absent 54 529 49.6

layers Kematal steel tube 24.5 861 36.4
j" diameter

2 layers Kematal steel tube 29.2 554 28.0
a" diameter

2 layers Kematal vitort coated 49.9 534 45.9
steel tube

4 layers polythene " absent 42.5 613 44.1

layers polythene " steel tube 28.9 723 35.0
"' diameter

"Composition pressed into an unlined aluminium tube burnt explosively
giving a meaningless light output teace.

a•t0
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E A COMPARISON OF THE SPECTRA FROM
NAVY AND AIR FORCE AIRCRAFT PARACHUTE FLARES

Henry A. Webster III
Applied Sciences Department

Naval Ammunition Depot, Crane, Indiana 47522

ABSTRACT

Spectra have been obtained in the visible and near infrared
spectral region from the Navy Mk 45 and the Air Force LUU-2B/B
aircraft parachute flares. Marked differences are noted

ZZ particularly in the region of the sodium D resonance line
radiation and in the red region of the spectrum. The broaden-
ing of the sodium resonance lines is considerably less in the
LUU-2B/B than in the Mk 45. There is also considerably less
radiation in the red spectral region from the LUU-2B/B. Color
data and candlepower are presented for both flares. An

fre explanation of the differences in the spectra is given in
Er •terms of the radiative transfer model.
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BACKGROUND

There is currently under consideration a proposal to adopt
the Air Force LUU-2B/B Aircraft Parachute Flare as the Tri-
Service illuminating flare.

In tests of the LUU-2B/B and in actual use it is often
reported that the LUU-2B/B is more yellow in color than the
Mk 45. Whether or not the color of the light is important in
target acquisition has yet to be determined. The purpose of
this work is to determine if there is a color difference in
the LUU-2B/B and Mk 45 and to determine the origin of the
difference.

EXPERIMENTAL

These experiments were carried out in the photometric
burning chamber at NAD Crane. The flares were burned face
down at a distance of 400 cm from the spectrographs. The
wind speed in the tunnel was 18 mph, the air flow being in the
same direction as the mass flow in the burning flare. The
flares were positioned and masked so that the light being
measured came from a position two flare diameters (8.5 inches)
above the burning surface.

SI Spectra were taken on a Bausch and Lomb 1.5-m spectrograph
fk_ equipped with Linagraph Shellburst film. The spectrograph

has a 450 line/mm grating blazed at 490 nm. The spectral
range from 380-680 nm was covered with a dispersion of 15 i/mm
in the first order.

SAfter each flare spectrum was taken, several spectra of a
200 watt quartz-iodine standard lamp were taken on the same
film. These spectra from a source with a known output were
used to correct the flare spectra for film response. Wave-
length calibration was obtained from the known emission
features in the flare spectrum.

Microdensitometer traces of all spectra were made on an
Optronics densitometer. Readings of film density were made at
100 micron intervals across the entire spectrum. These densityi readings were converted to radiant power by applying the film
correction function generated from the quartz-iodine lamp
spectra. The radiant power spectra were converted to luminous
power spectra by applying the photopic luminous efficiency
function, i.e. the eye response curve.U'

6.-1
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The resulting spectra normalized to a value of one at the
maximum emission are shown in Figs. 1-4.

Intensity measurements based on film density and exposure
time indicate that the Mk 45 flares have about 25% more output
than the LUU-2B/B. Power measurements made at NAD Crane MAPI ji
site indicate equal intensities and burn times for the Mk 45 u
and LUU-2B/B flares.

DISCUSSION

Figures 1-4 show that there are two obvious differences
between the spectra of Mk 45 and LUU-2B/B Aircraft Parachute
Flares. The region of the sodium D resonance line broadening
is greatly reduced in the LUU-2B/B and the background continuum
and emission from molecular and atomic species other than the
sodium is essentially non-existent in the LUU-2B/B.

There are basic differences between the Mk 45 and LUU-2B/B
in terms of composition and design. The LUU-2B/B is a tamp-
cast flare composed of 61% magnesium, 20% fine sodium nitrate,
10.9% coarse sodium nitrate and 8.1% binder. The flare is i
cast into an aluminum case. The Mk 45 is a pressed flare
composed of 58% magnesium, 37.5% sodium nitrate and 4.5%
binder and pressed into a paper case.

The drastic differences in these two spectra are difficult
to reconcile on theoretical grounds. If the resonance
broadening model developed by Douda 2 is used, the only
parameter which is adjustable for two flares with essentially
the same composition and burning at the same temperature is
the Voigt a parameter. The Voigt function is given by the

a F (AXN, + A,+ AXR + AXQ)/AX0]I(ln2)

where AXN, A~t, AX, AXR and AXD are the natural, Lorentz,
resonance, quenching an3 Doppler broadening half-widths

respectively. In order to fit the LUU-2B/B spectrum, it is
necessary to reduce the Voigt function a parameter to a value n
of a = 0.2. While this value produces the correct value .I
of the half-width for the sodium resonance radiation, there
is no simple reason for obtaining this value of a in the
LUU-2B/B case and not in the Mk 45--case since the gross features U
of sodium atom density, flare temperature and flame size do
not change significantly.

6-2p
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The explanation for a different a parameter has to be on
S| a smaller scale, perhaps microscopic in the flame. The over-

simplification of Douda's model makes it impossible to account
for these differences. Detailed maps of temperature and specie
concentration in the flamu are needed in order to discuss the
variation in the a parameter. These computations and experi-
ments designed to test them will have to be done in order to
,unravel some of the problems associated with illuminating
flares.

It has recently been shown by Blunta that there )re specific
regions in the flame where the various atomic and molecular
species emit. It is possible that in the LUU-2B/B the magnesium
and magnesium oxide emission is stronger in some region other
than two flare diameters above the burning surface. This
would account for the lack of emission observed in the region

It 430-550 nm.

SIn an effort to determine if there is a color difference
in the two flare compositions, the radiant power data shown
in Figs. I and 3 were converted to the tristimulus color

~ values x, y, and z. From these values, the tristimulus
coordinates x and y and hence the dominant wavelength and
purity can be obtained. The tristimulus coordinates are
x = 0.552 and y = 0.427 for the LUU-2B/R and x = 0.525
arid y= 0.452 for the Mk 45. These values are plot-ed in
Fig. 5 to obtain the dominant wavelength and purity of the
flare. For the LUU-2B/B, the dominant wavelength is 589 nm

Ii and the purity is 95%. For the Mk 45, the dominant wavelength
is 584 im and the purity is 94%. While the values for the
dominant wavelength are different by 50 A it is difficult to

_ imagine that this difference could be distinguished visually.

U

CONCLUS :ONS
SThe radiant power and luminous power spectra for LUU-2B/B

and Mk 45 Aircraft Parachute Flare are found to be different.
The output from the LUU-2B/B is narrower than-the Mk 45 in
sodium D region. The background continuum and molecular and
atomic emission from magnesium oxide and-magnesium are absent

i in the LUU-2B/B spectrum. The dominant wavelength in the
LUU-2B/B is 589 nm and 584 nm in the Mk 45. This i. not
enough difference to account for the so-called yellow color in
the LUU-2B/B. The purity of the two flares is also the simeSj indicating that this is not the reason for the color difterence.

6-7

Nii I |l~ i i i-'='w



V I

.7001

.600 I -- i

3000

~~ YELLk)WISH MHONE If

MINI

BLUE 10 L

.3000 N*O .0 .o

W- .-0



REFERENCES

1, OSA Committee on Colorimetry, Science of Color (Crowell
Company, NG~i York, 1953), Chap. 8.

2. B. E. Douda, ,Radiativ.e Transfer Mjodcý of a Py;rollechnic

Flawze, RDTR No. 258, Naval Ammiunition Depot, Crane, Indiana1~ (1973). AD No. 769 237.
'k. R. M. Blunt, Spectral Dilstrtbution of Different Regions of

MlumInating lPlare Flames, RDTR No. 220, Navil Ammtunition
Depot, C',rane, Indiana (1973). AD No. 757 663.

In

6-9



I N
I

II

T ABSTRACT

An experimental investigation has been made to determine quantitatively

Sthe effect oF thermal conductivity (A ) and gas permeability (K) on the

burning rates of magnesium-sodium nitrate and aluminum-sodium nitrate flare

compositions. Measurements of X and K were made as a function of composition

variation, loading pressure and metal particle size.

In general X increases with increasing metal content and loading pressure

while it decreases with increasing particle size. The burning rate is

k ,• approximately proportioned to the square root of X.

Tha change in the gas permeability with metal content, particle size

- and loading pressure appears to be quite complex as is the relation of

burning rate to gas permeability. These ieffects are examined and the pos-

sibility of heat feedback from the flame to the burning flare via hot gas

-. permeation is discussed.

NOTE: Cupies of this paper will be distributed by the author at the seminar.
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A TAMP CASTABLE COMPOSITION FOR ILLUMINATING FLARES

By R. F. Eather

Royal Armament Research and Development Establishment,
Fort Halstead, Sevenoaks, Kent, UK

Summary:

Studies have recently been carried out of the factors which
influence the luminous efficiency of compositions based on Magnesium,
Sodium Nitrate and a polyester/epoxy resin binder. The formulation

l was optimised with respect to binder level, fuel/oxidant ratio and
particle size of ingredients. It was found that by a judicious selec-
tion of liner material and ýamping load luminous efficiencies in

I excess of 50 Kcd. secs. gm could regularly be achieved.

1. Introduction

Binding or pelleting materials have been incorporated into pyro-
technic compositions for a good many years although the emphasis
placed on the reasons for so doing has altered from time to time.
The principal functions are as follows:-

a) to increase cohesion between the particulate ingredients
when consolidated ander pressure

b) to protect the ingredients from moisture, etc.

c) to enable rigid pellets to be obtained with lower pressing
loads.

In the past few years particular attention has been paid to the
last of these functions. Resin bonded compositions offer an opportun-
ity to reduce both the manpower and machinery involvewint in flare
production and at the same time enable a greatei variety of configura-
tions to be produced. These compos.tions lend theelselves to the type
of mass production technique used in the plastics industry since they
can often be mixed, moulded or extruded with similar equipment. The
composition can be considered as xn uncured, fluid plastic to which
solid powdered ingredients are added in calculated proportions
thereby increasing the viscosity. This gives rise to a series of
mixtures which at one end of the spectrum can be pour-cast and at the
other end tamp-cast or machine pressed using a small load. The pZo-A 1  portion of resin present in final mixture is necessarily higher than
the binder level in a pressed composition in order to maintain
fluidity and the pyrotechnic properties of the cured filling are
correspondingly different. The challenge is then to modify the
character of the ingredients so as to match as closely as possible
the pyrotechnic properties of conventional fillings.

i8-1
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A newcomer to this branch of pyrotechnics is faced with a

bewildering choice of possible binder materials. In order to reduce
the workload to managable proportions it was decided, as a result of *

a literature survey, to base a programme on the Formrez system
which has been investigated by Dinsdale et al.

This paper describes the studies that have been done in recent
months of the factors which influence the luminous efficiency of this U
system, with the object of preparing a tamp castable flare composition
with maximum luminous efficiency. L
2. Flare preparation and evaluation

All the flare compositions were made in a Z-blade mixer. The U
magnesium, catalyst and resin were blended for 10 minutes with two
stops for scraping down. The sodium nitrate was then added and then
the machine was run for a further 10 to 20 minutes, depending on the
resin content, until a visual examination showed that tie mixture was LI
homogeneous.

Various types of flare liner materials were used during this B
programme; aluminium, paper-phenolic, paper and kematal. The alumin-
ium liners were painted with the resin mixture at least two hours
before use. The composition was consolidated in 1.05 inch diameter I
liners in 20 gram portions under various loads and then the candles
were cured in an oven at 600C before being measured and weighed.

They were all ignited by quickmatch and loose thermite powder L
and measurements of light output and burning time were done in a
standard pyrotechnic tunnel&

3. Variation of consituent proportions

There are obviously a large number of permutations and combina- U
tions of fuel/oxidant ratio, binder level and particle size of ingre-
dients and so it was necessary to make certain assumptions regarding
the most likely region of interest based on the literature survey and
past experience of conventional compositions.

A short programme was carried out based on the following
materials

Magnesium Grade 0 75 parts )
"Is W 3 25 " )

Sodium nitrate 60 mesh 50 parts )
" 6 micron 50 " )

Formrez F17-80 )
ERL 0510 ) 9% of the composition
Iron octoat, )

Two types of flare tube were used, aluminium and Lantex which
is a commercial phenolic impre3nated material. Some of the al-.inium
cubes contained liners of unglazed kraft paper so as to reduce heat
conduction down the side of the flare. The inner surfaces of the
liners, or the tube if no liner was present, were in all cases painted

8-2
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RI
with filled resin. In all instances the batches of composition were
sufficient for three candles and the candles to any one formula were
made from a total of three batches. The results of measurements
made on b, - 4 rg flares are given in Table 1.

TABLE I
I ..

Burning rate Light output Luminous
Mg:NaNO3: resin (mm/sc) (cd/mm2) efficiency

(m/e3cdm 2  (Kcd c/m)
(1__) (2)1 (3) (1) 1 (2)TiT (2) I(3L

61:30:9 6.1 4.8 4.0 295 172 172 36 25 33

I 58:33:9 6.5 4.5 4.6 273 175 191 31 29 34

55:36:9 6.6 4.5 4.6 293 178 207 30 29 35

(1) Aluminium tube lined with filled resin
(2) Lantex tube lined with filled resin
(3) Aluminium tube lined with paper and filled resin

The results obtained showed that the variation of fuel to oxidant
ratio tried, which were claimed as optimum values by other workers,
had no great effect on burning properties when compared with the
changes due to different liner materials.

During this series of experiments it was noted that the Type 3
liner, the one with the paper insert, had a much smoother light out-
put curve than the other two types. This is in accordance with our
experience on other compositions in paper liners and so it was
decided to discontinue the use o' aluminium tubes and Lantex liners.
Another programme on liner materials which was proceeding concurrently
showed that the acetal polymer, marketed under the name of Kematal,
gave reproducible pyrotechnic properties with a variety of con-
ventional pressed compositions and so this material was added to the
programme.

4. Effect of surfactants

The pyrotechnic properties of resin bonded compositions can be
altered by changing the powder to resin ratio. Early work had shown
that luminous efficiency increased as the resin content decreased.
One way -f achieving an increase in powder content, consistent with
producinig a tamp-castable mix, was to add small quantities of surface
active agents to each composition.

For comparison purposes the mixes were classified on an arbitrary
scale of 1 to 4 where 1 represcnts dry sand, 2 damp sand, 3 waet sand

and 4 is a putty-like mix.

8
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The most commonly used method of incorporating the surfactant
into the mix was to dissolve the material in toluene and add it either
to the whole mix or to the sodium nitrate. It was found easier and
quicker to do the latter since the toluene could be evaporated off by0drying the sodium nitrate in an oven at about 55 C.

Concurrently with the programme on surface active agents a study
of the effect of pressing load was cr;rried out. The results in
Table 2 indicate that there is not a simple relationship between
efficiency and pressing load, in some cases there is even a reversal
in the efficiency figures. U

The basic formulation used for this series of experiments was:

Magnesium, Grade 0 75% ) L
"Grade 3 25 ) 58.5 parts

Sodium nitrate 33.2 "

Resin 8.2 "U

Surface active agent 0.1 " (approx)

The amount of surfactant added to the mix was arbitrary and so
recently the quantity of surfactant has been increased. The series L
of experiments is not yet complete but, as expected, the effect varies
according to the particular chemical. It was also found that the
liner material affected the result obtained. For instance an increase L
in Tween 60 reduces the efficiency in Kematal but increases the
efficiency in paper, whilst an increase in S101 improves the efficiency
of the composition in both.

•5. Summary

There is obviously still a large number of experiments to be Ll
done before this composition system is fully characterised. All
future experiments will be done in Kematal liners since these enable
good luminous efficiencies to be achieved. The choice of surfactant
is obviously a key area but further work is needed to establish
whether the mix consistencycan be improved, by increasing the amount

A of surfactant used, without detriment to the performance of the compo-S~ sition.

sitO:When this has been achieved it will be possible to investigate

the use of pressing loads of less than J ton/sq in. to find the mini-

mum load required to ensure reproducable performances.

I0
British Crown Copyright reserved
Published with the pe .ission of the Controller of Her
Brittanic Majesty's Stationery Office
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ABSTRACT

A formulation has been developed for use in the U.S. Army Trip

Flare which utilizes aluminum as a substitute for magnesium fuel.

Previously aluminum was not considered to be a good fuel for flare

applications since mixtures of atomized aluminum (diameter :f 15 V)

and sodium nitrate are not readily ignitable, pzopagate puorly, and

I burn very erratically and inefficiently. One of the reasons for the

inefficiency of this system is the considerable loss of fuel as incan-

descent particles. This Roman Candle effect makes the flare an incendiary

device as well as an illumination source. This incendiary aspect is very

undesirable causing possible harm to users and danger of starting ground

fires. The present study shows how the ignition properties of aluminum-

sodium nitrate can be significantly improved and how the production of

incandescent particles can be minimized by using small percentages of

various additives, such as tungsten metal.

By using these new additive systems, the two basic advantages of

aluminum can be used. The first is cost, 38 cents per pound for aluminum

as compared to 85 ccoats for 20/50 mesh atomized magnesium, and the second

is its ready a,,ailability.

The disadvantages associated with the present aluminum formulation,

I as well as with other aluminum formulations, when exposed to excess

moisture are gassing and self-heating leading to spontaneous ignition in

storage. Experimental data is presented showing these interesting

phenomena. By careful exclusion of moisture during processing, these

effects can be eliminated, as was demonstrated by long term storage

stability testing.
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INTRODUCTION

The present study was conducted to determine if a composi'ion could

be developed for the Army M49A1 Trip Flare containing aluminum as a sub-

stitute for magnesium. The primary justification for this program was

based on cost and availability of aluminum as opposed to magnesium.

1 Atomized magnesium powder is primarily produced for pyrotechnic applications,

while powdered aluminum is mass produced for a host of applications ranging

Iffrom pigments in paints to energy constituents in propellants and explosives.

Although the present study is directed primarily towards the Trip

Flare, it delves into all aspects of flare technology. For example, investi-

gations were made of the effects of particle size, fuel-oxidant ratio,

binder concentration, additives, fuel coating, flare case materials, flare

case coatings, moisture, and short and long-term stability.

Previously aluminum was not considered to be a good fuel for flare

applications since mixtures of atomized aluminum (diameter Z 15 p) and

sodium nitrate ignite poorly, propagate poorly, and burn very erratically
and inefficiently. One of the reasons for the inefficiency of the Al-NaNO3

system is that it produces a profusion of incandescent particles. This

7 Roman Candle effect makes the flare an incendiary device as well as an

4 illumination source. This incendiary aspect is very undesirable -- causing

4 possible harm to users and danger of starting ground fires.

A few years ago, however, it was demonstrated that powdered aluminum

w in combination with sodium nitrate (Ref 1, 2) will burn propagatively when

small quantities of various transition metals or metal compounds are

incorporated into the mixture. These studies showed that the transition

metal compounds affecting the Al-NaNO3 reaction fell into five classes.

9-1



Class 1 are those which increase the efficiency of the system by decreasing U

the thermal conductivity of the basic binary. Class 2 compounds, con-

sisting of nanganese oxides, catalyze the normal decomposition of sodium

nitrate t) evolve oxygen at low temperatures. Compounds which cause ignition

of aluminum at about 7000 C (a value well below its normal ignition tempera-

ture of 10000C) are in Class 3. Class 4 embraces transition metals which Ut

all ignite with sodium nitrate at lower temperatures than does aluminum.

Finally Class S compounds are those which alter the normal decomposition

A pattern of sodium nitrate, causing the evolution of the oxides of nitrogen

at the melting point :f the nitrate.

9I[
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RESULTS AND DISCUSSION

As stated in the Introduction, previous studies showed that the

cor•;'ustion properties of Al-NaNO3 compositions can be dramaticaliy

Si improved by the addition of certain additives (Ref. 2, 3). Since an

inefficient Mg-NaNO3-Laminac composition is presently employed in the

SIM49A1 Trip Flare (higher candlepower apparently not required), it was not

difficult to meet the basic Trip Flare requirernants of 35,000 candles and

A minimum burning time of 55 seconds.

The performance characteristics of the basic Al-NaN03-2% nC03

(previously found to be the best additive system) and the total system

s Al-NaN03 - 2% MC03 - 5% Laminac binder 4116 were gathered from Ref 2

and are presented in Table 1. To simplify the analysis of these data,

a comparison of the absolute values of the various performance character-

istics are presented in Table 2 together with percentage changes in the

parameters with respect to the basic binary system. It is seen that the

additive MnC03 produced marked reductions in burning rates, caused

sizeable increases in light output, and resulting increases in efficiencies.

One interesting and unfortunate finding was that the addition of Laminac

binder reduced the beneficial effects of the MnC03.

A series of Al-NaN03 - 2% MnC03 + 5% Laminac compositions were loaded

into paper and aluminum Trip Flare cases. The cases were coated internally

with a variety of case coatings. The purpose of these experiments were

threefold. Firstly, it was desired to see if performance characteristics

would be obtained comparable to those previously obtained with flares made

in 1968 (Ref 2). Secondly, to determine the effect of case material or,

Sperformance characteristics. Finally, to determine if the Laminac/asbestos

coating is the optimum insulator for use with the metal trip flare ca-se.

S9-3
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The performance characteristics obtained in these tests are presented in

Tables 3a through 3d.

As pretiously stated the first goal was to determine how the character-

istics of the present flares compared to those made six years ago. Table 4

makes this comparison and shows that the performance characteristics of the

flare are quite comparable, especially in their luminous efficiencies.

The second goal of these experiments was to determine the effects of

the two widely different flare cases. Table S shows the performance char-

acteristics obtained using Kraft paper cases versus aluminum cases. The

metal cases used are those employed to make M49AI production items. These Ii
cases are extruded and have a wall thickness of 1/16 inch. The data in

Table E shows two extremely interesting facts. Firstly, changing the case

from paper to aluminum results in only a 15% reduction in luminous output

of the flares. In fact, the luminous output was only minimally affected

using aluminum cases, regardless of case liner material. Secondly, and more

importantly, nearly equivalent burning rates were realized in both paper and

metal cases provided that an excellent insulating liner such as Laminac-

"asbestos was employed. When either Viton A or Laminac above was used, the

total achievable time was reduced from 100 sec to 5 59 sec. This demon-

strates that without an insulator, heat is transferred down the metal tube

causing pre-heating and rapid burning of the composition. Furthermore the

data of Table S presents an unusual case in flare behavior. Normally an [i
increase of nearly A0% in the burning rate of a flare, such as that occurring P
when going from Kraft paper to Laminac coated aluminum, would have resulted

in a significant increase in luminous output. In the present case, however,

this did not occur; instead the luminous output remained approximately the

9-6 lu.

• o

- -) -i



F--

21'j
LLA

CD) to --41r-I

Liw LAOC4L n

U.a W I 00" n L- UN
U- NIN *nCDCr-q

CC,,

C-)-

-

IC
1- 0-
L- a

cz9-7



LA 00 CI _____

L LO4 - r-i

L"

U- a- Uý 00 .

C-

CD a-

IF`I

ui uu

a- uj U
F--

w4 w -4H

I- = 2t% % ::e
98 cn: lz$-" u

I~0- -L cZ -_ __ __ _ __ _ __



ILtn 00 l n ....
L(n In ~ on '-4 C) C"

~C/

L() 00 CN LC . . . .
U: C: cr7 N')

I L
N.CN r-4 Or)

L Lf) 00 C%4Ln . . . .

CD a-

_ LL LU LD

LU = LU
C) F-C)CI :

P-4 Co CD-

=o Co

LU -L L .C LU

r-4 C a.

LU Co) C/) 1~C- 1I:- LUU
9-9IO=C *eC



Fii

CDrl- LO
LIn 00 04 Lt :: 6 < fi

u-IC- 00 CNnt -

mI 00 CNJIILf Dclý cl.
4=I L1 OC%q -4

w Iuj CD-

CN L.> uj 901- C/ C,, rci

~LU C:)

= J 40 L .
~C,, C)

C3 C)LI-:)>LA L=L
C-~ ) C/) C/3=3 'LULC) (D CD )LUJ

tn2 : xX LL Li-j CD) = ='C/ i jU
9-10



C- -1 Ln

*-Zit- r 00

(7 - : r-q

R - -J - LO 7) l

_-lr~ (000 I-

Lj m . v-$ -

ý9 C- r L% V3

LLU

c)~ *E

LLJ -ILL

-L c -c
LL C= C/)- -Jr

I~4 I- l * -CILLJ
cm C.. >- 1 r =~ c

l- CD -i LU cz: c -

LU C- = C/ LQ

U-EU .4 a.:e-J F-
U.J =LJ F - - C ..

=L C/3U * L

<c C) cr 9-11/



In r-

~~0 (NIC a)

Ipe L v r lzC

4 U4
II C....) Lfn~a C14N

(3- Ln n t-.. r4-

LLi

F-14J LiLi C/ pjC
C-) cn

LAIUr (0 - :h

9-i ii
~~-,---x

Z=C



us M- M-W:--M-

The next step in the program was to determine if MnC03 was the

best additive for the Al-NaNO3 system when using an aluminum case as

it was when using a paper case. Using the efficient 40/48 A1/NaNO3

I system as a base, a number of formulations were made and loaded

w containing the following additives (based on previous studies, Ref
2 and 4): 5% feiric oxide (red), 5% chromium sesquioxide, 7% tungsten

T powder, and 3% manganese carbonate. The performance characteristics

obtained with these formulations are presented in Table 6. The data

obtained shows that al: cf the compositions produced candlepower values

I in excess of the minimum requirement of 55 seconds. During these tests

a significant observation was made. It was noted that the flares con-

~ taining ferric oxide and tungsten exhibited a marked reduction in the

amount of incandescent particles ejected. In view of this result, as

well as the candlepowers produced, ferric oxide, tungsten and chromium

2 sesquioxide were selected for further evaluation. 1New additive formu-

lations were made using reduced percentages of aluminum powder in order

to increase the burnirg time of the systems. The performance character-

istics obtained for these new formulations are presented in Table 7 and

show that several of the systems give outputs meeting the minimum

_ requirements of the MW9AI flare. Based upon these results as well as

visual evaluation, the compositions employing 7% tungsten powder

(FY-1639) and 5% ferric oxide (FY-1634) were chosen as prime candidates

for the M49AI flare. Reconfirmation tests of these two systems showed

that the tungsten system gave the same results whereas the ferric oxideI one did not. It was discovered that the change in the performance

9-13
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characteristics of the ferric oxide system was due to the use of a

new lot of material. From a purely cost advantage, it would be more

desirable to use ferric oxide rather than tungsten. Consequently

some efforts were expended to characterize the old and new ferric

oxides. An x-ray analysis of the original material showed the presence

of 10% of silicon dioxide (alpha quartz form), while the new material

contained no silicon dioxide.

Table 8 presents the results of experiments to determine if other

forms of ferric oxide or ferric oxide plus silicon dioxide (Superfloss,

Johns-Manville Company) could be employed to produce desirable perfor-

mance characteristics. It was found that the Jeweler's rouge form of Ii

ferric oxide, as well as silicon dioxide (Superfloss), gave performance

characteristics approaching that of .,e composition containing unknown L

grade ferric oxide. However, these systems were abandoned because both

of them did not reduce the profuse production of incandescent aluminum

particles. It was decided to continue the investigation using the

tungsten formulation because of its superioi performance characteristics.

A comparative investigation was next conducted using a lower cost

atomized aluminum obtained fron, the Alcoa Corporation. This material

costs $0.38/lb per 450 lbs whereas the Alcan material previously

employed was in excess of $1.00/lb. Tie results of this comparison are

presented in Table 9 and show that the lower cost Alcan aluminum gave

performance characteristics comparable to the more expensive 8P Alcoa

aluminum.

Before subjecting the tungsten additive system to the necessary
storage and safety tests, a final attempt was made to further improve

9-16 - :
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the luminous efficiency of the Al-NaN03-W system by adding small
T percentages of 20/SC mesh atomized magnesium. As Table 10shows the

addition of 5% or 10% atomized Mg did not produce any increase in

the efficiency of the system while resulting in slightly increased

SI burning rates. These data consequently did not indicate any advantage

in utilizing Mg in the AI-NaNO3-W system.

SI The finalized 35/53/7/5 Al/NaNO3/W/Laninac system was loaded into

M49AI flare cases and then incorporated into final end items. Two

I groups of these end items were subjected to two temperature extremes

for sixteen (16) hours. One grouip was maintained at 750C (hot), while

the other was kept at -540 C (colcd). After conditioning at these

temperatures the flares were examined visually and their performance

characteristics determined. Table 11 shows that no deleterious results

r occurred due to conditioning at these extreme temperatures.

IS Standard sensitivity characteristics were determined for the

Al/NaNO3/W/Laminac system. The values obtained are as follows:

! Impact test, P.A. apparatus -÷ 21 inches

Friction pendulum, steel ;hoe ÷ no action

I Electrostatic initiation, minimum joules -÷ >11.025

Ignition temperature, 5 second value -÷ 5640C

The sensitivity values obtained indicate that only normal safeguards

Sare required during blending and loading operations.

A series of M49A1 trip flares were loaded using the FY-1639

I composition (35% atomized Al, 53% NAN03, 7% W, and 5% Laminac

1 resin binder). This group of flares were placed in storage for an

9-19
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extended period of four (4) months at both ambient and 750C. Table 12 A

shows the results obtained at monthly intervals over a four month

period. The data obtained clearly indicates that no degradation occurred

in the performance characteristics of the Al composition during this

extended storage period.

GASSING AND SELF-HEATING OF Al-NaNO3 COMPOSITIONS

One of the basic properties of pyrotechnic compositions leading to

instability in storage is their reactivity to moisture. The troublesome U
gassing occurring in Mg systems is attributable to the well known reaction:

5 Mig + NaNO3 + 8 H20 S Mg (OH) 2 . + H2 + + N1H3 t+ NaOH- (eq 1)

This reaction is the summation of the following two fundat'ental ones:

Mg + 2H20 - H2 + Mg (OH)2 + (eq 2)

and 4 Mg + NaN03 + 7 H20 - 4 Mg (OH) 2 + NH4O: + NaOH (eq 3)

j +t
Nf13 t + H20

The generation of NH3 and H2 gases by (eq 1), of course, is greatly

accelerated with increasing temperature. Oftentimes munition items in ti

extended storage will suffer damage such as ruptured closure seals and

split cases due to this unwanted generation of gases. It

The gaseous as well as thermal output of reaction 1 is moderated by

the insolubility of the magnesium oxide in the increasing alkalinity of the

medium resulting from the products of NaOH. This growing insolubility
follows from the rudimentary equilibrium process shown by the following

equation:

Mg (OH)2 • Mg÷ ÷20H (eq 4)

9-22
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As the concentration of O0- ion increases, the equilibrium shifts to

the left favoring the formation of the protective coating or at least

saturating the solution with 'y(OH) Z thereby preventing dissolution

of the metal coating.

Consider now the case of aluminum. The reaction of Al with

"moisture and sodium nitrate is shown in the following equation: p

3NaNO3 + 8 Al + 18 H20 - 5NaOH + 8 AI(OH)3 + 3NH3 t (eq 5)

Unlike the Mg reaction, the aluminum oxide coating and Al(OH)3 formred

are quite soluble in the resulting alkaline medium. Consequently,

reaction 5 which produces NH3 (probably also some H2 by the reaction

2A! + 6H20 - 2A1 (OH)3 + 3H2 t ) and heat proceeds at an accelerating

rate. This latter process eventually causes extensive self-heating

and, under certain conditions, spontaneous ignition of the composition.

The Al composition developed in this program, FY-1639, exposed I;

to an uncontrolled ambient environment for a few days, generated

11 + ml. of gas in five (5) minute: duration at 1200C temperature using

the standard vacuum stability test. When another sample of this

composition was dried at IOSOC for sixteen hours prior to conducting

IN the vacuum stability test, only 0.35 ml of gas was produced after

forty hours at 120 0 C. This result demonstrates that a stable Al

composition can be processed and loaded by rigorous exclusion of moisture.

Table 13 summarizes data obtained from the Alcoa Corporation which

shows the amount of gas produced by refluxing powdered aluminum in antlyi

20% ammonium nitrate solution. This data shows the effect of changing

the particle size on gassing and how this gassing can be significantly ;

reduced by coating the metal with isostearic acid. When isostearic acid

9-24 [1r
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coated aluminum was employed in the FY-1639 foimulation, however, it

was found as shown in Table 14 that a marked reduction occurred in both

candlepower and efficiency. For example the candlepower was reduced

from 50,000 to 31,000 candles and the efficiency went from 17,000 to

12,000 candleseconds/gram. Consequently the more feasible method to

eliminate gassing is rigorous drying rather than coating the metal.

Although the gassing of the aluminum/sodium nitrate composition is

an annoying problem, the more serious danger is that of self-heating

leading to spontaneous ignition. A good discussion of this phenomenon

is given by Johansson and Persson in the Swedish journal Pyrotechnikdogen

(Ref 3).

Figure 1 shows the DTA of a simple 45/55 Al (61)/NaN03 compositionSwhich had been conditioned at 52% RH for 6 days. As is seen, the pattern V

is quite complex having three primary exotherms at approximately 135, 790,

and 9150C. The last exotherm resulted in ignition. When the same Al/NaNO3

composition was conditioned at a higher RfHof 79% for the same length of

time, 6 days, a different DTApattern resulted as shown in Figure 2.

Here the small exotherm at 1350 grew tremendously in intensity and ignition oc-

curred at the second exotherm at 6900 C. With increased mass and confinement,

ignition occurs easily in the region of the first exotherm, at temperatures

as low as 60 to 700 C.

