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SEM Studies on a Strobe Star Composition

R. I. Grose*, M. Cartwright and A. Bailey

* Environmental and Chemical Systems Department, School of Engineering and Applied Science,
Royal Military College of Science (Cranfield University), Shrivenham, Swindon, Wiltshire,
SN6 8LA, United Kingdom.

ABSTRACT

Data obtained from an analysis of an extin-
guished strobe star using the technique of scan-
ning electron microscopy (SEM) is used to pro-
vide additional evidence for a previous model
for the cyclic burning process seen in a white
strobe star composition. The model relies on
the generation of hot liquid on the surface of
the star to initiate the burning process.

Keywords: strobe star, scanning electron
microscopy (SEM), hot liquid model

Introduction

The phenomenon of repeated cyclic flashing
of a star is well documented.!"* It is thought to
consist of alternate dark and light reactions,
with the formation of localised “hotspots™ re-
sulting in an ignition of the gas evolved from
the composition. The star then appears to self
extinguish, and the cycle repeats.

This model was proposed by Shimizu'"! as a

result of detailed and comprehensive experi-
mental studies. The burning of the star is
thought to start with a so-called “dark” reaction
in which the combustion reaction appears to
proceed without the generation of significant
amounts of light. After a delay which can range
from a few tens of milliseconds to several sec-
onds depending on the composition, the semi-
reacted zone undergoes a rapid reaction, pro-
ducing a strong flash of light accompanied by a
burst of noise. This is the “light” reaction. It is
thought that a thin layer of semi-reacted mate-
rial remains on the surface of the composition,
and results in another “dark” reaction. The
combustion process then cycles between “dark”
and “light” reactions, thus producing the attrac-
tive stroboscopic effect.

The chemical nature of the “dark” and
“light” reactions or the proposed thin layer of
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semi-reacted material have yet to be fully eluci-
dated. This is not particularly surprising, since
the examination of fleeting chemical phenom-
ena on an extremely hot surface is not a trivial
matter. In this paper, an extinguished white
strobe star was examined using SEM and X-ray
fluorescence techniques, these being two meth-
ods which have not been applied to the investi-
gation of pyrotechnic strobe effects. Evidence
obtained from these studies has been examined
in the light of previous postulates for the strobe
effect mechanism.

Composition Details

A relatively complex white strobe composi-
tion has been used for the studies presented in
this paper. The base composition used is given
in Table 1.

A star was used instead of powder in order
to simplify the SEM work. This necessitated the
use of a binder. Binders for strobe compositions
need to be carefully selected so that they do not
interfere with the strobing process.!”! Several
binders were assessed for their suitability and
rejected, including dextrin paste, epoxy resin,
resorcinol resin, xanthan gum, accaroid resin,
beeswax and polyvinylpyrrolidone. Locust bean
gum was found to be the best binder of those
tested, since it did not interfere too much with
the strobe process. Further work is in progress
on several binders in order to find a suitable one
for use in simple pumped stars.
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Table 1. Components of White Strobe Star
Composition.

Material Grade Parts
Barium nitrate 140 mesh | 7.0
Magnalium alloy (50:50) 60 mesh | 2.0

Ammonium perchlorate 140 mesh | 0.25

Antimony trisulphide 0.25
Sodium oxalate 0.25
Potassium benzoate 140 mesh | 0.25

Binder (locust bean gum) 0.50

The solid components outlined in Table 1
(except the binder) were sieved separately, then
mixed by repeated tumbling on paper. This was
then added to a thick paste made from the
binder and water, and the resulting composition
was thoroughly mixed until homogeneity had
been achieved. The composition was pressed
into stars using a small handpress. The stars
were dried in an oven for 2 hours at 60 °C.

The pellet was ignited using a silicon/red
lead primer. A Black Powder based priming
composition was tried, but was found to be un-
reliable.

Experimental

The SEM photograph taken from a star
which had initiated but failed to function fully
is reproduced in Figure 1. Table 2 represents an
elemental analysis produced by the X-ray fluo-
rescence method of the marked zones in Figure

1. No complex sample preparation was re-
quired. The star was fixed to a metallic probe,
and placed in the instrument sample chamber.
The machine used was a Jeol JISM840.

Area a has the appearance of a cooled lig-
uid. Areas ¢ and d appear to contain the flash
ignition site (¢ being a charred zone, d being
the actual flash site). Areas b and f appear to be
unreacted composition. Area e appears to be a
localised charred area.

Discussion

When combined with visual observations,
this evidence immediately suggests that ignition
of the star involves the liquefaction of one (or
more) of the components of the star. This is
based on the presence of zone a, which appears
to be a cooled liquid.

The fact that area a does not cover the whole
of the surface of the star suggests that the whole
of the material does not liquefy during the
combustion process. It is possible that liquefied
areas correspond to the “hotspots” described by
Shimizu."

Area a has a relatively large amount of bar-
ium present. It is therefore possible that ignition
of the star involves the melting of a barium
compound. The only barium compound present
in the initial composition is barium nitrate,
which melts at a relatively high temperature
(about 860 K), but it is possible that the barium
nitrate could form a solid solution with at least
one other component.

Table 2. Elemental Analysis of Zones in Strobe Star.

Zone C ©) Na Mg Al S Cl K Sh Ba
a L L L L L L L L H
b L L M M M M L L L H
c H M M M M H M M
d L M H M H
e H
f L L M M M M L L L M

Key: L =Ilow, M =medium, H = high, blank = not present.
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Figure 1. SEM photograph of surface of strobe star.

This would result in a eutectic mixture with
a significantly lower melting point than barium
nitrate. Thermal analysis studies are currently in
progress to examine possible eutectic mixtures
involving barium nitrate.

The star is difficult to ignite. This ties in
with the above proposal that ignition requires
the melting of an inorganic solid or solid solu-
tion. The high temperature required for this
process may be responsible for the charring
zones (¢ and e) in the vicinity of the unreacted
cooled liquid (area a) and the flash site (area d).
The charred zones contain a relatively large
amount of carbon, which indicates the rapid
burning of organic material such as the potas-
sium benzoate or the organic binder.

The production of gaseous products from the
light-producing reaction will probably blow
some of the unreacted hot liquid off the surface
of the star. It is possible that subsequent igni-
tions will take place at other points on the sur-
face of the star, where enough hot liquid re-
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mains. If, however, too much of the liquid is
blown off the surface of the star, then the reac-
tion will cease and the star will go out.

The presence of ammonium perchlorate ap-
pears to facilitate the strobing process. Chlorine
is present in areas b, ¢ and d. Area b is unre-
acted and unmelted composition, so the pres-
ence of chlorine is not entirely unexpected. It is
possible that the presence of ammonium per-
chlorate speeds the production of the hot liquid
phase, but its presence is not critical since
strobing will occur without ammonium perchlo-

rate being present.[S]

Conclusion

The work presented in this paper suggests
that the mechanism of operation of the strobe
star relies on the generation of a hot liquid on
the surface of the star. The liquid may contain
barium nitrate, and its melting is possibly ac-
celerated by the presence of ammonium per-
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chlorate. The presence of the hot liquid results
in a light generating reaction at points on the
surface of the star (i.e., the strobing process).
This was first put forward by Shimizu in the
early 1980°s.["!

After the light-generating reaction has oc-
curred, the gases produced during this reaction
blow any localised hot liquid off the surface of
the star. The process will then repeat the above
cycle. If, however, too much of the hot liquid is
removed from the surface of the star, then the
reaction will stop and the strobing will cease.

Ternary strobe systems are currently being
examined using the techniques used in this
work, and it is intended to use gas analysis
methods to provide additional data on which a
more descriptive model can be constructed.
Work on finding a suitable binder is also in
progress. We hope to be able to report on this
work in the not too distant future.
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Errata — Issue No. 3

Page 39, Equation 6 A, should be A,. The equa-
tion should read:

1

(=
P= B(ﬂJ
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Flash Powder Output Testing:
Weak Confinement

K. L. and B. J. Kosanke
PyroLabs, Inc., 1775 Blair Road, Whitewater, CO, 81527 USA

ABSTRACT

A variety of flash powders were tested under
weak confinement to determine the sound pres-
sure levels and tonal characteristics produced.
In these tests it was found that: the sound out-
put from mixtures prepared with potassium
perchlorate from four manufacturers are essen-
tially equivalent; there are significant differ-
ences in the level of sound output as a result of
using six different common aluminum powders;
the addition of either of two common flow or
bulking agents have essentially no effect on the
sound produced; the substitution of potassium
chlorate for potassium perchlorate in a com-
mon flash powder has essentially no effect on
the sound produced; and the addition of anti-
mony sulfide or sulfur reduces the duration of
positive phase without increasing the level of
the sound produced. In short, it was found that
nothing surpassed the level of sound produced
by a 70:30 mixture of reasonably high-quality
potassium perchlorate and a high quality flake
aluminum powder. This is significant because
the use of potassium chlorate, antimony sulfide,
and sulfur, can seriously increase the sensitive-
ness of flash powders to accidental ignition.

Keywords: flash powder, sound pressure level,
blast pressure, weak confinement, positive
phase

Introduction

The science of pyrotechnics as applied to
fireworks frequently suffers from a lack of ba-
sic scientific data. Too often, conjecture serves
as the basis for what eventually becomes “com-
mon knowledge”. The sound output from flash
salutes is one area in which there is much
common knowledge but little quantitative data
reported in the literature. This study of the sound
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output from a collection of flash powders under
weak confinement is an attempt to provide
some of the needed measurements.

For most of this study, only flash powders
using 70% potassium perchlorate and 30% alu-
minum were examined. With these flash pow-
ders, the relative effectiveness of four types of
potassium perchlorate, six types of aluminum,
and two bulking agents were examined. Follow-
ing this, a series of seven flash powders using one
or a combination of potassium chlorate, barium
nitrate, antimony trisulfide and sulfur were tested
for sound output under the same conditions.

Background

All blast waves, even those produced by
radically different explosives have much the
same basic shape,!'" illustrated in Figure 1. The
blast wave is a shock wave, traveling greater
than the speed of sound in air. Prior to the arri-
val of the shock front, ambient (atmospheric)
pressure is unaffected. With the arrival of the
shock front, there is a near instantaneous rise in
pressure (overpressure) to some peak value.

Peak Overpressure

Explosion Zero Time

Ambient Pressure,7

— —

<_>|‘ Positive PhaseV - —
Time of Negative Phase
Shock Arrival

Figure 1. Sketch of a typical blast overpressure
wave showing pressure as a function of time.
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Thereafter, overpressure falls, returning to am-
bient level. This excursion is termed the “posi-
tive phase” of the blast wave. The peak over-
pressure attained is a function of the magnitude
of the explosion and, to a lesser extent, on am-
bient pressure. Except for distances very close
to the explosive, there is a “negative phase” of
the blast wave."™ This negative phase is much
less extreme than the positive phase, although it
lasts somewhat longer. Figure 2 is the blast wave
recorded for one test salute used in this study.
At increasing distances from the explosion, the
peak overpressure becomes less, and the duration
of the positive phase becomes longer; this effect
is illustrated in Figure 3.

Pressure
< 6.5 psig

e
le— 0.92 ms —|" e

Time

Figure 2. Blast wave from a test salute using
70:30 potassium perchlorate and German dark
aluminum.

1.0kg TNT ata
distance of:

1.0 meter

——N——__

\ 1.5 meters

Pressure

S — —
l———
2.0 meters
| e— |
Time

Figure 3. Sketch of the decay of a typical blast
wave with distance from the explosion; based
on data from Kinney & Graham.!'?

For the most part, it is only peak overpres-
sure and the duration of the positive phase that
are needed to characterize a blast wave. In terms
of the sound produced, peak overpressure deter-
mines the loudness of an explosion, and the
duration of positive phase presumably deter-
mines its tonal quality. That is to say the higher
the overpressure, the louder the sound of the
explosion. Also a short positive phase is ex-
pected to correspond to an explosion with a
sharp crack sound, and a long positive phase, to
a more mellow boom. Thus, from what is seen
in Figure 3, all explosions sound louder and
sharper at close range, and become softer and
more mellow at greater distances. (For a more
complete discussion of the sound levels and
their measurement, see reference 2.)
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Experimental Method"

The flash powders for these tests were each
prepared by pre-screening the ingredients, rough
mixing until there was uniformity in color, then
tumbling at a rate of approximately 60 revolu-
tions per minute in closed containers for one
hour. This degree of mixing far exceeds that
generally employed by the fireworks industry,
but was chosen to eliminate any inconsistencies
in test results that are caused by incomplete
mixing.

For each flash powder type, three test salutes
were prepared and fired. The test salutes were
made using 3 ounce (90 mL) polyethylene bot-
tles with metal screw caps. The containers were
chosen to provide an easily reproducible con-
figuration with fairly consistent confinement.
Each container was loaded with 50 g (1.8 ounce)
of flash powder. A Daveyfire® hooded electric
match (SA-2001) was used for ignition. The
match was installed in the cap of each container
using a thermal setting adhesive, see Figure 4.
Each test salute container was mounted cap-
side down, such that flash powder filled the
space between the electric match and its hood.
This was done to provide a minor degree of
confinement for that small amount of flash
powder, thus perhaps providing a more power-
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ful ignition stimulus. It was anticipated that this
would tend to compensate for the relatively
weak confinement provided by the polyethylene
bottle.

Figure 4. An electric match installed in the cap
of a test salute casing (polyethylene bottle).

For test firing, the salutes were suspended
3.5 feet (1.2 m) above the ground. A pair of
free-field blast gauges (PCB Piezotronics™
137A11) were positioned in line at the same
height and at a distance of 4.0 feet (1.9 m) from
the center of the test salute, see Figure 5. Upon
firing the salute, blast overpressure data was
collected using amplifying power supplies and
a digital oscilloscope (50 MHz), for subsequent
plotting, see Figure 6.
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Explosive
Charge
Gauge

Blast
q Gauge

Figure 5. Sketch of the physical arrangement
of test salute and blast gauges.

Blast

/7 Blast Gauges
J E Transducers é ]/

Power Supply Power Supply
Amplifier Amplifier
IR
Digital Storage Printer
Oscilloscope Plotter

Figure 6. Block drawing for the data collection
of blast overpressure data.

Test Results

In this section, the characteristics of the
flash powders and the raw output data are pre-
sented. Discussion of the results is deferred to a
later section.

Potassium Perchlorate Types

The four types of potassium perchlorate used
in this study are described in Table 1.

As determined by microscopic analysis, only
the Swedish material has fairly sharp angular
particles, such as might be expected from grind-
ing. The other three materials have particles with
a more generally rounded appearance, such as
might be expected from milling. The screen
analysis for these materials is presented in Ta-
ble 2. Small samples of potassium perchlorate,
as received from the supplier, were sieved for
three minutes using a vibrating sieve shaker. It
is likely that the material contained some mois-
ture and that drying may have produced slightly
different sieve analyses. This not withstanding,
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Table 1. Types of Potassium Perchlorate
Investigated.

Product
Information

S140, —140 mesh

Source |Manufacturer

Swedish | EKA Nobel®

us Western E|e|([)5-] 60 micron

tro Chemica
Chinese |Senochem®  [Hunan China®

Societa Elec- ()

Italian o Borgo Fran
alia trochimico® orgo Franco

(a) Supplied by Service Chemical, USA.®!
(b) No other product information available.

the samples were not dried for use in the flash
powders because it was believed that their con-
dition, as received, is more typical of how they
are used in manufacturing fireworks.

Table 3. Sound Pressure Output for
Potassium Perchlorate Types.

Potassium Peak Over- Positive
Perchlorate [ Pressure (psi) | Phase (ms)
6.08 0.82
Swedish 6.16 1.00
6.30 1.10
5.90 0.90
us 6.20 0.95
6.44 1.01
5.69 0.90
Chinese 5.98 1.08
6.02 1.15
6.21 0.90
Italian 6.32 0.88
6.24 0.88

For conversion to SI units, 1 psi = 6.89 kPa.

Table 2. Sieve Analysis of the Types of
Potassium Perchlorate.

Mesh Fraction (%)
Source | +100 | 100-200 | 200—400 | —400

Table 4. Aluminum Powder Types.

Swedish | 0.0 51.1 39.5 9.4 Product | Description®
US_ 0.3 47.2 44.2 8.3 Manufacturer No. | [Morphology]®
Chinese | 0.1 32.3 50.7 16.9 German Dark
Italian 0.0 3.0 73.0 23.9 Obron 5413 [Flake 8,11(°)]
Obron 10890 American I(D)ark
C
The flash powders used for comparison of the [Flakg 1941
potassium perchlorate types were all 70:30 ra- Alcan® 7100 |American Dark
tios with Obron'” 5413 (commonly called Ger- [F/ak? 134
man dark aluminum). The results from the four Reynolds!"” 400 |Atomized
sets of sound pressure output tests are presented [=p hgrOIdaI ok
in Table 3. The data from the two blast gauges us 809 /-):Tirlcgg %ark
were always very nearly the same, and have Aluminum!' [Flake 307
been averaged for presentation in the Table. Bright
Alcan 2000 1 mpoke 36447

Aluminum Types

The six types of aluminum used in this study
are described in Table 4. In addition to these six
aluminum powder types, a mixture of 67% (by
weight) Reynolds 400 and 33% Alcan 2000 was
also investigated. This was done because it had
previously been suggested that a mixture of at-
omized and flake aluminum provided additional
reactivity over either type aluminum alone.!"”

Page 8

(a) The descriptions German Dark, American Dark
and Bright are used in the context generally
adopted and understood by the American pyro-
technics industry. For more information on
aluminum metal powder types, see reference 8.

(b) Basic particle shape and average particle size in
microns. Note that 1 micron (i) = 10 meter =
3.9x107 inch.

(c) Average particle size was estimated by the au-
thors using microscopy.
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The flash powders were all made with 70:30
ratios using Swedish potassium perchlorate and
the various aluminums. The sound output data
from the seven sets of tests are presented in Ta-
ble 5. The data from each of the two blast gauges
were always very nearly the same and have
been averaged for presentation in the Table.

added to the base flash powder. In a second test,
ten-percent red wheat bran was added. Another
70:30 flash powder was made using US Alumi-
num 809; to this base, 10% red wheat bran was
added. In all tests, the net amount of flash pow-
der, not including the flow or bulking agent, was
50 grams. These results are presented in Table 6.

Table 5. Sound Output Results for
Aluminum Types.

Table 6. Sound Output Results Using Flow
or Bulking Agents.

For conversion to SI units, 1 psi = 6.89 kPa.

(a) In each case, the Reynolds 400 flash powder
produced a double blast wave, as shown in
Figure 7, resulting in a longer positive phase.

(b) In each case, the use of the Reynolds 400 and
Alcan 2000 mixture produced flash powder
that also exhibited a weak double blast wave
structure.

Flow and Bulking Agents

The two flow and bulking agents used in this
study were Cab-O-Sil'"®! (M-5, colloidal silica)
and red wheat bran. In the first tests, flash pow-
ders were based on 70:30 mixtures of Swedish
potassium perchlorate and Obron 5413 alumi-
num. In one test, three percent Cab-O-Sil was

Journal of Pyrotechnics, Issue No. 4, Winter 1996

Type of Peak Over- Positive Aluminum Type | Peak Over- Positive
Aluminum Pressure (psi) | Phase(ms) \[Additive] Pressure (psi)| Phase (ms)
6.08 0.82 6.08 0.82
Obron 5413 6.16 1.00 ?me” 5413 6.16 1.00
[None]
6.30 1.10 6.30 1.10
5.76 1.00 6.32 0.98
Obron 10890 6.11 0.96 gﬁ,’/roga%‘fgsﬂj 6.18 0.85
5.47 1.03 ? 6.12 0.93
5.61 1.02 5.61 0.93
Alcan 7100 5.61 1.08 ﬁ%f,/o”Rz‘ggran] 6.36 1.05
5.12 0.86 ’ 6.02 0.90
2.58 1.25@ 2.30 0.98
Reynolds 400 5 58 1620 US Alum. 809 554 115
[None]
3.22 1.19@ 2.72 0.88
US Aluminum 230 0.98 US Alum. 809 1.73 1.00
809 2:54 115 [10% Red Bran] 1.92 0.95
272 0.88 2.12 1.05
1.28 1.00
Alcan 2000 152 112 For conversion to SI units, 1 psi = 6.89 kPa.
1.58 0.90
(b)
Reynolds 400 + 2:28 1.1 5(b)
Alcan 2000 2:80 1.18
1.83 1.07"

Pressure

Time
Figure 7. Typical double peaking blast wave

recorded for flash powders made using
Reynolds 400 aluminum.
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Table 7. Flash Powder Formulations Used in Test Salutes.

Flash Formulations (weight percent)

Ingredient 1 2 3 4 5 6 7
Potassium perchlorate (KCIO,) 70 64 |62 (70 | — | — | —
Potassium chlorate (KCIO3) — — | — | — |70 |64 | —
Barium nitrate (Ba(NO3),) — — | —|—|— |— |68
Aluminum, Obron 5413 (G.D.) 30 — || = | = | = | =
Aluminum, Obron 10890 (A.D.) — 27 123 [ 30 | 30 9 | —
Aluminum, Alcan 2000 (Bright) — — | = | = | = |—= 123
Antimony trisulfide (Sb,S;) — — |15 | — | — 9 | —
Sulfur (S) — 9 | — [ — | — |18 9
Reference @ 114 [14 | @ | @ 15 |16

(a) This is a common formulation with no specific reference.

Formulations

Many different flash powders are used in fire-
works. However, only seven flash powder for-
mulations were used in this study. They are listed
in Table 7, along with literature references. These
formulations were chosen to provide information
on the effect of the choice of oxidizer and the
use of sulfur and antimony sulfide. However,
beyond that criterion, the choice was somewhat
arbitrary. Table 8 lists the sound output results
from the test salutes using these formulations.

Discussion of Results

It is important to note that the results and
conclusions reported in this article are only
valid within the context of this study. For ex-
ample, only three tests were conducted for each
flash powder; the average variation about the
mean peak overpressures was about 4% and the
average deviation in the duration of positive
phase was about 6%. Accordingly, any small
differences reported for these parameters may
be merely statistical in origin. Further, these
results are only valid for the conditions exam-
ined, specifically, weak confinement with a
moderately powerful ignition stimulus.

Table 9 presents the averages of the sound
output data from the tests using potassium per-
chlorate from different sources. Also in the ta-
ble are sound pressure levels in dB and relative
loudness (V). Decibel and loudness values were
calculated using the following equations:!”!
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dB=170.8 + 20 log P D
log N=0.03dB-1.2 )
where P is peak overpressure in psi.
Table 8. Sound Output Results for Test
Formulations. (Also, see Table 7.)
Formulation No. | Peak Over- Positive
and Description | Pressure (psi) [ Phase (ms)
6.08 0.82
1) KCIO,s + G.D. 6.16 1.00
6.30 1.10
5.90 0.82
2) KCI?48+ A.D. 588 092
5.76 0.88
3) KCIO, + AD. 2.8 0.78
+ Sb,S; 5.90 0.92
5.75 0.84
5.76 1.00
4) KCIO4 + A.D. 6.11 0.98
5.47 1.03
6.31 0.88
5) KCIO; + A.D. 5.94 1.15
5.10 0.78
6) KCIO; + A.D. 3.20 0.72
+S+Sb,S; 3.77 0.78
3.64 0.63
7) Ba(NOs), 0.22 1.00
+ Bright + S 0.17 1.20
0.11 1.00
For conversion to SI units, 1 psi = 6.89 kPa.
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Table 9. Average Results from Different Potassium Perchlorates.

Potassium Positive Peak Sound Pressure Relative
Perchlorate Type Phase (ms) Overpressure (psi) Level (dB) Loudness
Swedish 1.01 6.18 186.5 =1.00
U] 0.95 6.18 186.6 1.00
Chinese 1.04 5.90 186.2 0.97
Italian 0.89 6.26 186.7 1.01

For conversion to SI units, 1 psi = 6.89 kPa.

It must be noted that the reported dB levels
were calculated using peak overpressures meas-
ured with an instrument with an extremely fast
rise time. Thus, these values will be somewhat
greater than would have been found using con-
ventional sound measuring equipment, even
when using their peak-linear mode setting. (For
a more complete discussion of sound pressure
levels, loudness, and the effect of instrument
parameters, see reference 18.) While it is possi-
ble that the peak overpressures observed for the
Chinese potassium perchlorate are slightly less
than for the other materials, it is within the lim-
its of statistical precision of these measurements.
Furthermore, it is doubtful that a typical observer
would be able to detect such a small loudness
difference, even if it were real. Similar comments
are appropriate for the slightly larger value for
the Italian potassium perchlorate.

Those materials with roundish particle shape
(US, Chinese and Italian), rather than sharp an-
gular particles (Swedish), are likely to mix more
thoroughly when using procedures typical of
fireworks manufacturing. Accordingly, under
more typical mixing conditions than used in this
study, it is possible these materials would pro-
duce slightly louder flash powder salutes.

Differences in particle size and shape can
play a role in determining burn rate, which in
turn would influence the sound levels produced
by salutes. However, generally it is the size and
shape of the fuel that is of primary importance.
Typically, this is because the melting point of
the oxidizer is lower than the ignition tempera-
ture of the mixture. (See reference 19 for a more
complete discussion of the factors affecting
burn rate.) Based on the above results, for those
potassium perchlorate samples examined, it
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seems that oxidizer particle size and shape only
play a minor role in the sound levels produced.

The average durations of positive phase are
also essentially within the limits of statistical
precision of the measurements. Accordingly, a
significant difference in the tonal quality of the
sounds produced by the test salutes would not
be expected, except possibly for the Italian ma-
terial that may produce a slightly sharper sound.

Table 10 presents the average sound output
data from the tests using different aluminum
powders. For the test salutes used in this study,
the sound outputs fall roughly into three groups.
The first group consists of the two Obron prod-
ucts and Alcan 7100; these produced the great-
est output, with the Alcan material possibly
producing slightly lower sound levels. The
Reynolds, US Aluminum, and mixture of flake
and atomized aluminums produced significantly
lower sound levels. The Alcan 2000 produced
the least sound output.

In all cases, except when Reynolds 400 was
used, the durations of positive phase were equi-
valent. Accordingly, it would be expected that
the tonal quality of all the test salutes would be
the same. With the Reynolds 400, there was
some degree of double peaking of the blast
wave (see Figure 7). The authors do not have a
satisfactory explanation for this; however, it has
never been observed in any other tests and is
always observed for Reynolds 400. Thus, it
seems that it must be a manifestation of the
aluminum powder and not an artifact of the
measurement. (It has been suggested that the
second peak may be a result of a secondary
aluminum dust explosion following the rupture
of the test salute casing.) For whatever reason
the double peak is produced, it would seem that
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Table 10. Average Results from Different Aluminums.

Positive Peak Sound Pressure Relative
Aluminum Types Phase (ms) Overpressure (psi) Level (dB) Loudness
Obron 5413 1.01 6.18 186.6 =1.00
Obron 10890 1.00 5.78 186.0 0.96
Alcan 7100 0.99 5.45 185.5 0.93
Reynolds 400 1.35@ 2.79 179.7 0.62
US Aluminum 809 1.00 2.52 178.9 0.59
R. 400 + A. 2000 1.13% 2.30 178.0 0.54
Alcan 2000 1.01 1.46 1741 0.42

For conversion to SI Units, 1 psi = 6.89 kPa.

(a) The Reynolds 400 aluminum produced double explosions, see Figure 7.

this aluminum would produce a more mellow
sound than the others.