Figure 3 shows that the exotherm at 1350 C is solely dependent upon

moisture content. In the DTA (a), no exotherm appears for a

perfectly dry Al/NaNO3 sample. Some activity begins to appear in

run (b) where the same Al/NaNO3 composition is exposed to a 79% RH

9-Z6
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zItmosphere for 22 hours. Finally the DTA in (c) clearly shows the

dramatic growth of the exotherm using a sample which had been exposed to

a 79% RH atmosphere for 66 hours.

In another program designed to furnish a highly exothermic compo-

sition for rocket assisted projectiles, an Al composition was developed

containing the additive MnC03. This highly metallized composition con-

- tained 85/10/2/5 Al (6v)/NaNO3/?MCO3/Viton A. Figure 4 presents the DTA

behavior for the basic composition which had been conditioned at 50%

RH for 5 weeks. This composition exhibited no low temperature exotherm
and ignited imnediatepy following the mlIting of NaNO3 at approximately

1K 3000C. This ignition beha-.rior is peculiar to aluminum/NaNO3 systems

containing additives such as transition metal compounds as well as organic

and inorganic fluorides. It has been hypothesized by many that at the

Xmelting point of NAN03, the additive either removes and/or makes the aluminum

oxide protective coating permeable so that an immediate reaction occurs

between the clean Al surface and the molten oxidant.

When this additive composition was exposed to a 90% RH atmosphere

for 5 weeks, the same low temperature exotherm occurred as with the

J Al/NaNO3 binary. This phenomenon is clearly seen in Figure 5. Consequently

it appears that the presence of moisture sensitizes simple as well as com-

plex Al/NaNO3 systems. Studies are presently being conducted to determine

the nature of the intermediate which causes the low temperature ignition

of Al/NaN03 system. This intermediate is probably NaOH which reacts

exothermally with both Al and its protective coating.
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CONCLUSIONS:

I iA formulation has been developed for use in the U.S. Army Trip

Flare which utilizes aluminum instead of magnesium for a fuel. This

composition contains 35% six micron atomized aluminum, 53% sodium It

nitrate, 7% seven micron tungsten powder and 5% Laminac 4116 polyester

S1. resin. ii

The two basic advantages of the new aluminum 'system are cost,

38 cents per pound for aluminum as compared to 85 cents a pound for 20/50

mesh atomized magnesium, and ready commercial availability.

The disadvantages of the aluminum system are gassing and self-heating

which occurs when it is exposed to excess moisture. By careful exclusion II
of moisture during processing, however, these effects can be eliminated

as was demonstrated by long term storage stability testing.

S~ii
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EXPERIMENTAL PROCEDURE

The compositions cited in this report were blended in a Lancaster

counter-current mixer, Model PC which imparts a mulling type action to 14A

the constituents of the blend. The sodium nitrate was dried for twenty- r

four hours at 1100C prior to use. The resultant flare compositions were [

dried in trays containing a one inch thickness of composition for a i

.i

minimum of sixteen hours at 1050c.
Loading U

Each composition was loaded in four equal increments at a pressure
of 7,000 psi. Ten (10)grams of DP-1886 igniter composition (65% five [

micron tungsten powder, 24% barium chromate, 10% potassium perchlorate

and 1% Vinyl Alcohol Acetate Resin MA-28-18) was used as the first fire.

Ten (10) grams of Laminac coated fireclay was used as an inert charge •

at the bottom of the Kraft paper cased flares. The interior walls of

the flare cases were coated with the materials indicated in the tables.

Testing

Light measuremention s o f uwere determined in accordance with

Mil-P-20464 except that a black background was used instead of a white

S~one.

) LIST OF MATERIALS USED
Aluminum powder , 2% Lot No. 1072, average particle diameter

6.2 microns, Aluminum Company of Canada.

Aluminum powder, atomized, Lot No. 1401, average particle diameter

8.0 microns, Aluminum Company of America. w

9-36
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Sodium nitrate, double refined, USP Grade, average particle diameter

35 microns, Davies Nitrate Company.

Tungsten powder, Lot No. 6154D, average particle diameter 6.7 microns,

General Electric Company.

Magnesium powder, atomized, 20/50 mesh, Specification Mil-P-140678,

Hart Metals Incorporated.

Ferric oxide, Red, unknown grade, lot, company.

I Ferric oxide, jeweler's rouge, Catalogue No. 1-115, average particle

diameter 0.6 microns, Fisher Scientific Company.

Ferric oxide, reagent grade, Catalogue No. 1-116, average particle

diameter 0.5 microns, Fisher Scientific Company.

Chromium sesquioxide, Lot 32194, average particle diameter 2 microns,

J. T. Baker Chemical Company.

Sodium fluoride, S-299, average particle diameter 8.6 microns, Fisher

E Scientific Company.

Superfloss (Si02), Johns-Manville Company.

Cab-O-Sil (Si02), MS-7, Cabot Corporation.

IMagnesium, atomized, 30/50 mesh, Specification Mil-P-14067B, Hart

Metals Incorporated.

I Laminac polyester resin 4116, Americ'n Cyanamid Company.

I Vinyl alcohol acetate resin, MA-28-18, Palmer Cement Company.

Viton A fluorocarbon resin, Dupont Chemical Company.

Asbestos powder, technical grade, Lot 61971, Fisher Scientific

Company.
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Summary

The effect of high spin rates on tracer compositions is to
Sdrastically increase the burning rate. This paper describes the

work carried out to elucidate 1he reasons for this effect and reports
some steps taken to ameliorate the problem.



Introduction

I1 Tracer conpositions have been in use now for 60 years and
although the coLritions under which they have to function have been
well described, very little seems to have been reported on the
reasons for increased ourning rates during flight.

No work on tracer compositions has been done in the UK for at
least 10 years but now that more advanced sighting and ranging
systems are available for military use there has been a renewed
interest in this topic. The prima•y task is to provide a new tracer
filling for an existiag capsule with an increased burning time and
the same or improved ligh: output.

This pap,.r describes some experiments which have looked at the
effect of various spin rates on the burning characteristics of
Service and experimental tracer compositions. Spectral power dis-
tributions have been reuorded in some instances and this basic data
will be useful for ensuring that the outputs of new compositions are
tailored for optimum response to the human eye and/or optical devices
"fitted to military vehicles.

2. Experimental details

All current UK tracers are based on the well-known magnesium/
strontium nitrate/chlorine donor system. Appendix (i) lists theL • compositions of some tracer mixtures together with some additional

red signal and missile tracking beacon flares. Composition D is
commonly used in small. arms ammunition, whilst composition F is used
in the larger calibre rounds.

SThe flare mixtures were filled into standard UK tracer capsules.
known as "type 33". The dianeter of this capsule is approximately

r • 15 mm. The column length was approximately 20 mm. Betause of the

high set-back forces generally encountered in gun barrels, tracer
compositions are consolidated at high pressing loads, and this

K •technique was adopted when filling the compositions into the capsule.

The filled tracer capsules were spun by means of an air turbine.
R • The turbine rotor was mounted on an air bearing and this technique
• permitted spin ratez as great as 50 x 103 revolutions per minute to

be attained. The spin rate was determined by means of a light

source, photocell and counter/timer arrangement. At zero spin rates,I ignition oi the composition could be achieved by means of a simple

electric squib, but at spin r-.,'s greater than this an igniter with a
much longer burning duration had to be used.

IM When the composition was initiated an intense green flash
occurred before the tcke-over of the normal red tracer colour. This

MO was due to the coating of priming material pressed onto the tracer
composition to aid in ignition. Part of the art of operating the
photometric equipment, which will be described below, was to
initialize the timing and integration circuits so as to ignore the
initial primer flash. If this were not done then this flash could

S~10-1



contribute to a significant percentage of the integrated light output
of the tracer.

The photometric eauipment consisted of a UDT 500 detector,
corrected to the CIE 2 Observer, which was moimted in a suitable
field-defining enclosure having an in-field sub-calibration source,
a gating switch, a Hewlett-Packard DVM/Integrater and a Venner timer.
The system has been in use for several years and has proved to be
rugged and reliable. The typical experimental accuracies achieved
with this system have been better than - 5%.

3. Description of the Effect of Spin on T.racer

When a burning tracer compositi.on is subjected to a high spin
condition the primary effect is to increase the burning rate by a
factor of 2 to 4 times. In additionj it is usually found for most
compositions that both the integrated light output and the average
light output are reduced. Tables (1a) to (Ic) illustrate the effect
for some typical red tracer, red signal and tracking beacon composi-
tions. The recipes for these compositions are given in Appendix 1,
and all compositions were filled into a standard type 33 tracer
capsule.

TABLE (1a)

Effect of Spin on Burning Rate

Burning time. secondsComposition
Static 30x 3 rm 03 rpm r~

A 8.6 5.4 4.8

B 9.7 3.6 3.3

C 4.6 2.6 2.4

D 11.8 3.0 3.3

E 9.2 4.0 3.8

, 8.9 2.6 2.6

G 3.5 3.6 3.2

1i



TABLE (lb)

Effect of Spin on Average Luminous Intensity

I Composition Average Luminous Intensity Candelas x 103

Static 30 x 103 rpm 4o x lo 3 rpm

A 1.8 0.5 0.5

B 2.1 1.4 1.3

I C 3.2 0.4 0.3

D 1.7 1.6 2.0

SE 1.7 1.4 1.5

F 2.6 1.6 1.5

SG 3.9 0.5 0.3

TABLE (1c)

Effect of Spin on Integrated Light Output

Cpst Integrated Light Output cd.sec. x 103

•.fCompositior, P

Static 30 x 10 rpm 4o x1 3 rpm

A 15.0 2.4 2.4

B 20.3 5.1 4.2

C 15.0 1.0 0.6

D 20.1 6.4 6.9

i• E 15.3 5.7 5.6

F 23.0 4.1 3.9

Visually, the flame size of the burning tracer decreases from
V •about 0.5 metres long to aoout 0.1 metres long for static and spin

rates greater than 10,000 rpm respectively.

I ~Measurements of the spectral power distribution statically and
at high spin rates show that minor changes occur in the flame. The
spectral power distributions for composition F, which is frequently
used as a tracer filling, are given in Figures (1) (static) and (2)
spun). These are seen to consist of the well-known SrOH and SrOl
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bands between 605 and 690 nm, with a small contribution from a
continuum emission. The intensity of the 605 nm SrOH band shows a
considerable reduction relative to the SrCI bands and the continuum
background emission shows an increase in intensity when the tracer is
spun at 40,000 rpm. The increase in the intensity of the continuum
is in contrast with the values obtained for the correlated colour
temperature which shows a drop from 2050 K when burnt statically to
1900 K when burnt at 40,000 rpm. This is probably due to the reten-

tion of the incandescant solid products of combustion on the capsule
wall through the centrifugal effect.

When combustion has been completed under the spin condition
examination of the tracer capsule has shown that the products of corn- p
bustion have formed a solid throttle at the mouth of the capsule.
This material was probably magnesium oxide.

4. A Model to Account for the Decrease in Burning Time ii

Many pyrotechnic compositions exhibit burning rates which are
dependent upon the ambient pressure. It is postulated that the effect 71
oi the throttle is to increase the pressure on the burning surface and
consequently increase the burning rate. The functional dependence of
the burning rate of explosives on pressure was first examined by
Veille who found that it followed the general form:

r = ap()n

where r is the burning rate
p " i pressure
a a constant relating the units
n a dimensionless constant 1.

Experiments were carried out in a vacuum chamber at RARDE
Langhurst to determine the values of these constants for composition F.
Unfortunately a pressure chamber was not available to gather observa-
tions at pressures greater than atmospheric and this detracts from the
confidence one can place in the extrapolation which was used later.
Six tracer capsules were tested at each pressure and the average
burning times are plotted in figure (3). A least squares fit to the
data yields the values a = 148.9 sec., n = -0.423; thus for a burning
time of 2.65 the ambient pressure on the burning surface would have
to be about 33 atmospheres.I For a given fluid in a rocket chamber, the ratio of the pressure
in the chamber to the pressure at the exit Pe is a function of the

ratio of the exit to throat areas Ae
A only. The relationship

W between these ratios is

Ae = r 2  (2)
A"• Pe 0 C

where 6 is the ratio of the specific heats at constant pressure Ut
and volume
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IF 8 .2/(+ 1)

and CF r (28 -1) - 1 -

The 8 value at the flame temperature of this composition was not
known due to the lack of thermodynamic data for the reactants and the
products. For many commonly encountered rocket propellant 8 lies in
the range 1.2 to 1.3. However, t•hermochemical calculations for the
magnesium/sodium nitrate system yielded values in the range 1.1 to
1.2. Figures (4) gives the results of the numerical calculations
according to equation (2) for the latter two values of 6

bx mination of the burnt tracer capsules after spinning at
40 x 10• rpm showed that the build up of slaN resulted in a mean value
of the area ratio for twelve firings of 5.5 - 0.5. Transposing this
value onto figure (4) yields a pressure ratio of 30 to 35. Since the
exhaust gases were venting into the atmosphere, this implies that the
pressure on the burning surface was about 30-35 atmospheres; a
polation of the Vielle plot.

It has not yet proved possible to measure the pressure over a
spinning burning tracer directly. The evidence that there is a high

i pressure comes from indirect sources. Firstly, the spectral powerJ distribution of the spinning tracer show5 some broadening of the
bands, although with the resolution of the equipment employed it is
not possible to quantify this. Secondly, at intermediate spin rates,

S1 around 20,000 rpm, the burning composition is often ejected violently
W from its capsule. It is conjectured that the centrifugal force is

insufficient to hold the throttle in place at the mouth of the capsule
against the composition wren the pressure has reached a level sufficient
for the gas to penetrate around the sides of the composition to itsbase.

S5. Attempts to modify the Nature of the Slag
On the assumption that the throttle formed by the slag causes the

1 increased burning rate, experiments were undertaken to determine
whether by altering the flow properties of the slag the burning rate
could be altered. To this end measurements were made of tracer filled
with composition F to which adaitional quantities of calcium silicide
were mixed. The results are presented in Tables 2a and 2b. These
data show that whilst CaS4 speeds up the reaction at zero spin, the
burning rate is reduced at 40,000 rpm and also at intermediate rates
of spin. In adoition the average light output is increased at the
1C(h weight level of CaS.p Application of the T-test indicates that
the effect on the burning times is only significant at the 10i5

probability level for the addition of 5% CaSi, but is highly signifi-
cant at the 1% probability level for the addition of 105 CaSi.
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TABLE (2a)

Effect of CaSigon Burning Times (seconds)

Spin Composition F + 5Y F + 10%
rmF CaSi,. Ca1

0 8.9 0.3 6.3 0.1 6.2 0.1

40K 2.6 0.2 2.8 0.1 3.2 0.2

TABLE (2b)

Effect of CaSj on Average Light Output (candelas x 103)

Spin Composition F + 5% F + 10%
rrm F CaSi2 Cas.2.

0 2.6 + 0.4 2.0 + 0.2 4.5 + 0.9

40K 1.5 - 0.2 1.5 - 0.2 2.0 - 0.4

6. The effect of the Aperture of the Tracer Retaining Washer

The tracer capsule is normally retained in large calibre shells
by a washer with a small orifice. In addition, it is said that the
washer protects the tracer composition from erosion by the propellant
gases as the shell travels up the barrel of the gun. From the observa-
tion that there is a tendency for the tracer composition to be ejected
at intermediate rates of spin it may be inferred that the retaining
washer may play an additional role in preventing this occurrence. In
the past, the size of the orifice in the washer has been small,
typically giving an area ratio of about 10, and it could therefore be
envisaged that the retaining washer plays a major role in p-essurizing
the burning surface and consequently reducing the burning time.

To confirm this, live firing trials were carried out using 105 mm
ammunition in which a number of retaining washers of different orifice
sizes were fitted. The shells were tracked visually and the burning
times recorded by a number of observers using stop watches. The
tracer composition was composition F. Table (3) lists the predicted
burning times based on the above theory and the observed burning times.
The observed burning times are the average of the "best" of the
observers results for six rounds.
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TABLE~ (3)

Effect of orifice size in Washer on Burning Times (seconds)

Orifice .04 .06 .10 .14 .19 019
j area sq. in, . sq . in .S sq. in. sq. in.in

Predicted 1.6 1.9 2.4 2.6 2.7 , 2.7

Observed 1.9 2.2 2.3 2.4 2.5 2.5

Shape Hex. Square Square Square Square Circular

Area
ratio 9.6 6.4 3.8 2.7 2.0 2.0

t These results show reasonable agreement with the predicted
results, particularly when it is remembered that the motion of the

ST shell through the air results in a reduced pressure over the base of
the shell, and the lack of knowledge of the precise value of the ratio
of specific heats of the combustion products. Note that the theory
gives predicted burning times which are less than observed results for

T •orifice sizes of 0.04 and 0.06 sq. inches, yet hirher results for the
remainder. What probably affects the results are the reduced pressure
at the base of the shell and the build-up of slag to form a throttle
having an area ratio of about 5 to 6. The throttle formed by the slag
then controls the burning times rather than the washer orifice size.

S7. Effect oa Particle Size on Burning Rate and Light Output

The effect of changing the particle sizes of both the magnesium
and the strontium nitrate in composition F has been examined. Tables 4a
and 4b show the effect that coarser and finer grades of magnesium have
on the burning times and average light output respectively.

TABLE (4a)

Effect of Magnesium Particle Size on Burning Times (seconds)

-Spin rate hAGNESIUN

rpm Grade 0 Grade 3 Grade

0 110 0.-3 8.9 1 0.3 5.8 3.9

40K 3.2 - 0.2 2.6 - 0.2 3.4 - 0.1

1-
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TABLE (4b)

Effect of Magnesium Particle Size on Average Light Output
(candelas x 10,7)

Spin rate MAGNiESIUM ______

rp Grade 0 Grade 3 Grade 6

0 1.7 0.6 2.6 t 0.4 0.8 0.7

40K 1.4 0.3 1.5 +- 0.2 1.0 -0.1

It is evident from these data that this composition when filled
with the fine grade 6 magnesium burns extremely erratically at zero

spin rates. This tendency is reversed when it is burnt under spin.
The T-test indicates that the effect of magnesium particle size on the
burning time is significant at the %6 and 0.196 levels for grade 0 and
grade 6 respectively. Tables 5a and 5b indicate the effect of using
7 micron strontium nitrate compared with the standard size 120 in
composition F.

TABLE (Sa)

Effect of Sr(NO) 32 Particle Size on Burning Time (seconds)

S STRONTIUM NITRATE SIZE
Spin Rate Standard 7 Micron

rpm 120 7 Micron
0 8.9 0.3 7.3 0.3

! + +-

40K 2.6-0.2 2.9 0.2

Here the action of the finer strontium nitrate has the expected
effect on the burning rate at zero spin but slows down the burning
rate at 40,000 rpm and intermediate rates of spin. The difference inj- the mean burning times is significant at the 5* probability level.

TABU (b)

Effect of Sr(NO ) Particle Size on Average Light Output
"3 2 (candelas)

Spin rate STRONTIUM NITRATE SIZE
i ~~rpm Standard 7Mco

120 7Micron

0 2.6+0.4 3.2 0.5
40K 1.6 -+0.2 2.3 0- 03
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8. Effect of Proportion of Magnesium in Composition and Pressing* 8.

Agents

SI In carrying out the initial study covering a gamut of composi-
U tions, it became apparent that the burning rate at high spin rates

was decreased when low proportions of magnesium was incorporated into
3 the compositions. This may simply be due to a lack of magnesium3 oxide to build up the throttle. In order to reduce the number of

variables in the study, simplified compositions were mixed and filled
into the tracer capsules. These mixtures are listed in Appendix 2.

Figure (5) shows the effect on the burning timo as the propor-
tion of magnesium in the composition is changed. It may be seen that
the proportion of magnesium has a considerable effect on the burning
times at 40K rpm particularly at the lower magnesium concentrations.

Table (6) shows the effect of changing the proportion of magnesium
on the average light output, for tracer burnt at 40K rpm.

TABLE (6)

Effect of Proportion of Magnesium on Average Light Output
(candelas)

PRESSING AGENT
Weight Beeswax Boiled Linseed

I Magnesium oil

10 200 - 40 120o 40

I 15 48o 5o 380 40.+ _+

20 500- 70 4o00 9o
25 690 130 1420 230

I 30 650 130 1230 190

T The above table shows the remarkable increase in the average
light output for those compositions utilizing boiled linseed oil as
the pressing agent when the magnesium content is increased to about
25%.

The choice of pressing agent apparently seems to have a strong
effect on the average light output, yet seems not to significantly

T effect the burning times of the composition when the magnesium content
exceeds 159 by weight. However, the tests so far completed have only
investigated two of the many possible materials.

S9. Intensity of Tracer Compositions and Sighting Range

Most of the emphasis so far in this paper has been placed upon

the requirement that the burning time of the tracer should be increased
by at least 20% above its present value. This is related to the fact
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that modern tank tactics and advances in ranging equipment require
and permit engagements to take place at ever increasing ranges. The
fact that the tracer must be observed at greater ranges than in the
past raises the cuestion of what is the luminous intensity required
to maintain vie-.al contact.

At present there is little data available relating to the charac-
teristics of this problem to enable a good estimate to be made.
Figures (5) and (7) are based on the Tiffany data (reference 1) and
show the variation of sighting range with the intensity of the light
source, with the visibility as parameter, for daylight and moonlight
viewing conditions. Taking the daylight viewing condition as being
the most difficult to produce a satisfactory tracer it may be seen
from figure (6) that a luminous intensity of 2,000 candelas will
permit a sighting range of 1500 metres and 3200 metres for visibilities
of 5.5 x 10 metres and infinity respectively. The probability of
sighting is 95Pw. Since modern tracers are required to be sighted at
ranges greater than 3000 metres, and under visibility conditions
which are less than perfect it would seem that the present luminous
intensities arerot sufficient. On the basis of figure (6) the
intensity should be increased to about 10,000 candelas.

However, the Tiffany data is based upon unlimited observation
times upon a static target. The tracer problem has a moving target
with limited observation time, but most importently the position of
the first appearance of the tracer is known and the eye has to perform
a tracking task rather than a search task. Hence the values obtained
from figure (6) are likely not to apply to this particular situation.

When the eye is adapted to background luminances corresponding to
moonlight conditions the Tiffany data predicts much greater sighting
ranges for a given luminous intensity and visibility (figure 7) than
the daylight case. The same differences in the tasks apply as were •
outlined above, but in addition the colour of the tracer becomes
important as the eye approaches the threshold between scotopic and
photopic vision. The threshold value is accepted to be 2 x io-3
candela/metre 2 below which red signals cannot be detected. Thus for
a sighting range of 4000 metres with a perfectly clear intervening
atmosphere a luminous intensity of about 30,000 candelas is required.
Thus under certain very low background luminances the red colour may
be a disadvantage.

i The determination of the relative importance of the brightness
contrast and colour contrabt of a light source against is background i
is complex. Red has the advantage that it is little changed when
observed at small angles of subtense, whereas yellow, green and
purple become almost grey in appearance (reference 2). Typically, U
tracers subtend angles of a few seconds of arc so that this effect is
likely to be of major importance. In addition, both red and green
have been shown by Hill, (reference 3), to be the most easily recog-
nisable colours at low illuminace levels.

It may be seen from this necessarily brief section that our
knowledge of the processes which lead to the ability to follow a
tracer is extremely limited.
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APPENDIX 1

COMPO SITIONS OF TRACER FILLINGS

Magnesium, Grade 0 35 parts
A Boiled Linseed Oil 4 "

Strontium Nitrate, Size 120 41
Chlorinated Rubber, Size 120 20

Magnesium, Grade 4 35 parts
Polymerised Linseed Oil 10 "

B Strontium Nitrate 45 "
Strontium Peroxide 10 "
Magnesium Carbonate 5 "

4 Magnesium, Grade 3 48 parts
C Boiled Linseed Oil 4 "
C Potassium PerchOorate, Size 120 38

Strontium Oxalate, Size 120 10

Magnesium, Grade 4 30 pa'"ts

"Polymerised Linseed Oil 12 "

Strontium Nitrate 53 "D Strontium Peroxide 5 "

Talc (24 parts mixed with 100 parts of the
above prior to pressing)

Magnesium, Grade 4 25 parts
Strontium Nitrate 58

E Strontium Peroxide 5
Polymeri nse ed Oil 12

,Talc (24 parts prior to pressing)

Magnesium, Grade 3 38 parts

SBeeswax 4.8 "

F Strontium Nitrate, Size 120 42.8
Shellac Size 100 4.8 "

SChlorinated Rubber 4.8 "
Magnesium Carbonate 4.8 "

Titanium, (80 48 parts
G Boiled Linseld Oil 4 "
G Strontium Nitrate, Size 120 45 "

Chlorinated Rnber, Size 120 3 "
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APPENDIX 2

i COMPOSITIONS OF EXPERIXENTAL TRACER FILLING;

H . K L H

I Magnesium, Grade 3 10 15 20 25 30

i I Strontium Nitrate, 120 89 83 78 72 66

Beeswax 1 2 2 3 4

N 0 p Q R

i Magnesium, Grade 3 10 15 20 25 30

Strontium Nitrate, 120 89 83 78 72 66

Boiled Linseed Oil 1 2 2 3 4

- -

~l
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I BURNING RATE MODIFIERS

David R. Dillehay

Thiokol Corporation
Longhorn Division
Marshall, Texas

ABSTRACT

A study program is currently in progress to investigate additives for

altering the burning rate of illuminant compositions. Materials have been
found which will increase or decrease the burning rate. This report will
outline results obtained to date and describe some of the techniques being
used to investigate burning rate controlling reactions.
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INTRODUCTION

SCurrent illuminant compositions are based on magnesium/sodium
nitrate/binder. Burning rate control is achieved by adjusting the magne -

sium and/or binder content. The candlepower is then taken as a resultant.
SI Decreasing burning rate in this manner decreases illuminant efficiency and

increasing burning rate increases illuminant costs.

Consider the impact of this limitation by comparison of the following
examples. The M127A1 candle can tolerate a burning rate of 0. 085 in/sec.
maximum but requires a candlepower average of at least 145, 009. Table I

~ shows results of tests with standard illuminant in M127A1 candles. The
data indicates that the magnesium should be increased to 55% to provide the
candlepower. Table I also shows that substitution of sodium nitrite for part
of the sodium nitrate provides a formulation that meets the requirements
with a reduction in magnesium content. The use of a burning rate modifier
results in a production cost saving of about $0. 03 per pound. In the event
of a national shortage of magnesium, the ability to formulate with less
magnesium is an obvious advantage.

EXPERIMENTAL RESULTS

A study program is currently in progress at Longhorn Army Arnmuni-
tion Plant to investigate means for modifying burning rates of illuminant
other than varying magnesium content. Candidate materials are screened
for general compatability with illuminant ingredients. Laboratory mixes

6 are made in a 12 inch Lancaster muller-type mixer. The illuminantiscon-
solidated in 1-127A1 candle cases 31mm in diameter and 64mm in length.
The candles are cured for 48 hours, minimum, at 140 + 100 F.

Some of the results are listed in Table II. The increases and decreases
in burning rate appear to be real and reproducible. Figures I and II graph-

& ically show the results obtained with two of the additives.

The mechanism of burning rate modification is of great importance and
interest. By studying the effects of classes of materials it is hoped that a
more complete understanding of the surface kinetics will lead to improved
illuminants. The data generated thus far indicates that there is an optimum
burning rate for any given formulation. Increasing the burning rate beyond
this optimum does not yield any improvement in candlepower. Decreasing

4 the burning rate from above the optimum to near the optimum will improve
the candlepower. Also, increasing burning rates from below the optimum
to near the optimum will result in improved candlepower.
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As part of the current study program, computer calculation of com-
bustion products are being combined with experimental data to find
relationships which will predict optimum burning rates for formulations.
The computer program is the NASA-Lewis SP-273 Complex Equilibrium
Program. The mole fractions of products are converted to moles/second
values with the experimental data. This normalization permits examination I
of the plume products on a real time basis. The effect of normalization on
moles of magnesium oxide, magnesium gas, and sodium gas are shown in
Figures III and IV for 6% binder and varying percentage of magnesium.

Additional work is planned to relate the computer data and experimen-
tal data to improve the illum:nant combustion model. In addition, studies
of the surface of extinguished illuminant using scanning electron microscopy
are planned.
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I ~TABLE I

Laminac 4116 Binder Illuminant

% Binder % Mg % NaNO 3  % NaNOz Rate KCDLA KCPS/GM

6 50 44 -- .060 115.8 54.0

6 53 41 -- .064 135. 8 60.2

6 50 28 16 .077 149.2 54.2

6 53 21 z0 .083 160.9 54.9

Where: Rate = Linear Burning Rate, in/sec

KCDLA = Kilo candela

KCPS/GM Kilo candela - seconds per gram of mix

It
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TABLE II

6% Binder Illuminants

10Mg Additive Rate KCDLA KCPS/GM

40 -- .042 55.7 36.4
45 -- .045 72.2 44.7
50 -- .051 110.2 59.4
55 -- .056 125.4 64.4
60 -- . 062 143.3 65.9

50 1% Ammonium Dichromate .056 117.9 59.2

50 1% Nitron .057 112.0 55.5

50 1% Sodium Cyanide .049 102.4 58. 2
4 60 2% Sodium Cyanide . 067 139. 2 59. 3

40 116 TFE/1% Antimony Oxide .035 45.2 35.4
45 1% TFE/ 1% Antimony Oxide .044 72.8 45.6
"50 1% TFE/1% Antimony Oxi e .046 93.2 56.5
55 1% TFE/1% Antimony Oxide .052 111.9 60.6
50 2% TFE/2% Antimony Oxide .046 91.6 55.3
60 2% TFE/2% Antimony Oxide .060 117.4 56.1

45 1% Tetranitrocarbazole . 060 105.7 48.4
50 1% Tetranitrocarbazole .060 117.2 54.6
55 1% Tetranitrocarbazole .068 135.0 56. 1

S60 1% Tetranitrocarbazole . 075 146.9 56.5

50 2% Sodium Metabisulfite .056 114.5 57.5
60 2% Sodium Metabisulfite .065 143.3 63.6

50 4% Magnesium Nitrate 14exahydrate . 076 146.3 54.0

50 2% Sodium Fluoride .056 102.0 51. 3
60 2% Sodium Fluoride .07Z 134.2 53.7

Where: Binder 50% Diglycidylether of Bisphenol A;
45% Ethylformal polysulfide polymer

5% Dimethylaminomethyl phenol

Rate = Linear Burning Rate, in/sec

KCDLA = Kilo candela

KCPS/GM = Kilo candela - seconds per gram of mix
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I Figure 3
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Figure 4
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SPECTROSCOPIC ANALYSIS OF AZIDE DECOMPOSITION
PRODUCTS FOR USE IN A PYROTECHNICALLY INITIATED

CARBON DIOXIDE CHEMICAL LASER

'~I
Carl E. Dinerman

Applied Sciences Department
Naval Ammunition Depot, Crane, Indiana 47522

h
ABSTRACT

I In the consideration of sodium azide as a potential nitrogen

source for a nitrogen-carbon dioxide chemical laser, it is

important to know the fraction of the heat of decomposition of

the azide that will appear as vibrational excitation in the

nitrogen. To this end, the v"=O, v"=l and possibly the v"=2

~ I progressions of the Lyman-Birge-Hopfield (a'g - X•Zg+) bands
of nitrogen will be monitored by means of absorption spectros-

copy in the vacuum ultraviolet, upon thermal decomposition of

sodium azide. The analyzed data will be in the form of ratios

of numbers of molecules in two vibrational levels, such as

v"=l and v"=O: N /N . This number is shown to be proportion-
1 0

al to the ratio of the two vibrational-electronic band absorp-

S tion intensities, when certain good approximations are made.

J The chemical laser system envisioned would.have the NaN3 as

a nitrogen source and another compound as a carbon dioxide

source, both reactions initiated by pyrotechnic means.

The experimental system is described and results to date

are discussed.

'E,



BACKGROUND

In the quest for convenient ways to produce a nitrogen-

carbon dioxide laser, it was found that gain at 10.6p was

exhibited when hydrazoic acid, a covalent compound, was

decomposed in the presence of carbon dioxide'' 2 by nature of

the vibrationally excited nitrogen product (in its ground

electronic state) being able to transfer its energy to upper

I vibrational levels of car~on dioxide. This suggests that there

is a possibility the decomposition of other covalently bonded

i4 azides, e.g., organic azides, may produce vibrationally

excited nitrogen as well.

In order to better understand this process, it would be

very useful to have an experimental measurement of the degree

of vibrational excitation of this nitrogen immediately after

decomposition, using a technique such as thermal decomposition

of the azide coupled with absorption spectroscopy of an

appropriate vibrational-electronic transition in nitrogen,

while quickly flowing the evolving nitrogen through the

absorption cell.

p The objective of this preliminary study is to develop and

perfect an experimental method for determining the distribution

of vibrational energy in the products of azide decomposition.

The initial investigation will be accomplished using sodium

azide.
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Upon decomposing sodium and potassium azides, il.vestigators3' 4

have described an ultraviolet emission near 2500 A; this has

been interpreted5 as the result of an electronic transition II
in nitrogen. Electromagnetic energy with a wavelength of

2500 A is equivalent to about 120 Kcal/mole. With this much

energy available for excitation of the nitrogen, there could be

a higher degree of vibrational excitation than that provided

by thermal equilibrium.

It is possible to envision a chemical laser system whereby

the azide decomposition is initiated by a heat-producing 43

pyrotechnic charge. A conceptual diagram of such an initiator

is shown in Fig. 1. The heat source module would be completely

separate from the azide to prevent contamination.