Table 11 presents the average sound output
data from the tests of flash powders with a flow
or bulking agent. Recall that in all cases, the net
amount of flash powder was 50 g (1.8 ounce),
exclusive of the added flow or bulking agent.
With the 70:30 Swedish potassium perchlorate
and Obron 5413 aluminum flash powder, the
agents had essentially no effect on relative
loudness. However, for the flash powder using
US Aluminum 809, there was a minor, but no-
ticeable, reduction in relative loudness. It is
unlikely there was a significant affect on the
duration of positive phase (tonal quality). The
addition of flow and bulking agents is expected
to facilitate mixing and help keep flash powders
from compacting over time. Thus, it is possible
that their addition would produce greater rela-
tive sound output under other conditions than in
this study

Table 12 presents the average sound output
from the seven flash powder formulations listed

in Table 7. In terms of loudness, no formulation
out performed the Obron 5413 (German dark
aluminum) and potassium perchlorate.

Of the formulations using Obron 10890
(sometimes referred to as American dark alu-
minum), the addition of sulfur or antimony sul-
fide, or the substitution of potassium chlorate
for potassium perchlorate (formulations 2, 3 and
5) made no difference in loudness. However,
there was a shortening of the positive phase dura-
tion with the addition of either sulfur or anti-
mony sulfide, which should produce a sound
perceived as being less mellow. That the addi-
tion of antimony sulfide produced a more brisant
explosion was expected, based on common
knowledge in the fireworks trade. However, it
was not expected that the addition of sulfur
would have the same effect. Common experi-
ence is that sulfur produces a more mellow
sound. At the present, the authors have no satis-
factory explanation for this. However, work is
continuing to study this. Use of antimony sul-
fide or sulfur decreased the duration of the posi-

Table 11. Average Results from Flow or Bulking Agent.

Flow / Bulking Positive Peak Over- | Sound Pressure | Relative

Aluminum Type Agent Type Phase (ms) | Pressure (psi) Level (dB) Loudness
None 1.01 6.18 186.6 =1.00
Obron 5413 Cab-O-Sil (3%) 0.92 6.21 186.6 1.00
Red Bran (10%) 0.96 6.00 186.4 0.98
. None 1.00 2.52 179.1 =1.00
US Aluminum 809 1 4 e (169 1.00 1.2 176.5 0.85

For conversion to SI units, 1 psi = 6.89 kPa.
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Table 12. Average Results from Various Formulations.

Formulation Number and Positive Peak Over- | Sound Pressure | Relative
Description Phase (ms) | Pressure (psi) Level (dB) Loudness
1) KCIO, + Obron 5413 1.01 6.18 187.6 =1.00
2) KCIO4 + Obron 10890 + S 0.87 5.85 186.1 0.97
3) KCIO,4 + Obron 10890 + Sb,S; 0.85 5.83 186.0 0.96
4) KCIO,4 + Obron 10890 1.00 5.78 186.0 0.96
5) KCIO3 + Obron 10890 0.94 5.78 186.0 0.96
6) KCIO; + Obron 10890 + S + Sb,S; 0.71 3.64 182.0 0.73
7) Ba(NO3), + Alcan 2000 + S 1.07 0.17 155.4 0.1
For conversion to SI units, 1 psi = 6.89 kPa.
tive phase without increasing peak overpressure. Conclusion

This combination of effects means that the
pressure impulse produced is less for these flash
powders. In turn, that may mean that the blast
effect perceived by the audience, the so-called
“chest thump”, will be less for salutes using
these flash powders.

When both sulfur and antimony sulfide were
added and potassium chlorate was used as the
oxidizer (formulation 6), the duration of posi-
tive phase was reduced further. However, there
was also a significant reduction in loudness of
the test salutes (presumably a result of its rather
low percentage of aluminum). The use of potas-
sium chlorate, sulfur or antimony sulfide in
flash powders can increase the sensitiveness to
accidental ignition from one or more factors:
impact, friction, electrostatic discharge or tem-
perature.””! The use of a combination of potas-
sium chlorate and sulfur or antimony sulfide is
expected to result in a substantial increase in
sensitiveness. While a discussion of these ef-
fects would be interesting and important, they
are beyond the scope of this article.

Under these test conditions, the test salutes
made using formulation 7, with barium nitrate
and Alcan 2000 (bright) aluminum, resulted in
reports of considerably reduced loudness, but
with a positive phase duration perhaps a little
longer than typical of the other flash powders.
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There are a number of inferences that can be
drawn from the above data sets; however, these
must only be made within the context of these
measurements. It is possible that other conclu-
sions would be reached for other experimental
conditions. Nonetheless, these data imply:

e The sound output from mixtures prepared
with common sources of potassium perchlo-
rate from four manufacturers is essentially
equivalent.

e There are significant differences in the level
of sound output as a result of using six dif-
ferent common aluminum powders.

e The addition of either of two common flow or
bulking agents have essentially no effect on
the sound produced (for freshly prepared
items).

e The substitution of potassium chlorate for
potassium perchlorate in a common flash
powder has essentially no effect on the sound
produced.

e The addition of antimony sulfide or sulfur re-
duces the duration of positive phase without
increasing the level of the sound produced.

In short, nothing surpassed the level of sound
produced by a 70:30 mixture of reasonably
high-quality potassium perchlorate and a high
quality flake aluminum powder. This is signifi-
cant because the use of potassium chlorate, an-
timony sulfide, and sulfur can seriously increase
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the sensitiveness of flash powders to accidental
ignition.

It had been anticipated that, as a follow-on
to this study, there would be a study of the sen-
sitiveness of these flash powders. This was posed
on the assumption that there was a performance
benefit to the use of potassium chlorate and an-
timony sulfide or sulfur. It was thought that
information would allow manufacturers to de-
cide whether the performance gain was worth
the added risk of using such formulations.
However, since there is no performance advan-
tage, there is no potential benefit and no reason
to use formulations that are more hazardous.
Accordingly, there is little point in measuring
the sensitiveness of those formulations, and plans
for that study have been abandoned.
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Evaluation of Fire and Explosion Hazards
for a Non-Azide Gas Generant
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ABSTRACT

A hazard evaluation has been carried out for
the safety assessment of a new non-azide gas
generant for automotive airbag inflators. The
gas generant (UN) is composed of urazole (U)
and a metal nitrate (MNQO;,N) with other addi-
tives included to provide the required perform-
ance. The impact, shock, friction, electric spark,
hot object and heat sensitivities were determined
by the appropriate tests. Propagations of detona-
tion, deflagration and combustion were exam-
ined using the United Nations gap test and VP
30 tube test. A mixture of urazole with KCIlOy in
a stoichiometric ratio propagated detonation as
measured by the gap test and self-sustaining
combustion as measured by the tube test. The
mixture of urazole with KNOj; propagated com-
bustion, but no detonation.

Keywords: airbag, gas generant, urazole,
hazard evaluation, test methods

1. Introduction

A non-azide gas generant (AK) containing
azodicarbonamide (ADCA;A) and potassium
perchlorate (KClO4;K) as basic ingredients was
developed by our group.!"! Recently, a new
composition (UN) containing urazole (1,2,4-
triazolidine-3,5-dione;U) and a metal nitrate
(MNO;;N) as basic ingredients has been devel-
oped as a gas generant for airbag inflators. The
new composition (UN) has higher thermal stabil-
ity and lower combustion temperature than AK.

To assess the safety of manufacturing the
UN gas generant, the Yoshida Hazard Analysis
(YHA)"! has been carried out for the two com-
positions typical of the UN gas generant. One
composition is UKS, a mixture of urazole (U),
KClOy (K) and soluble starch (S) in a mass ra-
tio of 37:61:2, respectively. The second is
UNSSi, a mixture of urazole (U), potassium
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nitrate (KNO3;N), starch (S) and silicon dioxide
(Si0,;Si) in a mass ratio of 27:55:2:16, respec-
tively. Both compositions are two extremes of
our intended composition. The test methods
used are sensitivity, burning and explosion
propagation tests. The results of these tests are
used in the YHA for the manufacturing process
of the UN gas generant.

2. Experimental

2.1 Materials

Materials used are listed in Table 1.

Table 1. Materials Used.

Size
Name [Symbol | (um) |[Supplier
Otsuka Chemical
Urazole ] 19 Co.. Ltd.
KCIO, K 219 Japan Carlit Co.,
Ltd.
Otsuka Chemical
KNOs N 60 Co., Ltd.
Wako Pure
Starch S — Chemical Indus-
tries Co., Ltd.
. . Tokuyama Soda
Sio, Si 7.5 Co., Ltd.

Samples used in the experiments are listed
in Table 2. KNO; and KClO, are practical oxi-
dizers because they are not hygroscopic and
have low toxicity. KCIO, is more reactive than
KNOj; in this case.
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Table 2. Composition of Sample.

Symbol Urazole KCIO,4 KNO3; Starch SiO,
A UKS 37 61 — 2 —
B UNSSi 27 — 55 2 16
C Urazole 100 — — — —
D KNO3 — — 100 — —

2.2 Test Procedures
2.2.1 Drop Hammer Test

The drop hammer test is a method for de-
termining the sensitivity of energetic materials
to a mechanical impact. A drop hammer test in
accordance with Japanese Standard JIS K4810—
1979 was used in this work. The mass of the
hammer is 5 kg. About 30 mg of sample in tin
foil is sandwiched between two cylinders
placed on the anvil as shown in Figure 1. The
cover is then placed on the anvil. The iron
hammer is dropped on the cylinder, and any
explosion is noted.

If an explosion occurs (test positive), the
height of the hammer is reduced. If none oc-
curs, the height is increased. In either case, the
height is varied in 0.1 log intervals in height.
Twenty tests are carried out. The data are ana-
lyzed by the Bruceton up-and-down method."
If materials react with the tin foil, the test is
carried out without the foil.

A
L

—-— Wire

Iron Hammer

Electromagnet

Holding and Releasing Device

/

T Cylindrical
| — ylindrica
| Roller Sample
=aillm Bearing ——]| %,/ Gas
Removing
- Column Cover

AN\

Figure 1. Assembly and the lower part of the JIS drop hammer test.
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No. O Electric Detonator

AL

| PE Disk

Gap Test

Screw Top Cover
| Holder \L <~

 —— Sample — — |

~——— Steel Tube ————

Insertion Test

Figure 2. Sample assemblies for the shock ignitability test.

2.2.2 Shock Ignitability Test"

The shock ignitability test is a method for
determining the shock sensitivity of medium-
sensitive energetic materials, especially pyro-
technic compositions. The sample container has
an inner diameter of 31 mm, an outer diameter
of 34 mm, and a depth of 35 mm with the bot-
tom cover in place. There are two types of con-
tainers: one with and one without the screw top
cover as shown in Figure 2. Polyethylene (PE)
gap disks with a diameter of 30 mm and a
thickness of 1-4 mm are used for the gap test in
the shock ignitability test. The sample in the
container is initiated by a No. 0 detonator con-
taining 18 mg of diazodinitrophenol (DDNP)
inserted through the gap disks or directly into

the sample.

2.2.3 VP 30 PVC Tube Initiation Test'>®

The VP 30 PVC tube initiation test is suit-
able for examining the ability of commercial
explosives and pyrotechnic compositions to
propagate explosions. A VP 30 polyvinyl chlo-
ride (PVC) tube with an inner diameter of 31
mm and a length of 150 mm (JIS K6742—-1971)
is filled with 100 g of sample. Both sides of the
tube are covered with adhesive paper tape. A
No. 6 detonator containing 18 mg DDNP and
40 mg pentaerythrytol tetranitrate (PETN) is
inserted into the sample at one side of the tube.
The sample assembly is placed horizontally 0.2
m deep in sand. The general arrangement is
shown in Figure 3. Propagation of an explosion

Sample

Adhesive Paper Tape

B

N

Adhesive Paper Tape\ VP 30 PVC Tube — No. 6 Detonator

Figure 3. Setup for the VP30 PVC tube initiation test.
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by the sample is judged from the size of the
crater formed, the amount of unreacted sample
remaining and/or the fragmentation of the PVC
tube.

2.2.4 United Nations Gap Test!”!

The United Nations gap test is a method for
examining the ability of low-sensitive energetic
materials to propagate explosions and espe-
cially to propagate detonations. Figure 4 shows
the setup of the United Nations gap test. Ap-
proximately 500 mL of sample is placed in a
carbon steel tube with an outside diameter of 48
mm, a thickness of 4.0 mm, and a length of 0.4
m. A booster charge of 160 g cast pentrite (a
50:50 mixture of PETN/TNT) is used. The wit-
ness plate is a soft steel square plate 0.15 m x
0.15 m x 3.2 mm. A ring-shaped aluminum
plate 50 mm (o0.d.) x 40 mm (i.d.) x 1.6 mm is
used as a spacer and sandwiched between the
witness plate and sample. A No.6 electric deto-
nator holder is fixed to the booster charge. The
booster charge, the spacer and the witness plate
are combined and fixed to the steel tube filled
with the sample. The sample assembly is buried

horizontally 0.5 m deep in sand to prevent scat-
tering of any fragments.

2.2.5 Friction Sensitivity Test

The friction sensitivity test is used to exam-
ine the ease of ignition when an energetic mate-
rial is subjected to mechanical friction. Bailey et
al’® showed that incidents involving energetic
materials caused by friction are the most fre-
quent among those caused by external stimuli.
The BAM friction tester™ was used for evaluat-
ing the friction sensitivity of urazole, UKS and
UNSSi. Figure 5 shows the BAM (Bundesan-
stalt fiir Méterialforchung und priifung) friction
tester and the sample holder. A sample weigh-
ing several mg is placed on the rough surface of
a porcelain plate and pressed by the rough sur-
face of a porcelain peg with a known force.
When the start button is pushed, the porcelain
plate moves back and forth with a fixed speed
through a distance of 10 mm. Ignition is judged
by noise, a flash or smoke. The force exerted by
the peg is selected by changing the weight and
position of the hanging weight.

Air

Spacer
Adhesive Tape
Sample

Sand

0.5m

\ \Booster

m=bl/}

)

Witness Plate

Figure 4. Setup for the United Nations gap test.

N Steel Tube

/ No. 6 Detonator
Holder
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These experiments were carried out twenty
times using the Bruceton up-and-down method
and the results were analyzed. The increment of
force in the experiment is 0.1 log unit. The 50%
ignition mass (Msg) and the standard deviation
of log M were calculated.

2.2.6 Electric Spark Sensitivity Test

The electric spark sensitivity test is a
method for determining the ignition sensitivity
of energetic materials to an electric spark. The

tester used was developed by Dr. Mizushima
for low- and medium-sensitive energetic mate-
rials.'” Sample parts of the tester are shown in
Figure 6. The structure of the electrode in the
tester is a fixed pipette plate electrode accord-
ing to Dahn et al!''! This tester can give the
sample from 10" to 80 J in capacitor energy
depending upon the selection of capacitance
and voltage. Experiments were carried out
twenty times using the Bruceton up-and-down
method with 0.1 log unit intervals of capacitor
energy. Values of the 50% ignition energy (Esp)

Ground 0

Positive Electrode

LT L1

V]
é /] 30 mg Sample
% 4
V] /le—— PVC Tube

Figure 6. Electrodes of the electric spark sensitivity tester.
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and standard deviation of log E were calculated.

2.2.7 VP 30 PVC Tube Burning Test

The VP 30 PVC tube burning test evaluates
both the ability of energetic materials and pyro-
technic compositions to propagate combustion
as well as the violence of that combustion. The
sample is placed in the 0.1 m long VP 30 PVC
tube and ignited by a 0.6 mm diameter Ni—Cr
wire heated with an electric current of 10 A.
Whether it is ignited or not is noted and, if igni-
tion is observed, the burning time is measured.
The sample assembly for the test is shown in
Figure 7. When no ignition is noted, a 5 g mix-
ture of 37:63 ratio of urazole and KCIOy is used
as an ignitor.

2.2.8 Conical Pile Burning Test

The conical pile burning test is a method for
examining the effect of sample size on the vio-
lence of the combustion of pyrotechnic compo-
sitions. There is a suggestion that the combus-
tion of pyrotechnic compositions becomes more
violent as the mass of the composition is in-
creased.!'?! The test method is similar to that for
oxidizing solids according to the Japanese Fire
Services Law.!"”! A sample of 25, 50, 100 or
200 g is piled conical on a heat resistant plate, a
0.6 mm diameter Ni—Cr wire is touched to the
base of the cone and the sample is ignited. The
duration of the combustion is observed. The
setup of the experiment is shown in Figure 8. If
the sample is not ignited by the Ni—Cr wire, the
experiment is repeated using a 5 g mixture of
ADCA-KCIO4—CuO as the ignitor.

0.6 mm¢ Ni-Cr Wire

VP 30 PVC Tube

Sample

Adhesive Paper Tape

ATERRE

T .

Figure 7. VP30 PVC tube burning test.

2.2.9 SC-DSC Test

The sealed cell-differential scanning calo-
rimetry (SC-DSC) test is a screening method
for examining the thermal stability of self-
reactive materials including energetic materials.
If a relationship between the SC-DSC data and
the data from any practical test method is
known, the practical test data can be estimated
from the SC-DSC data.!""

/ Heat Resistant Plate

Ni-Cr Wire

Figure 8. Conical pile burning test.
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A sample of about 1 mg is weighed accu-
rately in the sealed cell. The sealed cell contain-
ing the sample is placed in the DSC (Seiko
Denshi) and heated at a rate of 10 °C/min. The
DSC extrapolated decomposition temperature
(Tpsc) and DSC decomposition heat (Qpsc) are
recorded. Additional information is also ob-
tained from the appearance of the DSC curve.

2.2.10 Pressure Vessel Test

The pressure vessel test evaluates the vio-
lence of the reaction of a self-reactive material
when it is subjected to heating in an essentially
closed container with a single small orifice of
defined size. A pressure vessel in accordance
with the Japanese Fire Service Law was used in
this study.!"™ A 5 g sample is placed in the pres-
sure vessel which is equipped with either a 1.0
mm or 9 mm diameter orifice and is heated at a
rate of 40 °C/min. Less than ten trials are car-
ried out for each size orifice. The bursting times
of the rupture disk are noted as being either
smaller or larger than five.

3. Results

3.1 Drop Hammer Test

Results of the JIS drop hammer test are
listed in Table 3. Urazole reacted with the tin
foil by the impact of the 5 kg drop hammer, and
the apparent impact sensitivities of materials
containing urazole were higher with the tin foil
than without it.

Table 3. Results of the JIS Drop Hammer
Test.

the steel tube. This indicates that the explosion
was not a detonation but a deflagration. The
sample did not explode in the test with a No. 0
detonator in contact with the surface of the
sample but without the cover. Powdered ura-
zole, UNSSi and the 50:50 mixture of
UKS/UNSSI did not explode in the test with a
No. 6 detonator inserted in the top cover. Gran-
ules of UKS and UNSSi did not explode in the
test.

3.3 VP 30 PVC Initiation Test

The VP 30 PVC initiation test with a No. 6
detonator inserted results in no propagation of
explosion and unreacted material remaining in
the tester for urazole, UKS, UNSSi and the
mixture of both materials.

3.4 United Nations Gap Test

Powdered UKS propagated detonation in the
United Nations gap test, whereas powders of
UNSSi and urazole propagated neither detona-
tion nor deflagration, and unreacted material
remained in the tester.

3.5 Friction Sensitivity Test

Urazole and UNSSi reacted once in ten trials in
the BAM friction tester under a load of 36 kgf
(360 N). UKS reacted once under the a load of
32.4 kgf (324 N).

3.6 Electric Spark Sensitivity Test

Fifty percent ignition energy (Eso) of ura-
zole, UNSSi and UKS by the tester for me-
dium-sensitivity are listed in Table 4.

With tin foil Without tin foil
Material | Eso (J) | 0i0gEs0 Eso ClogEs0
Urazole 8.5 0.30 214 0.30
UNSSi 7.4 0.08 11.8 0.13
UKS 14.8 0.16 | 20.0 0.04

3.2 Shock Ignitability Test

Powdered UKS exploded in the shock ig-
nitability test with a No. 0 detonator inserted
and with the top covered. The bottom cover
separated, but the explosion did not fragment
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Table 4. Results of the Electric Spark Test.

Material Eso (J) GiogEs0
Urazole 51 (3/10) * —
UNSSi 38.1 0.04
UKS 25.2 0.20

* Urazole reacted three times in ten trials
with 51 J capacitor energy.
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3.7 VP 30 PVC Burning Test

In this test, urazole did not ignite, but the
100 mm strands of UNSSi and UKS burned for
198 s and 139 s, at the burning rates of 0.50
mm/s and 0.72 mm/s, respectively.

3.8 Conical Pile Burning

The conical pile burning test on 25 g each of
powders and granules of urazole, UKS and
UNSSi did not show sustained burning with
either the hot Ni—Cr wire or the 5 g ignitor.

3.9 SC-DSC

The SC-DSC curves of urazole, UNSSi and
UKS are shown in Figures 9 (a), (b), and (c),
respectively. Each material showed an endo-
thermic peak before the first exothermic peak
which is assigned to the decomposition of ura-
zole. For UNSSi and UKS, other exothermic
peaks follow the decomposition peak of ura-
zole.

The DSC onset temperature Tpgc of urazole,
UNSSi and UKS were 284, 225 and 241 °C,
respectively.

3.10 Pressure Vessel Test

The pressure vessel test for urazole was car-
ried out seven times, and the rupture disk burst
five times. However, when the rupture disk
burst, it was noted that the orifice had been
plugged with sublimed material. When the disk
did not burst, the orifice was open and smoke
came out through the hole. When a 9 mm di-
ameter orifice was used, it was not plugged
with sublimed materials, and the decomposition
products came out slowly through the orifice.

Page 22

(a) urazole

100 225 350 475 600

100 225 350 475 600

100 225 350 475 600

Temperature (°C)

Figure 9. SC-DSC Curves of urazole (a),
UNSSi (b) and UKS (c).
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4. Discussion

4.1 Impact and Shock Sensitivity and
Explosion Propagation by Urazole, UNSSI
and UKS

All three samples were low-sensitive to the
JIS drop hammer impact test. Only UKS among
these three materials exploded in the shock ig-
nitability test with the top cover in place and
with a No. 0 detonator inserted. This explosion
was classified as deflagration, not detonation,
because the steel tube was not fragmented.
Only the bottom cover separated.

Powders of all three materials were not initi-
ated by the VP 30 PVC initiation test with a No.
6 detonator inserted, and unreacted sample re-
mained in the tester. Only UKS powder propa-
gated detonation in the United Nations gap test.
In conclusion, UKS can propagate detonation
under the severe conditions in the United Na-
tions gap test, and urazole and UNSSi propa-
gate neither detonation nor deflagration even
under these severe conditions.

The impact and shock sensitivity of urazole
and UNSSi are classified as negligible (D
level). Urazole and UNSSI are also classified as
combustible materials. The impact and shock
sensitivity of UKS is low (C level), and UKS is
classified as a deflagrating material./”

4.2 Friction Sensitivity of Urazole, UNSSI
and UKS

Urazole, UNSSi and UKS reacted in the
BAM friction tester. However, urazole did not
propagate combustion by the burning test.
Therefore, the reaction by the friction test will
be not propagative and is not hazardous. In the
burning tests urazole is classified as not hazard-
ous. The friction sensitivity of urazole is negli-
gible (D level), and the friction sensitivity of
UNSSi and UKS are low (C level).

4.3 Electric Spark Sensitivity

All three samples are low-sensitive in the
electric spark tester for low- and medium-
sensitivity materials. The sensitivities of ura-
zole, UKS and UNSSI are low (C level).
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4.4 Ignitability, Propagation of Combustion
and Violence of Combustion

Urazole is not ignitable by small heat
sources. This material is only ignitable by an
external fire and therefore is poorly combusti-
ble. The ignitability of urazole is negligible (D
level), UNSSi and UKS can be ignited by a hot
wire or ignitors in a tube but not in bulk. Self-
reactive materials such as UNSSi and UKS
were shown to burn more easily in a tube than
in bulk. Ignitability depends on the ignition
source. The 5 g ignitors were stronger ignition
sources than the Ni—Cr wire.

The ignitability of UNSSi and UKS is low
(C level). UNSSI is classified as a combustible
material, but UKS as a deflagrating material,
because it can be detonated by a strong initiator
if in a closed container.

Granules of UKS burn more easily and more
quickly than the corresponding powders.!"? All
forms of UKS burn more quickly at high pres-
sure than at atmospheric pressure. The powders,
granules and pellets should not be handled in a
tightly sealed vessel, because when ignited, the
speed of combustion increases remarkably un-
der those conditions.

4.5 Thermal Stability and Violence of
Decomposition

The 107 °C—400 hr test is used for evaluat-
ing the thermal stability of a gas generant for
automotive airbag inflators. In this test, an in-
flator containing the gas generant is kept at 107
°C for 400 hr. The 60 L tank test is applied to
the inflators before and after heating. The test
criterion is that no significant difference be-
tween the 60 L tank test results before and after
the heating be observed. The 107 °C heat and
mass reduction test simulates the 107 °C—400 hr
test. A composition having a DSC onset ther-
mal decomposition temperature (Tpsc) greater
than 200 °C is known to pass the 107 °C heat
and mass reduction test based on experience
with the ADCA gas generant compositions.''®
The Tpsc of UNSSi1 and UKS are 225 and 241
°C, respectively. These values are significantly
higher than those for the ADCA gas generant
compositions. The heat sensitivities of UNSSi
and UKS are low (C level).
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In the pressure vessel test for urazole, the
rupture disk burst at an orifice size of 1 mm. In
this case, however, the orifice was plugged with
sublimed material. When the orifice was not
blocked, the rupture disk did not burst and the
decomposition gases did not blow out violently.
Therefore, the thermal decomposition of ura-
zole is not considered violent as long as sub-
limed material does not block the orifice,
thereby sealing the container.
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Progress in Developing a Fuel-Air Salute

Fred Ryan
PO Box 406, New Alexandria, PA 15670 USA

ABSTRACT

In a fuel-air salute a fine metallic fuel is first
dispersed into the surrounding air, then ignited.
Such a salute is much safer than a conventional
salute as the salute fuel must be mixed with air
to obtain the oxygen needed to function. It can
not explode violently in bulk or in a mortar tube
because the salute contains only fuel. Even if
fired while lying on the ground, its explosive
power is reduced. This preliminary paper sum-
marizes progress achieved to date in fuel-air
salute construction and suggests areas for fu-
ture study.

Keywords: fireworks, salutes, fuel-air, safety,
dust explosions

Introduction

Fuel-air explosives have been used by the
military for over 30 years. In a fuel-air explo-
sive the air surrounding the explosive is used to
supply the oxygen for the reaction. The fuel
(such as ethylene oxide, C,H;O, with a wide
explosion concentration range) is first dispersed
by a small explosive charge. When the fuel has
expanded to the desired volume, a second
charge is fired to initiate the explosion of the
fuel-air mixture. Due to the large size of these
devices, the delay between the dispersing
charge and the initiating charge can be on the
order of two seconds. For a given mass of ex-
plosive, the absence of oxidizer allows greater
explosive efficiency. A second advantage is that
the large volume of the resulting explosion can
lead to the efficient production of a powerful
shock wave that can extend over a great dis-
tance, creating overpressure damage.

A fuel-air salute for pyrotechnics would of-
fer unique advantages. The primary advantage
would be in the greatly increased safety in stor-
age, transportation, and in the use of the salutes.
With conventional salutes, bulk storage of sa-
lutes can result in mass detonation should one
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device function. This may have contributed to
the ruling in the United States that bulk salutes
must be treated as Explosives 1.1, even though
a single salute may be classified as Explosives
1.3. A properly designed container of bulk fuel-
air salutes could not mass detonate. In fact it
may be possible to package the dispersing and
delay charge separate from the fuel, and then
ship the fuel component as a flammable solid
and the dispersing charge as Explosives 1.4.
They would then be combined at the point of
use.