EXPERIMENTAL

The experimental arrangement, Fig. 2, is designed around a

Spex model 1500 3/4 meter Czerry-Turner vacuum ultraviolet
0

spectrometer with a magnesium fluoride overcoated 1500 A blazed
0

Bausch and Lomb grating, producing 10 A/mm dispersion in first

order. The spectromete" can be evacuated to 6 x l0- mm Hg

with a Sargent-Welch model 3120D turbomolecular pump, backed

up by a model 1376 roughing pump (Sargent-Welch Co., Skokie, Ii
Illinois).

The light source is a sealed krypton or xeoon continuum

lamp (Ophthos Inc., Rockville, Md.). Both "ive a magnesium

Ll
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fluoride window. The lamps are excited by a 2450 MHZ microwave

discharge unit (Scintillonics, Inc., Fort Collins, Colorado).

The 25 cm absorption cell has a vacuum ultraviolet quality

magnesium fluoride lens (Harshaw Chemical Co., Cleveland, Ohio)

at each end in order to collimate the light from the source and

to focus it on the entrance slit. Two stainless steel bellows

enable minor adjustments to be made in order to maximize energy

~ throughput. A glass vacuum line is employed to evacuate the

cell, the space between entrance slit and cell, and the space

between light source and cell. A layer of DC 704 diffusion

rn pump oil (Dow Chemical Co., Midland, Mich.) is placed on the

mercury in the manometer to prevent any hazard resulting from

mercury vapor coming in contact with azides.

Detection is by either photoelectric or photographic

means. The first utilizes a Centronic Q4249B photomultiplier

(Bailey Instrument Co., Saddlebrook, N.J.). This tube is

mounted very close to a sodium salicylate covered quartz window

which is sealed onto the exit slit opening. The sodium

salicylate, when irradiated by vacuum ultraviolet energy,

fluoresces in the blue. This emission is detected by the photo-

multiplier and the resulting signal displayed on a strip chart

recorder (Yokogawa Model 3041-514, Electric Works, Ltd., Tokyo,

JAPAN). Visible scattered light, as measured by inserting a

pyrex glass section in the light path, was about 1/2%. Any
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second order light is eliminated by the MgF 2 absorption cutoff

at 1130 A. The other detection method is via a rackable vacuum

camera holding a 35 x 50 mm section of either SWR (Kodak,

Rochester, N.Y.) or SC-7 film (Kodak Path6, FRANCE). The AC

power to the electronics is regulated to within .1% by a

Sorenson Model ACR 2000 (Raytheon Corp.,, Norwalk, Conn.). i

The azide is decomposed in fused silica combustion boats

in a pyrex tube surrounded by a split-tube oven (Lindberg M1odel

55053, Watertown, Wisconsin) arranged at right angles to the I,
absorption cell. The evolving nitrogen is continually pumped

from tile decomposition tube through the absorption cell by a

liquid nitrogen trapped pump. It is also important to have a

fast enough reaction and nitrogen flow rate so that vibrational

relaxation and collisional deactivation do not change the

vibrational distribution appreciably before entering the absorp-

tion cell.

Extreme purity of the azide is necessary, both to control

tthe thermal decomposition and also to minimize impurity

absorption in the region 1200 - 2000 A which would interfere

with the nitrogen absorption measurements. Dr. Richter at

Picatinny Arsenal has prepared highly purified sodium azide 1
for this project by a 3-step ion exchange process.

Determining the optimum decomposition conditions is a

complex problem, for the decomposition rate is influenced by I]
12-4
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such factors as particle size, purity, total sample mass, and

temperature. 7 ' 8 , 9''° Fig. 3 illustrates the variation of

U decomposition rate with temperature and particle size.'1

Basically, the project consists of four stages. Stage one

t" involves adding research grade nitrogen gas to the absorption

cel••l and taking its spectrum to determine the best values of

the operating parameters, such as slit width, scanning speeds,

signal-to-noise ratio, film exposure times, etc. Stage two

ra, consists of establishing the NaN3 decomposition conditions
T3

& I(temperature, particle size, mass, flow rate) that will best

S -suit the spectroscopic obse:wvation requirements. In stage

three, nitiioroen resulting from sodium azide decomposition will

Pr •be spectroscopically examined in a normal absorption experi-

~ ment in order to determine which interfering impurities may be

present, so that correction may be subsequently made for them.

Stage four involves the actual search for the vibrationally

excited nitrogen species, using the fast flowing nitrogen system

r'eferred to above.

DISCUSSION

The transition in nitrogen that is most appropriate for

the study of the vibrational excitation in the electronic

ground state is the Lyman-Birge-Hopfield (a'g , XE +) system,

with band origin at 1450 A, or 68,965 cm-f. Although this

is a forbidden transition, it is still the most intense band
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in the region above 1000 A.' 2  The potential energy diagram for

this band system is reproduced in Fig. 4.'3

The following relates the experimentally measurable quanti-

ties with theory.

The experimental integrated absorption coefficient of a

particular vibrational electronic transition of a diatomic

molecule can be related to vibrational level populations in

the following way:

fk dv N 2 f r'
k d= Ny, V •e2 [(v ve'v" dr)] (1)

where fk dv is the integrated absorption coefficient, Nv,,

is the number of molecules in the vibrational level of the

lower electronic state, v is the frequency in cm-, and le2

is the square of the average electronic transition moment and

can be considered constant to good approximation for this band

system.' 5  The term in brackets is the Franck-Condon factor,

tabulations for which are given.

As an example of the use of equation (1), we can compare the

relative intensities of the a1R1 - X'z + (3,0) band at 1354 Aag Zg0A
R 

0

or 73,856 cm-f with that of the (1,1) band at 1464 A r-

68,306 cm-. These are the most intense absorption bands for

the v"=O and v"=l progressions, respectively. Since we are

only interested in relative intensities, it is permissible to

form a ratio using equation (1) for the two bands:

12-6



fkvdv (1,1l (N1)( 68 ,3 0 6 ) (.193)

k dv (3,0) (oF)(73,855) (.183)

IV
where constant terms have been dropped and the values for the

Franck-Condon factors inserted from reference (15).

V Therefore, a determination of the relative band intensities

allows the fraction NY/No to be calculated. Similar

Sconsiderations apply for N,/No , etc. Dressler"8 did not

observe bands with v">l in an absorption measurement of the

I Lyman-Birge-Hopfield bands of active nitrogen, so it is

possible that the only transitions we will observe will be

those originating in v"=O and v"=l. In this case,

N + N= N, the total number of molecules, and N /N will be

the percentage of molecules in the first vibrational level.

~ Fig. 5 shows a spectrum of 600 torr of Linde research

grade nitrogen through a 25 cm path length using the Krypton

continuum. The spectral slit width is .6 A. The spectrometer

vacuum is 1.5 x 10-4 torr, as measured by a Veeco cold cathode

gauge. The carbon monoxide Fourth Positive bands are most

i likely the result of the photolysis of traces of organic

material (such as stopcock grease or pump oil) and an ensuing

reaction with small amounts of oxygen.
0

The asterisk at 1464 A indicates the position of the (0,1)

band, which would appear if there were v"=l vibrational

excitation as a result of the sodium azide decomposition.

17.-7



One would not expect to see the (0,I) band at this pressure

and path length because, even at 400°C, the maximum temperature

at which the nitrogen could conceivably be, the v"=l thermal

equilibrium population is .007 of that of v"=O.

Some results of preliminary sodium azide decompcsitions

in the present apparatus are presented in Fig. 6, with experi-

mental conditions shown in Table I.

TABLE I
Max.

Decomp. Azide Mass Temp. Induction* Press. Percent
Number Source ±.lgm ±4°C Period Min. ±1 mmn Decomp.

3 Fisher .6 335 19 184 46

4 Fisher .7 348-355 16 227 49

6 Fisher .7 362-370 7 256 55

7 Fisher .7 364-372 6 275 59

*Induction period as used here is the time for the pressure

to rise to 1 mm.

CONCLUS ION

As of this writing, the work is continuing. Final results

are expected within a few months.
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INTRODUCTION

This effort was supported by the Tarvet Acquisition

Working Group of the Joint Technical Coordinating Group

for Munitions Effectiveness.

I
In order to determine where best to position the flare

and aircraft for target acquisition under varioutv atmospheric

conditions in Europe, a search was performed to define weather

4 conditions in that area. The search confined itself to defining

V the atmospheric properties in terms of visibilities, ceilings,

and wind velocities. After defining the atmosphere for various
W areas of Europe, analyses were performed to investigate the

effects of ceilings, visibilitles, and wind speed on target

acquisition.

Current air-launched flares are ignited at 2,000 feet and

2,600 feet depending on the "breed" of the flare. The Navy

MK 45 is ignited at 2,000 feet, while the Air Force LUU 2B/B

is ignited at 2,600 feet. The burning time of the MK 45 is

180 seconds and of the LUU 2B/B, 240 seconds.

ATMOSPHERIC PROPERTIES

Data has been taken by the U. S. Naval Weather Service

Command along the Mediterranean coastal areas and inland

areas of different European countries on ceilings, surfacel visibilities, and wind speeds.

Ceilings

Figure 1 shows the ceilli-g height distribution of the

Eastern coastal region of Spain for January £'nd July. Figure 2
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4

shows the frequency distribution of ceilings of the Northern

Adriatic Sea for the months of January and May.

For thG Northern Adriatic Sea in January, approximately

25 percent ol the time ceiling occurred below 2,700 feet,

whizh is the approximate ignition height of the LUI, 2B/B.

Approximately 12-15 percent of the time ceilings occur below

2,700 feet for Spain's coastal region. As can be observed

ftom Figures A. and 2, the summer moaths do not have as many

ceilings existing as the winter months. To represent the

variability of ceilings with months, the following table is

given.

TABLE 1

% Time Ceilings Below 8,000 FT AGL
(Night Time)

Month N. Adriatic Sea Oran, Spain

January 38.0 17.0

February 32.4 16.3

March 30.5 14.5

April 27.7 14.9

May 24.7 11.3

June 23.8 8.3

July 11.4 6.4

August 3.3 5.5

September 8.1 9.4

October 17.1 11.6

| November 27.0 13.7

1 December 34.8 14.9

1
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TABLE 24 ' NUMBER OF NIGHTS PER MONIH AND PER YEAR

HAVING CEILINGS BETWEEN 1000' AND 2500'
WITH 3 MILES OR GREATER SURFACE VISIBILITY

Scandinavia & Northern Europe*

SAREA JAN NOV ANNUAL %ANNUAL

Finland
01 7.3 6.8 52 14
02 5 6 54 15

Sweden
4.8 6 63 17

02 5.5 6 56 15
03 7 7.3 62 17

Norway
01 7 7.3 76 20
02 4.8 5.7 63 17
03 - -.

IE Denmark
01 8 9 78 21
02 6 7 51.7 14
03 7.7 7.6 58.1 16

Germany
01 4.6 4 41 12
02 5 4 36 10
03 5.8 6 52 14
04 4.2 4.2 34 9
05 5.5 5 43.3 12
06 3 2 30 8

West Berlin 6 4 35 9

*0100 nour observation
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Table 2 (cant)

Mediterranean

AREA JAN NOV ANNUAL % ANNUAL

France

01 2.5 0 36 9
02 5 2.6 31 8
03 5 4 38 10

Italy
04 4 3 36 10
06 3 2.4 20 5

Sicily 2.5 1. 2 257

Yugoslavia
01 2.4 2.5 19 5
02 5 6 41 11
03 3.9 4.8 34 9
04 1 1 7 2

Crete 4.6 4 27 7

Europe (Alps & S.W. Europe)

AREA JAN NOV ANNUAL % ANNUAL

France
01 4.8 -t.4 42 1.
02 4 4.7 36.3 10
04 2 2 J8 505 1.8 3 27 7
06 3 3 29 7

Switzerland
01 2.4 3.7 34 9

Austria

01 3 4 31 8

Spain
01 6 6 69 19
02 3 2.6 24 7
03 2 1.3 16 4
04 2 1.3 17

UK 4 2.5 31.3 8

13-6
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TABLE 3

CEILING BETWEEN 2500' and 6000'
AND VISIBILITIES ' 3 MILES

I AREA JAN NOV ANNUAL % ANNUAL

Finland

01 2.1 2.6 22 6
02 1.6 1.5 24 6

Sweden
01 2.8 3.5 37.7 10

p 02 2.8 2.2 33 9
03 2.5 2.5 23 6

Norway
01 4.4 5 61 16
02 3 4 46 12

Denmark
01 2.2 2.8 26.6 7

S02 4.4 3.4 30.2 8
03 4.1 3.8 43.4 12

] Germany
01 2.3 4.8 41 1i
02 3.7 4.4 49 13

03 3.7 4 45 12
04 2.5 2.8 35
05 3.1 3.4 45 12
06 1.9 2.2 33 9

(ALPS)

Fran-•
01 3 4.0 44 12
02 3 4.0 44 12
04 4.4 9.7 76 21
05 1.8 1.4 36.6 10
06 4.4 2.4 24 7
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T- was found by reviewing much of the literature that

the winter increase of frequency is characteristic of the

entire MediLerranean marine areas. The spread of percentages

for different marine areas is fairly well encompassed by the

North Adriatic Sea and Oran, Spain, areas.

A well defined frequency distribution of ceiling heights

could not be found for the inland areas of Europe. However,

a limited amount of data was found and is presented in

Tables 2 and 3. From inspection, one can see that the percent

of time cloud cover exists is greater in Northern Europe

and the Scandanavian countries than in Southwest Europe and

the Alps. It should be noted that to obtain the percent

of time that ceilings exist, one would have to sum the numbers

of Tables 2 and 3 for the corresponding countries and areas.

In reality, one could say that 20-25 percent of the time,

difficulty in performing attack missions with flares will

occur due to ceiling problems on an annual basis.

The following analysis was performed to examine the

effect of ceilings, haze and wind speed on target acquisition.

The trade-offs of ignition altitude, ceiling height and

observer position were analyzed in terms of usable flare

light and performance.
I

I Let usable burning time be defined as that time for which

the pilot would have a .9 -r better probability of a target

recognition, with approximate target size being equal to that

of a truck. In addition, performance measure is defined as

the probability of recognition. In this report, the target

is taken as being a truck with dimensions 7 X 8 X 25 feet.
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METEOROLOGICAL RANGE PROFILE FOR

DIFFERENT DAYS IN SOUTHERN GERMANY
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A summary on the effect of the above parameters is given

in Figures 3 and 4. Figures 3 and 4 show the usable

burning time out of 240 seconds for various cloud heights

and ignition altitudes for a thick and thin cloud which

correspond to meteorological ranges of 130 feet and 1,300 feet

respectii-ly, The pilot was located below the cloud layer.

As can be seen for low clouds, as little as 25 percent of the

flare burning time may be useful. The usable burning time

can, however, be increased as much as 25 percent by igniting

the flare at 2,200-foot altitude as shown in Figure 3. From

Figures 3 and 4, one could probably apply a rule of thumb

that for every 200-foot decrease in ignition altitude, a

20-second increase in usable burning time is gained.

Visibility

A frequency distribution on surface visibilities is

presented in Figure 5 for the Northern Adriatic Sea. The

probability of the visibility being less than 10 miles is

given as approximately .5 for the Northern Adriatic Sea. After

inspecting the data for the different marine areas, large

visibility variation was not found.

2 Extinction profile data has been collected for the Air

Force-Cambridge Research Laboratory (AFCRL) on Southern Germany.

A representative sample is presented in Figure 6. Also shown

is a visibility scale which represents the distance over which

transmission is two percent. As can be observed, there exists

a definite haze up to 3,200-4,900 foot altitude. This haze

layer corresponds to a visibility of 5-16 miles. The existence
SI of this haze is quite prevalent in that all of the data collec-

tion flights showed the haze layer. Most of the flights were

made with non-overcast conditions occurring.

71! 13-12



I Effect oi Aerosol Scattering
In a Hazy Atmosphere

The aerosols in the atmosphere degrade the transmission

U of image forming rays by scattering and absorption. Radiation

in the visible wavelength is attenuated almost entirely by

scattering. When viewing an object through the atmosphere,

the scattered light reduces the contrast. In the use of

W flares, the amount of direct illumination on the target is

reduced and some of the flux which is attenuated is Pcattered

into the sight path of the pilot, thus degrading his ability

to see a target.

WK The scattering degradation is dependent on the distance of

the flare from the sight path and the scattering angle.

Figure 7 shows the effect of locating the pilot at different

distances and scattering angles from the flare for pilot

altitudes near that of the flare in a hazy atmosphere. As can

be seen, there does not seem to exist much difference for this

particular geometry. By locating the pilot at a higher altitude

(Figure 8), position 1 shows a 15-20 second burning time difference

from position 2 to obtain equal visual performance. This

difference is due mainly to forward scattering lobe of the

sight path, e.g., 2,600-5,000 foot pilot altitude. The conclusion

il is, neglecting target aspect angle, and secondary atmospheric

scattering effects, that at most, 15-20 seconds burning time is

the difference needed to obtain equivalent performances when

the pilot is operating completely in the haze. If the haze

is below the pilot, the burning time difference is going to

be even less.

After investigating the scattering effect in a hazy

atmosphere, an analysis was performed to investigate the

effect of meteorological range in general. Therefore, a pilot

u 13-13
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Table 4

COMPARISON OF DIFFERENT METEOROLOGICAL
RANGES ON TARGET ACQUISITION

Recognition Range % Target Acquisition
Meteorological Range (Mi) for .9 Probability Reduction Relative to

of Recognition (Ft) 17 Mi. Meteorological
Range

17 5400 0.0%

10 4400 18%

5 2900 46%

I

I WI
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altitude of 2,000 feet was simulated and the pilot flew a

simulated level path toward a vehicular target for different

meteorological ranges. The differences in pilot-target ground

ranges to obtain equal visual performances were recorded and

are shown in Table 4. As can be seen from Table 4, the

SI recognition range can be reduced as much as 46% for the five-

mile meteorological range.

Wind Speed

Parachute flares in general will drift with a velocity

equal to that of the wind. Another important aspect of

flare placement on target acquistion is flare drift. Thore-

fore, the deployment of flares over the target might not be

the best location.

Figure 9 represents the wind speed frequency distributions

of Jznuaiy and August for the marine area of Spain. Forty

4 percent of the winds fall in the 10-33 knot range in the

winter and 3C percent for the summer.

Inland mean wind speeds for cities of various European

countries are shown in Table 5. The areas further north have

j greater wind velocities. For example: Bremen, Germany, has

a wind velocity four knots greater than Heidelberg's wind

j speed. Heidelberg is located south of Bremen. Likewise, Den-

mark, which is in the northern part of Europe, has higher wind

velocities than Germany, Switzerland and France.

Figure 10 shows the cumulative frequency distributions of

flare drift for the coastal region of Spain in January. Upon

inspection of Figure 10, one can readily see that a flare could

drift completely off the target before it burned out. Thirty
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II

T2le 5

SCALAR MEAN WIND SPEEDS (KNOTS)

Switzerlano

Geneva 5.1
Lccarno 2.6
Santis 14.0
Zurich 4.2

Denmark

Blavand 11.9Fornaes 10.1
Karup 9.8I Skagen 11.5

Germany

SBerlin 7.3
Bremen 7.9
Heidelberg 4.1

France

Chambley 4.2
Chateauroux 5.5
Orleans 5.7
Paris 7.0

1
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percent of the time, the flare will drift more than 4,000 feet,

and 15 percent of the time, the flare will drift more than

9,000 feet. Wind drift, therefore, gives added emphasis to

the timing and precision of flare placement in conjunction

with acquiring target and possibly delivering ordnance on

the target.

SUMMARY

An attempt has been made to define atmospheric environ-

mental conditions for Europe as would be encountered during

missions involving flare deployment.

After reviewing the findings, it was concluded that the user:x

of flares should give careful consideration to the atmospheric

parameters of ceiling height, visibilities and wind velocities

in developing deployment tactics for flare3. In addition, the

flare dE:signer should be made aware of the environmental

parameters that may affect the performance of a flare. There-

fore, it may be possible to dc-sign thc burning time, parachute

characteristics, and Landlepower in such a manner as to

maximize target acquisition capabilil:y.
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THE EFFECT OF ANGULAR VELOCITY ON PYROTECHNIC PERFORMANCE

by

Walter J. Puchalski
Pyrotechnic Development Branch, Frankford Arsenal, Phila., Pa.

ABSTRACT

The influence of angular velocity on the light output, slag
retention, and burning rate of pyrotechnic Mg/Sr(N03) 2 samples
consolidated into metal cavities is discussed. Stoichiometric as
well as non-stoichiometric fuel/oxidizer mixtures were studied at
rotational speeds up to 43,000 RPM and a parametric burning-rate
equation is developed. In addition, semi-quantitative descriptions
of the burning phenomenon and its effects are presented.

INTRODUCTION

Background

4 ' Studies to date on the effects of spin rate and cavity geometry

on burn time and candlepower :utput (1,2) had the objective of corre-
lating laboratory performance with field performance. When standard
tracer and igniter compositions were used in tracer cavities, results
of laboratory testing indicated a direct relationship between burning

time and projectile spin rate for the lower spin rates and an asymptotic
value of burning time for the higher spin rates. No correlations
between burning rate and compositions were reported.

When dealing with a standard tracer mixture, not only is the
investigator examining the fuel and oxidizer, but also any binder,
burning rate modifier, and/or color agent(s) which were added to meet
a specific requirement for a specific round. The many ingredients com-
prising these mixtures tend to mask the individual roles of the fuel
and the oxidizer. With this experiment we have removed all components

except the fuel and the oxidizer. This was done so as to examine only
the roles of the fuel and oxidizer in a pyrotechnic reaction.

In addition to determining the roles of the fuel and oxidizer, it

is also necessary to explain why certain phenomena occur. In past
reports there was a tendency to report and not to explain. In this
study we hope to present not only the data but at least a semi-quantita-
tive explanation of the factors affecting pyrotechnic performance.

Scope of Work

In the present work, cavities containing binary (fuel/oxidizer)

pyrotechnic mixtures were evaluated as to their output characteristics,
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with the independent variables being the degree of stoichiometry and
cavity spin rate, and the dependent variables being average linear
burning rate, candlepower, and percent slag retained in the column
after burning.

The average linear burning rate, as well as the intensity of light
output, determines the effective range over which a tracer projectile
functions -- a performance factor which is related to its *ire control
effectiveness. The retention of slag products in the tra'ýr cavity
undoubtedly contributes to the local burning processes of a pyrotechnic
but just as important, however, fs the effect of slag retention on the
degree of fumer capability or, base drag reduction. As tL' burning
tracer projectile loses mass due to the ejection of prodqct gases and
solids, the "dead air" region behind the moving bullet is filled with
this ejected material. This ejection changes the fluw pattern around
the bulleit, resulting in less degradation of striking energy at any
one point during its flight. By knowing the percent slag, it will be
possible to design the optimum fumer composition to reduce the base
drag by concentrating on the ejected mrass and heat of reaction of the
burning pyrotechnic. Hence, a knowledge of how burning rate, light
output level and slag retention are influenced by composition and spin
will contribute to the design of better tracer ammunition.

EXPERIMENTATION

The experimental arrangement is presented schematically in
Figure 1. The major components consist of a spinner (to both hold the
capsuled sample and impart a certain rotation); a photocell (to detect
light output and to convert it to measurable, electrical signals);
and the oscilloscope (to collect and record the data). PeripherV
equipment includes a photometer, the pyrotechnic ignition system, a
stroboscope, and an oscilloscope recording camera.

The samples were held in an air-driven spinner (Figure 2)
patterned after spinners described by Beams and Pickels (3). An
exploded view is presented in Figure 3. The spinner is operated by
passing air through the inlet port and the holes in the stator. Air
jets from the stator provide an air cushion between the stator and
the rotor, and strike the flutes along the -onical portion of the
rotor, causing rotor spin. Air jet velocit. (and consequently rotor
rotational speed) is controlled by regulating the upstream air pressure.

The photocell and oscilloscope were used to record output from
the burning column. Light from the burning sample was picked up by 9
the photocell and transferred to the oscilloscope for photographic
recording. Most tests were conducted with the photocell positioned
three feet from the spinner; however, this distance was increased
for higher candlepower values. To determine tne vertical scale on
the CRT, a 500 Watt Mazda lamp-was placed in the position of the
spinner and a W-ston Photometer was placed at the position of the photo-
cell. The voltage to the lamp was controlled by a rheostat giving a U
variable intensity. With this arrangement, lamp output (in foot-candles)
could be correlated with beam-deflections -in the vertical plane of the I
CRT.•
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Rotational speeds of the capsules were determined by placing an
identifying mark on the rotor surface and noting with a stroboscope
the fundamental speed at which the mark appeared stationary.

Ignition was accomplished by means of a spark from a Telsa coil.
Each pyrotechnic sample, after being charged into its capsule, had

j added to it a milligram quantity of a BaO2 /Mg igniter mix and a
spark-sensitive Zr/PbO2 mix, respectively. Upon discharge of the
Telsa coil (after the sample was placed in the spinner and brought
up to the desired RPM) the Zr/PbO2 mix was ignited, thereby igniting
the sample.

The samples themselves were magnesium/strontium nitrate mixtures
prepared by combining granulation 11 magnesium (MIL-M-382) with
strontium nitrate (MIL-S-20322) after each was passed through a number
60 sieve. The three compositions prepared for this study were a

T stoichiometric blend based on the reaction:

5Mg + Sr(N03 ) 2 - 5MgO + SrO + N2

T and blends containing 30 mole percent more and less magnesium from
stoichiometric. These three mixes are presented in Table I. These
mixes were then pressed with a flat punch at 70,000 psi into 0.375"

T diameter cavities to individually measured heights of approximately
0.600". A flat punch was used rather than the normal teated punch
used in tracer manufacturing so as to provide a flat surface for

I column length measurements.

Rotational speeds used were 0, 20K, 28K, 35K, and 43K RPM, For
angular velocities below 20K, the low pressure air flow resulted in

large variance in speed; therefore, 20K RPM was the lowest rotational
speed studied. Also, 43K RPM was the maximum studied, because above
this rate, the spinner became unstable.

Data measurements on the samples included total burning time,
candlepower, slag percent retained in the cavity, and rotational speed.
In order to establish representative candlepower values for the samples
tested, the average values for the peaks and troughs were taken. The
peaks themselves were not reported because it was believed that they,
the peaks, were not representative of the flame phenomenon. For the
stoichiometric and the fuel-rich mixtures burned at the higher
rotational speeds, candlepower increased as the column burned. For
these conditions the maximum candlepower value was the one reported.

The amount of slag retained or slag percent was determined by
simply weighing the capsules before and after charging and then again
after burning. Weights were obtained only to the nearest decigram
because of the handling problems during both the charging and the
burning operations.

1
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DISCUSSION

Burning Rate as a Function of Composition and Angilar Velocity

The data listed in Table II and plotted in Figure 4 indicate
that the average linear burning rate of a Mg/Sr(N0 3 ) 2 binary mixture
is directly proportional to the magnesiurt, contezL of the mixture and
also to the rotational speed of the mixture. The excess magnesium
composition exhibits the highest burning rate at all rotational speeds
and the deficient (from stoichiometric) magnesium composition has the
lowest burning rate at all rotational speeds, with the stoichiometric
mixture always between the two.

It is interesting to note that, for rotational speeds up to and
including 43K RPM and variations of magnesium content of ± 30 mole
percent from stoichiometric, the influence of spin on the burning rate
can be represented by a simple linear relationship. Using a least
squares analysis on each of the data sets the following three equations
were obtained:

for the fuel-rich mixture:

r = 0.160 + 1.43 X 10 (RPM) (1)

for the stoichiometric mixture:

r = 0.122 + 1.54 X 10" (RPM) (2)

for the fuel-deficient mixture:

-6
r = 0.059 + 1.84 X 10 (RPM) (3)

where r is the average linear burning rate in inches/second.

Taking these three individual equations and applying the
appropriate mathematical techniques, a general virial equation con-

S~taining both magnesium content and spin rate coefficients results:

-2 -8 -6
R =-0.148 + 0.729 X 10 (M) - 2.75 X 10 (M)(S) + 2.60 X 10 (S) (4)

where R linear burning rate in inches/second
M magnesium percentage
S spin rate of sample in revolutons per minute.

This equation space is plotted versus the experimental data curves in
Figure 5. The parametric equation agrees quite well with the observed
data. For example, at the spin, magnesium percentage values of (0,28.8),
43K, 42.8), and (28K, 36.3),the parametric equation burning rates are
0.062, 0.225, and 0.161 in/sec, respectively. These ratcs compared to
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the observed rates of 0.059, 0.227, and 0.160 in/see, respectively,11 •give corresponding percentage differences of 5.1, 0.6, and 0.9. It
was, therefore, not deemed necessary to include a scaling factor to
have the termini correspond with the actual data since this would
produce larger percentage errors in the middle of the space.

The combustion of a pyrotechnic is the sum total of many exothermic
• I and endothermic reaction processes with their accompanying physical pro-

cesses of heat transfer. In discussing the data reported here, a rough
= • I division of the actual overall combustion process is made, separating

the overall reaction into a condensed or solid-solid/liquid phase and
a flame or gaseous phase. In the condensed phase, reactions are endo-
thermic or weakly exothermic and are greatly affected by both outside
forces (compaction pressures, cavity diameter, spin, etc.) and composi-
tional effects (percent ingredients, thermodynamic properties of ingred-
ients, etc.). In the gaseous phase, however, the reactions are highly
exothermic and are less affected by outside forces. With this division,
the overall reaction process can be effectively analyzed by regarding
the condensed phase as the rate deteimining phase and the flame phase

• • I as a heat reservoir for the condensed phase.

In the stoichiometric, static condition, the reaction proceeds at
some linear burning rate, r, not affected by the spin variables (S= 0)

• 3 Inor by any excess ingredient variables. This reaction condition pro-
duces a laminar burning effect or reaction profile similar to the one
outlined in Figure a. Section A represents the unreacted portion of

3 the pyrotechnic composition "unaffected" by outside parameters.
Section B is the "pre -heated" portion of the curve in which the heat

Otransfer process is noticeable and results in a raising of the corn-
position temperature. Section C is the reaction zone in the condensed

®R:- ! CONDENSED PHASE j FLAME PHASEII
UU

CL

51'
REACTION FRONT

Figure a. Reaction Profile of a Burning Pyrotechnic
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phase. This portion represents the melting and thermal de-omposition
of the oxidizer and the high absorption of heat from the flame phase.
Species exist primarily as liquid and not solid in this region and are
relatively mobile compared to sections A and B. These three sections
together comprise the condensed phase and can be characterized as being
generally endothermic and rate-controlling.

The final portion of the reaction profile is the flame phase (D, E).
In this phase the temperatures are the highest (D) with all reactions
primarily being gaseous. In this last stage of combustion, atmospheric
oxygen and nitrogen participate in the oxidation. With this additior.,
the total caloric level of this already exothermic region is enhanced.
Subsequently, these flame phase species combine to form stable oxides
and these produce the lowered temperature region (E) with final reaction
products.

In the fuel-deficient, static condition (as in all other conditions),
there is oxidizer which must decompose first to react with the metal to
propagate the reaction. With excess oxidizer, however, the pre-heated
zone (B) is greatly reduced in temperature due to an abundance of the
Sr(N03 ) 2 endothermic agent, and the reaction zone (C) has a lower tem-
perature. This is due to a shifting of "priorities" from the heating
of the Mg to facilitate reaction kinetics to the absorption of that
heat by th Sr(N03 ) 2 (C = 38.3 cal/deg-mole) for the decomposition of
the excess nitrate which proceeds at a much slower rate and at a higher
thermal cost than the maonesium heating process, thus reducing thi over-
all reaction rate. This can be seen from the fact that by reducing the
magnesium content 30 mole percent from stoichiometric the reaction rate

is lowere.d 50% from 0.120 in/sec to 0.059 in/sec.

In the excess-fuel, static condition, the larger percentage of
magnesium acts as an excellent heat conductor. With the moderately
high thermal conductivity of magnesium (0.38 cal/cm2 /°C/(cm/sec)
versus 0.18 for iron) the pre-heated zone (B) is extended at a higher
temperature further into the unburnt column and the composition as a
whole absorbs a greater total quantity of thermal energy. This results
in a lesser amount of additional heat needed to raise the temperature

• of the pre-heated and combustion zones (B-C) for more rapid decomposi-
tion of the nitrate.

The imposition of spin to a binary pyrotechnic column intro-
duces a new parameter in the burning process of the mix. As is

S noticed in the data, burning rates increase linearly for each of the
mixes up to 43K RPM. Also, spin has a greater effeet on the mixes
with lesser percentages of magnesium. This latter fact can be gleaned
from the percentage increases in burning rates for each of the mix-
tures listed in Table II and from the individual slopes of the burningj rate Equations 1-3.

Spin has different net quantitative effects on each of the three
mixes but qualitatively the effect is the same for each sample type.

A
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The differences in spin effects come from the compositional properties
of the mixes themselves and their non-spin burn characteristics. In
all cases, the spin effect is most pronounced in the reaction zone of
the condensed phase. In this zone, the particle mobility is highest
and therefore most susceptible to the radial effects of spin.

Consider the burning pyrotechnic column. A layer of molten
reactants exists at the top of the column (zone C). This layer isionly several mils thick, consisting of decomposing Sr(N0 3)2 and high,

temperature (.450-500'C) solid magnesium. With the decomposition of
the nitrate, the average molecular weight of this region is considerably
lower than the rest of the column. This creates the low density region

I at the surface of the column to which the addition of spin produces
the following:

I. The unburnt portion of the column (A + B) is basically
unaffected although the temperature gradient is changed.

2. The flame zone (D - E) is moderately affected but less than
'I the condensed phase reaction zone. It is noticed that, at

the higher spin rates, the plume volume is decreased and the

flame is closer to the reaction surface.

3. The condensed phase reaction zone particles (C) travel
spirally outward, density gradients are formed at and near
the surfacc, heat transfer processes increase in a radial

direction, and the burning s'trface becomes convex in shape.

For the fol lowing discussion, the unburnt portion of the column
and the flame Phase will not be conSidered, but only the nondensed

phase reaction zone.