The premature explosion of salutes within
mortars have caused many serious accidents.
The absence of adequate air within the mortar
tube would prevent the fuel-air mixing required
for explosion in the barrel. Also, the dispersing
charge can probably be designed so that no
damage to the mortar would occur. Salutes have
also been known to return to the ground before
exploding, sometimes in the midst of a crowd.
The expected reduction in strength of a fuel-air
salute ignited while lying on the ground should
reduce the danger of injury to spectators.

Fuel-air explosions have been reported by
others in the general field of pyrotechnics. A
fuel-air blast of magnesium powder from a con-
cussion mortar has been reported"). This work
i1s the first, however, that I am aware of in
which the subject of investigation is an aerial
salute, where the fuel is dispersed in three di-
mensions making the dust concentration drop
very fast with distance. This paper is a progress
report on the present status of that work. The
device is not yet perfected, and it must be de-
veloped further before it will become a com-
mercially viable replacement for the conven-
tional salute. The author hopes that this pre-
liminary paper will stimulate interest in others
to help achieve this goal.
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Theory

Dust Explosions of Fine Metallic Fuels

A cubic meter of air at STP (Standard Tem-
perature and Pressure) contains approximately
299 g of oxygen. This is the same amount of
oxygen contained in 648 g of potassium per-
chlorate, the most commonly used oxidizer in
aerial salutes. For metallic fuels, Table 1 lists
the amount of fuel that can be oxidized by the
oxygen in one cubic meter of air.

Table 1. Oxidation of Metal Fuels by Air.

Grams Oxidized by
Fuel 299 g Oxygen (1 m®)*
Aluminum 336
Titanium 449
Magnesium 445
Zirconium 852

* Reactions with nitrogen will be ignored.

From the numbers in Table 1 it is apparent
that the required diameter of the fuel-air mix-
ture prior to ignition is small. This presents a
complication. The required delay between the
dispersing charge and the initiating charge must
then also be very small, probably on the order
of a millisecond. Conventional fuses are much
too slow, thus some other technology must be
employed. While electrical timing and firing
can be used to achieve such short delays, the
cost constraints on the fireworks industry re-
quire that a non-electric delay be employed.

Parameters of interest in designing a fuel-air
salute are the minimum explosive concentration
(MEC), the maximum explosive concentration,
the peak pressure produced, the rate of pressure
rise, and their variation with fuel type and parti-
cle size. The minimum explosive concentration
for fuels of interest in this study are listed in
Table 2.
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Table 2. MEC of Selected Fuels in Air.

Fuel MEC (Wt. %)
Magnesium 4> 2.7**
Aluminum 6* 3.0**
Mg/Al — 1.3**

* from reference 2.
** from reference 3.

Quite surprising is the fact that aluminum
and magnesium dusts have a minimum explo-
sive concentration comparable to ethylene ox-
ide vapor, which is reported™ to be 3%. The
disagreement in minimum explosive concentra-
tion for aluminum and magnesium between ref-
erences 2 and 3 is probably due to differences
in test initiation and particle morphology
(shape) and size. The report™ of a lower mini-
mum explosive concentration for magnalium
than either magnesium or aluminum is not un-
expected as alloys between 35 and 67.7 weight
percent magnesium have a much lower melting
temperature than either magnesium or alumi-
num as shown in Figure 1. In this system the
auto ignition temperature in air closely follows
the melting temperature.”!

700 T T T T I p— | —

600

500

400 | | .
B Solid Phaséds 7
300 | [ S

0 20 40 60 80 100
Weight Percent Magnesium

Temperature (°C)

Figure 1. Simplified phase diagram of the
Mg-Al system. Compositions of interest lie
between the eutectics at 35 and 67.7 weight
percent magnesium. See reference 5 for a
more complete diagram.
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Many studies on metallic dust explosions
have been performed at the US Bureau of
Mines Pittsburgh Research Center. Their inter-
est in studying dust explosions is understand-
able in view of the many coal dust explosions
that have occurred in coal mines. The following
discussion is based primarily on the research of
K. Cashdollar”! and other Bureau of Mines
publications.®® Figures 2 and 3 show the ex-
plosion properties of various aluminum dusts in
air. Similar results should occur for both mag-
nesium and magnalium compounds.
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Figure 2. Explosibility data for aluminum dust
as function of median particle diameter.”’

Figure 2 shows the variation of minimum
explosive concentration and the pressure rise
rate of various aluminum dusts as functions of
particle diameter. While the minimum explo-
sive concentration decreases with particle size
down to about 30 microns, it is relatively inde-
pendent of particle size below 30 microns. The
maximum rate of change of pressure with time
increases strongly as the particle size decreases.
The best results occur with the smallest parti-
cles. The apparent saturation near 1 micron may
be due to the increased fractional concentration
of aluminum oxide on the smallest particles.
Dayu!” reports similar results. Therefore, po-
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tentially the loudest sound will be produced by
a fuel-air salute (FAS) with the smallest particle
size, as long as the particle size is not so small
that prior oxidation greatly reduces the percent-
age of fuel available or inhibits the reaction
rate.
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Figure 3. Explosibility data for Alcoa 1401
Aluminum.”

Figure 3 shows the variation of pressure rise
rate and test chamber peak pressure as functions
of aluminum dust concentration. The data was
obtained using Alcoa 1401 atomized aluminum,
with a mass weighted median particle size
around 12 microns.® For these particles both
the peak pressure and pressure rise rate with
concentration reach their highest values at con-
centrations far over the stoichiometric alumi-
num/air concentration. Therefore, for alumi-
num, the best salute results should be obtained
using fuel-rich mixtures. No data was reported
for finer grades of aluminum, but one would
expect that the greater surface to mass ratios of
smaller particles would produce maximum ex-
plosion effects at lower concentrations. The
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aluminum producing the highest pressure rise,
reported in reference 2, was obtained with an
ultra-fine flake aluminum with a median thick-
ness of 1 micron and flake widths ranging from
3 to 30 microns as measured with a scanning
electron microscope.® This US Bronze/US
Aluminum 807 aluminum is coated with about
3 percent stearic acid. The effect of this coating
on the experimental results has not been deter-
mined.

As might be expected, very fine flake alu-
minums perform better than atomized alumi-
nums, due to their larger surface areas. Figure 4
shows the results”! for flake and atomized alu-
minum. The data presented on these curves was
normalized to compare more directly with the
later work of Cashdollar.”) (The explosion
chamber used in reference 3 was of different
geometry than that in the later work in refer-
ence 2, so that absolute comparisons with the
two works are not possible.) The data plotted
were for the average results obtained for 15 of
the finest atomized and flake aluminum sam-
ples reported in this reference. The flake alumi-
nums clearly outperform the atomized samples,
both in peak pressures and pressure rise rates.

An index of explosivity (I.x) of dust clouds
has been defined:"!

()
dt ),

“ TeE+MEC
where:

P, is the maximum chamber explosion
pressure,

(%J 1s the maximum dP/dz,
L)

T; is the minimum ignition temperature,
E; is the minimum ignition energy, and
MEC is the minimum explosive
concentration.

While this is a useful parameter for relatively
large dust particle sizes (200 mesh) it becomes
less useful for ultrafine powders, because the
denominator goes to zero as particles approach
the point of being pyrophoric. Calculated ex-
plosivity index numbers for a few selected
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Figure 4. Explosion data comparing finest
atomized aluminum with finest flake
aluminum®.

metal dusts are listed in Table 3. Reference 3
did not include values for ultrafine flake alumi-
nums, which may out perform the atomized
sample.

Table 3. A Few Selected Explosivity Index
Numbers Calculated from Data Provided in
Reference 3.

Explosivity
Sample Index
Al (atomized, 6 u diameter) 998
50:50 Mg/Al (milled powder,
<44 ) 1250
Mg (milled powder, <74 1) 817
Ti (10 p diameter) 1037
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The most likely candidates for use in a fuel-
air system are :

e Ultrafine magnalium

e Ultrafine flake aluminum

e Ultrafine atomized aluminum
e Ultrafine titanium

Ultrafine magnesium is not included in this list
because of potential long term stability prob-
lems. Also the high cost of titanium may re-
move it from this list. To become commercially
successful material costs are very important.

Dust Explosions in an Expanding Cloud

A fuel-air system can be constructed by sur-
rounding an energetic dispersing charge with
fuel. Following ignition of the dispersing charge
the fuel expands outward. Initially the dust con-
centration is too great for ignition or for rapid
combustion to take place. As the cloud expands
to a certain point, the mixture becomes explo-
sive. When the fuel cloud over expands, the
concentration drops below the minimum explo-
sive concentration and it will no longer burn.
Thus, after explosion of the dispersing charge,
there is an optimum delay before igniting the
cloud to achieve the maximum pressure rise
with time and hence sound. Complicating this
picture is the fact that the dust particles are rap-
idly being slowed by the air. The rate at which
they slow will vary with the morphology and
size of the particles. Small particles will slow
quicker than large particles, and flakes will
slow quicker than atomized particles .

The optimum delay before ignition will de-
pend on many parameters: the strength of the
dispersing charge, the amount of the fuel sur-
rounding the charge, the morphology and size
of the fuel particles, and the type of fuel. If the
dispersing charge also initiates combustion of
the fuel, the entire scenario changes. While this
complex problem could, in principle, be solved
analytically to optimize the performance of the
fuel-air system, it would require a considerable
effort. I have therefore attempted optimization
of the fuel-air system by empirical means.
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Experimental Results

All test results reported here were obtained
using the fuel-air system configuration shown
in Figure 5. The exact container dimensions
were varied for some tests to accommodate
greater or lesser fuel and/or burst charge
amounts. The fuel is contained in the outermost
compartment, varying in weight depending on
the density of the fuel used. Inside the fuel
compartment is the dispersing charge. The
charge was a fuel rich flash mixture containing
7 parts by weight 20 micron potassium perchlo-
rate, 4 parts of 12 micron atomized aluminum
(Alcoa 1401), and 1 part sulfur. For Tests 1
through 13 the charge was held constant at 24
g. This may not be the optimum dispersing
charge; however, because of the many parame-
ters in the fuel-air system, some parameters had

Ti
Delay

Flash
Burst

MgAI Fuel
Ave. <20

4 INREN 4
NN NN | 1/4" Plastic Straw
(.004" wall)
NN %
i // \\ \\\\ Y //
NN
\ 3/8" End Plug

3/4" ID
(1/16" Wall)

[~—2-1/4" ID (3/16" Wall)—

Figure 5. Construction details of the first
generation fuel-air salute.
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to be fixed in the first iteration. Tests 14
through 16 used reduced burst weights

At the center of the dispersing charge is a
plastic tube containing titanium, used as the
ignition element. The amount of titanium de-
pends on the compaction of the grade used.
Typically 4 to 5 grams of granular titanium
were used, or about 8 grams, if spherical tita-
nium. In all cases the three compartments were
completely filled. The delay ignition of the tita-
nium is due to the fact that since it is located at
the center of the dispersing charge, it will first
be compressed, ignited, then follow the outward
moving fuel cloud at a later time. A greater de-
lay time would be expected for large titanium
particles than for small particles. This was one
of the parameters varied in the tests, and it had
a significant effect on the strength of the fuel-
air system salutes in the tests.

To date only 16 tests have been performed.
The first two preliminary tests were July 4,
1996. Although they showed that the fuel-air
system could be made to function in principle,
no instrumentation was available to yield quan-
titative results. The next seven tests were done
at the Pyrotechnics Guild International (PGI)
Convention at Muskegon MI in August 1996.
By that time I had obtained 4 Anderson Blas-
gages to yield a rough quantitative measure-
ment of overpressure. These gauges are de-
scribed in the appendix. Since there were only
four gauges and seven tests, the last three tests
were not monitored. The seven tests after the
PGI convention were monitored using blast
gauges. All salutes were suspended 3 feet above
the ground, except Test 2, which was fired
while the salute was lying on the ground to test
the effect that lack of air would have on the
blast. (In all honesty, the fuse burned through
the supporting string by accident, but the results
were interesting!). The tests results are summa-
rized in Table 4 (on next page).

Discussion of Test Results

Test 1 was the first successful test of the
fuel-air system principle. The analysis of the
titanium used in the delay, designated as “40
mesh”, i1s shown in Table 5.
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Table 5. Size Distribution of the “40 Mesh”
Granular Titanium.

Mesh Size Wt. %
10 to 20 3.4
20to 40 7.7
40 to 60 11.3
pass 60 77.6

As tests at Muskegon would show, the “40
mesh” material was a poor choice for delay ti-
tanium for magnalium. However, since it did
allow the fuel-air system to function, it was
used in several of the following tests as I was
afraid to vary a parameter that functioned.

Test 2 was identical to Test 1 except that the
fuel-air system was lying on the ground when it
exploded. Very little fuel-air boost occurred,
showing that unless the fuel-air system is mixed
with air it is ineffective. A large amount of un-
burned magnalium was found on the ground
following the test.

Test 3 established a baseline for the over-
pressure produced by just the 24 g of burst
charge. The distance of 3 feet to the gauges
used at Muskegon turned out to be too close, 5
or 6 feet would have been better. The overpres-
sure at 3 feet for the burst charge alone was be-
tween 2.4 and 4.1 psi.

Test 4 recorded an increased overpressure of
3.3 to 5.6 psi. The front of the blast gauge was
covered with heavy burns, indicating that the
fireball extended beyond 3 feet.

Test 5 used spherical titanium of 20 to 40
mesh, and the overpressure was greater than 6.5

psi.

Test 6 used spherical titanium of 40 to 60
mesh. The overpressure was so high at 3 feet
that not only were all of the measurement holes
completely sheared, but shear also occurred in
even the small (.281") holes used for mounting
the gauge. By extrapolation of the Anderson
calibration data to a hole of this size, I estimate
the pressure to be greater than 10 psi. This ex-
trapolation is discussed in the Appendix.

Tests 7, 8, and 9 used the lesser performing
“40 mesh” granular titanium delay with larger
quantities of fuel. They exhibited very bright

Journal of Pyrotechnics, Issue No. 4, Winter 1996



Table 4. Results of the Fuel-Air System Tests.

Over- Burst
Fuel — Particle pressure |Dist.|Charge
Test| Size and Type |TiDelay Size (psi) (ft) (9) Visual Observation
1 200 g Mg/Al “40 mesh” — — 24 |Very strong flash and blast
2 200 g Mg/Al “40 mesh” — — 24  |Weak explosion, ineffective*
3 | Burst charge only none 24 —-41 3 24  |Baseline blast, not bright
4 200 g Mg/Al “40mesh” | 3.2-56 | 3 24 |Very bright flash
5 200 g Mg/Al 20 — 40 sph. >6.5 3 24 |Very bright flash
6 200 g Mg/Al 40 — 60 sph. >10 3 24  |Most impressive at PGl
7| 330 g Mg/AI® “40 mesh” — — | 24 |Bright but 6 better noise
8| 285gMg/Al® “40 mesh” — — | 24 |Similarto 7
9| 360gMg/AI” “40 mesh” — — | 24 |Similarto7
10 180 g Mg/Al 40-60sph. | 1.3-24 | 5 24  |Burns on gauge at 5 ft
11 180 g Al 635 40 — 60 sph. <1.3 5 24  |No evidence of ignition
12| 80gAIB07 |40-60sph. | 37-65| 3 | 24 |Brightflash, unburned aluminum
deposits on front of gauge
13 80 g Al 807 60 — 100 sph.| 2-3.7 3 16  |All aluminum consumed.
14| 180gAI105 |60—100sph.|2.7-49 | 3 | 16 [Sublectively, blastsounded like a
good quality 3” salute.
15 180 g Al 105 60— 100 sph. | 2.4 — 4.1 3 7 Produced non-uniform dispersion
pattern.
16| 135gAI807" [60-100sph.| 32-56 | 3 | 14 | /ashimpressive in bright sun-
shine. Good report.

*  This salute was on the ground.

Al 635 =US Aluminum/US Bronze 635 (Ampal) atomized aluminum with average particle size of 8 L.

A1 807 =US Aluminum/US Bronze 807, a flake aluminum, average thickness 1 p, diameter 3 — 30 L.

Al 105 = Alcan/Toyo 105 atomized aluminum, average particle size is 5 L.

[a] A larger fuel compartment was used with 3” inside diameter and 1/8” wall.

flashes but were not noticeably louder than Test
6. No gauges were available for these tests.

Photo 1 shows the perforations obtained
with the Anderson Blasgages for the burst
charge only, Test 3. Photo 2 shows the perfora-
tions for the fuel-air system from Test 6. Rich-
ard Berris who attended the demonstration at
Muskegon took video pictures of the blasts. He
supplied me with frame photos of several tests.
Photo 3 shows the explosion of Test 3, the burst
charge alone. Photo 4 shows one frame of the
explosion of Test 5. The titanium delay parti-
cles can be clearly seen emerging from the ex-
plosion at the top of this frame. Many of the
frame photos were overexposed from the in-
tense light emission of the explosions.

Test 10, after the convention, was a repeat of
Test 6 (at slightly reduced fuel weight) with the
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blast gauge located 5 feet from the explosion to
obtain a reading that could be more accurately
related to future tests. At a distance of 5 feet the
gauge showed smoke deposits indicating that
the fireball was at least 10 feet in diameter.

Test 11 was the first test using aluminum as
the fuel. The aluminum was Ampal 635 (a US
Aluminum/US Bronze product). Its mass
weighted median particle size is 8 microns (at-
omized). The burst charge and delay titanium
were those found to work well for magnalium.
No evidence of fuel-air boost or even ignition
of the aluminum was observed.

In Test 12, a sample of US Aluminum/US
Bronze 807 flake aluminum was used as a fuel.
This material was reported™! to have a thickness
of one micron and a flake width varying from 3
to 30 microns. Due to the low density of these
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Photo 1. Perforations obtained with the
Anderson Blasgage located 3 feet from only
24 g of Burst charge, Test 3.

—
ety
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Photo 2. Perforations obtained with the
Anderson Blasgage located 3 feet from 24 g
of Burst and the Fuel-Air Burst of Test 6.

flakes only 80 grams of charge would fit into
the standard container. The burst and titanium
ignition charge were the same as for the preced-
ing test. In this case there was obvious ignition
of some of the aluminum. A bright flash was
observed and the blast gauge showed an in-
crease in the overpressure. The force of the dis-
persing charge and/or the igniter charge was
certainly not optimum as unburned deposits of
aluminum covered the front of the blast gauge.
This test showed that magnalium is not the only
fuel that can be utilized. The lack of complete
burning of the aluminum indicated the burst
and/or delay elements should be varied for flake
aluminum compared to magnalium.

Test 13 was similar to Test 12 except that
the burst charge was reduced from 24 to 16 g,
and the spherical titanium delay size was 60 to
100 mesh. The smaller size was used to attempt
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Photo 3. Explosion from Test 3, the burst
charge only [from R. Berris].

Photo 4. Explosion from Test 5. Titanium delay
particles can be seen exiting the explosion. The

apparent close proximity of spectators is an
optical illusion [from R. Berris].

to achieve more complete combustion with the
US Aluminum 807 flake aluminum. In this test
all of the aluminum was consumed with no un-
burned deposits visible on the blast gauge.
Shear on the gauge, however, indicated an
overpressure of 2 to 3.7 psi, lower than Test 12.
The reliability of the Anderson Blasgage for
making such comparative measurements on the
fuel-air salute is discussed in the appendix.

Test 14 was similar to Test 11 except that
Alcan/Toyo 105 atomized aluminum was used
as the fuel. This aluminum has a mass-weighted
median particle size of 5 microns, finer than the
aluminum used in Test 11. The burst charge
was reduced to 16 g and 60 to 100 mesh spheri-
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Photo 5. Electron microscope picture of milled Mg/Al alloy used in this study.

cal titanium delay was used. Gauge shear indi-
cated an overpressure of between 2.7 and 4.9
psi at 3 feet. Subjectively, the blast sounded to
be the equal of a good quality three-inch stan-
dard salute.

Test 15 was similar to Test 14 except that
the burst charge was further reduced to 7 g. The
titanium delay was about 8 g of 60 to 100 mesh
spherical material. This produced a very non-
uniform dispersion pattern as the small separa-
tion between the inside diameter of the burst
tube (1/2 inch) and the outside diameter of the
delay tube (1/4 inch) made symmetry in the
dispersion pattern impossible to achieve. A
smaller delay tube and less titanium delay
would have been preferable. Additionally, the
thick wall of the outer fuel container was not
well and uniformly ruptured by this reduced
burst charge, disturbing the symmetry of the
dispersion pattern. A thinner outer wall should
be used as the burst charge is made weaker.
Even with the non-uniform dispersion pattern
as visually observed from the blast pattern, ig-
nition occurred and an overpressure of 2.4 to
4.1 psi occurred at 3 feet.

In Test 16 a larger fuel compartment was
used with three-inch inside diameter and a wall
thickness of 1/8 inch. This allowed the amount
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of US Aluminum 807 flake aluminum to be
increased to 135 g, which can be compared
more directly with the 180 g of Alcan/Toyo 105
atomized aluminum used in Test 14. The burst
charge was 14 g and the delay was 8 g of 60 to
100 mesh spherical titanium. Overpressure
from 3.2 to 5.6 psi was recorded at 3 feet. The
flash was impressive in bright sunlight and the
report was subjectively felt to be at least as loud
as a good three-inch conventional salute.

WARNING: Do not attempt to mill magnal-
ium to obtain ultrafine particles. The magnal-
ium fuel used in these tests was produced by
reducing 50:50 Mg/Al, 200 mesh material in a
ceramic mill. Since I was trying to produce a
new effect I chose to use the most reactive ma-
terial (magnalium) in a very small particle size.
This turned out to be a very dangerous opera-
tion as some particles of 1 micron or even finer
are invariably produced during the milling op-
eration. Magnalium becomes pyrophoric as the
particle size drops below 1 micron and the mill
will either explode or catch fire. Most of the
material produced had a mass weighted median
particle size of 20 microns. An electron micro-
scope picture of this material is shown in Photo
5. EDAX (electron excited X-ray fluorescence)
measurements on individual particles showed
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that even particles 10 microns in diameter were
10% oxidized after milling and removal to air.
The size distribution of an even finer sample is
shown in Figure 6, which had a mass weighted
median particle diameter of less than 6 microns.
Material of this type is very pyrophoric. It is far
too dangerous an operation to be performed by
anyone except for commercial producers ex-
perienced in handling such hazardous material.
It is possible that a successful fuel-air system
can be constructed with larger magnalium par-
ticles. For example, 50:50 Mg/Al, —325 mesh
size (all less than 44 p) is commercially avail-
able from Mapcoa Inc. in Cleveland, Ohio. I
have also been informed that in about six
months Hart Metals intends to start production
of atomized magnalium for a newly emerging
commercial need. At that time 10 or 20 micron
material should be available, and it would be
expected that it will be non-pyrophoric. The
commercial availability of satisfactory alumi-
num powders and flakes, negates the need for
attempting any dangerous milling of magnal-
ium.
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Figure 6. Milled sample of Mg/Al, Horba
CAPA-700 Particle Analyzer. Median volume
weighted particle diameter = 5.71 u,

std. dev. = 2.03 u.
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Discussion

For the fuel-air system to become a reality,
commercial factors as well as theoretical factors
must be dealt with. Fireworks is a microscopic
business in comparison to other commercial
interests. It must rely on using products that are
available at a reasonable cost due to their use in
other markets. Although the possible savings in
liability costs of a safer aerial salute could per-
mit somewhat higher material and manufactur-
ing costs than a conventional salute, they are
still important considerations. Areas of concern
are the use of ultrafine magnalium which is not
yet commercially available, and the additional
complexity of a centrally located delay ignition
source. Therefore, 1 see the future development
of the fuel-air system as proceeding in the fol-
lowing directions :

1. Eliminate the need for the central delay
element. Perhaps the dispersing charge
could be located at the center, with the de-
lay element located inside the fuel, possi-
bly consisting of relatively large particles
of Black Powder. It might also consist of
relatively large particles of Mg/Al. With
the lower ignition temperature of magnal-
ium compared to aluminum, see Figure 1,
it could also serve to promote the ignition
of Aluminum. If the delay composition
was so located, one of the manufactured
components could be eliminated. If the de-
lay element was Black Powder, the fuel
compartment could probably still be clas-
sified as Explosives 1.4.

2. Reduce the strength of the dispersing
charge to Explosives 1.4. Test results indi-
cate that the 24 g of burst charge used in
these tests was excessive. Future tests will
be performed with Black Powder burst
with the goal of achieving Explosives 1.4
status.

3. Study the effects on performance of the
fuel-air salute in extreme conditions of
temperature, humidity, and reduced air
density at high altitudes. Most of the tests
to date were performed at an elevation of
1300 feet above sea level, at temperatures
ranging from 50 to 85 °F, and at relative
humidities ranging from 40 to 90 percent.
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Values far outside of these ranges may re-
quire modification to the fuel-air salute.

4. Have a dialogue with the fine metal sup-
pliers to inform them of our interests. This
has already started. If a market analysis
justifies it, they will be willing to produce
new materials for this purpose. However,
cost might be a problem.

5. Use a spherical (ball) shell as the container
for the fuel-air system instead of a cylin-
drical container. With the dispersing
charge located in the center of the sphere,
a more uniform fuel-air mixing should be
obtainable.
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Appendix

The Anderson Blasgage was originally de-
veloped by Paul W. Cooper of Sandia National
Laboratories. It consists of two aluminum plates
sandwiching a single sheet of standard copier
paper. Holes of various diameters are machined
into the two plates. A rough measure of over-
pressure can be determined if the paper exhibits
shear at the circumference of a given hole size.
Lower pressures cause shear only at the larger
holes. Higher overpressures cause shear to oc-
cur at smaller holes. This gauge is no longer
produced by the Anderson Effects Company
but is now produced by the Defense Technol-
ogy Corporation of Casper Wyoming.

The extrapolation of the Blast Gauge cali-
bration to a smaller hole as used in Test 6 fol-
lows the calculation of R.C. Miller.”’ Consider
a hole in the plate of diameter d, the force on
the paper within the hole is the differential
pressure (p) multiplied by the area of the hole
and when the paper yields, the opposing force is
the perimeter of the hole multiplied by the shear
strength (s) per unit length of the paper, thus

rd’
ep=rdes
4 p
or simply,
_as
P

If the maximum and minimum pressures of a
given hole are plotted as functions of the recip-
rocal of the hole diameter in inches, a linear
relationship is obtained which fits the minimum
strength values for a shear strength value of the
paper of 0.8125 pounds/inch. The minimum
strength values can thereby be extrapolated to
smaller holes with some confidence, although
shadowing by the hole of the paper and accu-
racy of fit between the two plates will limit this
extrapolation at some size (one would expect
the extrapolation to yield conservative values
for the minimum strength). The maximum val-
ues for a given hole size do not follow such a
simple relationship and are probably the highest
observed values in a series of tests.

During the latest tests it became apparent
that the Anderson Blasgage is not a reliable in-
dicator of performance of the fuel-air salute. To
obtain shear on the gauge, it must be located
within the burning explosion zone of the fuel-
air salute, which can exceed ten feet in diame-
ter. It is therefore in the “near field” region of
the explosion and inhomogenieties in the shape
of the explosion will produce variations in read-
ings. It is desirable to use a pressure gauge in
the “far field” region, where these effects are
averaged out. Hopefully such gauges can be
used in further experiments.
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Pyrotechnic Whistles

NOTE: This article originally appeared in
Fourth Symposium (International) on Combustion, 1952.