The hot viscous particles at the burning surface are accelerated
outward it a spiral-type path. Th-s results in each particle remain-
ing at the surface longer tUus increasing the amount of heat it
receives from the flame phase (thus increasing its temperature) and
also increasing the probability of reaction thtrough both a loiger

mean path of travel on the reaction surface and a longer time span in
which it is in close proximity with other reactants.

While these particles are spinning outward, the tangential com-
ponent is also forcing these particles to a greater density as the
radius increases. And since this layer is molten, the particles on
the outward edges of the spinning capsule are closer together increas-
ing their effective collision frequencies and thus their reaction
probability. This phenomenon occurs, of course, in a gradient-likeI fashion and increases reaction rates outward resulting in an overall
increase in the linear burning rate of the column.

AA third effect of spin is the increase in the conductive heat
transfer process. This increase is due to vhe density gradient at and
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near the surface of the column and the fact that the flame is closer
to the surface. With the closer flame zone, the heat flux to the column
increases. The density gradient then more effectively dissipates this
heat to the column because of the nearness of the molecules at the
higher densities. These two conditions combine to preheat the
unreacted portion of the sample. As the temperature of the sample is
increased less heat irom the flame zone is required for the reactions
in the condensed phase. This factor is quantitatively described by the
Arhenius Factor e-Ea/RT. As the temperature increases the negative
exponent also increases thus increasing reaction rate.

The final result of spin considered is the change from a "cigarette-
type" burning under static conditions to a convex-type while spinning.

The convex burning surface is caused by the tangential forces directing
the major reaction components towards the circumferential portions of
the spinning capsule. Because these effects are increasing with radial
distance, the burning rate quite naturally will also increase with
radial distance. This produces the convex burning surface sketched in
Figure b:

Figure b. Cross-Sectional View of Burning Pyrotechnic (Spinning)

Recent unpublished studies at Frankford Arsenal on the M13
artillery tracer capsule have shown that at 43,000 RPM the burning
tracer ejects a pyramided section of unburnt tracer mixture toward the
end-of-burn. This section had a base diameter approximately equal to
the diameter of the cup with an uncharred portion of mix at the under-
side base of the mix at the axis. From this test it appears that the
above postulations are correct to one degree or another.

Projecting the above hypcthesis to other systems, it would be pre-
dicted that for identical mixes at identical rotational speeds, a
capsule with a larger internal diameter would have a higher burning rate
than those with smaller diameters, since the tangential forces would
increase as one proceeds radially from the center. Figures 6 and 7 (2)
are presented to support this theory. It is noticed that in all cases
the greater the diameter of the capsule the greater the burning rate
(shorter burning time). The difference in the shapes of the curves Is
probably due to compositional effects of the multicomponent mixtures

Candlepower as a Function of Composition _nd Angular Velocity

The light outputs of the pyrotechnic samples are presented in

Table III and Figure 8. From these, the general relationships between
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Smagnesium content, spin and candlepower can be seen. As magnesium

content is increased the flame intensity also increases. As spin is
introduced the greater the magnesium content the greater the increase

in illuminosity. Figure 8 shows this general trend.

For the deficient magnesium sample, spin has little effect on'I ' light output. This is probably due to the lack of sufficient thermal
energy to raise the magnesium to a level of high emission. Most of
the heat of reaction is absorbed by the excess Sr(N03 ) 2 for decomposi-
tion. This produces magnesium particles to be ejected at a much lower

Stemperature and therefore a lower luminous flux.

The stoichiometric mixture has the highest adiabatic flame
temperature. This results in the highest intrinsic thermal radiation
of the three mixes studied. As the temperature is raised the amount
of energy emitted by the flame is increased by a power of four.

i i(Stefan-Boltzman Law). Although the flame is not a black body, one
I 3can see that even a first approximation would give copious quantities

of light.

At approximately 500°C, luminescence begins to appear due to the
atoms and ions in the flame being excited to higher energy levels and
then emitting as they return to the ground state. Since pyrotechnic

~ 3 flames are at least five times hotter than this minimum temperature
requirement, luminescence can be considered an integral part of flame
phenomenon. Therefore, with the addition of luminescence to the
already greatly increased thermal radiation of the hotter stoichiometric
flame, this mixtures will emit more strongly than the fuel deficient
mixture.

I I The fuel-rich mixture has the highebt total light output. Its
flame temperature is lower than the stoichiometric mix; but, with the
excess magnesium reacting with atmospheric oxygen on the outer edges

I of the flame the overall light output is greater than either of the
two other mixes. Also, since there are these additional reactions

occurring at the edges of the flame, the plume of the fuel-rich
mixture is larger than the others. This factor causes an increase
in total flame volume which in turn increases the total light output.

Figures 9 and 10 present candlepower versus burning time for theU ' three type mixes in a static and spin condition, respectively.

In the first figure, erratic burning conditions are more pro-
nounced as magnesium content increases. This erratic burning is
related to the increased burning rate and the greater thermal diffu-
sivity of higher magnesium content mixes. As the magnesium content
increases the decomposition of the nitrate in the condensed phase

I increases which in turn causes greater conglomerates of fuel and
oxidizer to be ejected. With these ejected fragments, a portion of
the heat from the reaction is lost which causes a reduction in the
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heat flux to the pre-heated zones and therefore a reduction in the

I overall reaction and light output. As more mixture is decomposed on
M- the surface and heat is again being released in large quantities, the

reaction increases to the point where another "large chunk" of mix is
ejected. This pulsating-type reaction is less noticeable at lower
percentages of magnesium because there is less preheating at the lower
percentages. I

The second figure (Figure 10) demonstrates the effect of spin on
light output. At 43,000 RPM, the burning rate is accelerated and as
the magnesium content increases both the total light output and the
increase in light output increases (Figure 9). This amplification
in luminosity is probably due to the same basic reactions occurring
in a shorter period of time. This produces the same amount of light
energy in less time resulting in an increase in luminosity; also, as
the sample spins, greater surface area is created due to the convex
burning surface. This could contribute significantly to the differ-
ences in light output since the faster the spin, the faster the

reaction and the greater the convex surface. As the surface of an
emitter increases, the greater is the magnitude of the luminous f].ux.

Slag as a Function of Composition and Angular Velocity

The slag percentages of the mixes studied appeared to be invursely
related to magnesium content at static burn but have no direct relation-
ships to either magnesium content or spin rate at high (> 30K) RPM
(Table II, Figure 11). An explanation of this phenomenon might be
gleaned from Figures 9 and 10.

As the magnesium content increases at static burn, the light
output becomes more irregular due to the expulsion of larger con-
glomerates of unburnt mix (Figure 9). And since more mix is being
expelled there is a lower percent slag retained as the magnesium con-
tent increases. (The fuel-deficient mixture has a slag percent of
69.5% while the excess fuel has 49.1%). As the sample is spun
(Figure 10) the particles are held in the capsule for a longer period
of time during reaction and less variation in light output occurs
along with less large particles being ejected. The three mixes tend
toward a mean value, because at these spin rates and compositions there
is not enough force from the reactions themselves to force their pro-
portionate residues from the capsule. For this reason all three
samples will have approximately the same percentage of high density
reacted material along the inside edge of the capsule wall.

CONCLUSIONS

I. The burning rate of a Mg/Sr(N0 3 ) 2 system consolidated into a
0.375" ID cylindrical cavity be given by the equation:

R = -0.148 + 0.729 X 10- 2 (M) - 2.75 X 10-8 (M)(S) + 2.60 X 10-6(S)
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i I where R = burning rate in inches/sec.
M = magnesium percentage between 28.2 and 42.8

S = spin rate of sample in RPM up to 43,000

2. The linear burning rate of a pyrotechnic increases as the tangential
moment of the sample increases. The greater the spin rate of the sample
or the greater the cavity diameter at the same spin rate, the faster
the burning rate.

3. Luminoisity increases with increasing magnesium content and increas-
ing spin rate of the sample.

4. Slag percent is unaffected at hit. (> 30K RPM) spin rates and is
not directly related ao the magnesium Lontent of the mixture at these
higher rates.

5. The burning surface of a spun pyrotechnic becomes convex rather
than the anticipated concave surface.

iI1
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TABLE I. COMPOSITION OF BINARY FUEL/OXIDIZER MIXTURES

Mixture Description wt % Mg Wt % Sr(N2.O

Stoichiometric 36.3 63.7

Fuel Deficient 28.8 712
(-30 mole %)

Fuel Rich
(-30 mole %/) 42.8 57.2
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D -Steel Barricade A -Steel guard

RR" E - Rubber gasket

| B -Rotor

F -Stator cup I C Stator

! ] .- -- -------

0- Rubber gasket

H -Stator cup support

I - Rubber leg

I
9T Spinner assemblyhIbase

~I

Figure 3. Exploded view of bullet spinner assembly
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SN1ALL-ARMS TRACER STUDIES USING A RAPID SCANNING SPECTROMETER

Peter N. Keliher
(Villanova University, Villanova, Pa.)

Walter J. Puchalski
(Frankford Arsenal, Philadelphia, Pa.)

Abstract

A mechanical rapid scanning spectrometer (RSS) has been used
for studies of small-arms tracer phenomena. The RSS scans from
approximately 250 nm to 650 nm with a sweep time of 100 milli-
seconds. Typical burning times for the pyrotechnic phenomena4' reported in this work are 2 to 5 seconds. Pyrotechnic compositions

studied include magnesium-strontium nitrate, magnesium-strontium
I m peroxide, and magnesium-potassium nitratc. A particular complica-

tion in the spectroscopic examination of these tracers arises from
the very random nature of the burning phenomena itself. Methods

'1ý to alleviate this problem are suggested in this paper. In addition,

IF some preliminary spectroscopic data are reported.

I
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SMALL-ARMS TRACER STUDIES USING A RAPID SCANNING SPECTROMETER

Spectroscopic characteristics of pyrotechnic phenomena have been

1 2-4
studied by many workers including Barrow and Caldin , Douda2 , and

5
Blunt . It is advantageous to study the spectral characteristics of

pyrotechnic phenomena so as to determine which and in what quantities

species are responsible for flame coloration. Knowing this, it would

be much simpler to develop specific emitters for specific user require-

ments. It is also advantageous to use spectral studies to determine

the role of the flame in pyrotechnic propagation. Since the flame is

3 the major heat source influencing the pyrotechnic reaction, a better

understanding of the reactions, species population distributions, and

thermal gradients will make for establishing a more realistic burning

rate model as a basis for future compositional developments.

Spectral characterization may be accomplished in several ways

of which the simplest (and least reliable) is direct visual observa-

A •tion. A second approach would be photographing the flame and comparing

colors. This is an improvement over direct visual observation but

suffers the drawback associated with non-uniform spectral response of

the film. A third approach would be to use a conventional spectrometer;

but because of the very transient nature of pyrotechnic phenomena, it

is not normally feasible to scan spectra over any reasonable wavelength

I I range with a conventional monochromator and drive motor. For tracer

munitions under development the maximum burn time is of the order of

five seconds.

S~15-1



if

There are two main approaches to the gathering of significant

spectral information during a short time:

1. A conventional grating spectrograph having reasonable dia-

persion (at least 15 angstroms per millimeter) may be used. As

implied, photographic readout is normally used.

2. A rapid szanning spectrometer, in which a selected portion

of the spectrum is scanned on a time scale from several seconds to a

6,7 8few microseconds, may be used. Both mechanical 6 ' 7 and vidicon

devices have been used in rapid scan spectrometry. Pardue and co-

9
workers have recently published an excellent review article on rapid

scan spectrometry.

For the work reported here, a commercially available mechanical

rapid scanning was employed. This instrumentation is a Warner and

Swasey Model 501 Rapid Scanning Spectrometer (present manufacturer,

Norcon Instruments, 125 Water Street, South Norwalk, Connecticut),

4 utilizing a grating with 258 lines/mm (320 nm blaze) to provide a

wavelength coverage of approximately 250-650 nm. The optical principles

I of the spectrometer are shown in Figure 1.

In the preliminary experiments, output from the spectrometer was

displayed on a Tektronix Model 565 Dual-Beam oscilloscope with two Nq

Tektronix 3A72 amplifiers. The displayed spectra were photographed

with a Polaroid scope camera. Later data were recorded on a Bell and

Howell oscillograph.

The Rapid Scanning Spectrometer and the pyrotechnic samples were

positioned such that light from the pyrotechnic would be focused on the

15-2



Cassegranian entrance slit at a distance of approximately one meter.

I To calibrate the output displayed on the oscilloscope, a series of

vapor discharge lamps and hollow cathode lamps were employed.

Binary (magnesium-strontium nitrate) mixtures were prepared

£ according to standard procedures and ignited in the optical path of

the spectrometer. First experiments employing the oscilloscope system

ii were not successful.

Considcr that the pyrotechnic burns for (typically) five seconds.

11 As a complete scan with the system is made avei) 100 milliseconds with

a delay time if 25 milliseconds, this means that a total of forty

spectra (eight spectra per second times five seconds) will be generated

across the oscilloscope during the burn. Manual interpretation of this

data with ;he Polaroid camera is virtually impossible due to th random

A nature of the phenomenon. Consequently, it was decided to photograph

only one or two spectra during a burn to attempt to obtain "representa-

tive" spectra; these spectra would be recorded during the "middle" of

the burn. To accomplish this, a photocell was hooked into another

oscilloscope with a delay trigger output. Knowing the approximate

IL ' burning time of the sample, it was only necessary to decide at what[ point the scan should be recorded. Upon ignition, the photocell is

triggered. When the auxiliary scope reaches the proper burn-time

point, a pulse Lo the dual-beam oscilloscope gates the Model 565 to

display the next cimplete scan. Although this is an improvement over

I' "attempting to interpret forty spectra, there is no guarantee that the

spectra photographed is representative.

I5



With this approach, spectra were obtained which could be inter-

preted in terms of the lines, bands and continua; however, reproducibil-

ity using this approach, even with apparently identical phenomena was

still very poor.

It was recognized, at this time, that some system capable of

"adding" and "averaging" all of the spectra obtained during the short

burning time would be very advantageous. Two approaches were investi-

- gated. A Bell & Howell oscillograph was introduced into the system.

With this it is possible to record all of the spectra and to observe

variations of the event during the burn time.

There are three galvanometers used in this system, two high

frequency response galvonometers for spectral readout (high and loq

wavelength ranges) and one low-frequency response galvonometer for the

scan time marker output. Using the scan time marker as a start signal,

there is no need to be concerned with variations in response time of

the rapid scanning spectrometer or the chart paper speed, since each

sweep will have an individually marked start point.

Another approach considered is some type of signal averaging sys-

tem. As of this point in time, we are awaiting delivery on a Nicolet

Instruments Model 1083 system. Using this system, in conjunction with

the oscillographic recording, it should be possible to correlate

composition with spectral information. Figure 2 illustrates the relation-

ship between the Rapid Scanning Spectrometer and the three read-out

devices.
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RADIATION POLYMERIZATION OF PYROTECHNIC COMPOSITIONS

Gerald B. Franklin
Frankford Arsenal, Philadelphia, Pa.

Clyde F. Parrish
Vego Chemical Corporation, Terre Haute, Indiana

SABSTRACT

One approach to eliminating or reducing the ballistic mismatch
between the ball and tracer flechettes in the Serial Flechette Rifle
System was to undertake the development of an "external" tracer,
where externally applied pyrotechnic material burns while the pro-
jectile is in flight. With this approach, the ball and tracer pro-
jectiles would have similar shapes and centers of gravity. Standard
metal/oxidizer tracer compositions initially containing varying
amounts of monomer/polymer binders were either polymerized by con-
ventional means with curing agents, or radiation-polymerized with a
cobalt-60 source. The present paper discusses this latter procedure.
During the course of the investigation, some fifty candidate formula-
tions were evaluated as coating agents externally applied to flechette
tracer projectiles. Results in the form of ignition reliabilities and
visible trace ranges indicate the feasibility of this approach.
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RADIATION POLYMERIZATION OF PYROTECHNIC COMPOSITIONS

k- With advances in small caliber weapon technology, performance
Sspecifications for ammunition proposed for new weapon systems can be

more difficult to meet. One example of this is the Serial Flechette
V Rifle (SFR), a micro-caliber weapon, which due to the small projectile

size, has an inherent ballistic mismatch between the ball and tracer
rounds. In order to achieve a workable tracer for this weapon system,
it was necessary to increase the size of the basic ball projectile and
alter its configuration (to provide room for a tracer cavity). This

lp- step increased the weight of the projectile and led to a corresponding
decrease in velocity and ballistic performance. One means of eliminat-
ing or reducing the ballistic mismatch arising between the ball and

u Ntracer projectiles (or flechettes) was to develop an "external" tracer,
whereby the pyrotechnic tracer material is applied to the external
surface of a projectile which more closely matches the configuration of
the ball projectile.

One approach to obtaining an external trace is that of using an
epoxy binder admixed with standard pyrotechnic compositions. 1  Thirtyk I •percent acceptable trace function was obtained with this technique;

however, severe setback forces experienced in the weapon during the
ballistic cycle require higher bonding strengths than epoxy binders
.:an render. The net result is that such formulations breakup in the
weapon on firing, with ejection of pyrotechnic material from the pro-
jectile and resultant muzzle flashes. An alternate method of increas-

i ing bonding strength is through the use of radiation-induced polymer-
ization.

It is generally known that ionizing radiation can significantly
alter the properties of polymers. Furthermore,it is possible to poly-
merize many common monomers to obtain a product having properties not
obtainable by normal catalytic means. Initial investigations on

I radiation-induced polymerization date back to the 1930's. Only recentlyF have commercial applications made use of this technology 2 . Radiation
processing has been recently applied to the formation of binders as
used in pyrotechnic flare compositions 3 - 5.

There are two common sources of ionizing radiation which have
commercial potential: electron accelerators, such as Van de Graaff

I generators and linear accelerators; and electromagnetic sources, such
as isotopes and x-rays. These sources have energies far in excess
of normal chemical bond energies, which are typically in the range of
10 ev. Because of these high energies and intensities associated with
radiation sources, there is concern that degradation of pyrotechnic
compositions will occur during the radiation process. Experience has
shown, however, that doses required to yield 100% conversion of monomer
to polymer are usually less than 10 rads (one rad corresponds to the
absorption of 100 ergs/gm of material). Degradation of common explos-
ives and pyrotechnics formulations is not significant below 103 Mrads 6 .

I1
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This means that no change in characteristics should be detectable
in the pyrotechnic mix from radiation doses necessary to effect a
100% cure of the polymeric binder.

The use of radiation processing to cure binder compositions has
several advantages over thermal or catalytic systems. The principle
advantages are: a) the rate of initiation of polymerization may be
easily controlled, and b) the reaction may be run at low temperatures.
These factors are inherent safety advantages unobtainable in catalytic
or thermally initiated polymerizations. It is possible to interrupt
or even halt the conversion process of most radiation-induced polymer
systems with no detrimental effects on end item characteristics. Cost
studies 7 , 8 indicate that radiation processing is more economical than
conventional methods in many applications.

4( Experimental

All monomers used in this study were of standard commercial grade.
No attempt was made to remove inhibitors usually present to prevent
polymerization on storage. This better simulated commercial production
conditions.

Slurries of a pyrotechnic composition containing a monomer and/or
polymer were prepared (for exact compositions of combinations studied,
see Appendix A). The projectiles were hand dipped to obtain a uniform
coating, placed in a sealed container and then irradiated to a dose
sufficient to yield 100% conversion of monomer to polymer. Figure I
offers a comparison of the type 10, internal tracer (item a) with
several different external tracer configurationa. Projectiles (b) and
(c) represent the tracer formulations in which thermally cured epoxy
resin was used9 . For projectile (b), the pyrotechnic composition was
applied by hand, cured, and then hand-filed to the final configuration.
For projectile (c), the tracer mixture was fabricated in a transfer
mold and then cured. Projectile (c), appears here in the "as molded"
condition.

Samples (d) through (f) represent various radiation polymerized
configurations. Projectile (d) was unsatisfactory due to the physical
limitations of the sabot, which is a molded fiberglass shoe used to
hold the projectile in place as it travels along the barrel of the
weapon. Projectiles (e) and (f) represent two configurations of pro-
jectiles having externally applied pyrotechnics; these were used in
the majority of the lots which were further tested.

Irradiations were performed in a nominal 10,000 curie, cobalt-60
4 facility. This facility is of a "cave-type" design and has been

described previouslyI 0 . The cobalt-60 in its normal configuration is
located on a platform which may be raised or lowered into a water well,
thus permitting both modification of the source configuration and entry
into the radiation chamber. Since irradiations are performed in the
chamber it is easy to control the temperature and other experimental

16-2
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conditions. The dosimetry was determined with a standard Fricke dosimeter
having G(FE+ 3 ) = 15.5.11

After irradiation, the projectiles were loaded into primed cartridge
cases and charged with approximately 20 grains of propellant. The com-
plete loaded rounds were fired from a mounted test weapon at the outdoor
firing range facilities, Fort Dix, New Jersey, where tracer ignition
and function characteristics were determined. Results of these observa-
tions are included in Appendix A.

Discussion and Results

After irradiation the samples generally appeared hard to the touch.
In particular, the recoated samples had a glossy appearance. When
tested, sporadic trace function was observed in all lots except lot
numbers 24, 42 and 46. These lots contained Zr/KCIO0 and trimethlol
propane trimethacrylate, trimethylol propane triacrylate, and ethylene
glycol dimethacrylate with PMMA/MMA respectively. The results indicate
that a high binder concentration is necessary to yield necessary strength

k! to withstand high g-forces set up on launch. It was initially believed
that an optimum binder should be a highly crosslinked matrix which had
some resilience. Such resiliency was difficult to introduce into the
system. In the limited number of systems studied, no highly resilient
compositions resulted. Additional studies may be necessary in order to
obtain this characteristic.

Another factor which appeared to be important was the quantity of
pyrotechnic mix coated onto the projectile. Large quantities generally
produced bright muzzle flashes with no tracing. In the three systems
that exhibited some trace function, only a small amount of mix (100 - 150mg)
was present in the fin area. These systems did not trace brightly or to
a desired distance, indicating that the optimum balance between luminous
output and bonding strength was not yet achieved.

Conclusions

The feasibility of utilizing radiation processing techniques to

produce external tracer rounds has been demonstrated. Results indicate
that systems which produce highly cross-linked binders with the result-
ing resilient properties should give optimum performance. The quantity
of material applied to the fin area is critical, with a balance existing
between desired trace characteristics and bonding strength required
for retention of the pyrotechnic charge during firing.
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NON-EXPLOSIVE DESTRUCTION OF TNT WITH hYPERGOLS

by

A. J. Tulis, J. N. Keith, and W. K. Sumida

lIT Research Institute, Chicago, Ill. 60616

and

D. C. Heberlein

U.S. Army MERDC Fort Belvoir Virginia 22060

ABSTRACT

The ignition of the TNT charge of land mines can be
effected very rapidly by the use of hypergolic reagents.

IR Active hypergols such as metal alkyls are very effective in
small quantities, but these reagents are sensitive to air
and moisture, which will complicate the delivery problem.
An interesting alternative has been found in amine-type
hypergols. TNT is very sensitive to nucleophilic attack by
strong bases, and the reaction appears to be greatly enhanced

Si7 by t:ie presence of certain high dielectric solvents such as
ketones and nitriles. With sufficiently basic amines,
hypergolic ignition occurs with 50 grams or less of the
reagent. The best amine systems for hypergolic ignition
of cast TNT were found to be pyrrolidine in acetonitrile
and ethylenediamine in acetone. Laboratory scale screening
and field testing are described.
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INTRODUCTION

We have recently completed an 18 month research program

on the investigation of methods for neutralizing TNT-based

g ýland mines by direct chemical attack on the explosive charge.

Two approaches were used, involving a chemical reaction -

dissolution technique, on which we have reported elsewhere; ,2

and hypergolic methods, which are the subject of this paper.

TNT is an exceptionally stable explosive, highly resistant

to chemical attack by acids and conventional oxidizers. It

I is attacked, however, by the very powerful interhalogens,

and is susceptible to many reducing agents. It is also

5 extremely susceptible to attack by nucleophilic reagents.

Mn- •Since our previous work had shown that the reactions of TNT
A ~ with amines in certain solvents are extremely exothermic,

it was expected that it would be possible to attain ignition

of TNT castings by the use of very small amounts of suffi-

ciently reactive amines.

•i I Since the purpose of this work was to investigate the

• hypergolicity of TNT with candidate reactants, many of which

i are highly reactive with air or moisture, effort was directed

at distinguishing between reaction in air and in an inert

0 atmosphere such as dry nitrogen. Results of this work could

. ~then be extended with credibility to buried TNT castings,

which are air-starved for practical considerations.

The definition of hypergolicity-ignition on contact-

implies a very short time delay to ignition. However, hyper-

golicity is a distinct function of temperature; at sufficiently

low temperatures there are no hypergolic systems whereas

ERI at sufficiently high temperatures paper is hypergolic with

air. Hypergolicity also generally involves highly

exothermic reactions. Thus, the criteria for hypergolic

17-1



destruction of TNT in this work was hypergols that, when

contacted with a large TNT casting in a small quantity,

would caused rapid reaction and temperature rise to achieve

autocatalytic decomposition of the total TNT casting, in as

short a period of time as practicable.

EXPERIMENTAL APPARATUS AND PROCEDURE

Because of the extremely hazardous nature of most of

the candidate hypergols and the associated increased hazard
of explosion whern subjecting TNT to these reactants, three

levels of experimental evaluation were conducted.

The first level of investigation, termed small-scale
laboratory experiments, were conducted with quantities of

TNT up to about 2-gm maximum. The purpose of these experi-
ments was for large-scale screening of candidate hypergols

and for subsequent measurement of fundamental properties,

such as time delay and effect of temperature, of promising

candidate hypergols.

The second level of investigation, termed intermediate-

scale tests, were conducted at IITRI's explosives test

facility and involved TNT castings of about 100 gm; i.e.,

about 50 times larger than the small-scale laboratory experi-
ments and 50 times smaller than the full-scale, 10-lb TNT

castings. The aspect ratio of the cylindrical castings was

maintained at about 4:1, diameter to thickness. The
purpose of these tests was parametric evaluation of the

candidate hypergols and final selection of the best systems.

Factors such as minimal amounts of hypergol to attain auto-

catalytic decomposition, effect of system temperature, rates
of reaction, thermal stability of products, etc. were of

particular interest.

The third and final level of investigation, termed full-
scale field evaluation, involved tests with nominally 10-lb

TNT castings under various field conditions; i.e., surface

-A
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SI emplaced, enclosed in a container, and buried under several

inches of soil. Only the best candidate hypergols were so

tested; it should be noted that for hypergolic ignition

relatively small amounts of hypergol were required to cause

I ignition and lead to auto-catalytic decomposition, the latter

being independent of the hypergol utilized once achieved.
The major variants were TNT casting emplacement and tempera-

ture.

SI Preliminary laboratory experiments were conducted with
0.25-gm samples of powdered TNT placed in a 300-ml Pyrex
flask which was then evacuated and cooled or heated to a

desired temperature. About one ml of a candidate hypergol

was then introduced into the flask. Results were qualitative,

I and ranged from an instantaneous flash of light and total

%l decomposition to no interaction. Some experiments were1 performed under nitrogen.

The most convenient and accurate method of predicting

Ithe useability of a hypergol at low temperature is the

measurement of the time delay to ignition over a range of

• I temperatures. Figure I illustrates the apparatus that was
utilized. A 50 mg sample of TNT was placed on a small

Sjwatch glass in the central cavity of the aluminum cell.

After positioning of the copper-Constantan thermocouple and

fiber optics, the cell was closed, swept with dry argon, and
brought to the desired temperature by external heating or

cooling. A positive flow of argon was maintained throughout

the experiment.

The drops of hypergol triggered the oscilloscope by

breaking the light beam passing above the TNT sample. Light

output from ignition of the sample was monitored by means

I of a phototransistor light detector, connected to the

sample cell by another fiber optic aimed directly at the

TNT.

II 17-3



Dry nitrogen was used to purge the hypergol feed line

and control the discharge of the hypergol liquid drops.

Experiments were conducted at -30°C, 0°C, 25°C, 55*C, and

75 0 C.

Two techniques were used for evaluating hypergolic ignition

of intermediate-scale TNT castings; (1) inert-atmosphere and

(2) open atmosphere tests. In the open atmosphere tests the

hypergolic liquid was simply discharged from a graduate,

through a funnel, into a 3/4-in. diameter by 1/2-in. hole in

the 100-gm TNT casting. In the case of inert-atmosphere

tests the hypergolic liquid was discharged from a syringe,

loaded previously in a dry, inert-atmosphere chamber,

through the cover of a closed glass jar, purged with dry

nitrogen, vented through a vent hole in the lid. Both

systems were operated remotely and results were photographed

with a 16-mm camera, using color film.

Full-scale field tests were conducted utilizing 10 lb

castings, both surface emplaced, and buried under a few

itches of soil. The hypergolic liquids tested were generally

encapsulated in frangible glass containers which were set

in place upon the casting surface and broken from a remote

location, using a steel cylinder that dropped through an

alignment tube. The main purpose of these tests was to
confirm scaling effects determined from the 100 gm tests,

to assess the total neutralization time, determine minimal

amounts of hypergol, and the effect of temperature, and to

establish the non-explosive nature of this method.

EXPERIMENTAL RESULTS

Laboratory Experiments

Although white phosphorous (WP) ignites cast TNT, such

ignition must be attributed to its pyrophoricity and sub-

sequent incediary characteristics with materials exposed to

air. It is a solid, melting at 440 C and must be heated in
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order to achieve delivery as a liquid. Initially, powdered

TNT was dropped onto molten WP at 50°C in an evacuated flask.

No visible evidence of reaction was observed at 50°C nor

upon heating to 100'C. At the latter temperature both WP

and TNT were in the liquid state and appeared to be immiscible.

After an hour at 100*C, sublimation of WP was observed upon

the upper surfaces of the flask. The WP was destroyed by

filling the flask with copper sulfate solution and the TNT

was recovered. Differential Thermal Analysis (DTA) confirmed j

that the TNT was unreacted. The obvious conclusion was that

WP is not hypergolic with TNT and its use for igniting

TNT would be restricted to its incendiary characteristics in

the presence of air.

The more reactive metal alkyls, such as triethylaluminum

(TEA), triethylboron (TEB), and diethylzinc (DEZ), are

extremely reactive pyrophoric liquids and as such have found

numerous applications as chemical igniters. These metal

alkyls, in addition to several others such as triisobutyl-

aluminum (TIBA) and ethylaluminum dichloride (EADC), were

evaluated for hypergolicity with TNT. Typical preliminary

experiments were conducted as follows. A 0.25 - gm TNT
powder sample was placed in a rotatable side arm of a flask

which was then evacuated. About one ml of TEA was admitted
to the flask and the side arm was then rotated to drop the

TNT powder into the liquid TEA. A flash of light was instantly

observed and the flask filled with brown smoke. This experi-

ment was conducted at ambient temperature. In repeating

the experiment at 0°C, only a mild reaction occurred on the

surface of the TNT powder. Upon thawing to ambient

temperature no violent reaction was observed, although

the TNT was converted to a dark-brown solid. At -30 0 C,

very little rep.-tion could be observed, except that the color

of the TNT trzned dark yellow.
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The boron alkyls are unique amongst the metal alkyls in

that they are inert with water whereas metal alkyls in

general react explosively upon contact with water. There-
fore TEB was considered since, if it were hypergolic with

i TNT, its use would alleviate the additional hazard of handling
under high moisture and/or wet conditions. Unfortunately,
TEB was determined to be non-hypergolic with TNT at ambient

I conditions.

; Similar experiments were conducted with DEZ. Results

• Iproved DEZ to be hypergolic with TNT powder at 0 C and even

M at -30*C, although at the latter temperature there was a
3 time delay of several seconds. Of all the hypergols evaluated

5 only DEZ reacted spontaneously with TNT powder at -30°C.
Table I illustrates the major results of these preliminary

experiments with metal alkyls and powdered TNT under vacuum
conditions.

All these experiments were conducted with powdered
o jTNT since surface area is of great consequence where hyper-

golic reaction between a liquid and a solid is concerned.
Thus, under an inert atmosphere at ambient temperature

the following results were obtained upon contacting TEA
I g with 0.25 gm of TNT in various forms: (1) with powdered

TNT, flame-flash ignition and complete decomposition;
(2) with flake TNT, flame-flash ignition upon contact, with-

SI out sustained decomposition; and (3) with cast TNT, only
copious liberation of smoke without any evidence of a flame.

SI Thus, the hypergolicity of metal alkyls and TNT was dependent
on the: (1) type of metal alkyl, (2) form of TNT, and

i (3) temperature.

Three interhalogens, bromine trifluoride (BrF 3 ), bromine9 pentafluoride (BrF5 ), and chlorine trifluoride (ClF3 ),
were evaluated as hyperbolic candidates for TNT. Preliminary

experiments consisted of contacting 0.25 gm of powdered TNT

il 17-7



Table I

HYPERGOLICITY OF TNT POWDER AND METAL ALKYLS UNDER VACUUM

Temperature
Metal Alkyl _ C Flame Ignition Reaction

TEB 25 No None

TEA 25 Yes Violent

TEA 0 No Mild

TEA -30 No Discoloration

DEZ 25 Yes Violent

DEZ 0 Yes Violent
DEZ -30 Yes Violent *

TIBA 25 Yes Violent Fj

EADC 25 Yes Violent

• delayed by several seconds

Iq
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with various amounts of these interhalogens, under both inert
- and open-air atmospheres. The presence of oxygen was immaterial;

in all cases the TNT dissolved in the interhalogen. In theIexperiments with BrF 5 and ClF3 TNT was reprecipitated upon

evaporation of the interhalogen; DTA indicated that no
R chemical changes occurred in the TNT. However, in the experi-

ments with BrF 3, a fizz-type reaction with some heat evolution
• I occurred. The reaction residue appeared as a white-grey

material and subsequent DTA confirmed that the material was

no longer TNT.

When the more reactive amines, such as pyrrolidine (PYR)
SI or ethylenediamine (EDA) were added to powdered TNT, purple

smoke accompanied by light output (detected with the use of
fiber optic probes in conjunction with phototransistor light

detectors) resulted and generally led to total TNT decompo-

sition.

• I The two most promising metal alkyl hypergols, TEA and
DEZ, along with the two most promising amines, PYR and EDA,

Iwere then evaluated for time delay to reaction as a function
of temperature in the test apparatus previously described

I* and illustrated in Figure 1. The results are tabulated in
Tables III, IV, and V, and graphically illustrated in typical

I Arrhenius-type plots in Figures 2, 3, 4, and 5 for TNT-
DEZ, TNT-TEA, TNT-PYR, and TNT-EDA, respectively. For the

TEA and DEZ hypergols, time delay was to initial light out-

put; for the PYR and EDA hypergols, time delay was to initial

smoke output. The reaction producs of TNT-PYR
had a strong amine smell and those of TNT-EDA had a burnt

smell. Both products were readily soluble in water.

The anomalous behavior of TNT with metal alkyl hypergols
for flame ignition in the vicinity of 55*C was not resolved

I and was attributed to a crystalline-plastic transition that
TNT undergoes in that temperature range3.

I19
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Table II

IGNITION TIME DELAY FOR TNT-DEZ

Time Delay, sec, at Specified Temperatures, °C

-30 0- 25 55 55* 75

4.0 0.81 0.21 0.01 0.01 0.028
5.8 0.84 0.21 0.01 0.02 0.030

22 0.88 0.25 0.05 0.065 0.032
>20 1.04 0.25 0.05 0,082 0.032
>50 1.15 0.27 0.90 0.148

1.40 0.29 0.12 0.245
1.45 0.32 0.20 0.30

0.37 0.25
0.260.32
0.37
0.42
0.62Average

10.6 1.08 0.27 0.22 0.12 0.030

* Pre-heated to 75'C before testing.

Table III

P IGNITION TIME DELAY FOR TNT-TEA

°C
Time Delay, sec, at Specified Temperatures,

W 25 40 55 75
.35 .046 .010 .008

>1.00 .050 .010 .010
* .164 .018 .012.031 .020

j* .033 .020
.050 .020
.077 .021

>. 200
>.500

Average

.350 .105 .033 .015

*No light output observed.
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Table IV

SMOKE REACTION TIME DELAY FOR TNT-PYR

• Time Delay, sec, at Specified Temperatures,

0*200 400 550 750

>20 2.52 1.78 0.91 0.56
9.0 2.59 1.86 1.05 0.58
8.7 2.63 1.87 1.28 0.63

2.92 1.41 0.69
3.16
3.19
3.21
3.26
3.4941 3.60
3.62
4.09

Average
9.4 3.19 1.84 1.19 0.62

*When PYR was also at 0', no ignition occurred.

Table V

SMOKE-REACTION TIME DELAY FOR TNT-EDA

Time Delay, sec, at Specified Temperature, °C

200 400 550 750
2.35 .73 1.14 0.78
2.78 1.77 1.15 0.78
2.95 1.84 1.16 0.82
2.97 1,85 1.18 0.83
3.01
3.10
3.17
3.47

Average
2.98 1.80 1.16 0.80
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Field Experiments, Intermediate

Intermediate-scale experiments, were conducted to

assess parameters such as time delay, amount of hypergol

required to achieve ignition leading to self-sustained

decomposition, effect of environment and effect of ambient

temperature. Since only a relatively small amount of hypergol

was required for ignition, over a relatively small portion

of the casting, these experiments were sufficient to consider

overall scaling factors-except such as might be dependent on

the auto-catalytic self decomposition of the total casting.

With PYR either 5 or 10 ml of the liquid produced

boiling and vigorous fuming within five minutes and the

entire casting was consumed. When the same experiment was

performed in air; ignition occurred a short time after the

vigorous fuming began.

When 10 ml EDA were placed into the hole in the 100-gm

TNT casting, under nitrogen, very little evidence of reaction,

other than the usual color change, occurred for several

minutes. The sample was therefore set aside while other

experiments were in progress. However, the temperature was

being monitored and rose slowly during the next 40 minutes

to 56°C. A short time later boiling and fuming commenced,

rapidly becoming very vigorous, until an autocatalytic reaction

was achieved which caused the jar to crack open with subsequent

flame ignition of the material.

Two types of intermediate-scale experiments were conducted

with the amine hypergols. In the first a relatively large

volume of the hypergol amine was used; i.e., 100 to 200 ml in

a tall-form beaker. In the second a small quantity, 10 ml

or less, was delivered by means of the hypodermic syringe

into the hole in the surface of the TNT castings; the results

of these experiments are presented in Tables VI to X. The

large-volume data indicated that with a sufficiently large

volume of solution, ignition could be attained reliably
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S down to -5*C. Considerable variation was obtained in

the time delays, probably due largely to non-uniformity
of the castings. The trend to longer time delays at lower
temperatures is seen in the comparable 32 0 C and 9°C data,

I although the -5°C data do not seem to fit this pattern in

all cases. The optimum concentrations appear to be 30 to
40 percent PYR-AN and 40 to 50 percent EDA-AC. PYR-AC and

the other polyamines were slower than these, and were there-
fore eliminated from further consideration.

I In the small-volume experiments an effort was made to
determine the minimum amount of hypergol required to ignite

the 100-gm TNT casting to self-sustained decomposition. The
data in Table IX indicate that ignition cannot be obtained

i u with less than 2 ml of undiluted PYR, and the time delays
are comparable to those of Table VI with PYR-AN. A problem

SI concerning micro-crystalline cavities in some of the TNT

castings became apparent during these experiments, and
accounted for the exceedingly short time delays to ignition

SI in some cases. An improved casting and sample preparation
procedure minimized this problem in subsequent experiments.

i Variance due to evaporative cooling was also minimized by
covering the top of the beakers after delivering the amine.

SI With PYR the time delays obtained at 25°C were comparable
to those obtained with PYR alone. In a number of cases the

% j heat of the reaction caused the solution to boil too vigorously

and it splashed out of the hole, dissipating the heat which
I had been building up. The 9'C experiments probably would

have resulted in ignition had it been possible to avoid this
loss of heat. The time delay for the single experiment at

this temperature which did ignite was 7 minutes, much better
than the 13.5 minutes obtained with PYR alone.

EDA-AC results were erratic, producing no ignition in
most cases, but a very rapid ignition in a single experiment

IT with 10 ml of solution. The experiment with 5 ml EDA produced
ignition in about twice the time required with 10 ml. EDA-AC

Ii 17-17



Table VI

INTERMEDIATE-SCALE (100-GM) PHASE III FIELD TESTS
OF AMINE HYPERGOLS, LARGE VOLUME

SYSTEM: PYRROLIDINE-ACETONITRILE

Solution Vol. Amine Ambient Temp Time Delay Preignition
ml Vo--_./ _ C min T

200 30 32 7.1 152
200 30 9 12.0 132
200 30 9 12.6 182
200 30 9 a (95)
200 40 32 6.2 172
200 40 9 10.2 172
200 40 9 11.8 132
200 40 -5 7.0(6.0)b na
200 50 9 -30. na
200 50 9 17.0 132
100 20 8 a (62)
100 30 3 a (98)
100 30 8 7.0 185
100 40 9 6.3 144
100 40 8 7.0 122
100 40 3 10.4 200
100 40 -5 20.0(14.0)b na
100 50 9 10.5 182
100 50 8 10.4 122
100 50 3 15.4 192
100 60 9 12.6 182

()a aNo ignition. Maximum temperature given.

b Time required to dissolve casting.

na= not available.
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Table VII

INTERMEDIATE-SCALE (100-GM) PHASE III FIELD TESTS
OF AMINE HYPERGOLS, LARGE VOLUME

• I: SYSTEM: ETHYLENEDIAMINE-ACETONE

• I Solution Vol. Amine Ambient Temp Time Delay Preignition

ml Vol % °C min Temp, r C

200 10 32 a (93)
200 20 32 12.1 149
200 20 32 16.3 152
200 20 8 a (75)
200 30 32 7.8 177
200 30 32 a (32)
200 30 9 12.6 137
200 40 9 5b3 162
200 40 -5 8.0(6.5) na
200 50 9 4.0 172
200 60 9 13.3 177
100 20 9 29.4 127

S100 30 8 6.0 134
100 30 3 6.3 172
100 40 9 4.0 172
100 40 9 5.8 147
100 40 8 7.1 160
1 100 40 -5 a c
100 50 9 3.3 184

100 5 8 a(55)
100 50 8 3.8 182
100 50 3 4.9 202
100 50 3 a (47)
100 60 9 9.2 182
1 100 60 8 a (47)

aNo ignition. Maximum temperature given.ab bTime required to dissolve casting.

CSolution remained cold and the casting did not dissolve.

na= not available.

17-19



was not examined at the lower temperature.

Tests with the metal alkyls were conducted mostly under

nitrogen cover, except for a few which were exposed to the

air. Delivery was by syringe, but at 3VC a sealed ampule

was used. Although no flame was observed in any of these

tests, ignition occurred immediately on contact. In the first
10-ml TEA tests, excessive pressure build-up burst the glass
jar, scattering the residual TNT, which did not continue to
decompose. Pieces of this sample, up to 1 gm in size, were
recovered up to 50 feet from the test site. In subsequent

experiments, an extra vent hole was provided in the lid of
the jar to prevent excess pressure. Data for TEA and DEZ

are presented in Table XI.

With 5 ml of TEA or DEZ profuse fuming commenced immediate-
ly and continued for 2-3 minutes. Upon cessation of the

smoke, the vessel was purged with air to assure complete
consumption of the metal alkyl, and the jar was opened.
Although the entire surface of the casting was blackened,

only about 5 percent of the casting had been consumed. With

10 ml oiý metal alkyl, however, sustained autocatalytic decom-

position was obtained and consumed the entire casting in-

a matter of minutes. Evidently 10 ml of the hypergolic
liquid is required to produce selfsustained decomposition

under these conditions.

In the 3VC experiments, ignition was obtained with 5 ml
(2 ml in one case), but the decomposition was not sustained.

The cover blew off in one case. In another 5-ml DEZ experiment
air admitted after the reaction stopped reignited the residual
hypergol and the casting then burned to completion in air.
In a 5-mi TEA experiment, the jar burst and most of the TNT

was recovered from the remains of the jar.

In tests conducted in opern air, flame ignitions occurred

immediately with as little as I ml of TEA or DEZ and the cast-
ing burned to completion.
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Table VIII

INTERMEDIATE-SCALE (100-GM) PHASE III FIELD TESTS
OF AMINE HYPERGOLS. LARGE VOLUME

SYSTEM: PYRROLIDINE-ACETONE

Solution Vol. Amine Ambient Temp Time Delay Preignition
I ml Vol. % °C mrin Temp. C

3 200 30 32 23 192
200 40 32 15 222
200 50 32 25 222
1 100 30 9 a (79)
100 40 9 21.4 157

, 100 50 9 d (25)

SYSTEM: DIETHYLENETRIAMINE-ACETONE

I 200 30 32 14.3 142

SYSTEM: TRIETHYLENETETIAMINE -ACETONE

S200 30 32 17.8 142

j aNo ignition. Maximum temperature given.

!

~I

"MI
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4 Table IX

INTERMEDIATE-SCALE (100-GM) PHASE III FIELD TESTS

OF AMINE HYPERGOLS, MINIMUM VOLUMEa

SYSTEM: PYRROLIDINE

Volume Used Ambient Temp Ignition Time Delay
MI __ min

5 25 < 0 . 2b

5 25 cb
3 25 <0.2

3 25 c
3 25 5.0
3 25 4.9
2 25 3.7
2 25 7.3
2 25 3 0

2 25 0.07
1 25 <c0. 2-
1 25 -0.07
1 25 c,e

25 c,e
25 c,e

1 25 c,e
5 9 c
5 9 13.5
3 9 c
3 9 c

aAlthough temperatures were monitored, the results were erratic.

Therefore, temperature data is not listed in this table.

bDefective casting

CNo ignition.

dseveral 1/32-in holes drilled into the interior of this casting.

prior to testing.

eVigorous reactions producing smoke, scmeti-nes purple-colorad

which generally preceded ignition in t-ests where ignition
resulced.
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Table X

INTERMEDIATE-SCALE (100-GM) PHASE III FIELD TESTS• OF AMINE HYPERGOLS, MINIMUM VOLUNEa

• HYPERGOL: PYRROLIDINE IN ACETONE

Volume Used Amine Ambient TemR Ignition Time Delay
ml Volume % mC in

5 20 9 b,c
5 30 9 b,c

j5 40 9 7.0
5 40 9 b,c
5 40 25 b,c
5 40 25 b,c
5 50 25 2.0
5 50 25 2.5
5 70 25 5.7
5 80 25 8.0
5 N00 25 8.0
5 100 25 5.5
3 20 9 b,c
3 30 9 b,c
3 40 9 b,c-I

HYPERGOL: ETHYLENEDIAMINE IN ACETONE

1 10 30 25 2.35
10 50 25 b

I 5 20 25 b
1 5 30 25 b

5 100 25 85.0

aAlthough temperatures were monitored, the results were erratic.

wl j Therefore, temperature data is not listed in this table.

bNo ignition.

I CThe reactions were so vigorous that the liquid boiled violently

and was thrown out of the hole, resulting in no further
reaction.
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Table XI

COMPARISON OF HYPERGOLS AT 32*C and 3*C
100-GM TESTS

Hyper- Volume Temp, Reaction Casting
gol ml 0C Atmosphere type Ignition % Consumed

TEA 5 32 N2  fume No -5
TEA 10 32 N2  fume Yes -Oa
TEA 10 32 N2  fume Yes 100
TEA 5 32 air flame Yes 100

DEZ 5 32 N2  fume No 0
DEZ 10 32 N2  fume Yes
BrF3  10 32 N2  frothing No ~0
BrF3  20 32 N2  frothing No -
BrF3  5 + 15 32 air frothing No 0O
EDA 10 32 air fume Yes ivv
PYR 10 32 air fume Yes 100
PYR 5 32 N fume Yes 100
PYR 5 32 air fume yes 100d
TEA 5 3 N fume No -0
TEA 1 3 air flame Yes 100
DEZ 5 3 N2  No
DEZ 5 3 N2  fume No 100
DEZ 2 3 N fume No ~0
DEZ 1 3 air flame Yes 100

apressure build-up in the glass jar system exploded scattering
unreacted TNT pieces.

bBrF3 exploded - about 75% of the TNT casting remained intact.

CAfter 40 minutes.

dTEA exploded breaking the creme jar - unreacted TNT remained
but broken into pieces.

eCover blew off admitting air to reignite casting.

fBurned to completion when reignited with air.
1
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Tests with BrF3 were conducted in covered glass jars

like those with the metal alkyls to minimize loss of BrF3

by evaporation. Delivery was made by pouring from a graduated

cylinder, remotely operated. In the 10-ml experiment very

little seemea to happen immediately but frothing began

in the BrF 3 contained in the hole in the casting in a few

minutes. In 10 minutes the BrF3 which had overflowed to the

bottom of the jar began to froth and expanded, eventually

covering the casting. Several minutes later ignition
occurred near the top of the casting and a brilliant flame

filled the jar. The lid blew off and the remainder of the

casting, about 75 gm, was recovered about 20 feet from the

site.

In the 20-ml experiment, the progress of the reaction was

similar, except that no ignition occurred and the reactiLon

gradually subsided after a short time. The excess BrF3 boiled
off, leaving a residue similar to those obtained in the 2-gm

tests.

When 5 ml of BrF 3 were used in the open air nothing seemed
to happen except that some of the TNT was dissolved in the

interhalogen. An additional 10 m! of BrF3 produced frothing

and some bromine fumes, but this reaction soon subsided
without leading to ignition.

Full Scale Field Evaluation

C.-ndidates for the full-scale (10-1b) experiments

consisted of two metal alkyls, TEA and DEZ; one interhalogen,

BrF3 ; and two amines, PYR and EDA. The hypergolic liquids

were placed in small holes drilled in the upper surface
of the castings or in the dish-shaped depression caused

by shrinkage during cooling of the cast TNT. Film coverage

was obtained of all of the experiments in which ignition
occurred, and temperatures were monitored by thermocouples

placed at the point of delivery of the hypergol. Results

are presented in Table XII. Castings were exposed above
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ground, buried under several inches of sand, or wrapped in

aluminum foil and buried (to simulate mild confinement).

In one case (40% PYR-AN) TNT was cast in the bottom of a

battery jar which was then covered with aluminum foil to

I jminimize evaporative cooling. In this test the solution was

delivered in four portions: 100 ml, 100 ml, 250 ml and 250 ml.
No temperature increase was noted until the third portion

was added and then it was inaufficient to produce a violent

reaction of any kind. With the castings buried under soil,
liquid was delivered by pouring through a piece of glass

M• tubing sealed to the surface of the TNT.

e I In all cases where ignition occurred the casting was

i completely consumed. Time delays and maximum temperatures

(for those experiments not culminating in ignition) are
given in the last column. Performance of the metal alkyls

I was very gooi, 10 ml being quite sufficient to initiate

sustained decomposition, as in the 100-gm tests. BrF 3

produced an explosion a few minutes after delivery and again
unreacted TNT was resovered, most of it in a la7-ge fragment

at the reaction site. The amine hypergols were susceptible
to evaporative cooling, with very little temperature
increase being observed in exposed tests. EDA did not react

significantly with a buried TNT casting. However, EDA-AC
solutions ignited buried TNT castings which were wrapped

in aluminum foil, with very short time delays. The time
delay for 50% EDA-AC at 1.5 minutes was especially short,

R while the time delay for 40% PYR-AN, on the other hand,
was surprisingly large, in view of the 100-gm tests. The

experiment with 20 ml of 50% PYR-AN gave about the expected

result and indicated that relatively small volumes of amine
hypergol would be effective at this scale.

The decomposition were first observed visually by the

smoke issuing from the hole through which the hypergol was

delivered. As the reaction proceeded and became more vigorous,
flames appeared and the smoke generation diminished. In

several cases, with the autocatalytic decomposition well under
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way, the reaction was nearly smokeless and the flame was

nearly white, evidently intensely hot. In no case was

detonation or explosion the result of any ignition except

the BrF3 experiment.

CONCLUSIONS

Hypergolic ignitions by °;everal types of reactants have
been examined. Laboratory-scale tests indicated that white

phosphorous did not react with TNT, even above the melting
point of the latter. TEA and DEZ were examined and found

to be hypergolic and with powdered TNT, time delay studies

indicated that ignition occurred in fractions of a second
from 0 to 75*C. Arrhenius-type correlations of the datai

were quite good, except for the data in the vicinity of
55 0 C in both cases, where it proved impossible to obtain

reproducible results. No completely satisfactory explanation
is offered for this anomaly, but it is felt that the "plastic

transformation" in this region may be involved. Erratic

results were obtained whether the sample was specially

dried, anealed at 75*C, or heated in dry nitrogen for periods

varying from 20 to 120 minutes.

Intermediate-scale tests indicated that 10 ml of either

metal-alkyl hypergol was required to ignite cast TNT and

that once ignition had been effected the casting was completely
consumed, even in a nitrogen atmosphere. No flame occurred

with the castings unless air was present, although in the

small-scale tests light output had been observed with the
powder. Samples smaller than 10 ml reacted with the cast

j TNT, but only a small amount was consumed before extinguish-

ment. In the presence of air, however, self-sustained

decomposition was effected by as little as 1 ml of either

~ TEA or DEZ, with complete consumption of the 100-gm castings.

Full-scale field evaluation with 10-lb castings demonstrated

that 10 ml of either hypergol would ignite a casting to BE
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self-sustained decomposition within a matter of seconds,

SI and that the entire casting was consumed whether it was

exposed or buried under several inches of soil.

I 3Examination of several amine candidates in 2-gm tests

showed that the best of these were PYR in AN and EDA in AC.

Time-delay studies with undiluted amines indicated that, with

powdered TNT, both amine reactions were slower by about an

I jorder of magnitude than those of the metal alkyls. No light

output was observed in any of these reactions aý,d flame

was not observed in any larger-scale tests uiless air was
present. In 100-gm field tests, 10 ml of PYR or EDA ignited

cast TNT, although the latter reaction was extremely slow.

SI As little as 2 ml of PYR would ignite the castings at 25*C

and time delays with PYR were comparable with those obtained

I for PYR-AN, on the order of a few minutes. Time delays for
EDA-AC were similar. More reliable ignition at low tempera-

T tures (0-10°C) were obtained with larger volumes of solution

(100-200 ml).

Full-scale field tests demonstrated that, if the castings

were covered with aluminum foil and burLe~d to reduce evapora-

tive cooling, ignition could be obtained with PYR-AN EDA-AC,

with surprisingly short time delays in the latter case

(6.5 and 1.5 min). In all cases where ignition occurred

~ 21 (evidence by smoke evolution) the entire casting was con-
sumed.

BrF 3 was the only interhalogen compound which reacted
irreversibly with TNT under the conditiot.s of our experiments.

SIn small-scale laboratory experiments both ClF3 and BrF5

dissolved TNT without reaction, but BrF3 apparently caused

fluorination, even when no viol6nt 2eaction occurred.

Reactions at the 2-gm scale were always mild with little

exothermicity. Relatively mild reactions wer.. obtained in

100-gm experiments also, with, however, considerably more
frothing. In one experiment, in particular, fairly vigorous
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frothing culminated in ignition of the TNT and bursting oZ the

reaction vessel, although most of the TNT was recovered

intact. A similar result was obtained with a 10-lb casting.

Most of the casting was recovered in one piece after an

explosion. In none of the explosions was there any evidence

of detonation of the TNT. The vigor of the reaction simply

exploded the sample and scattered the TNT.

Thus, the bypergolic capdidates evaluated produced the
following useful hypergols for cast TNT: the two amine

types, PYR in AC and LIDA, in AC; and the metal alkyls, TEA

and DEZ. Other amines, such as DETA and TETA can also be
used, but probably with some loss of performance, c': can

other metal alkyls. The four listed are the most reactive

hypergols of their types.

Hypergolic ignition of TNT can be reliably effected by

two fundamentally different types of reactants: the amines

and the metal alkyls. Small volumes of reactant are required
10 ml of the metal alkyls and 20-50 ml of the amine solutions.

In the absence of air, ignition by metal alkyls produces

fleme with powdered TNT, but not with cast TNT, and time

delays of fractions of a second are obtainable with the
former. The reactions with the amrines are slower, 1-)th with

powdered and east TNT, time delays of the order of a few

seconds with powder and several minutes with castings

being obtained. With the amines, no flame occurs unless
air is present. In all cases where sufficient hypergol is
used to produce .ignition, the burning is rapid and complete

and no explosions or other untoward incidents occur. In
the open air, TNT burns with a very smoky flame, but

when hypergolically ignited under confinement the non-flame

autocatalytic decomposition rate builds up rapidly until an
intense, white-hot flame simulating a rocket exhaust emanates

from the delivery opening, with very little smoke. Evidently

I a mechanistic decomposition shift occurs so that the reaction U
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products are much hotter and very little, if any, uncombusted

carbon is liberated. Both detection anod po•-ition are minimized

in this manner.

Except for the differences in the time delays, the behavior

of the amines and the netal alkyls with 10-lb castings is
"rather similar.: Llthough no attempt has been made to date

to develop delivory systems for these chewical reagents, it

Sis anticipated that the amines will have considerad le

advantage over the pyrophoric and mo~sture-sensitive metal
k alkyls in being much easier to store and handle. Mainly for

SI this reason, the amine hypergols are believed to show greater

promise for neutralization of land mines.
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DISPERSION AND DETONATION OF EXPLOSIVE DUSTS

I by

A. J. Tulis and R. F. Remaly

lIT Research Institute

Chicago, Ill.

Y!zABSTRACT

The devastating effects of dust-cloud explosions of

combustible materials, such as starch dust in starch-processing
plants and coal dust in coal-mining operations, are legion.
The work discussed here concerns (1) investigation and develop-

!-S Tment of solid-particle dispersal techniques to simulate dust
clouds extant in dynamic situations where dust-lofting or

a other explosive dispersal mechanisms are associated with an
explosion and (2) evaluation of explosion and/or detonation

characteristics of such clouds.

The major problem in the rapid dispersal of solid particles

into a dust cloud involved the agglomeration of the powder.

In this work we have utilized hyd-irophobic Silanox to eliminate

this problem and additionally to (1) neutralize electro-

SJstatic charges, (2) reduce inter-particle friction and (3)
increase bulk density. A statistically-designed parametric

study was conducted with a simulated explosive powder to
determine the effect of (1) particle size, (2) dispersal
pressure and (3) dispersal nozzle size.

Preliminary experiments were conducted utilizing TNT
and PETN explosive dusts. These explosive dusts were lispersed

inside cylindrical plastic bags at concentrations of I ?o 2

4 gm per liter and an explosive booster charge of tetryl was
detonated inside one end of the explosive-dust cloud. Deto-

nation of both explosive dusts was achieved, confirmed by

both 16-mm Fastax film and light dete-tor monitors at a

number of staticns within the cloud. The detonation velocity
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in both cases was about 1800 meters per second. To the best

of our knowledge, this I.s the first time explosive dusts

have been dispersed and detonated and instrumentally confirmed.

INTRODUCTION

The devastating effects of dust-cloud explosions of combus-

tibe materials, such as starch dust in starch-processing

plants and coal dust in coal-mining operations, are legion.

Generally these explosions are sub-sonic. However, detonations

of two-phase, fuel-air systems are possible and are of great
interest at present by military agencies, although major

emphasis has been on liquid fuel-air systems. Briefly, this

latter system involves explosively disseminating a liquid,

such as propylene oxide, to form a cloud of droplets.

Explosive packages are then injected into the cloud and upon

their detonation a strong shock is created. This shock wave

interacts with the droplets in a very complicated "droplet

shattering" process to create a micro-mist, which subse-

nuently allows the flare speed to become supersonic.

The result is a detonation of the two-phase, fuel-air system.

In the case of two-phase, solid-gas systems it is evident
that the particle size has to be sufficiently small to allow
for combustion consumption at supersonic velocity because
extensive particle shattering is improbable. In such
cases attainment of detonation is profoundly dependent on
system parameters such as type of fuel, concentration, parti-
cle size, and particle interaction. However, detonations
are certainly possible; coal dust ls been shown to detonate

in a mine shaft, achieving a flame velocity of 1080 m/see,
about three times sonic velocity (Ref. 1). Z

Our initial approach to investigation of two-phase, solid-

gas detonation was to utilize explosives for the solids dust.

Thus, the effect of particle size and concentration would not

be as dominant as in the case of a hydrocarbon fuel. The primary fi

consideration was the fundamental question: Could low density

explosive clouds be made to detonate?

S~18-2
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TECHNICAL DISCUSSION

The major problem for the rapid dispersal of solid
particles into a dust cloud involves the agglomeration of the
powder. It is absolutely essential that the powder be free
flowing and that all particles separate sufficiently to
allow attainment of proper concentration. In the nase of

U explosive powders the latter restriction is not absolutely
essential for functioning, but it is desireable for uniform
distribution and constant propagation.

Calcium stearate and alurinum silicate have been utilized

Sin the food industry as conditioners to prevent agglomeration
(Ref. 2). The mode of action of these conditioners in
inhibiting agglomeration and improving flowability was
explained in three ways:

(1) As a solid barrier between the powder particles;
reducing their attractive forces;

(2) As lubricants of the solid surface, reducing the
friction between the particles; and

(3) As neutralizers of electrostatic charge.¶
Another excellent solution to this problem was developed

by Dow Corning Corporation (Ref. 3), by converting a hydro-J philic silica aerogel to a hydrophobic colloidal silica
by reacting it with hexamethyldisilazane. This product
is commercially available under the trade name Silanoz.
This product bas been utilized to prepare a free-flowing,
readily dispersable powder of CN (tear gas), an oily, sticky
solid with a low boiling point (Ref. 4).

After some preliminary experimentation, our selection
Ivas Silanox. The advantages are many; (a) this powd#cr has
an exceedingly light bulk dens;ity; (b) the particle size

I is about 10-3 p, (c) the powder can be pre-mixed before milling

and will allow milling of waxy materials such as nitrogua-

I I nidine, (d) the treated powder becomes water repnilant, even
if initially hygroscopic like amionium perchlorate, (e) on
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fI

a weight basis, less than 1% is often adequate, and (f)

the resultant powder generally has a higher bulk density

after adding the Silanox than before it was added.

This latter point is exemplified in Figure 1. The

simulant pow is Borax, approximately 6 liters (5905 gm) -4

initially. The graduate contains 2 liters (100 gm) of Silanox.

When the Silanox is added to the Borax, the total volume is

about 8?liters initially. However, after mixing (without
milling)for about 15 minutes the overall volume for the

mixture becomes less than that of the Borax alone, initially.

Dependent on particle size and other factors, bulk-density
increases of up to 50% have been obtained with as little as t

2% (by weight) additive of Silano..

The fluidity of this powder is amazing. When agitated, Ii
it appears to be a liquid and gives the illusion of surface

tension existing. This material has been utilized with nitro- Ii
guanidine, ammonium perchlorate, PETN, and TNT with excellent

results in all circumstances.

EXPERIMENTAL APPROACIT

The major experimental apparatus utilized to assess

feasibility of this concept was a polyethylene "stack" 2 ft
in diameter and 10 ft high. The side supports were six

1/2-in thin-wall conduits. In one of these tubes, holes

were drilled at one foot intervals into which fiber optic it
probes, monitored by photoelectric light detectors, were
inserted. A 6-mil polyethylene sleeve, open at the top and
bottom, was placed over this apparatus. The apparatus was

placed upon a heavy 1-in thick steel plate and secured
using three guy-ropes from the top to the ground. The
whole experimental apparatus was placed in the field about

250 feet from the control building.

The initial dispersal technique utilized air pressure

to disperse the powder from a 3-necked flask or flasks,
either 500 ml or 1000 ml size. The air pressure inlet was

18-4



W 14

j, bO) 0

4j 0 OJ4) 4j

to 44 0.-40 40
IF- 4)1 1 d-

.0~ OJ -4 GO -4

CO Q0 44 4JP

U W4 4J~

Zv~ cu t
-4JO0 $ .0 U

0. Q)l 4 )

4- 4 H)r

0__ 0. 0

$4.

0
C~41

0-4 0

114
1.4 $41 0

V18-54.

k D1-



from the two side necks, through copper tubing into the

bottom of the flask, opposing each other so as to create

a cyclone effect. Dispersal time was about sixty seconds.

An alternative, smaller-scale experimental apparatus

was also utilized, using a 1/4-in thick plastic tube, 8-in

diameter and 6-ft high. Fiber optic probes were implemented

at 10-in intervals. All experiments were monitored by

cine photography, in most cases using a Fastax camera at 5000

f/sec and 16-mm color film.

There was considerable difficulty in generating a II
suitable cloud sufficiently fast to neglect powder fall out.
Subsequent effort was directed to a self-contained dispersal

technique, using a pressurized vessel with the powder pre-

loaded; i.e., comparable to a fire extinquisher. A para-

metric study was conducted, utilizing the Borax simulant,
to evaluate (1) particle size, (2) dispersal pressure and

(3) dispersal nozzle size.

To effect detonation of the explosive-dust cloud,

second-event explosive charges ranging from 5.5 gm tetyl

to about 1/4-lb sheet explosive were utilized.

EXPERIMENTAL RESULTS

Results of experiments with the pressurized vessel and
Borax-powder simulant indicated that 1000 gm of powder could

be dispersed in 2 to 4 seconds, dependent upon the parameters.

Higher pressures, larger nozzles, and smaller particle sizes

led to fast discharge timas. On the other hand, larger n
particle sizes led to higher concentrations, although of Li
lesser surface areas. Although other factors such as

particle shape, density, and vessel configuration are

pertinent, sufficient information has been obtained on the
tested parameters to allow relatively good control of size 2

of cloud, time to form the cloud, cloud concentration, and

surface area. i 1
AI,
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I
*Results of experiments to detonate explosive dust clouds

are summarized in Table 1. Figure 2 illustrates a sequence
I Uof Fastax film frames from the detonation of PETN dust.

The height of the vessel was six feet and the booster explosive,

11 gm of tetryl, was located at the 5-ft level. The time

interval between frames was about 200 psec.

CONCLUSION

The detonation velocity of the flame front was determinedrI from both Fastax film and the light detector probes monitor.

The last experiment in Table 1, illustrated in Figure 2,

resulted in the most conclusive data in that the flame
front propagation could be observed through a number of

frames on the film and a comparable amount of stations for

li the light-detector fiber optic probes. The resultant
detonation velocity, 1700-1800 m/sec, is exceptionally close

SI to the detonation velocity of liquid fuels in fuel-air explo-

sions. The significance of this result will be of future

interest and is presently under study.

To the best of our knowledge, this is the first time

explosive dusts have been dispersed and detonated and instru-

mentally confirmed.
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Frame 1, 0 "sec

Before detonation of second event

___explosive charge, 11 gm tetryl,
at 5-ft level (can be seen).
Apparatus is 6 ft high and 10 in.
in diameter.

9F

Frame 2, 200 vsec

Detonation of second-event
tetryl charge. Framing speed
is 5000 frames per second.

Frame 3, 400 usec

Flame front exists at top and
propagates downward.

Figure 2: Sequence of Fastax frames for the Detonation
of Air-Dispersed PETN Dust at About 1.4 Gm per Liter.
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Frame 4. 600 uisec

Flame front continues to
propagate downward at about

1.8 xnm/tisec.