W. R. Maxwell

Introduction

The fact that certain pyrotechnic composi-
tions when pressed into a tube and ignited burn
with a loud whistling noise has been known and
used by firework manufacturers for many years.
The two compositions most widely employed
appear to be (a) a mixture of dry powdered po-
tassium picrate and potassium nitrate in the
proportions of about 60/40 and (b) a mixture of
powdered gallic acid and potassium chlorate in
the proportions 25/75. Whistling compositions
have occasionally been used for military pur-
poses. Thus in World War II the Germans had a
whistling cartridge (pfeif-patrone) for signaling
and the Canadians used a whistling thunder-
flash for training purposes. In October, 1943,
the author was instructed to investigate in col-
laboration with the Admiralty the use of pyro-
technic whistles burning under water as a pos-
sible counter measure to the acoustic homing
torpedo then being used by the Germans. As
little was known about the factors influencing
the intensity and frequency of the sound made
by pyrotechnic whistles or their mode of action
an investigation into this subject was made and
is described in the present paper. A number of
measurements were also made on pyrotechnic
whistles burning under water, but as they are
mainly of acoustical interest only, they will be
dealt with very briefly.

Measurement of Frequency

The measurement of the main component of
the frequency was accomplished by means of a
Rothermel BR 2S crystal microphone connected
through an amplifier detector and driver ampli-
fier to the Y-plates of a cathode ray tube. The
X-plates of the tube were connected to an am-
plified time base. This time base was usually set
to traverse the tube in about one five hundredth
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of a second by connecting the input from a
thousand cycle tuning fork oscillator to the Y-
plates and adjusting so as to get the required
number of waves on the screen. The time base
could be locked to the incoming signal from the
microphone so that the nearest whole number of
waves appeared on the screen. These waves
could be counted and the fundamental fre-
quency of the whistle determined. To determine
the frequency more exactly or to examine the
wave-form for the presence of harmonics the
time base was not used but the wave-form was
obtained by photographing the movement of the
oscillograph spot on a rotating drum camera. To
get a record of the wave-form for an apprecia-
ble length of time the shift knob on the oscil-
lograph was turned so as to move the spot
across the screen while taking the record so that
a spiral trace was obtained. Immediately before
or immediately after taking a record a time base
was put on near one edge of the paper by means
of the fork oscillator.

Measurement of Intensity

The amplifier detector unit to which the
crystal microphone was connected contained a
rectification stage which could be switched into
the circuit when it was desired to measure the
intensity. The output in millivolts was then pro-
portional to the root mean square pressure in
the sound wave and the intensity was propor-
tional to the square of this value. The instru-
ment was fitted with a sensitivity switch so as
to cover different ranges of intensity, the output
was fed into an oscillograph unit and the mo-
tion of the spot photographed on a drum cam-
era. A record from a time marker giving ten
marks per second was obtained at the same
time. The amplifier detector was fitted with a
calibrating switch which enabled a known volt-
age to be applied to the oscillograph where the
deflection of the spot was recorded by the drum
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camera. Since the sensitivity of the microphone
and the characteristics of the instrument were
known, the value of the calibrating pulse in
terms of RMS (root mean square) dynes/cm’
could be calculated. The output from whistles
of the coachman's lamp type (see below) was
usually fairly constant, and the mean intensity
could then be taken as proportional to the mean
value of the root mean square pressure which
was obtained by integrating the record with a
planimeter.

It was found that, to obtain consistent re-
sults, measurements designed to investigate any
particular effect had to be carried out on the
same day under the same conditions; also if the
effect of some physical factor such as tube di-
ameter was being investigated for a particular
composition then the composition used had to
be all from the same batch and preferably con-
solidated at the same time. Similarly the ingre-
dients of compositions containing varying pro-
portions had to come from the same batch.
Unless all these precautions were taken, incon-
sistencies which might amount to several hun-
dred per cent were likely to be experienced. All
measurements described in this paper were
made over grassland with the micro-phone and
whistle at a height of about 5 ft above the
ground.

Variation of Frequency
with Tube Length

When a tube filled with a whistling compo-
sition is burned in air it is obvious to the ear
that the frequency of the main component of the
sound falls continuously as the length of the
tube above it increases. To study this effect
quantitatively it is necessary, or at any rate very
convenient, to use whistles in which the length
of the tube above the burning composition re-
mains constant. This is most easily achieved by
using a principle similar to that employed in the
old-fashioned coachman's lamp and can be
most readily understood by reference to Figure
1. It was necessary to coat the pellets of whis-
tling composition very carefully in order to pre-
vent ignition down the sides and consequent
explosion. The method which was extensively
used for this purpose consisted of coating the
cylindrical surface of the pellets with three

Page 38

coats of enamel paint followed by two layers of
insulating tape and then a layer of lassolastic
tape to give a smooth finish. In addition, a layer
of clay was usually pressed at the bottom of the
pellet to prevent ignition at the base end. The
three knife edges against which the pellet
pressed were necessary to cut through the
charred remains of the coating materials.

Knife
Edge

')

Pellet of — |
Whistling
Composition

\Clay

Figure. 1. Constant frequency whistle using
principle of coachman's lamp.

The determination of the frequencies pro-
duced by different tube lengths were carried out
with the following composition (120 BS means
that the powdered material had all passed
through a 120 BS sieve).

Potassium benzoate, 120 BS 30 parts

Potassium perchlorate, 120 BS 70 parts

Two diameters of steel tubing were used and
the result are shown in Figure 2. It will be seen
that except for short lengths the frequency is
approximately inversely proportional to the
length of tube above the composition. The
acoustic system is thus similar to that in an
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open organ pipe. It is a coupled system in
which the frequency is controlled mainly by the
length of the resonance tube above the burning
composition. The frequency is not exactly in-
versely proportional to the length of tube, but
there is an end correction as with an organ pipe.
This end effect becomes of major importance
for short lengths of tube. For an organ pipe the
correction for a tube of radius R is 0.786R
(Helmholtz) or 0.824R (Rayleigh), the tube be-
ing assumed to have an infinite flange. For py-
rotechnic whistles the correction is more com-
plicated, but it is greater, the greater the diame-
ter of the tube. When the length of the tube falls
below a certain value, the composition ceases to
whistle. The critical whistling frequency varies
somewhat with the composition. For the com-
position containing 30 parts of potassium ben-
zoate and 70 parts of potassium perchlorate this
frequency is about 5000 cycles/sec and for most
other compositions is below this value. No
composition which will whistle at an apprecia-
bly higher frequency than this is known to the
author.

Pot. Perchlorate 120 BS 70 Parts
Pot. Benzoate120 BS 30 Parts

® In1.9”ID Steel Tube in Air
m In 0.93” ID Steel Tube in Air

L]

L]

-

Tube Length (Inches)

0.6 0.8x 103

0.2 0.4 i
1/Frequency

Figure. 2. Effect of tube length on frequency.
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Variation of Frequency
with Composition

Since the resonating frequency of a tube is
dependent on the velocity of sound in the gas in
the tube it is to be expected that any change in
the ingredients or in the proportion of the in-
gredients of a whistling composition will lead
to a change in the frequency given by a definite
tube length, because the composition of the
products of combustion and probably the tem-
perature will be different. This variation has
been experimentally verified. For example a
composition consisting of 70 parts of potassium
2:4 dinitrophenate and 30 parts of potassium
nitrate gave a frequency of 2380 cycles/sec
when burned in a coachman's lamp type tube,
0.93 inches in diameter and with 1.52 inches of
tube above the burning surface. Whilst a com-
position consisting of 70 parts of potassium
perchlorate and 30 parts of potassium benzoate
when burned under the same conditions gave a
frequency of 2700 cycles/sec.

Effect of Frequency
on Rate of Burning

If a composition is ignited in a tube which is
too short for it to whistle in, it burns at a rate
appreciably greater than it would do if it whis-
tled. This effect can be simply demonstrated by
pressing 4 g of 70/30 potassium perchlorate/
potassium benzoate composition already re-
ferred to into each of two half-inch diameter
tubes three inches long under a dead load of
two tons, so that the composition is 0.10 inch
down the tube at the one end (Figure 3). If the
two tubes are lit from different ends, it will be
found that the tube which whistles (i.e., the one
in which the composition was ignited at the end
furthest in the tube) takes about 1.4 times as
long to burn as the one which does not whistle.
Some such effect as this might be expected
since, as will be shown later, the whistling
composition in all probability stops and starts
burning alternately so that it is burning for only
a part of the time. The difference between the
two rates is not nearly so great when the whistle
is burning at high frequency. The marked dif-
ference between the whistling and non whis-
tling flames is apparent from the photograph
shown in Figure 4.
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NON-WHISTLING - WHISTLING

e
1INCH

Figure 3. Experiment to show that a whistling
composition burns faster under conditions
when it cannot whistle.

The effect of the frequency of the whistle on
the rate of burning of the composition was in-
vestigated by burning short lengths at various
depths in a 0.93 inch diameter steel tube. The
frequency corresponding to any particular depth
was taken as the mean between the values cor-
responding to the top and bottom of the compo-
sition determined from the curve in Figure 2.
The results are plotted in Figure 5. It will be
seen that the composition burns fastest at high
frequencies and that the rate of burning changes
much more slowly with frequency at low fre-
quencies.

Acoustic Output
of Pyrotechnic Whistles

If the RMS pressure is measured at a con-
siderable distance from the source, the energy
flow per unit of surface can be regarded as be-
ing the same as for a plane wave, i.e. = Y4(dp
max)’/pc, where ¢p max is the maximum varia-
tion in pressure in the wave, p is the density of
the air and ¢ the velocity of sound in air.

The total energy output of the whistle, if it is
assumed that all the sound which strikes the
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Figure 4. Photographs of whistling and non-
whistling flames (Exposure time ca 1/50 sec).
Left: Whistling. Right: Non-whistling.

ground is absorbed (which is not true, but the
error introduced should be fairly constant)

_ 4zr* (8 pmax)’
2pc

It is the RMS pressure dp RMS which is ac-
tually measured, and since

@

i

= Two Separate Points [
ip Rate for Composition when |
1 Not Whistling = 3.7 secfinch |

™

Reciprocal Rate of Burning (Sec/Inch)
=

w

1000 2000 3000 4000
Effect of Frequency (Cycles/Second) on Rate of Burning

Figure 5. Effect of frequency (cycles/second)
on rate of burning.
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(p RMS)* = 1/2(dp max)’
then
47r* (JpRMS)?
e

Output =

If the above terms are expressed in CGS
units, the output is obtained in ergs/sec. This
gives an inconveniently large number, and it is
usual to convert it to watts by dividing by 107
Most of the intensity measurements were made
at a distance of 20 ft from the whistle.

Variation of Output
with Diameter of Tube

The output of a number of whistles made by
pressing the same composition into a series of
steel tubes of different diameters was measured.
The tubes were all four inches long and the
composition was pressed to within 1.5 inches of
the open end of the tube. The results are given
in Table 1 and plotted in Figure 6. The compo-
sition used consisted of 30 parts of potassium
benzoate and 70 parts of potassium perchlorate.
From elementary reasoning it might be consid-
ered that the output would be proportional to
the square of the diameter of the tube (i.e., the
surface area of the burning composition) or,
what is the same thing, the amount of composi-
tion consumed per second. In actual fact it will
be seen that over the range of tube diameters
investigated it varies approximately as the cube
of the diameter.

Output {Wats) x 1.80 021

Log (Tube Dia. in Inches x 10)

0 05 10 15 20 CT T
Log (Qutput in Watts x 10)

Figure 6. Effect of tube diameter on acoustic
output.
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Table 1.
Tube Wall RMS Pressure

Diameter | Thickness at 20 ft Output

in. in. dynes/sq cm | watts

3.01 0.08 — 0.09 72.0 57.6
1.9 0.048 36.3 14.6
1.16 0.048 14.0 2.18
0.94 0.03 10.0 1.11
0.64 0.03 7.3 0.592
0.34 0.03 3.59 0.143

The composition used in the above experi-
ments was found to whistle in steel tubes of as
low a diameter as 0.2 inches.

Quality of the Sound
from Tubes of Different Diameter

The notes obtained from whistles of diame-
ter not greatly exceeding one inch were in gen-
eral very pure and the wave-forms obtained
from the oscillograph record or direct observa-
tion on a cathode ray tube with synchronised
time base were sinusoidal. An exception was
furnished by a composition containing 70 parts
of potassium 2:4 dinitrophenate and 30 parts of
potassium nitrate which in a “coachman’s
lamp” type of tube 0.93 inch in diameter gave a
peculiar wave-form with alternate high and low
peaks (frequency 2380). The notes obtained
from larger whistles of diameter approximately
three inches were very raucous and the wave-
form was no longer purely sinusoidal but very
irregular in shape.

Effect of Material of Tube on Output

Several different materials including alumi-
num and bakelised paper were used for the
tubes, but they made little difference to the out-
put.
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Variation of Output
with Proportion of Ingredients

A series of compositions containing differ-
ent proportions of potassium benzoate and po-
tassium perchlorate were burned in a coach-
man’s lamp type of whistle with a constant
length of resonating tube and the output meas-
ured. The results are plotted in Figure 7 to-
gether with a rate of burning curve. It will be
seen that the proportions of ingredients for the
maximum output are quite critical. The maxi-
mum output does not correspond to the maxi-
mum rate of burning, but the proportions of the
ingredients are quite close to those required for
complete combustion.

40 |

| 0.983 inch Dia. Tube with 1.52 inches / B8 |
above Surface of Composition | 1
/" ‘7L\ !

20 0 &
% Potassium Benzoate

- pol
w

(sespyour) Bupung jo ajey

w
o

2
]

Output (Watts)

ia
J

50

Figure 7. Effect of proportion of ingredients of

acoustic output. [Ed. Note: The text on the line

at about 29% Potassium Benzoate is

4 CsH;COOK-3H,O+ 15 KCIO; — 26 CO, +
22 H,O + 2 K,CO; + 15 KCL]

Photography of Flames
of Pyrotechnic Whistles

A photograph of a pyrotechnic whistle taken
in a rotating mirror of the Wheatstone type is
shown in Figure 8. The intermittent nature of
the flame is clearly visible. A sequence of direct
photographs of a pyrotechnic whistle taken on a
special form of high speed camera is shown in
Figure 9. In order to increase the light output
from the flame so that a good image could be
obtained with very short exposure time, the po-
tassium benzoate/potassium perchlorate mixture
was modified slightly by the inclusion of 5 per-
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Figure 8. Photograph of pyrotechnic whistle
in rotating mirror.

cent of fine magnesium powder. The composi-
tion was pressed to a depth of two inches in a
steel tube about 1 inch in diameter and 8 inches
long. The whistling frequency was about 1000
cycles/sec and the photographs were taken at
about 1500 frames a second with an exposure
time of approximately 1/25000 sec. In order to
try to get some information on the movement of
the flame inside the tube, a narrow longitudinal
slot 0.03 inch wide was cut in the wall of a
whistle of the above type from the top of the
tube almost to the surface of the composition
and the burning whistle photographed on a
drum camera. A portion of the record is shown
in Figure 10. It is clear from this that the inter-
mittent flame starts at or very near to the sur-
face of the composition.