43

U
Frame 5. 800 usec

Flame front almost reaches
bottom of vessel

Frame 6, 1000 t,sec

Flame front has reached the
bottom of the vessel

L1

LI

Figure 2: Continued

Li
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Frame~ 7. 1200 Usec

Detonation product gases
expanding outward at about
0.9 mm4psec.

~~1 Frame 8. 1400 usecz

Detonation product gases continue
expanding outward at supersonic
velocity.

Frame 9. 1600 usec

Detonation product gases
continue exapnding outward

at supersonic velocit~y.

NO: Figure 2: Concluded
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IGNITION BY SHOCK

P. CHOTARO

Aerspatiale/Les Mureaux France

1. INTRODUCTION

This study was undertaken in the context of a contract from
D.T.En (French Missiles Agency) to Aerospatiale.

The experiments were made in the Aerospatiale's Pyrotechnical
Laboratory in Les Mureaux.

The definition of the main component, Squib Ignited by Shock
or SS was subcontracted to the D.T.A.T./E.F.A.B. (French Agency for
Army Weapons, BOURGES manufacturing Center).

2. OBJECTIVE OF THE WORK

Thanks to a lot of experiments on real boosters, we wanted to
show the fsasability of a new ignition process. This process uses the
shock wave carried by a detonating cord as input for a new squib
ignited through a bulkhead which is not destroyed after burn out,
to replace the conventional electrical squib.

i 3. EXPERIMENTAL PROGRAM

3.1 State of Art

The use of detonating cords to carry inputs to pyrotechnical
T functions from only one electro explosive device, is now frequent on

Ballistic Missiles. The detonating cord used is manufactured by
S.N.P.E. (Socifts Nationale des Poudres et Explosifs - Propellant
and high explosive). Its main characteristics are 2 mm diameter and
linear charge 0.8 g/m RDX.

The Technology selected to cancel outside effects is to put the
detonating cord inside a stbinless steel tube 6 mm diameter, and to
use a standard adaptation load A.L. for each break in the detona-
ting cord. This adaptation is a cone-shaped charge of about 50 mg

ROX.

Pit'
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From that ttandard Technology we took as an example showing
the feasibility of the process, the ignition of a real booster
usually used in Ballistic Missiles. The characteristics of the
booster's main load are:

- propellant: double base homogeneous powder

- weight of propellant: 170 g

- specific impulse: 40 N x s

- average thrust: 4 000 Newton it

The characteristics of the pyrotechnical train to ignite the
propellant in the conventional booster are:

- electrical squib loaded with 100 mg of Ammonium perchlorate with
Aluminium (French MI 9)

- interr'ediary load of 4.5 g Potassium perchlorate with Aluminium
(French PAL 00) in 16 capsules

For the experiments, the main load was kept and the pyrotechni- I-

cal train replaced oy the new squib SS. V

3.2 Program

From this data the program was:

- study of a new component SS able to transform the shock wave given
to AL by the detonating cord into an energy able to ignite the main L
load under good conditions, guaranteeing at the same time impermea-
bility when the main load is burning. This component must be
designed to be ignited through a bulkhead which remains intact after
burning.

- realisation of a lot of experiments with the new pyrotechnical train: p
detonating cord - AL - SS - Main load. L

4. STUDY AND EXPERIMENTS U

4.1 The research undertaken by D.T.A.T./E.F.A.B. led to the definition
of 2 SS's

- SS I made of a completely closed casing of stainless steel 15 mm in

sition (exact nature not available). On the side of the AL component

SS I has a metal)ic bulkhead through which the squib is ignited, -|

thickness 1.5 mm + 0,1, and on the main load side a very thin welded

plate.

SS 2 same component as SS I except 25 mm in lenght and loaded with
582 mg ignition composition.
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These components SS need no special precision manufacturing
200 experiments of this component have shown:

- distance required between AL and SS (d1 ) for good initiation of

SS: 0-3 mm

- post fire integrity: 500 bar without leaking

S- operating temperature range - 1000 C + 11,00 C

- the bulkhead remained intact after each experiment.

I The following figure shows the flame produced by SS I when
initiated by a detonating cord and A.L.

4.2 The five experiments done with real boosters with live main loads

are explained by:

I - figure 1: exoerimental configuration

-figure 2: output type curve and parameters recorded

WIT- figure 3: results

4.3 Conclusions

- We succeeded in reducing the too long level at Pi recorded in the
Ist experiment.

- T is shorter with SS 2 than with SS 1 but R has the same valuesI with both SS 1 and SS 2.
Outputs recorded in the 4th and 5th experiments are very close to
the output obtained with conventional pyro train.

- To improve the output it would be necessary to increase the weight
of ignition composition up to I or 2 g without reaching 4.5 g
(PAL 00 in the conventional pyro train), and to add a perforated
cover on the SS in order to spread the gas flow and to protect the
main load from violent mechanical effects of SS.

- No bulkhead was broken after firing.

5. ADVANTAGES OF THE NEW PROCESS COMPARING TO THE CONVENTIONAL ONE

- Less weight of live materials in the pyro train for ignition of
the main load is obtained.

S- Assembling of the pyro train is simplified and impermeability
easy to obtain with SS.

-A non e'actric stimulus is needed to ignite the booster.

General safety of the booster is reinforced thanks to the use of
ROX and the technology of the casing in which the igniton compo-
sition is enclosed, which cancels all the RF hazards.
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Photcgraphie montrant la flaming produite par SS I

I Figure siiowing the flame produced by SS I
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Capteur de pression

Pressure sensor

-Figure . I -

Configuration ginimle des essois.
" IT General experimentat configumtion.

IC Cordeau ddtonant 0 7

Detonating cord 2mm diameter

20 Relais 50mg hexogine
Adaptation load A.L 50mg RDX

( I nflammateur ir~itil par choc, type 1 ou 2 suivant Ies esaais

Squib ignited ty shock SSI or SS2 according to the experiments

SIT Charge principae
Main 

load

Inflammateur ilectrique classique

Classical electrical squib

dl Jeu entre relais et inflommateur, cumpris entre 0 et 3 m.'i

Distance between A.L and SS always within 0 and 3 mm

d2 Distance entre inflummateur et charge principale variabit suivant Ies essais

Distance between SS and main load depending on the experiments

SL Longueur de cordeau environ 1500 mm

Detonating cord lenght about 1500 mm
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II Thru-Bulkhead Ignition of Pyrotechnics:

An Analytical and Experimental Investigation

I F. A. Kjeldgaard, D. W, Larson, D. J. Gould
Sandia Laboratories, Albuquerque, NM 8711S

ABSTRACT

The feasibility of igniting a highly thermally

conductive pyrotechnic material through a high pressure

stainless steel barrier by means of heat generated by a

gasless pyrotechnic has been demonstrated. An analytical

model coupled with experimental measurements has been

used to predict the performance and thermal response

characteristics of the system. Experimental data were

J used in conjunction with theoretical predictions to

determine the film heat transfer coefficients. The model

-Ucan be used to design parameter studies to optimize the

thermal ignition system.

NOTE: Author will distribute copies of the paper at the Seminar.
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THRESHOLDS FOR THE INITIATION OF PYROPHORIC SPARKING

W. W. Hillstrom

Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

ABSTRACT

Pyrophoric ,mecals such as cerium, titanium, and zirconium show

experimental kinetic energy thresholds for the initiation of sparking.

The thresholds for cylinders projected against targets of aluminum and

steel are an order of magnitude higher than impacts of glowing metals in

a drop weight impact apparatus. Relatively non-pyrophoric metals such

as steel and copper had thresholds for sparking several orders of

magnitude higher than the pyrophoric metals.
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THRESHOLDS FOR THE INITIATION OF PYROPHORIC SPARKING

W. W. Hillstrom

I. INTRODUCTION

Sparks have been used to start fires for untold years. Flint and

steel have given way to modern cigarette lighter flints and sensitive
primers and igniters. Only a few metals have been found to produce

vigorous sparks. The long term objective of this work is to investigate

the nature of pyrophoric sparking and the factors that increase or

decrease pyrophoricity. The immediate objective is to determine the

thresholds of kinetic energy for sparking. These thresholds may then

be used to estimate the relative pyrophoricity of different materials.

Pyrophoric materials are defined by Webster as those that (1)

ignite spontaneously and/or (2) emit sparks when scratched or struck.

Many materials ignite spontaneously in oxidizing atmospheres as a result

of their extreme reactivity. Examples of such materials are metal

hydrides and alkyls such as lithium hydride and trimethyl aluminum.

Dusts of very small diameter metal particles may also ignite when

exposed to air at room temperature. The ignition temperatures of these

dusts usually vary with particle size and surface history. 1,2,3

In this exploratory study, we are concerned primarily with the

second definition where bulk metal pieces spark profusely when ground,

abraded, impacted, or otherwise subjected to mechanical shock. Cerium,

zirconium and uranium are most commonly described as pyrophoric metals

in terms of the above definition. Some of the chemical and physical

IT properties of these metals are shown in Table I. Cerium is the major

constituent of misch metal which is used in the manufacture of lighter
i flints. The ease of sparking of lighter flints is well known.

RI
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Table I. Properties of Pyrophoric Metals

Zr Ce U

Atomic Number 4  40 58 92
Electronic St.uctures 5  4d 2 5s 2  4f15d16s2  5f 36d 1 7s 2

Specific Gravity (200 C) 6.506 6.771 18.95

M.P., 0C4  1852 798 1132
B.P., 0C4  4377 3257 3818
Heat of Comb., K cal/g 6  2.8 1.9 1.097
Heat of Comb., K ca1/cm 18 13 20.47

Spontaneous Ignition 150 150-180 20
Temperature, OC8

An empirical correlation predicts whether a metal is pyrophoric

from two properties: (1) the standard free energy of formation per

oxygen atom in the metal oxide and (2) the metal oxide volume compared

with metal volume. 9 The free energy of formation of the oxide indicates U'
the relative metal reactivity with oxygen. It is also a good indicator
of the heat given off by reaction of the metal with oxygen. The other

parameter in the correlation is oxide expansion. The violent expansion

of metal during its oxidation may be one cause of the explosive cas-

cading, or "popcorning" observed with pyrophoric sparks.

Sufficient data were available for 60 elements to estimate their
S~pyrophoricity according to these criteria. Some 14 elements possess

properties that suggest pyrophoric behavior. The elements that fit

this pyrophoricity criteria are: aluminum, beryllium, cerium, hafnium,

lanthanum, neodymium, plutonium, praseodymium, samarium, thorium,

titanium, uranium, yttrium, and zirconium.

Sparks from pyrophoric metals easily ignite combustible fuel-air

mixtures as demonstrated by the various cigarette lighters. Since

pyrophoric metals are by nature reactive with air and the reactions are

very exothermic, the sparks must heat up considerably in flight. D. Rae

has estimated temperatures of 27000 C for friction sparks of titanium

and misch metal.10
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II. EXPERIMENTAL

Metal samples were used as obtained from the suppliers. Pure
zirconium (Johnson Matthey Chemicals, Ltd., Specpure Grade) was
purchased from Fisher Chemical Co., Pittsburgh, Pa. Analysis showed

__ less than 600 ppm impurities, including less than 200 ppm hafnium.
Sponge (irregular, fractured lumps), solid rod, and dust samples of

I zirconium as Commercial Grade 11 were supplied by Amax Specialty Metals,
Inc., Akron, New York. Analysis showed the major contaminants to be

I iron and chromium at 0.18% total, with zirconium and hafnium at greater
than 99.5%. Rods of 4.77 mm diameter misch metal alloys were purchased

from Ronson Metals Corporation, Newark, N.J. Misch metal grades, 75M2
(75% rare earths, 23% iron, 2% magnesium), 95M (95% rare earths, 5%
magnesium), and 100 X (97.5% rare earths and 2.5% magnesium) were used.

jA typical analysis of the rare earths in misch metal is 53% cerium, 24%
lanthanum, 16% neodymium, 5% praseodymium, 2% other rare earths. Pure

I jcerium (99.9%) ingots were purchased from Research Organic/Inorganic

Chemical Corp., Sun Valley, Calif., and carefully machined to the
desired shapes. Pure titanium, aluminum, and copper rods were obtained
locally. Irregular lumps of titanium metal were purchased from Fisher
Scientific Company as fused titanium metal, C.P.

Rods of 3 mm, 4.77 mm, and 7.6 mm (caliber .30) diameters wereh i fired against targets using two separate guns for low and high veloci-
tie,'. Firings at velocities less than 300 meters/sec were made with a
caliber .50 compressed gas, smooth bore gun using nitrogen. Velocities

I jup to 3274 ft/sec wece achieved with a caliber .30 smooth bore pro-
pellant gun. The metal projectiles were saboted in either lexan or
wood positioners and their velocities were measured accurately with

spaced printed circuit paper screens. The time interval between
breakage of the two screens was recorded by a TSI Model 385R interval

counter.

The target and projectile hardnesses are summarized in Table II.
In most cases the values were obtained from the supplier, but those of
mild steel, pure titanium, and hard copper were measured.
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Table II. Target and Projectile Hardnesses

Metal Hardness

Targets

Dural, 2024-T3 BHN 120*

Mild Steel BHN 140

Rolled Homogeneous Steel Armor BHN 500 i•

U,
Projectiles

Hard Copper BHN 96

Misch Metal, 95M BHN 107

Pure Zirconium (BHN 140)

Misch Metal, 75M2 BHN 160 L;

1095 Steel BHN 170

Grade 11 Zirconium BHN 180

Pure Titanium BHN 210

* BHN, Brinnell Hardness

III. SPARKING UPON IMPACT

A. Thermal Sensitization

The behavior of bulk metal pieces on heating is quite different from
that of powders of the same metals. For example, 75M2 misch metal was

heated at 200 0 C in air for 3 days without glowing, burning, or sparking.

It only corroded or oxidized slowly, This is in contrast to its re- [I

ported autoignition temperature of 150-18u*C. When the misch metal was

heated at higher temperature- (600-1000 0 C) in air, it glowed bright

orange, but still no flames. sparks, or burning were seen. In ao1 argon

atmosphere the misch metal did not glow brgghtly when heated at 8300C.

The same piece glowed brightly when subsequently exposed to air. Thus,

the glowing results from an oxidation reaction.

The pyrophoric metals examined here spark much easier when impacted

while glowing than at room temperature. The length of time to the

beginning of glowing was measured at different furnace temperatures.
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The minimum temperature at which glowing is seen is called the Lower
Glow Temperature. Small rods of 75M2 misch metal, 4.77 mm diameter by

12.7 mm length, were set in a combustion boat in the hot furnace and

the time measured for the onset of a bright orange glow. At tempera-

Lower Glow Temperature. Shorter times to the beginning of bright
i glowing were observed for 95M misch metal, but the Lower Glow Tempera-

ture is about the same as that found for 75M2 within the experimental

error.

Pure cerium pellets with the same geometry began to glow faster

than 75M2 and 95M. For example, at 600*C pure cerium began to glow in

only 27 seconds compared with 98 seconds for 75M2 and 50 seconds for

95M.

Zirconium and titanium sponge gave similar results although two

stages of glowing were observed. First, an orange glow is seen, then

I the particles become incandescent white when heated at cemperatures above

the Lower Glow Temperature. Since the white incandescent state was

required for sparks on impact, the Lower Glow Temperature is 580'C for

zirconium. Similarly, the Lower Glow Temperature for titanium sponge4 is 870*C.

Kinetic energy thresholds for sparking were determined in the
impact apparatus shown in Figure 1. A drop weight of 169.2 grams was

dropped from varied heights onto the glowing pellets on the anvil of

the apparatus. Photographs of 75M2 misch metal sparks from 10, 20, 30

and 39.1 cm drops are shown in Figure 2. From these tests it is

apparent that a kinetic energy of at least 0.332 newton meters is needed

for extensive sparking from the glowing pellets.

Higher energies were estimated for glowing zirconium and titanium

sponge. They would not spark in the impact apparatus, apparently due
to handling delays between the initiation of the white incandescence

Sjand impact. A quick hammer blow to the glowing pellets generated a

large number of vigorous sparks. The necessary impact with the hammer

fwas somewhat more than that needed or the misch metals and pure cerium.
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I Figure I

I Drop Weight Impact Apparatus Dimensions.
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(0.166 newton m ) 0.332 newton m)

F

SIC. 30 cm DROP D. 39 .1lcm DROP

(0.498 newton m) (0.647 newton m )

If ' Effect of Drop Height on Spark Formation.

I' Figure 2
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B. Gun Firings i

1. Misch Metal and Cerium

Cylinders of the misch metal alloys (4.77 mm diameter and up to Li
S12.7 mm length) and a 12.7 mm diameter hemisphere of pure cerium

attached to a wooden dowel were projected against 2024 Dural Sheets and P
a cold rolled, mild steel brick. The results are shown in Table III.

Table III. Misch Metal Impacts on Dural and Steel

Kinetic
Run Mass, Velocity, Energy
No. Projectile Grams Ft/Sec Meters/Sec N-met. Target Sparks

1 75M2 0.16 893 272 5.9 Dural Some U
2 75M2 1.22 815 248 41.5 Dural Yes

3 75M2 1.39 2496 761 402 Dural Yes

4 Pure Cerium - 674 205 - Mild Steel Yes

5 75M2 0.26 367 112 1.6 Mild Steel Some

6 75M2 0.210 795 242 6.1 Mild Steel Yes

7 75M2 1.44 695 212 32.3 Mild Steel Yes

8 95M 1.42 718 219 34.1 Mild Steel Yes Li

9 10OX 1.43 707 215 33.1 Mild Steel Yes
1 )

The kinetic energy threshold for sparking of 75M2 on Dural (0.16

grams at 272 meters/sec) is on the order of 5.9 newton meters. The

threshold against mild steel is somewhat lower, 1.6 newton meters (0.26

grams at 112 meters/sec). These results are an order of magnitude

higher than the temperature sensitized impacts reported in the previous

section.

2. Zirconium

Cylinders of pure zirconium and Grade 11 zirconium (3 mm and

4.77 mm diameter, respectively) were projected against 2024 Dural, mild

steel, and steel armor. The results are shown in Table IV.

cij
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i ITable IV. Zirconium Impacts on Dural and Steel

Kinetic
Run Mass, Velocity, Energy
No. Projectile Grams Meters/Sec N-met. Target Sparks

1 Grade 11 1.31 247 40 Dural No

2 Pure Zirconium .30 192 5.6 Dural No

3 Pure Zirconium .64 264 22 Dural No

4 Pure Zirconium .64 397 50 Dural Some

5 Pure Zircorium .30 592 52 Dural Some

6 Pure Zirconium .61 804 197 Dural Some

7 Pure Zirconium .57 245 19 Mild Steel No

* 8 Pure Zirconium .57 258 20 Mild Steel Some

S9 Pure Zirconium .60 358 38 Mild Steel Yes

I 10 Pure Zirconium .60 816 20 Mild Steel Yes

11 Pure Zirconium .58 250 18 Steel Armor Some
12 Pure Zirconium .57 319 28 Steel Armor Yes

S13 Pure Zirconium .56 664 123 Steel Armor Yes

T The kinetic energy threshold of sparking for zirconium against

Dural is S0 newton meters. Thresholds against mild steel and steel

armor are 19 and 18 newton meters, respectively. When impacted above

the thresholds, the sparks from zirconium do not appear as numerous or

intense as those from misch metal.

3. Other Metals

4.77 mm diameter) and hard copper (7.60 mm diameter) were projected

against Dural and steel armor.

The results are shown in Table V.

1
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Table V. Titanium, Steel, and Copper impacts on Dural and Steel

Kinetic
Run Mass, Velocity, Energy Ii
No. Projectile Grams Ft/Sec Meters/Sec N-met. Target Sparks

1 Pure Ti 0.39 530 162 5.1 Steel Armor Some h
2 Pure Ti 0.39 1307 398 31 Steel Armor Yes

3 1095 Steel 1.94 2431 741 532 Dural No

4 1095 Steel 1.94 3274 998 966 Dural Some

5 1095 Steel .66 2100 640 135 Steel Armor Some

6 1095 Steel .66 2761 842 234 Steel Armor Yes [

7 Copper 1.91 1591 484 224 Dural No

8 Copper 1.89 3000 914 789 Dural Some

From these results it can be seen that pure titanium has P some- Bi
what lower sparking threshold (5.1 newton meters) against steel armor

than zirconium (18 newton meters). For impacts of 1095 steel on Dural,

kinetic energy impacts of 966 newton meters are needed for sparking.

For 1095 steel on steel armor, the threshold drops to 135 nt-wton meters.

For the relatively soft copper cylinders against Dural Sheets, the

threshold is 789 newton meteis which is on the order of steel against

the same target.

IV. CONCLUSIONS

Thresholds of sparking were measured for both pyrophoric and non-

pyrophoric metals projected against targets of aluminum and steel. The

measured thresholds are higher than temperature sensitized impacts of

pyrophoric metals in a drop weight apparatus. For example, 75M2 misch
metal sparked when impacted with a kinetic energy of 0.332 newton meters

while glowing, but the same metal at ambient temperature needed 1.6

newton meters when projected against a mild steel plate. U
Impacts against a slightly softer material such as 2024 Dural had

a slightly higher threshold. Thus, the same misch metal, 75M2, had a [V
sparking threshold of 5.9 newton meters against Dural compared with 1.6
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• 3 newton meters against mild steel. Similarly, zirconium against Dural

needed 50 newton meters for sparking, but only 20 against mild steel.

The relatively non-pyrophoric metals such as steel and copper had

thresholds of 966 and 789, respectively, against Dural compared with

misch metal and zirconium which gave 5.9 and 50 respectively. Thus,

the distinction between pyrophoric and non-pyrophoric metals shows up

in orders of magnitude for ambient impacts.
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A STUDY OF FAST BURNING TUNGSTEN DELAY COMPOSITIrONS
IN SMALL COLUMN DIAMETERS

Scranton G. Nesbitt

ABSTRACT:

T1'he ability of four relatively fast burning ttuwgsten delay

compositions (MIL-T-23132, Series I) to burn in small column diameters

was studied. The compositions tested had specification burning rates

which ranged from 0.3T9 sec/in to 2.759 sec/in. In this study

column diameters of 0.039 in. to 0.055 in. and column lengths of

0.100 in. to 1.000 in. were used. The burning rates of the four

compositions were measured in several column diameter-column length
combinations at ambient and extreme temperatures. In general,

T changes in column diameter affected the magnitude and uniformity of

burning rates less than the changes in column length. Extreme

temperatures did not produce major changes in burning rate uniformity.

Results indicate .hat the use of such delay compositions is feasible

in small. diameter components such as might be employed in miniaturized

It explosive trains.
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A STUDY OF FAST BURNING TUNGSTEN DELAY COMPOSITIONS
IN SMALL COLUMN DIAMETERS

A Scranton G. Nesbitt
Naval Ordnance Laboratory

White Oak, Silver Spring, Maryland

INTRODUCTION

3 The purpose of this study was to evaluate the abilities of four
Series I, MIL-T-23132 1 , tungsten delay compositions to propagate in small
column diameters. This work was confined to studying fast burning Tungsten

Sdelay compositions in bodies which constituted extremely large heat sinks.
The effects of column diameter, column length, and extreme temperatures on
the delay burning rates are presented.

I; In many weapon designs minimization of fuze or explosive train weight
and size is of great interest. Studies such as the one reported here can
provide information to assist weapon and fuze designers in selecting designs

SI and materials which are feasible for miniaturized applications.

Unfortunately, in general, miniaturization cannot be accomplished
by di'.ect downscaling of normal sized explosive items. Smaller coil.Irns

and smaller quantities of explosives and pyrotechnics, reduced conftiaement,
and alignment difficulties often bring about changes in sensitivity,

I Treliability, and safety, which cannot be accurately predicted. Materials,
such as delay cormpositions, with relatively slow chemical reactions are of
particular concern in small column diameters, because the reaction zone is

2particularly vulnerable to excessive heat loss . For this reason it wasf of particular interest to establish the feasibility of using this group of
TIungsten delay compositions in small column diameter components.

The four tungsten compositions used in this study were purchased from
I

Pyrotechnic Specialties, Inc., Byron, Georgia.* The specification burning
rates, as certified by the manufacturer, are given in Table 1 for room
temperature and -54 0 C. The composition numbers were assigned for identi-

• jfication and go from the fastest burning composition, #l-W, to the slowest
burning, #4-W.

APPARATUS AND METHOD
All b,)rning rate measurements were made with the delay compositions

loaded in bodies of the same material and outside diameter as required for

the specification burn.ng rate test. Figure I-A shows cross sections of
the body required for the specification test3 and all bodies used in thisSstudy. They were all machined from 2024-T4 aluminum with a 0.498-inch O.D.

The inside diameters or column diameters used in this study (0.055, 0.0o7,
and 0.039 inch) are very small compared to the 0.261-inch I.D. for the
specification burning test. The first burning rate tests were conducted

*Discussion of specific commercial products does not imply either endorsement

or criticism of then by the Naval Ordnance Laboratory.
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using bodies 1.060 inches long with 0.055-inch I.D. Because of difficulties it
in drilling smaller diameter holes as true as desired in 1.060-inch long
bodies, the body length was reduced to 0.460 inch. The 0.160-inch long bodies
(of Figure !) were used to check the effect of short delay column lengths
on the burning rate.

The lengths of the delay bodies allow space for a 0.060-inch long
increment of A-lA ignition mix in addition to the desired delay column
length. Figure 1-B shows a typical loaded delay body. In all cases the
A-lA and the delay composition were loaded at 30,000 psi. The delay
compositions were loaded in increments so that the ratio of increment length
to the column diameter was always within the limits of 1.0 to 1.4. A small
spot of basic lead styphnate was placed on the output end of each delay
column to provide a bright flash when the burning front reached the end
of the delay column.

Delay column burning times were measured electronically; Figure 2
is a diagram of the test arrangement. An electric match was used to
initiate the A-lA ignition mix, which in turn ignited the tungsten delay
column. Light from the match was transmitted by a Crofon Light Guide or
light pipe to a photomultiplier which started an electronic timer. 'hen
the burning front reached the end of the delay column, the basic lead
styphnate spot charge emitted a flash of light which was transmitted by
another light pipe to a photomultiplier which stopped the timer.

Thus, the timer measured the burning time of the delay column plus
the small A-1A increment. The burning rate of the tungsten delay composition
was determined from the measured burning time by subtracting an average A-lA
bburning time and dividing by the delay column length. It should be noted
that all burning rates will be given in seconds per inch.

TESTS AND RESULTS

Burning rate tests were conducted using 0.C55-inch diameter delay
columns 1.000 inch long at room temperature, -540c, and +71 0 C. Fifteen
samples were tested at each terperature. The hot and cold samples were
conditioned at their respective temperatures for at least three hours
and were fired -within twerity seconds after being removed from the condi-
tioning chamber. The average burning rates and coefficients of variation
are shown in Table 2. At -54 0C the delay compositions burned from 9.5%
to 17% slower than at room temperature. This can be compared to changes
"of 4% to 9% in the specification test data supplied by the manufacturer
(see Table 1). At 71 0 C they burned from 11% to 13% faster than at room
temperature. Figure 3 is a plot of the average burning rates as a function
of temperature; the range of experimental measurements is shown for each Li
test. The burning rate data from Table 1 (0.261-inch colamn diameter) are U
also plotted for comparison. The small column diameter and the large heat
sink bodies caused a greater difference in the extreme temperature burning
rates of the slowest burning composition (#A-W) than for the faster ones.

U!
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R iHowever, the observation that all four propagated reliably at -54 0 C was

considered significant and encouraging. It is not known why the ourning
rates of #s 2-W, 3-W, and 4-W measured by the manufacturer in the 0.261-inch
column diameters are slower than these measured in small diameter columns.

Tests were conducted at room temperature to study the effec, different
column lengths would have on burning rate. Burning rates were determined
for 0.055-inch diameter delay columns 1.000-inch long, 0.400-inch long, and
0.100-inch long. The burning rates and coefficients of variation are shown
in Table 3. The greatest percentage change was observed between the

i 0.400-inch and the 0.100-inch long delay columns. The compositions burned
SI from 19% to 26% slower in 0.100-inch columns than in 0.400-inch columns.

This apparent effect of column length on burning rate is an unusual
t observation, since the burning rate of a delay composition is generally

thought to be independent of the length of the column. Realizing that
variations in the burning times of the 0.060-inch long increments of A-lA
would have a greater effect on the burning rate calculations for short

SL columns than longer columns, calculations were performed to determine if
the large change in burning rates could be accounted for by observed
variations in A-1A burning rates. Though it is possible some of the
difference in delay burning rates could be accounted for by variations in
A-lA burning rate, the data of this study do not justify totally discounting| the observed relation between column length and burning rate on the basis

of Variations in A-1A burning rates.

I •It may be possible to explain the slower burning rates for short
delays by considering the heating of the delay bodies by the burning A-1A
and delay compositions. Even with the heat liberated from the A-lA ignition
charge, it is possible that the delay composition and body immediately
preceding the burning front will not reach a thermal equilibrium relative
to the burning front until the frcnt has propagated some distance. The
distance required would probably depend on parameters such as column
diameter, delay burning rate and heat output, thermal conductance and
heat capacity of the body, and initial temperature. Such an effect may
not be as obvious for delays with relatively large column diameters or
in relatively thin wall bodies, since in such cases a thermal equilibrium
would be established much sooner relative to the burning front.

Though all tests in this study were conducted using small column
diameter delays, it was of particular interest to determine the effect
chsnges in column diameter might have on burning rates. It was also of
interest to determine at what column diameter failures would be observed.STable h-A shows average burning rates and coefficients of variation for
groups of samples with delay columns 0.400-inch long and diameters of
0.055-inch, 0.0h7-inch, and 0.039-inch. Table 4-B provides a comparison
of the cross sectional areas of the three column diameters. The values of
the diameters may seem relatively close together; however, from the cross

sectional areas it is apparent that they represent significant changes.
As for the effect column diameter changes had on burning rates, it was
not possible from these tests to identify any clear relationship between
column diameter and burning rate.
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The most significant result shown in Table 4 is that three of five
samples of the slowest burning delay composition, #4-W, failed to burn
the full length of the 0.039-inch diameter columns. Thus, 0.039 inch is
very close to the effective failure diameter of that composition in the
type body used. However, the burning rates for the two samples that did
burn the full length of the column were 2.66. sec/in and 2.68 sec/in;
these are within 1% of the average burning rates for the larger diameter

samples.

Since failures had been observed for the slowest burning composition
in 0.039-inch diameter columns, it was of interest to determine if the other
three compositions could propagate reliably in this diameter column at a L
reduced temperature. Five samples of each delay composition were conditioned
at -4O0 C for at least three hours and were fired within twenty seconds after
being removed from the conditioning chamber. Average burning rates and
coefficients of variation are given in Table 5 for the three faster burning
delay compositions in 0.039-inch diameter columns, 0.400-inch long, at-400C
and room temperature. These data with the range of measurements for each
test are plotted in Figure 4 along with corresponding data for 0.055-inch
diameter, 1.000-inch long columns from Figure 3. The slopes of the lines
for the 0.039-inch diameter samples are not significantly different from
those for the 0.055-inch diameter samples. Thus, there is no particular
evidence of marginal performance for these three Tungsten delay compositions
"in 0.039-inch diameter columns in thermodynamically massive bodies at -40'C.
It is believed that the shift in the data (0.039-inch samples burning at a
slower rate than the 0.055-inch samples) is primarily caused by the
difference in column length rather than column diameter.

As previously noted, all burning rates given have been corrected
for the 0.060-inch long A-lA ignition mix increment in each sample. Tests
to measure the burning rate of A-1Awere conducted using bodies of the
same type used for the delay testing. Column diameters of 0.055-inch and
0.039-inch were used. The spreads in the data were rather large with
coefficients of variation as high as 21% (for the 0.039-inch diameter
group). The average burning rate of the A-1A was taken to De 0.300 sec/in.
Thus, 0.018 second was subtracted from each delay composition burning
time measurement when calculating the corrected burning rates.

SUMMARY AND CONCLUSIONS

delay The four relatively fast burning Series I, MIL-T-23132, Tungsten
dlycompositions tested,all propagated reliably at room and extreme ~

temperatures in columns 0.055-inch in diameter. However, the differences
in burning rates from room temperature to -540 C were found to be greater
than the differences determined by the manufacturer for 0.261-inch diameter
columns. The burning rates of all four compositions were found to be
significantly slower in short (.100-inch) column lengths than for longer
columns. In the small column diameters studied (0.055-inch to 0.039-inch),
no correlation between column diameter and burning time was observed.
The slowest burning delay composition did not propagate reliably in the
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0.039-inch diameter column (3 of 5 failed). At -40oC the other three
compositions still performed satisfactorily (5 of 5 burned) in 0.039-inch
diameter columns. The burning rate of A-1A, in small column diameters,
was found to be approximately 0.30 sec/in.

Relatively fast burning, Series I, Timgsten delay compositions, like
those studied, can be considered for miniaturized applications based on

i the results of this study. The severe thermal penalties imposed in this
study (bodies which were very large heat sinks and low temperature testing)
allow reasonable confidence that such compositions could be used reliably

I Tin properly designed miniaturized systems.

5
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FiGUR,: 1 A. DELAY BODIES [

__ 0.261' (FOR SPECIFICATION BURNING RATE TEST.)

40.047"

MATERIAL: 2024-T4 ALUMINUM L
T ~OUTSIDE DIAMETER: 0.498 INCH •

0.60

Fm0.t039"
B. DELAY BODY LOADING

LOADING PRESSURES [

SDELAY 0 TUNGSTEN DELAYCOMPOSITIONS_30,O00 PSI• COMPOSITION

4 K- 1. 060" -. 0.055"

J1 LEAD STYPHNATE

I In~A 0460 - ~jr- 01 u
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FIRING CHAMBER DLYBD

I
FGE2ARRIDELAY BURNTOI

-•=; ~ MULTIPLIER '

I!

STO CMC.901

TIMER-COUNTER
lirSTART

FIGURE 2 ARRANGEMENT FOR MEASURING DELAY BURNING TIMES
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FIGURE 3 TEST TEMPERATURE VS BURNING RATE FOR B.i;5
INCH AND 0.261 INCH DIAMETER COLUMNS U

DATA FROM TABLE 1, FOR

0.261 INCH DIAMETER
3.000 COLUMNS 1.000 INCH LONG

I AVERAGE BURNING RATE
AND RANGE OF MEASUREMENTS

*, FOR 0.055 INCH DIAMETER
2.700 COLUMNS 1.000 INCH LONG

2.400

2.100-

1.800 " "

BURNING RATE #

(SEC/IN) 1,500

1.200 - # 3-

0.900 }

#2.W
0.600- •

#1.W

1.-54 30 0 1-.30 60 90 g

•60 24 71

TEST TEMPERATURE (-C)

Ii
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S3FIGURE 4 TEST TEMPERATURE VS BURNING RATE FOR
SMALL DIAMETER COLUMNS

3 5 Q.A"VERAGE BURNING RATE AND RANGE OF MEASUREMENTS
UFOR 0.039 INCH DIAMETER COLUMNS 0.400 INCH LONG

I I ._AVERAGE BURNING RATE AND RANGE OF MEASUREMENTS
FOR 0.055 INCH DIAMETER COLUMNS 1.000 INCH LONG
(FIG 3)

• 1 1.800

• ~ ~~~~~1.500- ' ""'" I

I , ""# 3-W

1.200

SE, 1 BURNING RATE
(SEC/IN) •

ir 0.900-

0.600

0.300 -

.54 -30 0 30 60 90
0 I 1 i I 1 I

1 -60 -40 24 71

TEST TEMPERATURE (°C)
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A Pyrotechnic Fuze Timer
with Selectable Settings

by

W. Keith Gallant
Honeywell Inc.

Abstract

Se'ectable times of from 3 to 60 seconds in increments of one second can be

provided 'y a tinier module incorporating pyrotechr~ic delay cord. The timer,

I fwhich consists of a potted delay module and a rotor containing a primer and

a relay, can be functioned from either a percussion primer or a stab firing

• pin. The timer has been packaged in a cylinder .55 inch high and 1.71 inch

in diameter.

In the evaluation phase of the design effort, a total of seven hatches of

~ delay cord .,as obtained from three vendors. The cord was processed into

t tim in: mlules; however, between each length required for a module, a ten

R inch ler th was set aside. The ten inch lengths were tested at room temper-

, ature with excellent reproducibility. The spread of the coefficient of

variation (C.V.) of the burning rate of the ten inch strands for the several

I batrhes tept•d was a maximum of 1.95 percent and a minimum of 0.75 percent.

Testing of delay modules at various temperatures resulted in C.V.'s of from

2_.0 to 4.2 percent.
N

The effect of temperature on burn rate was quite small ranging from 7.4 X l104

to 1.4 X 10- second/inch/°F over the range of -650F to +1650 F for two batches.

Limited environmental testing was conducted and indicated that requirements

for transportation vibration and storage at 4165LF can be met. Eighteen (18)

rounds ballistically tested at shock levels up to 10,000 g's showed no shock

damage.



TRACER MUNITIONS USING INTERMETALLIC REACTIONS

by

SA. P. Hardt

Lockheed Palo Alto Research Laboratory, 3251 Hanover Street
Palo Alto, California 94304

ABSTRACT

The use of intermetallic reactions for tracer munitions was demonstratedSon a coarse mixture of titanium powder with amorphous boron. Methods

of improving the charge retention and factors affecting the trace visibility

I are described. The results confirm the findings made in preceding studies

on the mechanism and rates of gasless reactions and suggest that in certain

i tracer applications intermetallic reactions may constitute a new and

promising type of pyrotechnic system.
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Section 1
INTRODUCTION

CHARACTERISTICS OF INTERMETALLIC REACTIONS

When certain powdered metals are mixed with powdered elements of the transition

subgroups of the periodic table and subjected to an intense heat pulse, a strongly exo-

thermic reaction may take place which results in an alloy or intermetallic compound.

V 2KThis reaction occurs without gas formation and therefore resembles gasless redox

systems such as thermites. The study of intermetallic reactions for possible applica-

tion in pyrotechnic devices is of recent origin (Refs. 1,2), and the findings have brought

about an improved understanding of gasless pyrotechnic reactions (Refs. 3 to 5).

Intermetallic reactions occur in a self-sustained manner only when the adiabatic reac-

tion temperature exceeds the melting temperature range of the alloy. In practice,

such reactions occur in mixtures of boron, carbon, or aluminum with nickel, palladium,

. platinum, titanium, and zirconium as well as in some mixtures with alkali and alkaline

earth metals. For most applications, aluminum containing systems require excessively

Shigh initiation energies and good thermal insulation to prevent quenching, whereas the

initiation energies of alkali metal mixtures are so low as to present a safety hazard.

The addition of intermetallic reaction mixtures to some pyrotechnic systems has brought

about improved performance and reliability (Refs. 6 and 7). Table 1 lists some

properties of intermetallic reaction mixtures.

OBJECTIVE

This study was undertaken to test the feasibility of using intermetallic reactions in

I tracer bullets. The high reaction temperature and the brilliant display suggested

their employment to improve the visibility of the tracers and hence to increase

their range.

~iu Z4-1



S~Table I

ii PROPERTIES OF SOME INTERMETALLIC REACTIONS

Computed M a u eIntermetallic Heat of Adiabatic Maue
Product Re action Reaction Brightnes s

S(cal/g) Temperature Temperature

TiB 2 1155 3770 3300

ZrB 2 690 3400 3240

TiC 737 3600 2050

ZrC 461 3800 1540

NiA1 329 1639 -

PdAl 327 2380

PtA1 216 2300-

i 24-2



Section2

FACTORS AFFECTING THE VISIBILITY OF TRACER BULLETS

I The visibility of tracers depends on the brightness of the background as well as on the

illuminance of the tracer on the eye. Each background brightness has an associated
I threshold illuminance for the human eye. The values of the threshold illuminance

i ~ under average day and night conditions are given in Table 2.

i ~Table 2

S~MINIMUM COLOR SENSITIVITY OF HUMAN EYE (Ref. 10)

i ClorDay Time Night Time

SRed 0.5 x 10- 0.8 X 10-

Green 0.9 X 10-3 1. 2 x 10-6 •

SYellow 1.0 x i0-3 2.0 x 10-6

-s•:....___ _

43 -

i•The illumination E , of aspherical surface of radius r, enveloping apoint source !

•£• ° !of intensity I is given by

E 1 2 Im/m2 (1)

• ~r

SI The luminous intensity of a burning tracer bullet depends on the temperature and the

psychophysical standard visibility function. These have been computed (Ref. 10) forthe temperature interval between 1000 and 5000.K. We have assumed that crimping

the bullet will reduce the exposed area by 55 percent and that the emissivity correction

is inherent in the use of the brightness temperature. These data are plotted in Fig. 1

24n3il u e
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Fig. 1 Luminous Intensity of Crimped Tracer Bullet
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for a distance r of 1000 m and 317 m from the observer. It is evident that a titanium-

S I boron mixture reacting with a (experimentally determined) brightness temperature of

33000 K will not be visible in daylight at distances much in excess of 300 m. In reality,

S uone must expect that the trace intensity will be reduced further by heat losses to the

bullet and by the inevitable presence of a wake and smoke.

I One would therefore conclude that daylight visibility of intermetallic reaction tracers

would be insufficient unless some effort is devoted to providing for smoke generation.

I It may not be possible to combine good daylight visibility and good nighttime visibility

in the same tracer munition.

Figure 1 also shows the nighttime visibility threshold. As long as the bullet has a

brightness temperature of 1900°K, the bullet will be visible at night. We have measured

the temperature-time history of stationary bullets and found that, by a graphical analysis

(Fig. 2), intermetallic reaction tracers should be visible for 700 to 800 m, depending

UZ on composition and particle size of the constituents.

~l

SI

!A

Pi.,
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Section 3
APPARATUS AND PROCEDURE

Based on the preceding analysis titanium-boron mixtures were selected for testing

in tracer bullets. Empty 30-caliber tracer bullets were filled with intermetallic re-

action mixture and pressed to 100,000 psi. One grain each of an igniter and a dim

trace igniter was then added, followed by a second pressing to 100,000-psi and slight

crimping. The appearance of the completed bullet is shown in Fig. 3. No metal

base closure was employed.

All materials were procured from commercial sources as shown in Table 3 and used

without further treatment except for the titanium powder which was passed through a

~ 1 60 mesh screen in order to remove the fine particles. The igniter was a mixture of

40% CuO, 10% Al, 45% BaCrO4 , and 5% B. The dim trace igniter consisted of 10%

calcium resinate and 90% SrO2 .

Table 3

PROPERTIES OF MATERIALS

M i Mesh orMaterial Particle Size Supplier

I Titanium (Ti) -50 +60 mesh Atlantic Equipment Engineers

-50 +100 mesh grade received

l Zirconium (Zr) 2 pm G Grade Foote Mineral Company

Aluminum (Al) 10 pm Atomized, Class 400,Organic-Inorganic Research Chemicals, Inc.

Boron (B) 0. 1 Im U. S. Borax, 95% Grade
Barium (BaCrO4 ) -325 mesh Ceramic Chemical Manufacturers

i Chromate 98% 0.7 pm MIL B 550-A

Cupric Oxide (CuO) 2 pm Harshaw Chemical Company
MIL C 13600

II 24-7
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SI
The static burn tests were performed by contacting the back of the bullet with a hot

S INichrome wire. The burn was observed with an Infrared Indust.ries TD 11S pyrometer.

The output was displayed on a Type 556 Tektronix oscilloscope and recorded on Polaroid

film. The pyrometer was calibrated in the high-temperature region against the melting

points of molybdenum, tantalum, and tungsten; in the low-temperature region a Bureau

I Tof Standards standard lamp was used. The threshold for detection was about 1000 0 C.

No emissivity corrections were iequired in this study because the luminous output was

measured in terms of brightness temperat'Ares.

r • Sample rounds were prepared by handloading primed cartridges.

The rifle range studies were performed with a M14 rifle. The traces were recorded

on B&W film at 100 f/s using a Millikan Model S framing camera. The trace duration

was analyzed on a Vanguard film analyzer. When a frame count was uscod to determine

the visibility range of intermetallic reaction tracers any differences in sensitivity

between film and the human eye in discerning the trace were ignored. Interpretation

of tracer visibility was aided by the placement of an observer about 500 m downrange

from the weapon. In general the observer's reports agreed with those of the test
tpersonnel stationed at the firing stand. It appears as if the visible range rnight be

somewhat greater than the value obtained from a frame count.

Tests were conducted at Fort Ord, Monterey, California, where the range was in

excess of 1000 m.

24-9
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i Section 4
RESULTS OF RIFLE RANGE TESTS L

Preliminary tests had shown that fine metal powder would give rise to muzzle flash

and subsequent break-up of the tracer charge downrange. Intermetallic mixtures

other than titanium-boron were found to be distinctly inferior for tracer applications

so that the main effort was devoted to perfecting the titanium-boron tracer concept.

By using metal powder in excess of 200 pJ, the problems of muzzle-flash and spillage

were virtually eliminated. Figure 2 also shows that in laboratory tests significant

improvement in visibility was attained when an oxidizing additive was added. There-

fore, the titanium was resieved onto a 60-mesh screen and nitrates of strontium,

cesium, potassium, and sodium wereadded. Further improvement in performance

can be expected for titanium grades coarser than 50 mesh. Table 4 shows the im-

proved formulations, some of which had a visible range of better than 550 m. The

trace durations were obtained from a frame count of the motion-picture records, |"

and a range table for 7.62-rmm M62 tracers. While the improved traces were reliable

and reproducible, the visibility did decrease with distance. The maximum visible p
range may not be limited as much by the rate of reaction or by any possible effect

of spin on the molten lead as by the small size of the luminous surface.
1 t

AMA I
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Table 4

tit FORMULATIONS FOR INTERMETALLIC
- "REACTION TRACER BULLETS(a)

• t Intermetallic Reaction Mixture Approximate
-50 +60 Mesh Titanium,
95% Amorphous Boron Range (m)(b)

1 90% Ti/2B, 10% Sr (NO3 )2  500

• T 85% Ti/2B, 15% Sr (NO3 )2  500

• 80% Ti/2B, 20% Sr (NO 3)2  Some breakup

85% Ti/2B, 15% CsNO 3  275

I 85% Ti/2B, 15% KNO3  530

85% Ti/2B, 15% NaNO3  550iI
(a) All bullets were loaded with 0.46 + 0.015 g of

intermetallic reaction mixture, tapped, charged
with 0.065 g of Igniter, and compressed to 100,000
psi; then 0.065 g of dim trace igniter was added.
The total charge was then compressed again to

I~ 100 Kpsi. For both compressions, a plunger with
a teat was used. The loaded bullet was then
crimped slightly.

(b) Average of 5 tests.

I
I

'Ii

24-11

1 'mI ~i m~~wmn|



Section 5

DISCbSSION OF EXPEPMAENTA-7 RESULTS

Table I lists some of tbe intermets-lic reaction characteristics which were deter-

mined in a previous study (Ref. 1). The results of this study confirmn the predict'ons

which were made on the basis of these dz'%a. The quantity which zontrols the visi-

bility of an interinetallic: reaction tracer is the brightness temperature. Figure 2

shows that the maxinmum visible range will be about 720 m, but that somewhat improved

performarnce raight be expected from a still coarser mixture. These figares are in

acceptable, agreement w-ith the observed vis Ibility ranges of 550 m as shown in Table 4. }

These numnbars are somewhat less than the visible ranges predicted from the brightness •

temperature alone because of radiative and conductive heat losses and because of the .

fact that the reaction in coarse mixtures iE not complelted within the time frame. !

Furthermore, adiabatic reactlcn temperatures are determined "by the ftsion tempera-

tures of the products and therefore reflect the presence of an isothermal heat reservoir,

while no such reservcoir exists If tempeýratures are lowe red because of heat losses or
reaction inefficiencies. !

103i I

i ~It was found em-pirically that the visibility of the trace improved significantly when an •

! oxidizer was added to the mixture. Calculation of the heats of reaction showed, how-

ever, that heat output was increased only negligibly over the starting mixttwe. It. was
therefore necessary to look for an explanation elsewhere. Brewer (Ref. 8) has reported

that in a reduving atmosphere, B203 will vaporize as BO. For example, a mixture of

.~2 3

B and B203 should produce I atmn partial pressure of BO at about 11000K. BO is

a2 3

stable enough so that even the most stable oxides can be reduced by boron under vacuum
T conditions. It appears that the luminos signature of the intermetallic tracer reaction
is not due to the high grey-body temperature but due to the presence of reaction products

which are luminous when they disproportioraae in the vapor phase.
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An alternative approach would be to select an additive which produces a volatile solid

oxide such as SrO. Tests showed no advantage of strontium nitrate as oxidizer over

sodium or potassium nitrate. Sodium nitrate produces a higher heat of reaction than

does the potassium nitrate as shown in Table 5. It is believed that the correspondingI
Table 5

CALCULATED HEATS OF REACTION OF INTERMETALLIC
REACTION TRACER MIXTURES

Mixture Heat of Reaction
(cal/g)

Ti/2B. + 15% KNO 3  1183

M Ti/2B + 15% NaNO3 1240

I Zr/2B + 15% KNO 785
03

Zr/2B + 15% NaNO3 826

higher volatility of BO is the main reason for the high visib'lity of the sodium nitrate

containing mixture and not the presence of the Sodium D line in the flame. It will be

recalled that titanium forms nitrides and hydrides as readily as oxides and that there-

fore even with added sodium or potassium nitrate the systems do not act as gas genera-

tors except as through the formation of BO. This argument could be demonstrated by

rcpeatino the test when the source of the oxygen was a solid oxide such as F(.203

COMPARISON OF INTERMETALLIC REACTION TRACERS WITH COINVENTIONAL
TRACERS

I 3The performance of the tracer bullets developed in this program was compared with

that of standard 7.62-mm tracer bullets. These have a cavity of 11.1 ram and an

inside diameter of 6 mm (see Fig. 3). The visible range of these bullets is 775 m as

observed in this study. The ignition reliability of current NATO tracers is about

98 percent. The loading is described in Table 6. The NATO tracer also has a thin

I copper base closure cap which ;,s meant to act as a moisture seal but which does not

seem to affect ig:tion or the existence of a muzzle flash.
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Table 6

LOADING OF STANDARD 7.62-mm NATO TRACER BULLET (REF. 9)

Weight Approximate Composition (wt0)
Charge (mg) Compression Sr(NO3 )2 Mg. PVC CaResin SrO2

(g PSI MgPC02Rsna SO

Main Charge 422 84 55 28 17
R-284

Subigniter 23 18 15 8.5 76.5
1-280

Igniter 65 90 10 90
1-136 1 J I I I I I I

The purpose of the igniter is to delay initiation of the luminous main charge so as to

ensure an initial dim trace. The color of the main trace is red, and the burning rate

varies with spin rate. The high degree of compression serves mainly to secure the

charge in the cavity against breakup upon launch. The mechanism of the burning rate

dependence on spin is not clearly understood, and it has been made, in part, the sub-

ject of a current study (Ref. 11). It has been Fuggested that one reason for the spin

dependence is the increase in cavity pressure due to constricted gas flow (Ref. 9).

In conventional tracers the range has been extended by the additici, of PVC as well as

by the addition of magnesium. The reason for this increased range arises frokn the

creation of a fuel-rich reaction mixture which retards the burning rate and enhances

the secondary combustion in the plume.

Similar attempts at extending the range of intermetallic reaction tracers by the addition

of diluents to the reaction mixture have failed, because diluents will rsduce the reaction

temperature and consequently reduce the luminous intensity of the tracer and qo shorten

the visible range. The relationship between the luminous inteasity and the range has

been examined in greater detail in Section 2.
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It will be noted that in conventional tracer bullets a larger part of the tracer mixture i-.

U expclled upon burning and that tracer bullets generate a plume which effectively elimi-

nates the low-pressure vortex in the rear of the bullet, which is one of the character-

S3istic ballistic phenomena that adversely affect the range. Both effects, namely, the

elimination of the vortex and the loss of mass during flight, increase the range ot the

tracer bullets over that of conventional bullets so as to give rise to an accuracy mis-

match which is detrimental when tracers are interspersed with conventionai bullets in

an extended range application. These effects may be to a large degree absent in inter-

metallic reaction tracers.

Because the reaction mixture in conventional tracers is expelled upon burning, the
bullets remain comparatively cool and the lead remains solid. On the other hand, in

SI intermetallic reaction tracers the heat is retained within the bullet so as to cause the

lead to melt an•d to be distributed annularly about the bullet walls under the spin effect.

SIThe bullet tends to discolor in laboratory tests, showing that the mean temperature of

the bullet exceeded the oxidation temperature of the gilding metal. Heat transfer

from such a bullet in flight is a complex problem which has been examined only in a

preliminary way.t
Conventional tracers can be tracked from both the rear and from the side because of

the highly visible plume. This visibility may either be detrimental when the munition

is to be used covertly or it can be beneficial when it is used to direct and orient friendly

forces. Intermetallic reaction tracers are not always visible from the side because the

luminous source remains contained within the bullet. The covert use of interrnetallic

reaction tracers depends also on the availability of a suitable detector.

Both conventional and intermetallic reaction tracers tend to generate a display upon

~ I impact and ricochet. Inte rmetallic reaction tracers, moreover, tend to have spotting

characteristics when imp=act is not much in excess of 250 m from the observer as shown

by a hright display when the bullet impacts on a hard surface. Whether this display is

mufficient to ignite volatile liquids is not known.
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Section 6

SUMMARY AND CONCLUSION

Intermetallic reaction tracer munitions were shown to be feasible. Visibility

diminishes with distance, although most of heat of reaction is retained by the

bullet. For this reason the use of intermetallic reaction tracers in covert action

applications appears to be of potential interest. If approximately 15 percent of

potassium or sodium nitrate are added to a stoichiometric mixture of titanium

and boron, ranges of better than 550 m can be achieved. Titanium coarser than

80 mesh tends to prolong the trace duration and to minimize the breakup of the

charge in flight. Coarse titanium-boron mixtures require an igniter if the reac-

tion is to function as a tracer. The igniter may be delayed by the use of a con-

ventional dim trace igniter. The trace color is white, as any coloring addition

which acts as an energy sink tends to lower the luminous intensity and hence the

visible range.
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U ~POLLUT ION ABATEMENT
RECLAMATION OF RED PHOSPHORUS SMOKE COMPOSITIONS

Clarence W. Gilliam
and

Duane M. Johnson
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Applied Sciences Department
Crane3 Indiana 47522

ABSTRACT

Results are presented on a number of methods for the
ecologically permissible disposal and reclamation of smoke

Z_ý compositions containing red phosphorus as the principle
ingredient, The methods investigated included acid dissolution,
wet oxidation and flotation techniques based on density
differences. The results indicated that an acid dissolution
process was the most likely candidate for pilot plant scale-up.
In addition to these results, several interesting technical
reactions of pyrolusite (the other major ingredient in these
compositions) were observed. The physical and chemical
properties were compared with those of pure MnO 2
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INTRODUCTION

Most industrial and military processes create unusable
l materials, defective units, and units which deteriorate in

performance which must be disposed of in some manner.

Our increasing concer4 , for preventing pollution of the
environment compelled us tG investigate and develop new and/or
novel non-polluting methods ior pyrotechnic waste disposal or

• reclamation techniques which would provide a cost savings for
the Navy.

IR This report covers an exploration of the physical andI chemical processes involved in the reclamation and/or disposal
of the ingredients of Navy pyrotechnic devices. This year's
work was specifically directed at devices containing red
phosphorus compositions such as the Mk 25, Mk 58 and Mk 57
Marine Location markers. A typical red phosphorus composition
is as follows:

% Wt

Red Phosphorus 53

SPyrolusite ("MnOt") 34
2

SMagnesium 7;T Zinc Oxide 3

Linseed Oil I3

100

SOURCES OF WASTE AND DISPOSABLE MATERIALS

i As mentioned in the introduction, processes are not
completely efficient and materials do not last forever.

Accordingly, we were tasked to investigate new methods of
disposal of waste pyrotechnic compositions. Since our
specialty is formulation of pyrotechnic composition, we
should have the most knowledge about how to dispose of
or reclaim these items. Figures 1, ? and 3 are cutaways of
three red phosphorus smoke signals, the Mk 7 and Mk 58 Mod,
and Mk 25 Marine Location markers. These are examples of the
types of signals which will need disposal due to either of
the ýeasons mentioned earlier.
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Currently the Navy has many tons of phosphorus smoke
composition from scrap and non-functional pyrotechnic ordnance
items such as the Mk 25, Mk 27, Mk 58 and Mk 18.

DISCUSSION

During rY 72, the primary mission of this task was disposal
but in FY 73 the mission statement was modified to include
reclamation. Therefore, our approach necessarily included a
serious effort to reclaim the materials such that they could
be reused or sold.-

Had our interest during this investigation been primarily
the separation of red phosphorus from the pyrotechnic comp-
osition, a 10% hydrochloric acid solution treatment for two
hours at 90*C would yield 99+% red phosphorus. But our plans
were to separate the composition into its respective parts:
Mg, ZnO, P, and MnO . We investigated a two step acid process
for further separatfon of this mixture. In theory, a 6% acetic
acid solution heated to 90° for two hours should dissolve 10%
of the mixture by the following reaction path:

SZn++ Mg +2H~ + Mg + H()

ZnO + 2H÷ H 0 + (2)

Actually 9% of pyrolusite is dissolved in 6% acetic acid
solution which strongly suggests that pyrolusite is not MnO
Also, theory suggests that 13% red phosphorus smoke composition
should dissolve in this solution. Actually, 12.8% of the
sample was dissolved in the 6% acetic acid solution. If the
two-step process is used and one desires to recover manganese,
about 90% of the manganese present in pyrolusite is recoverable
leaving a red phosphorus residue. Other methods in RDTR No.
267, which is a part of the preceding package, are one-step-
acid process,' wet oxidation process, differential densities,
and nitric acid dissolution. The presence of pyrolusite in
the composition-confounded all of the methods to the extent
thai no clear cut method of separation yielded the same results

r on eplicate samples. Again we refer you to the Pyrolusite
se-tion of RDTR No. 267 for a description of the composition
of pyrolusite versus reagent grade manganese dioxide which
points out some of the characteristics of this high grade ore
which complicated the separation technique.
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From the experimental results, we decided upon the nitric
acid process whose end product is a usable soil additive
(see Fig. 4).

EXPERIMENTAL

Nitric Acid Dissolution Process

Samples of red phosphorus smoke composition were treated
with aqueous solutions of nitric acid (HNO) ranging in
concentration from 10% HNO up to 70% HNO ("concentrated"r •HNO 3 ). Normally, the reactions with the •NO solutionsr t OO soltion were
carried out at temperatures near or above l0O6 Centigrade for
at least thirty minutes.

At levels of concentration below 20% HNO3 , incomplete
F •sample dissolution occurred. Above 20% HNO 3 concentrations,

sample dissolution occurred more completely as HNO_ concentration
was increased. However, it was discovered that if concentrations
of 45% HNO or greater were employed, spontaneous fires occurred
quite reguiarly as the HNO3 solution was added to the samples.
This hypergolic reaction could be accounted for by the following
reactions:

(1) The hydrolysis of red phosphorus

HNO
2P + 012 H -0 - 3 H PO + 5 PH

(2) The rapid oxidation of phosphine

2 PH + 40 0 P•0 + 3 H0

This latter reaction is catalyzed by HNO3 , steam in the
presence of metal catalysts, and NO and NO2 gases which would
be present from the thermal decomposition of HNO 3 in the firstSTreaction. 2

From extensive laboratory tests,3 the optimum dissolutioni of the red phosphorus smoke composition (RPC) occurred when an

8-gram sample was mixed with 53 milliliters of 35% nitric acid
and heated at 105%0 for a duration of 75 minutes to 120 minutes.

®R The time of heating varied in somewhat direct proportion to
the size of the largest RPC aggregate in the 5-gram sample.
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U Care needs to be taken that the RPC is not added too
rapidly to the acid solution. The very exothermic reaction
between the magnesium and acid produces a rapid rise in the
temperature of the acid solution. The excessive foaming that
one observes is due to hydrogen gas evolution. Proper venting
of the hydrogen gas in a pilot plant process will be necessary
to eliminate the potential explosive mixture of hydrogen and
air. Hydrogen-air mixtures have a very wide range of explosive

A limits. A potentially explosive mixture exists with as little
as 5% hydrogen in air. 4

The dissolution of the sample occurs with an open
beaker where a reduction in solution volume can occur or
under reflux conditions where no moisture loss can occur.
If the "open beaker" technique is used, it is important that
the solution volume is not reduced by more than 40% since
insoluble materials begin to precipitate.

The dissolution is complete when the red color of the
phosphorus is no longer visible in the solution.

The chemistry involved is straightforward with the one
exception being the pyrolusite. 5

(1) Mg + 2H+ -Mg+ + H

(2) ZnO + 2H+ +Zn++ + H 02

(3) P + 6 H2O÷ 2 HPO(OH) 2 + 2PH

HOP(OH)2 + H2 0 ÷ OP(OH)3 + H2

PH + 4 H 0 OP(OH) 3 + 4H
3 2 2

The pyrolusite, which normally is considered to be
manganese dioxide (MnO0), reacts in the following manner.
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Half-cell reactions:

(4) MnO + 4H + 2e- Mn++ +2 H 02

(5) P + 12 H 0 12e + 20 H+ + 4 HPO -

4 23

Overall:
(6) 6 MnO + 4H+ + P 6 Mn+ + 4 HPO

2 43

Normally, one would not expect the pyrolusite to be dissolved
in nitric acid6 but, in the presence of the red phosphorus,
the redox reaction (6) occurs.

CONCLUSIONS

Several processes were investigated and presented here and
SIin RDTR No. 267 which offer various possibilities as means to

reclaim certain ingredients in waste red phosphorus smoke
composition or to convert the waste composition to usable
and/or ecologically "clean" by-products.

acdWith the current fertilizer shortage that exists, the nitric
acid dissolution process seems the most feasible approach. This
process produces a solution which, when adjusted to pH = 8
using concentrated ammonium hydroxide solution, provides a soil
additive solution which contains approximately 4.4% P 0
(phosphoric anhydride) and 1.8% N (soluble nitrogen) as'ýell
as the metallic ions of manganese 2 (O.8%), magnesium (0.25%) and
zinc (0.1%). Ten gallons of this solution was tested by a
Purdue University agronomist, Dr. Eldon Hood, at the Southern
Indiana Agriculture Center (SIPAC), Dubois, Indiana on
20 March 1974.

I2

I 25-5



REFERENCES [
1. C. W. Gilliam and D. M. Johnson, Poltution Abatement:

Reclamwation of Red Phosphorus Composition, RDTR No. 267,
Naval Ammunition Depot, Crane, Indiana (April 1974),
pp. 9 and 10. F

2. J. W. Mel lor, !Tnorganic and Theoretical Chemistry (Wiley-

Interscience Publishers, New York, lq7l), Vol. VIII, [1
Supplement III, p. 282.

3. Reference 1, pp. 3-6.

4. M. K. Niemiller, Mk 45 Aircraft Parachute Flare Malfunction L
Investigation of accidental End Cap Ejections, RDTR No. 221,
Naval Ammunition Depot, Crane, fndiana (January 1973), p. 57.

S. J. R. VanWazer, Phosphorus and its Compounds (Interscience
Publishers, Inc., New York, 1958), Vol. I, p. 100...

6. N. A. Lange (Ed.), Handbook of Chemistry (McGraw-Hill Book L
Company, New York, 1967), 10th Ed., pp. 286-7.

:7

At

25-6

i -m m,, mi ii• ee



to8

~ ill

oc

00HoLi'?4
4k 4A

V.w I

0 _ _ _

v
25O_

LUI



401

4J

44"

ta w

Cic

UP,

4 j6~'- ,a

25-8 zC



II

Vt

1 5%

IZ
TG . Cosscto faIk5

ro 0Main octin are

Ka 

Z- 

,1



44;

-I0t

u 0
05-=



DEVELOPMENT OF POUR CASTABLE SMOKE COMPOSITIONS

by

G. Couture and R.E. Kluchert

DEFENCE RESEARCH ESTABLISHMENT VALCARTIER

P.O. Box 880, Courcelette, P.Q.

CANADA

ABSTRACT

By the application of existing technology, associated with

castable composite propellants, pour castable smoke compositions were

T developed, based on a commercially available polybutadiene prepolymer.

This report outlines the initial research work carried to achieve a truly

pour castable composition at a binder concentration of 15% using granulated

dyes. Smoke volume output was optimized by selecting a centrally vented

and bottom ignited candle layout. With the addition of a burn-rate

catalyst a composition was developed that exhibited the necessary properties

of low exhaust gas temperature (325*C), good colour quality and high smoke

volume output.
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INTRODUCTION

The work reported in this paper was carried out at the Defence

Research Establishment Valcartier (DREV) from August 1971 to December 1973.

j The prime objective of this development programme was to develop pour-

castable and cool burning orange smoke formulations that could be applied

to search and rescue signals, and that would minimize the risk of starting

grass or bush fires. Furthermore it was mandatory that the mix remain

pour-castable for at least one hour after completion of the mixing

operation to allow time for the filling operation for the smoke signals.

Also the performance should be at least equivalent or better than conventional,

SI pressed powder formulations. For reasons of cost effectiveness it was

-= thought desirable that all chemical ingredients should be commercially

available and that the processing equipment be similar to existing rocket

propellant processing equipment. Long term storage stability and low

sensitivity to impact, shock, friction and electrostatic discharge were

Ik also included on the list of mandatory objectives. Lastly it was planned

that, upon completion of the development of a satisfactory castable orange

smoke formulation, further development of other coloured smoke formulations

for smoke grenades would be undertaken.

The reason why research in this field was even considered was that

modern technological advances in castable propellants and explosives had

indicated that certain advantages could be gained by going to polymer bonded,

I Ucastable smoke formulations. Namely, mass production of large quantities

(50,000 and above) of pyrotechnic devices filled with castable formulations

can be cheaper, handling of the liquid mixes is usually much safer and

9 cleaner, and the final cured product is usually more stable from the explosive

I2-
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safety point of view. Furthermore the mechanical properties are usually

better than for pressed powder formulations. The fact that castable

compositions are easily filled into any shape or configuration also gives L

added design flexibility when applying them to military devices.

FORMULATION DESCRIPTION

In the initial phase of this study the chemicals listed in Table 1

were extensively utilized. The solid phase of the formulation consisted of [
40 to 49% I-Amino anthraquinone (I-AAQ) dye, 20 to 26% potassium chlorate

oxidizer, 5 to 9% lactose fuel and 2 to 3% sodium bicarbonate as a coolant

and stabilizer. Special precautions were taken to eliminate moisture and

to deagglomerate the notassium chlorate. The binder blend was based on

a commercially available polybutadiene prepolymer. At a later stage a

polypropylene glycol (PPG) based binder was evaluated, but it did not give

a low enough end of mix (EOM) viscosity or any significant improvement

in smoke -erformance.

I..e average particle size of the solid powder ingredients (Table II)

was determined by Fisher Sub-Sieve analysis for the fine powders and by Tyler

Screen analysis for the granulated dyes. Particle size distributions for the

powdered ingredients were determined with the MSA liquid sedimentation

technique, the Alpine Jet analyser and the Tyler Screens. The fine dye e

powders, however, could nGt be evaluated reliably for particle size

distribution because of the long needle shape of the particles.