Top of Tube
Band Around

ube =

- 0.3in

[ 15

—
Bottom of Matrix
of Film

Bottomn of Slit

Figure 10. Drum camera photograph of a
whistle with a slit in tube.
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Figure 9. High speed photographs of flame of pyrotechnic whistle.

Effect of Crystal Size of Ingredients

The general effect of crystal size was not in-
vestigated. The compositions consisting of po-
tassium perchlorate 70 parts / potassium benzo-
ate 30 parts and also potassium dinitrophenate
70 parts / potassium nitrate 30 parts were found
to whistle either much more faintly or not at all
if either of the ingredients were only coarsely

ground. One series of experiments with the lat-
ter composition gave the following results [See
Table 2]. The batches of composition were
pressed in half-inch diameter steel tubes under a
dead load of two tons. The length of the column
of composition was about 1.5 inches and the
initial depth of the burning surface from the top
of the tube about 1.25 inches.

Table 2. Effect of Crystal Size.

Potassium Potassium Reciprocal
Dinitrophenate Nitrate Rate of Whistling
Particle Size Particle Size Burning Properties
P_assmg aNo. 120 BS P_asslng aNo. 120 BS 3.0 sec/in Composition whistled strongly
sieve sieve
Passing a No. 25 BS, . - .
retained on a No. 40 P_assmg ano. 120 BS 3.0 sec/in Composmgn whistled some-
. sieve what less intensely than A
BS sieve
. Passing a No. 25 BS,
P.assmg aNo. 120 BS retained on a No. 40 | 3.5 sec/in Low intensity whistle
sieve .
BS sieve
Passing a No. 25 BS, | Passing a No. 25 BS, Verv low intensity whistle. iust
retained on a No. 40 retained on a No. 40 | 4.3 sec/in Ty ; y ')
. . faintly audible
BS sieve BS sieve
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The Effect of Lowering
the Pressure on the Rate of Burning
of Pyrotechnic Whistles

The effect of reducing the atmospheric pres-
sure on the burning of pyrotechnic whistles
filled potassium perchlorate 70 parts, potassium
benzoate 30 parts, was examined down to a
pressure of 10 inches of mercury. The composi-
tions continued to whistle down to this pressure
and the rate of burning decreased as shown in
Figure 11 where the reciprocal of the rate of
burning is plotted against the pressure.

o
(=]

........ Potassium Perchlorate 120 BS 70 Parls
., Potassium Benzoate 120 BS 30 Parls

.| Composition burned in half Inch dia. tubes
initial depth of composition 1.52 in.

(inches of Mercury)
(=]

(=1

Pressure

6 7 e
Reciprocal Rate of Burning (sec/inch)

Figure 11. Effect of pressure on the rate of
burning of a whistling composition.

Effect of Spin
on Whistling Compositions

It is a well known fact that many pyrotech-
nic compositions when spun about on axis per-
pendicular to the plane of the burning surface,
burn considerably more rapidly. The effect can
be explained as due to an increase in burning
area resulting from the action of centrifugal
force on molten reactants in the burning sur-
face. Compositions which burn with a solid sur-
face do not show the effect. A number of shell
tracer bodies consisting essentially of a thick
walled tube of 0.375 inch internal diameter
were filled with the potassium perchlorate / po-
tassium benzoate composition and spun about
their longitudinal axis in an electric spinning
machine at speeds up to 30,000 rpm. The spin
had no appreciable effect on the rate of burning
and the composition whistled normally at all
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speeds of rotation. It can therefore, be con-
cluded that the burning surface is solid.

The Mechanism of Burning
of Pyrotechnic Whistles

It can be inferred and it has been proved
above that a whistling composition burns in-
termittently. Every time the surface is ignited a
wave of condensation passes down the tube and
is reflected as a wave of rarefaction from the
open end. This wave of rarefaction strikes the
surface of the composition where it is reflected
without change of phase back to the mouth of
the tube. At the mouth of the tube it is reflected
with change of phase, i.e., as a wave of conden-
sation and travels down to the surface of the
composition. It is evident that it is these waves
of condensation and rarefaction which cause the
composition to burn intermittently, but the ex-
act mechanism is not clear. The variation in
pressure which they produced on the surface of
the composition are quite small (usually a few
ounces per square inch and at the most one or
two pounds per square inch) and cannot account
for the violent fluctuations in the rate of burn-
ing by the simple effect of pressure on rate of
burning which is normally observed with pro-
pellants and other compositions, since the rate
of burning of whistling compositions is not ab-
normally sensitive to pressure. Now, as already
mentioned, the fact that spin has no significant
effect on the rate of burning of whistling com-
positions suggests that they burn with a solid
surface. This is confirmed by the almost com-
plete lack of solid residue in the tube of a burnt
out whistle. Further, whistling compositions are
porous since they consist of consolidated crys-
tals. There would thus appear to be some con-
nections between whistling power and the pres-
ence of a solid porous' burning surface com-

! Wax would be expected to destroy the porosity of
the surface and thus reduce the power to whistle. A
small proportion of wax in the composition does in
fact have the effect of reducing the power to whistle
— the greater the proportion of wax the lower the
frequency at which whistling commences. Unfortu-
nately wax also has the normal effect of reducing the
rate of burning, and slow burning compositions only
whistle at low frequencies. It is difficult to separate
the two effects.
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posed of fine crystals. (It will be recalled that
compositions containing only coarse crystals do
not whistle satisfactorily.) All whistling compo-
sitions known to the author contain a chlorate, a
perchlorate or the salt of an organic acid, and
small crystals of one or other of the ingredients
will be found to decrepitate in a flame. On the
basis of these facts it is suggested that the
mechanism of combustion of pyrotechnic whis-
tles is roughly as follows. The combustion of a
whistling composition whether in a tube or in
the form of a pellet involves the explosion of
crystals as an essential part of the process. If the
composition is not contained in a suitable tube,
these crystals will explode in a random fashion
and the products of combustion will flow from
the surface at a uniform rate and no definite
note or indeed any sound of appreciable inten-
sity will result. If, however, the composition is
contained in a suitable resonating tube, the
flame will be forced in and out of the surface by
alternate waves of compression and rarefaction
and every time it is forced into the surface a
fresh mass of crystals will explode.

Reaction of Pyrotechnic Whistles

It had been observed in the course of the
work described in the present paper that pyro-
technic whistles pressed in light tubes tended to
wander about if knocked over on their side and
to possess a reaction greater than would be ob-
tained from an ordinary pyrotechnic composi-
tion burning at a comparable speed. Accord-
ingly some measurements were made on the
reaction of such whistles. The apparatus em-
ployed consisted of a small condenser gauge
dynamometer used in conjunction with a cath-
ode ray oscillograph and a drum camera. The
whistles were fired vertically and since the re-
action must alternate between positive and
negative and the instrument could not record
the negative reaction, it was necessary to
weight the whistle so that the total downward
force was always positive. As would be ex-
pected the mean resultant reaction is positive
and can be measured by putting a suitable low
pass filter into the electrical recording circuit. It
was found that this resultant reaction first in-
creased directly with the length of the resonat-
ing tube, or inversely with the frequency, and
then became steady. The potassium perchlorate
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/ potassium benzoate mixture pressed in a steel
tube, 1.9 inches in diameter gave a resultant
reaction of about 6.4 oz for a tube length of 1.5
inches and 20.2 oz for a tube length of ap-
proximately 3.5 inches. There appeared to be no
significant increase in thrust with a tube length
of 5.5 inches. A similar tube filled with gun
powder meal gave an almost steady reaction of
4.0 oz. The reaction for the gunpowder calcu-
lated from the momentum of the products,
which can be deduced approximately from
chemical and thermal data, was 3.6 oz so that
agreement between theory and practice is quite
good. The corresponding reaction for the potas-
sium chlorate/potassium benzoate composition
burning smoothly (i.e., without whistling) at the
same rate as when whistling was calculated to
be 3.8 oz which is considerably less than that
observed. The detailed explanation of the reac-
tion is not simple. It is known that a resonator
exposed to a source of sound gives a resultant
thrust but this explanation is inadequate in the
present case.l"!

Most of the thrust probably arises from a
somewhat similar mechanism to that in the im-
pulse jet motor as fitted, for example, to the
German VI, except that combustion is inde-
pendent of a supply of atmospheric air. The
rapidity with which the composition burns at
each impulse causes the pressure inside the tube
to build up above atmospheric, owing to the
inertia of the gases above the composition; the
subsequent expansion of the combustion prod-
ucts results in their having a greater momentum
than in smooth combustion. After each impulse
the pressure inside the tube will fall below at-
mospheric and result in a negative reaction. The
theory of reaction due to a pulsating gas stream
is of interest in a negative reaction. The theory
of reaction due to a pulsating gas stream is of
interest in connection with the back pressure in
the exhaust pipes of internal combustion en-
gines and has been investigated to some extent
from this point of view.™
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The Burning of Pyrotechnic
Whistles under Water

This aspect of the work on pyrotechnic
whistles will only be mentioned briefly. It was
soon established that several pyrotechnic com-
positions when pressed in open tubes of the
same type as those used in experiments in air,
would burn under water. When a whistle burns
under water, it can be distinctly heard above the
surface, although the intensity is greatly re-
duced: (a) The low transmission coefficient be-
tween gas and water; (b) The low transmission
coefficient between water and air. The sound is
also changed in quality for it is intermittent and
very much like the chirping of a canary. The
most probable explanation of this is that before
the tube of the whistle can behave as an open
ended pipe, there must be a certain volume of

gas surrounding the open end. But the gaseous
products of combustion escape in a series of
bubbles so that the end conditions vary con-
tinuously and are frequently not satisfactory for
resonance. The problems of getting the best end
conditions formed part of the wider problem of
getting the maximum amount of sound energy
with the correct frequency distribution into the
water, but this will not be dealt with here.

References

1) J.W.S. Rayleigh, Theory of Sound, Vol. 2,
Dover, 1945, p 42.

2) H. Martin, Auto-Technische Zeit, Vol. 10,
1935, p 243.
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Events Calendar

Pyrotechnics

23" Annual Conference on Explosives and
Blasting Technique

February 2 — 5 1997, Las Vegas, NV, USA

Contact: Int’l Soc. Explosives Engineers
29100 Aurora Road.
Cleveland, OH 44139 USA

Phone: 216-349-4004
FAX: 216-349-3788

American Defence Preparedness Association
(ADPA) Pyrotechnics Section — in conjunction
with Munitions Technology Symposium IV
and Statistical Process Control Meeting
February 10-12, 1997, Reno, Nevada, USA.

Contact: Jason Burkett
Olin Ordinance

10101 9th St. N.

St. Petersburg, FL 33716

Phone: 813-578-8280
FAX: 813-578-8146

e-mail: Bullet Dr@aol.com [Yes, it is a space.]

John Conkling — 1997 — One-Week Seminars
Normally the last of July and first of August.

Contact: Dr. John Conkling
Summer Pyrotechnic Seminars, P.O. Box 213
Chestertown, MD 21620 USA

Phone: 410-778-6825
FAX: 410-778-5013

Explosive Technology and Modeling
[Note: Several explosives courses are offered. ]
September 15-19, 1997, Santa Fe, NM USA

Contact: Computational Mechanics Associates
PO Box 11314, Baltimore, MD 21239 USA

Phone: 410-532-3260
FAX: 410-532-3261
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23" International Pyrotechnics Seminar
September 30—October 4, 1997, Tsukuba, Japan
Contact: Prof. Tadao Yoshida

College of Engineering of Hosei University

3 — 7 — 2 Kajino—cho, Koganei—shi

Tokyo 184 Japan

Phone: +81-423-87-6132
FAX: +81-423-87-6381

Fireworks

Benson & Hedges International Fireworks
Competition in Montreal, Canada — 1997

Dates and Competitors.

June 7 Igual, Spain

June 14 Brezac, France

June 21 JNS, Holland

June 28 Gunter Vogler, Austria

July 5 Weco, Germany

July 9 IPON, Italy

July 13 Fiatlux, Canada

July 16 Rozzi, USA

July 20  Closing by Panzera of Spain
Contact: AMARC
Ile Notre-Dame
Montreal, Quebec H3C 1A9 Canada
Phone: 514-872-6241
FAX: 514-872-8711

Symphony of Fire — Fireworks Displays
Toronto, Canada 1997 Schedule:

Not Available

Vancouver, Canada 1997 Schedule:

Not Available

Contact: Frank Furtado
3054 Lacombe
Montreal, Quebec H3T 1L4 Canada

Phone: 514-866-3335
FAX: 514-398-9287
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Pyrotechnics Guild International Conv.

August 10-15, 1997, Cedar Rapids, IA USA

Contact: Monte Whitlock, Chairman
1620 Twin Valley Drive
Solon, IA 52333-9320 USA

Phone: 319-848-4075

e-mail: montedw(@aol.com

Western Winter Blast

February 14-16,1997,Lake Havasu, Ariz. USA

Contact: Western Pyrotechnic Association
2230 Aralia Street
Newport Beach, CA 92660 USA

Phone/FAX: none listed

High Power Rocketry

LDRS

Not Available Yet
Contact: Jim Conn
Phone: 803-831-0979

Model Rocketry

ECRM - 34

April 12-13, 1997, Middletown, NJ USA
Contact: Tom Lyon

Phone: 812-536-5291

e-mail: 74640.407@compuserve.com
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