[|U U
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" ITABLE I

CHEMICALS FOR DREV CASTABLE FORMULATIONS

DYE (ORANGE) 1-AMINO-ANTHRAQUINONE

I OXIDIZER POTASSIUM CHLORATE

FUEL LACTOSE

COOLANT/STABILIZER SODIUM BICARBONATE

U BINDER POLYBUTADIENE
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TABLE I1

AVERAGE PARTICLE SIZE (Cm) OF SOLID INGREDIENTS

POTASSIUM CHLORATE 10 pm0

LACTOSE - 12/pm0

1 - AAQ DYE

COMMERCIAL 14 pm0

GRANULATED TYPE If 620 pmb

GRANULATED TYPE III 550 ymb I
a Fisher Sub Sieve Analyzer

b Tyler Screens

2i
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ESTABLISHMENT OF MIXING CYCLE

Prior to commencing actual mixing operations, Differential

SU Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) were

carried out with a Mettler Thermoanalyzer on various combinations of the
U

ingredients to check for explosively hazardous blends. This study

indicated that special precautions were necessary to avoid highly

i7- concentrated combinations of K0103 and lactose, and also of KC1O3 and

I, the binder curing agent. Both mixes produced explosion exotherms at

330°C, near the melting point of potassium chlorate. On occasions an

explosion exotherm was noted also at 210%C for a 50/50 mix of potassium

Sj chlorate and lactose (melting point of lactose is 222.8 0 C). Combinations

of potassium chlorate and I-AAQ and also of potassium chlorate and the

Spolybutadiene prepolymer produced exotherms in the 350 0 C region, but not

with explosive characteristics. In fact for the latter mixture the

U r indicated melting point of potassium chlorate seemed to shift from 356*C

j •to 360'C, indicating a very stable mixture.

These data were used to establish a safe mixing cycle %ith the

i following order of adding ingredients:

a) add prepolymer, plasticizer and wetting agent, and mix for

~I 5 minutes;

b) add lactose, sodium bicarbonate and mix for 15 minutes;

c) add 2/3 of I-AAQ and mix 25 minutes;

1 d) add KC103 and mix 15 minutes;

e) add curing agent and mix 5 minutes;

f) add remaining 1/3 of I-AAQ and mix 30 minutes.

2I6
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One third of the dye was incorporated at the end of the cycle to keep the

viscosity at a low value and to ensure a good dispersion of KC103 and the

curing agent.

MIXING AND FILLING OPERATION

The production of smoke candles was carried out on a pilot

plant scale, using existing rocket propellant processing facilities. The

first mixes were prepared using a standard 1.8kg shaftless "Z" blade

3
hurizontal mixer. Because of the low density (approx 1.5g/cm ) and

high viscosity of the smoke compositions, it became evident that the

equipment was not suitable.

The mixing problem was resolved, however, with the availability I

of a high shear, vacuum mixer (Atlantic Research Vertical Helicone 4CV

mixer) that can handle viscosities over 5,000,000 centipoises

(5 x 103 N's/m 2). Figure 1 gives a schematic representation of the

processing flowchart for our castable smoke formulations, indicating

the vertical cone mixer and the casting bell beneath it. On completion

of the i.ixing operation a valve at the bottom of the mixer was opened

and the mixture pushed out by the extruding action of the helical blades.

With the assistance of a mechanical vibrator the composition was gravity

cast directly into the smoke cannisters or tubes located below in a

revolvable bell, which was also maintained under vacuum (0.4 KPa pressure).

With the inore recently developed low viscosity mixes (<300,000 centipoises) 171
the need for vacuum may be entirely eliminated, but for mixes having

EOM viscosities of 300,000 centipoises or higher vacuum processing will

still be necessary since air entrapment is a problem with these low

density mixtures.

R6-6
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During mixing the wall temperature of the mixer was maintained at

60°C with a hot water jacket, but no excessive overheating in the mixture was

recorded when actual temperature measurements of the mix were taken (max

mix temperature was 65°C). In other words, the heat generated by the

polymerization reaction of the binder is minimal; however, the curing

period for the polybutadiene bonded mixes and the polypropylene-glycol

bonded mixes takes up to 5 days at 600 C. This long cure period obviously

is undesirable since production with these formulations would entail the

need for large curing facilities, thus raising capital costs.

END OF MIX VISCOSITY OPTIMIZATION [
Viscosties were determined at the mixing temperature of 60 0 C,

using a HAT type Brookfield viscomcter with a T-type spindle. In the early L.

investigations, when fine dye powders were used, discouragingly high EOM

viscosities resulted. The polybutadiene bonded formulation (A in Table III)

I had a high EOM viscosity of 2,400,000 centipoises at a 25% binder concentration
4.

and similarly formulated PPG bonded mixes (B and C in Table III) had EOM

viscosities in excess of 3,000,000 centipoises. As a result, PPG

formulations with their shorter pot life (see viscosity vs time characteristics

in Figure 2) were eliminated at an early stage in the programme. •

Another approach for reducing the EOM viscosity would be to modify

the average particle size of the powdered ingredients. Increasing the

average particle size of either the potassium chlorate or lactose was

quickly ruled out because this would only serve to reduce the already

too slow burn rate; besides, both of theie chemicals are present in relatively

26-8
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TABLE III

EOM VISCOSITIES (60-C)
POLYBUTADIENE AND POLYPROPYLENE GLYCOL FORMULATIONS

A B C

L % I1-AAQ 40.15 40.15 40.15

3 KCIO3  22.81 22.81 22.81

% LACTOSE 8.21 8.21 8.21

% NaHCO3  1.83 1.83 1.83

% CATALYST 2.0 2.00 2.00

% BINDER 25 25 25

STYPE PB-57 PPG-35 PPG-41

EOM VISCOSITY 2,400,000 TOO THICK 3,150,000

I CENTIPOISES

I
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small concentrations compared to the more significant concentration of the

dye. The 40 to 50% by weight concentration of fine dye particles (avg

size 14pm) has by far the greatest influence on the EOM viscosity.

Furthermore, their low crystaline density ("'l.Sg/cm ) and needle-like

shape yield a maximized surface area, thus requiring excessive quantities

of binder to coat these particles. Also, the needle shaped dye particles

prevent a tight packing arrangement of the powders, thus increasing

the void space and correspondingly demanding a larger amount of binderW
to fill these voids.

Accordingly techniques of granulating dye powders were studied

and several granulated powders, prepared by different granulations methods,

were evaluated. A dramatic xeduction in EOM viscosity was possible when

granulated I-AAQ dyes Type 11 and Type III were used (Table IV).

Formulation D, which contained fine (ungranulated) l4upm dye, had a

near pour-castable EOM viscosity of 720,000 centipoises at a 25% binder

.,concentration. In comparison, formulations E and F which both contained

49% granulated dye (average particle size 620pm and 550om respectively),

yielded EOM visocisities of 500,000 centipoises and 240,000 contipoises

I Irespectively at binder concentrations of only 15%. A minor modification

to the granulation technique, Type II, made possible the additional 50%

reduction in EGM viscozity for formulation F. It has been estimated

tha the cost for granulation will be as low as $0.40 (Canadian) per

pound of dye, based on a production of 50,000 lbs of granulated dye.
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TABLE IV

EOM VISCOSITIES (60-C)

D E F

% I-AAQ 4? 1 492 493

% KCIO 3  21 24 24

% LACTOSE 7 8 8

% NaHCO 3  2 2 2

% CATALYST 2 2 2

% BINDER 25 15 15

EOM VISCOSITY 720,000 500,000 240,000
CENTIPOISES

NOTES: 1. Avg Particle Size 14 pm

2. Avg Particle Size 620 pm
Granulation Type II

3. Avg Particle Size 550 pm
Granulation Type III
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CANDLE LAYOUTS AND BURN RATE CPTIMIZATION

For early formulations, using fine dye powders and a 25% binder

concertration, very slow burn rates (i.e. poor smoke volume) were achieved

with an end burning cylindrical layout. Furthermore it was noted that

F with this layout the smoke co]our tends to become progressively paler as

the combustion zone moves down the candle (see Figure 3A). This colour

fading is mainly due to the increasingly thick layer of hot coke through

which the heat sensitive dye vapours are forced to diffuse. As a cohnsequence

several modified layouts were evaluated of which the most successful is

shown in Figure 3B. The illustration shows a SOOg candle, with a 12.7 cm

(5 inch) long and a 7cm (2.75 inch) diameter grain. The candle is bottom

ignited and vented centrally via a 2.54cm (I inch) diameter chimney. A

perforated phenolic/kraft paper tube (2.54cm I.D) is located in the upper

2/3 portion of the chimney to prevent it from plugging up due to expanding

hot coke residue and to control or prevent a progressively faster

combustion rate. With bottom ignition and central venting, unburned

composition above the combustion zone is preheated by the hot gases

flowing up the center. This arrangement assures a fast smoke build-up

and a maximized burn rate, thus maximizing smoke volume output. This

layout also minimizes dye breakdown (colour fading) sixce the lateral

Ma diffusion path through the hot coke layer is shorter than for a end burning

candle layout. The cone shaped interface (Figures 3B) between the coke

residue and unburned composition gives a good approximation of the actual

g profile in the candle and has been confirmed by placing thermocouples at

exact locations in the candle grain.
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- i •INSTRUMENTATION AND TEST CONFIGURATION

In Figure 4 a fully instrumented test candle is shown. The test

OwMunit is located on a "Weightloss Transducer" that allows measurement of

E I weight charges as the burn progresses. Thus burn rate in the units grams

Sper minute is calcuable and can be related directly to smoke volume output.

MR Two thermocouples are used: one to record the internal temperature in the

composition as the combustion zone passes through, and the other to record

the exhaust gas temperature for the duration of the burn.

9 Low exhaust gas temperatures are obviously of prime importance

since the orange smoke compositions that are being developed are intended

a for search and rescue markers that will be used over a variety of terrain

4 (i.e. dry bush, prairie grass end tundra). Temperatures as low as 325C

(625*F) were thought to be realistic objectives; this compares to exhaust

j gas "emperatures of about S00*C (932".) for most conventional pressed powder

I -- formulations.

EFFECT OF BURN-RATE CATALYST

In order to augment the burn rate further without causing excessive

00 increases in the exhaust gas temperature, a study was carried out with a

known buin rate catalyst. Four fori•.ulations were prepared having constant

weight ratios for the solid ingredients (43/21/7/2 for l-AAQ/KClO /lactose/

NaHCO3 respectively) and a constant binder concentration of 25%. The catalyst

concentrations were selected at 0, 1, 2 and 3% for the four mixes. From

the data in Table V it is evident that a catalyst concentration of about 2%

has a maximized effect on burn rate. Composition I (2% catalyst) achieved

nearly twice the burn rate (85g/min) than Composition G (0% catalyst,

47g/min).
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TABLE V

EFFECT OF CATALYST ON BURN RATE

S~H I ,K

% 1-AAQ 44.8 43.59 43 J2,4

9 % KC10 3  21.58 21.29 21 29.7

% LACTOSE 7.19 7.10 7 6.9

% NaHCO3  0.,5 2.02 2 2

% CATALYST 0 1 2 3

% BINDER 25 25 25 25

LINEAR BURN RATE - 0.399 0.434 0.391
cm/min

AVG WEIGHT LOSS RATE 47.04 70.47 85 68
gm/rnin

I2
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INFLUFNCE OF GRANULATED DYE ON COMPOSITION PERFORMANCE

As indicated earlier the use of granulated dye has the desirable

effect of significantly reducing the EOM viscosity; by the same token

the use of granulated dye has a pronounced influence on burn-rate and

smoke colour v,:,ormance.

Since the binder has poor combustion properties and since pour-

castable formulations are now possible with 10% less binder (from 25% down

to only 15%) the overall effect of this reduction is a significant increase

in burn rate. Furthermore, since the dye also behaves as v. very poor fuel,

but is now concentrated in larger granules, its interference with the

potassium chlorate/lactose combustion reaction is minimized. Thus in effect,

the use of granulated dye has a dual influence on the increase in burn rate.

Ii, addition, the improved burnrate made possible a further increase in dye

concentration, and this led to a further decrea..e in the exhaust gas

temperature.

These chaanoes are reflected in the dat,. of Table VI where three

formulations are compared having progressively improved performance (these

formulations are identical to those in Table IV). Composition D with its

high 25% binder concentration and 43% fine dye powder content has an

j average burn rate of only 80g!min, only a fair smoke colour and an exhaust

gas temperature of 416 0 C (780 0 F); in comparison, composition E with a low

?- 15% binder concentraWLon and 49% dye (granulated, 620-om) content has an

improved burn rate of 266g/min, a good smoke colour and an exhaust gas

temperature of only 329*C (624'F). Composition F, having the same

A .. .- -



TABLE VI

BURN DATA

D E F

% 1-AAQ 43 49 49

% 1 KCIO 3  21 24 24

% LACTOSE 7 8 8

% NaHCO3  2 2 2

% CATALYST 2 2 2

% BINDER 25 15 15

BURN RATE 80 266 263
gm/rain

COLOUR FAIR GOOD GOOD

VENT TEMP °C 410 329 255.8

2I
LI

LI
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formulation but using differently granulated dye, gives a nearly identical

performance as Composition E, but the very low exhaust gas temperature

of 255.8*C (493*F) must still be verified. It is suspected that the

measuring thermocouple was not always centered in the vavering exhaust

gas stream, which tends to change in exit angle as the orifice plugs up

with residue and dye.

i

DEVELOPMENT OF RED, YELLOW, AND GREEN FORMULATIONS

Development tz±,;•. has commenced recently on castable coloured

smoke formulations for smoke grenades. Granulated samples were prepared

from red, yellow, violet and green dyes. Table VII describes 4 identical

formulations using 46% granulated dye (avg. particle size "600um) and a

20% concentration of a polybutadiene binder. From the EOM viscosity data

it is apparent that no processing difficulties will occur for the violet,

yellow and green formulations. Burn results have been also satisfactory

for these three formulations in terms of colour and smoke volume. However,

for the red smoke formulations, which contain 1-methyl-amino-anthraquinone

(MAAQ) dye, difficulties are being encountered with high EOM viscosities

and poor burn performance. The high viscosities with the red formulations

are attributed to the very fragile properties of the MAAQ dye granules.

During the high shear mixing operation the granules break up into a fine

powder, thus canceling the beneficial effects of granulatzion. Furthermore,

since MAAQ has one of the lowest densities of all the dyes, 1.3g/cm3 , its U
greater bulk demands larger quantities of bincer to maintain low EOM q
viscosities.
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TABLE VII

EOM VISCOSITIES (600C) FOR COLOURED SMOKE FORMULATIONS

VIOLET YELLOW GREEN RED

jI% DYE (GRAN) 46 46 46 46

I% KC10 3  23 23 23 23

% LACTOSE 8 8 8 8

% NHCO3  3 3 3 3

% BINDER 20 20 20 20

EOM VISCOSITY 136,000 336,000 290,000 3,720,000
CENTIPOISES

a

Ii-

I
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SURVEILLANCE TESTING

Recently completed surveillance tests, carried out with orange

(1-AAQ) formulations, resulted in a 9% decrease in burn rate (measured

in grams per minute) after the smoke candles had been stored for 56 days

at 60 0C (140 0 F). After 84 days at 60*C (140*F) the average burn rate

dropped from 102g/min to 70g/min, a 31% decrease. Surprisingly, the linear

burn rate was not affected since the total burn time of the test candles

remained at approximately 2.4 minutes. Candles stored for 168 days at

room temperatures did not appear to suffer any significant change in burn

rate. For these, only a 4.5% drop in weight loss rate was recorded. An

additional surveillance test with Sg of orange smoke composition that L
was stored in a Paar Bomb for 3 months at 49 0C (160 0F), 100% R.H. indicated

no pressure increase whatsoever. However, noticeable swelling of the Sg

sample was apparent. This was attributed to water entering the sample

and was confirmed by thermogravimetric analysis. However, DSC analysis

of a 5mg sample did not show the characteristic exotherm at 210 0 C that

is attributed to the reaction between potassium chlorate and lactose.

Both surveillance tests were somewhat severe and do not reflect

a normal storage environment. However, no ready explanation could be

given fGr the drop in burn rate after 84 days at 60%C (140'F). One

possible explanation may be a decrease in the available oxidizer by a

redox reaction between potassium chlorate and one of the organic ingredients

(possibly lactose).
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d l e CONCLUSIONS

Initial development work with I-AAQ dye and a polybutadiene

binder has indicated the feasibility of producing pour-castable orange

smoke formulations having EOM viscosities of less than S00,000 centipoises

at 15% binder concentration. Low exhaust gas temperature ("'329 0C) togetherii with a good smoke colour and high volume output were also achieved.

Existing propellant processing equipment and commercially available

chemicals were used in the preparation of the formulations. Pour-castable

formulations were achieved when the particle size of the fine dye powder

was increased by a granulation technique to approximately 600pm. Introduction

of a burn rate catalyst aided the development of cool burning compositions.

Further development work with violet, green, yellow and red

smoke formulations indicated pour-castable formulations are achievable

for the first three but that the red (MAAQ-dye) formulations are ex'ebsively

viscous due to the fragile properties of tne MAAQ granules, which break up

into fine particles during the high shear mixing process.

A surveillance test of a pour-castable orange smoke fornmulation

indicated that some decrease in smoke performance (weight loss rate) will

take place depending on the storage temperature. Only minor changes in

weight loss rate were noted for the test formulations stored for 168 days

at room temperature, but a 31% decrease in weight loss rate was noted

for the test formulation stored for 84 days at 60*C (140 0 F).

I
I
I

/
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CHEMICAL EFFECTS OF DOPING ON THE
LITHARGE SILICON SYSTEM

Charles A. Lipscomb, Jr.
Applied Sciences Department

Naval Ammunition Depot, Crane, Indiana 47522

I ABSTRACT

i Litharge may experience noticeable and drastic alterations

in its reaction with silicon depending on the presence, extent

and nature of dopant species in either or both the litharge

and the silicon. Reactivity differences were measured as

I enthalpy of the following reaction PbO + Si + SiO + Pb which

reaction is confirmed by X-ray diffraction of product species.

LI
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CHEMICAL EFFECTS OF DOPING ON THE
LITHARGE SILICON SYSTEM

Ib BACKGROUND

In pyrotechnics, as in other areas of solid state

chemistry, one of the most important tasks has been and

continues to be the preparation of solid materials having a

definite chemical reactivity. By chemical reactivity, one

includes such measurable properties as heats and rates of

reaction, and the ease of initiation or sensitivity.

For inf,tance, one may wish to obtain a more energetic

ignition mix or a first fire than those which are readily

available. Faced with this situation. the pyrotechnic

designer usually searches for ancther ignition mix or

* alters the formulations of those readily available.

Alternatively, suppose that a routine check of a production

line delay element indicates that the delay is burning too

fast; this problem is usually fixed on the production line

I by altering the formulation of the materials in the delay

T composition.

In the first example, it is conceivable that the pyro-

technic designer's problem could be solved if he had tailor

2
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made materials at his disposal. In the second example, the

problem often arises from the variabilityl'2 of the materials

received for use on the production line, dnd that problem

could be solved in the same manner.

Thus, our approach is one which leads away from the artful

mixing of pyrotechnic ingredients to one which formulates from

ingredients of tailor made reactivity prepared by chemical

doping.

This effort was funded by Naval Ordnance Systems Command

under their Task Assignment Number ORD 332-004/060-l/UF17-546-301.

M
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ill
THEORY

Nature of Dopant Defects

There are two possible ways in which the specific

I dopant can become incorporated into the host crystal

lattice:

Vacancies - these defects result when either cation

or anion vacancies are created. If a cation vacancy is

created, the material acquires a p-type character, and if

an anion vacancy is created, an n-type material results. If

anion and cation vacancies are equal in number, the defect

is Shottky type.

Interstitials - these defects result when either a host

or a dopant anion or cation occupies an interstitial

position within the crystal lattice. If the interstitial

element is an anion, the material becomes p-type, whereas,

if the interstitial is a cation, the material will be

n-type. If the situation exists where one has an inter-

stitial ion with vacancies where the majority of both

interstitials and vacancies are cations, then the defect

structure is Frenkel type.
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Chemical Effects of Doping

The discussion of these effects will be limited to

oxidation-reduction (Red-Ox) reactions. Red-Ox reactions

can be explained in terms of a transfer of electrons

from the reduzing agent to the oxidizing agent. One

particular type of Red-Ox reaction, though it is seldom

thought of in this manner, is that involved in the n-p

junction cf two semiconauctor materials. In this instance,

electrons are permitted to flow from the n-type material to

the p-type material when a potential is applied. Thus,

the n-type material may be thought of as the reducing

agent and the p-type material may be regarded as the

I i oxidizer.

It is possible to enhance the nature of n and p-type

semiconductor materials by varying the concentration of

certain impurities or dopants in these materials, and

thus the chemical potential available to effect the transfer

of electrons is altered by the amount of dopant in the

materials 4 (See Fig. I). Thus, by increasing the concen-

tration of dopant that causes a material to be n-type,
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• tlie material will be more n-type and will become a better

ddonor of electrons. Likewise, if the amount of dopant that

causes a material to be p-type is increased, then the

MR material will become a better acceptor of electrons. The

converse is also true.)""

Just as in the case of semiconductors then, one may

argue that Red-Ox reactions in general and pyrotechnic

reactions, in particular, may Le affected in the same manner.

The potential energy for the transfer of electrons may

be represented by the Faraday Equation which states that the

~I potential energy for the transfer of electrons is proportion-

al to: (1) n, the number of electrons transferred, and

S1 (2) E, the electropotential in vnlts (electro-negativity

difference) through which the electrons transfer, or
SI

U 'AG = -n FE (1)

where F is the value of the Faraday 96,500 coul/gm. equiv.

I and AG is the Gibbs free energy (also referred to as the

thermodynamic potential or reaction potential).

I
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I Following McLain's6 treatment for an n-doped fuel Fn

Sas compared to the undoped fuel F, if the number of

tR electrons in the Fermi level are increased, the Fermi

IiiE

Slevel will be higher in F n than in F or

S~Ec > F.(2)

II[

In a RedgOx reaction between the fuel F (or F and an

a oxidizer A,t the und o rdsystem F n + A will be

- lgreater than in the systeF+A, i.e.,
E G > AF (3)

provided the two reactions bF

SF + A + Products (a) fn

F + A Products (a)

proceed by the same mechanism. Therefore, the energy of

27-6 [V
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activation for reaction (a) will be greater than reaction (b),
• I i.e.,

AEaF > AEaF (4)

by the same amount that

AGF < AGF (5)I n

or

6AG = -6AEa (6)

Dividing both sides of equation (6) by RT, one obtains,

after integration,

-101 AG Ea(7

G =a Ea + Const.

where a is proportionality constant. Since

AE = - InKa , Rr- (8)

I
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and

AG = -Ink (9)

we get

Ink a Ink + const (10)

Evans and Polanyi 7 point out that for equation (10)

to apply, the reactions must be "similar-different but

closely analogous reactions." Such is definitely the case

with the system studied by Schwab 8

Ge + 2 MoO ÷GeO + 2 MoO ()

Till
where the germanium fuel was doped with various dopants to

make it either n-type or p-type (see Fig. II). Golinking

has applied this relationship to the solvolysis of benzyl

chloride in different but similar aqueous alcohol solutions

at various temperatures. There are numerous citations of

4i -
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the series of papers presented by Evans and Polanyi.•°°•

That work includes, for example, the following referen,:es

by Glasstone, Laidler, and Eyring, arid Hammett'3-- upon whose

- own work14 Evans and Polanyi had initia~lly drawn.

Hammett's1 4 proposal of equation (10) and its interpret-

ation as applying to a "group of reactions" actually

predates that of Evans and Polanyi but is strictly empirical.

~ I Burkhardt•o observes that equaion (10) applies to various

types of substituted benzene de,-ivitives, and Rock" 6

presents a treatment of the relationship between the rate

constants and the equilibrium constant that is analogous to

equation (10) but in differential form.

Physical Effects of Doping

Another factor which must be considered is when there is

a significant disparity in ionic size between the dopant

and host species, it is possible to introduce strains in the
crystal bonds, and this will generally have the effect of

increasing the chemical reactivity of the doped material
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relative to tb~at of the undoped.

It is possible to cause severe rupture of the interior "

crystal bonds which result in internal cracks and fissures

(Smekal cracks). Such cracks may reach even to the surface

as grain boundaries and alter surface characteristics such

i as surface area and bond energies.

i The nature of these effects may be summed up under

the general term mechanical activation. Usually mechanical

activation results whert some external source of energy su~ch

as grinding or milling is app~lied to a material.

The term mechanical activation and the scientific:.

fundamentals of the concept originate with Smekal" who

notes that plastically deformed diamonds and calci~e became

more susceptible to attack with dilute acid. Naeser and

Scholz 18 report that Fe 20 3, CaC0 3& or MoO 3,whnmcaily

if activated in a rolling mill, sometimes exploded violently.

SThey report Fe 20 3was worked in a steel ball ml o

several hours at room temperature. The FeO203 was activated

27- 10
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DI

I~ mechanically in the presence of iron to the extent that

it was reduced to Fe 0 and that the decomposition temp-v~ I
eratures of mechanically worked NiO , MoO., and WO were

M noticeably lowered from the values of unworked NiO , MoOs,

and WO.

Obviously, these mechanical effects can alter what we

® have addressed as chemical reactivity. So, regardless whether

this mechanical activation arises from the material being

7 subjected to an external source of mechanical energy such as

grinding or to an internal source of mechanical energy such

Sas doping -- the result is the same. Potential energy

is imparted to the material as stress and strain which is

indicated by an altered physical structure, thereby increasing

the potential energy of thE reacting system, and thus the

activation energy is decreased according to the former

I argument. What results is a more reactive material.

I

I
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MATERIALS

Silicon

The Silicon used for this work was purchased from Dow.

The material was received in the following approximate 11
range of resistivities:

1 1

n-type 10 ohm ° cm
n-type 100 ohm • cmn-type 2000 ohm • cm .

p-type 10 ohm • cm F!
p-type 100 ohm • cm
p- type 3000 ohm - cm i

The materials were then individually ground in a jar mill

for periods of up to 200 hours and screened through a 0
325 mesh sieve.

Litharge

The followilg reagent grade starting materials were 0

used in the preparation of both the doped and undoped "

samples of litharge:

27-12
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Lead Nitrate Pb(NO)

Ammonium Oxalate (NH ) C2 0 . H 0

i Lithium Hydroxide Li OH

Chromium Nitrate Cr(NO)3

(1) Lead Nitrate is dissolved in distilled water.

II (2) In another container (beaker, flask, etc.) is

dissolved the Ammonium Oxalate.

I (3) The dissolved Ammonium Oxalate is then poured

with constant agitation into the Lead Nitrate solution

resulting in the precipitation of very fine Lead Oxalate.

(4) The Lead Oxalate is then collected on a filter

paper and washed with hot distilled water.

(5) Theý Lead Oxalate is then transferred from the

filter paper into a crucible and dried at 800C for 24 hours.

(6) The dried Lead Oxalate is then transferred in a

crucible to a furnace at 350 0C for 16-24 hours. The Lead

Oxalate converts to Lead Carbonate.

' I (7) The Lead Carbonate is then heated at 7000C for

I 24 hours and is converted to litharge.

I
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Lithium Doped Litharge

The preparation of the Lithium doped Litharge is the

same as that of the undoped with the exception that in step

(1), 95 weight percent Lead Nitrate and 5 weight percent

Lithoum Hydroxide are dissolved in distilled water.

Chromium Doped Litharge

The preparation of the Chromium doped Litharge is the

same as that of the undoped with the exception that is step

(1), 95 weight percent Lead Nitrate and 5 weight percent

Chromium Nitrate are dissolved in distilled water.

General Statement 3n Metal Oxide Doping Procedures

Metal Oxides may be conveniently prepared by a wide variety

of techniques, one of which involves the decomposition of metal

oxy-salts such as: sulfates, carbonates, nitrates, hydroxides,

phosphates, oxalates, tartrates, acetates, etc. If the oxy-salt

is dissolved in a solvent containing a selected dopant which is

also in solution and then precipitated as low solubility oxy-salt,

the doped precipitate can then be decomposed to yield the doped

metal oxide. Hauffe' 9 indicates that Zinc Oxide may be made n-type

by doping with Ga+++ and that TiO made n-type by doping with W+6.

Similarly, NiO can be made p-type or n-type by doping with Li+ or

Cr+•, respectively, 2 °' 2 1 Thus, for a divalent metal oxide,
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one might suspect an n-type oxide to result with the addition

of a cation dopant having a valence greater than two, and that

a p-type oxide would result from the addition of a cation dopant

SREhaving a valence less than two. Anion dopants may also be used

such as SO ions. Krylov, Rogenskii 2' and Zhabrova show the
W I effects of various dopants on the activation energy of adsorption

of Q on ZnO for various impurities. The SO-2 impurity increases
2 4

"the activation energy linearly with concentration within the

limits studied and the Li impurity decreases the activation

energy.

Since Lead was a divalent metal in the oxide being prepared--
and following the above rules-- the dopants selected were the Li+

and Cr+3 for the p-type and n-type PbO, respectively.

2IIUI
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EXPERIMENTAL RESULTS

Heats of combustion for the lead oxide plus silicon Li

mixtures listed in Table 1 were obtained. The amount of

mixture was, in each case, 0.40 gm; this amount was placed in

a weighed Coors crucible. The general operating procedure

for the Parr Oxygen Bomb Adiabatic Colorimeter was then

followed with the exception that an atmosphere of 30 P.S.I.G. Ii
Argon.was used. ii

A potentiometric titration of the unreacted lead oxide

was made. The bomb reaction products were washed into glass

bottles with 25 ml of H 0. One ml of 10% Acetic Acid was2 -

added, and the bottle closed and agitated on a wrist action

shaker for at least one hour. The bottle contents were P

then washed into a 400 ml beaker and diluted to 300 ml with

distilled H 0. The titration was performed on this volume V
2

of material using 0.05 N K Cr 0 . The conductivity was then
2 7

determined as a function of the amount of K Cr 0 to a point
2 27

well beyond the end point; the minimum on this plot is the

end point. See Fig. III for example.
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There was surprisingly little difference in the amount

of unreacted lead oxide from test to test, and this

correction can ba omitted if desired, but with some

sacrifice in accura,.y.

2

~ Ii

U
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SUMMARY

The results of this study indicate that the heats

of reaction, and hence Qvalues as measured in kilo-

calories per mole of oxidizer, are dependent upon the

following factors:

1. Type of Si used. The n-type Si is in each case

more reactive than the p-type Si which is in agreement with the

foregoing theory.

2. Resistivity of Si used. All mixtures of p-type

Si + PbO show increasing values for Q with resistivity

(decrease in Q with conductivity) and in its reaction with PbO
Li

shows decreasing Q values with resistivity, which is

consistent with Theory. The rcmaining data do not obey this portion

of that Theory. See Figs. IV, V, and VI.

p p3. Type PbO used. The Lithium doped PbO, which is

p-type, is consistently moro reactive than the Chromium

doped PbO, which is n-type. This is consistent with Theory. L
However, there are two disturbing observations which can be made.

Firstly, the Chromium doped PbO is more reactive than the undoped

PbO, whereas, Theory predicts that it would be less reactive;.
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this can possibly be explained if one considers the disparity

in ionic radius2 3 between the Cr and Pb ions which are 0.52 A0

and 0.84 A, respectively, which gives a ration of R - 1.61.

Since the Chromium doped PbO is n-type, the Chromium must enter

the PbO lattice to occupy a Pb ion, thus creating an inter-

± Istital Pb ion. Strain can thus occur from Pb occupying an

interstitial position, This possible strain energy could

possibly exceed any reduction of the chemical potential, thus,

causing the Chromium doped PbO to be more reactive than the

undoped PbO. However, this interpretation is inconsistent

with thermal analysis data which reveal that the pre-

ignition reaction (PIR) for the reaction between PbO + Si

is higher than that for PbO undoped + Si. Secondly, the

Lithium doped PbO is extremely more reactive than the

undoped. One might argue that this indicates a difference

in mechanism. However, preliminary investigation of Fig. VII

reveals that the mechanism is likely the same in only two

instances each reaction apparently proceeds according to:

PbO + Si - SiC ' Pb (13)

except for the Cr-doped PbO + Si reaction.
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4. X-ray powder diffraction data, obtained on the reaction

products of the plain PbO + Si reaction, indicates the presence

of Pb, some unreacted Si, and nothing else. SiO 2 and Silicates

should have produced pronounced peaks, whereas, amorphous

SiO would produce none. Equation (13) is apparently substantiated.
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Fig. I. The change of the activation energy of
dehydration of C H•OH on Ge as a functi*on of basic!
charge carriers: donor (log n-) and acceptor (log n-')
dopants. The change of position of the Fermi level FF
with dopant concentration and type is represented byithe dashed line (from ref. 4).
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~ Fig. II. This figure represents the percent conversion
to products of the reaction Ge + MoO ÷- GeO + MoO at
496*C for periods of time

: 10 hr.

20 hr.

The Ge has been doped n-type with oAs and oSb and p-
type with 0 In and A Ga. The MoO has not been
doped (from ref. 8). 3
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Fig. III. Typical conductimetric titration for lead
wi}, .05 N K Cr 0 . Recovered pombustion products of
Cr doped P60 Rere indicate 89 % conversion of PbO• to Pb in the combustion process for a combustion

efficiency of 0.97 for 12:88 Si:PbO
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Fig. IV. Effect of type and amount of dopant in
Silicon in reaction with 5% lithium doped PbO upon
the heat of reaction,
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Fig. V. Effect of type and amount of dopant in Silicon
in reaction with 5% chromium doped PbO upon the heat of
reaction.
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Fig. VI. Effect of type and amount of dopant in
Silicon in reaction with undoped PbO upon the heat

• 1 •of reaction.
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Fig. VII. Effect of dopants on the molar heat of
combustion for the reaction PbO + Si -) SiO + Pb
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