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Analysis of underwater explosion gas products of aluminum/

potassium chlorate mixtures

Tadahiro AOCHI", Takehiro MATSUNAGA®, Yoshio NAKAYAMA®,
Mitsuaki IIDA", Atsumi MIYAKE™ , and Terushige OGAWA™

A balloon test was carried out using the aluminum/potassium chlorate mixtures, and
the underwater gas products were analyzed, in order to understand the underwater explosion
phenomena of aluminum and oxidizer compositions of fireworks and to reveal the effects
of morphology and contents of aluminum upon the bubble energy released by underwater
explosion. As a result, a remarkable amount of hydrogen was detected and it was found that
part of the aluminum powders in the sample mixtures reacted with the surrounding water.
However, no correlation was found between the amount of hydrogen and the bubble energies
obtained by the underwater explosion test. Thus, the reaction of aluminum with water should

give a small contribution to the bubble energy

1. Introduction
Aluminum and oxidizer compositions have
been widely used for fireworks, however, these
compositions have been involved in a large
number of serious accidents in the firework
industries. In order to prevent and reduce the
number of accidents and to minimize the damage
due to undesired explosions in firework factories,
the quantitative information about the explosion
properties of pyrotechnic compositions containing
aluminum powder and the safety evaluation on it
are required.
In previous papers, in order to evaluate the
explosion strength of firework compositions which
contain potassium chlorate mixed with different
kinds of aluminum, an underwater explosion test
was carried out”™. It was found that the shock
and bubble energies produced by these mixtures
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were strongly influenced by the morphology of
the aluminum powder and the energy releases of
the AVKCIO; mixtures depended on the bubble
energy compared to the shock energy. The
maximum bubble energy value evaluated was at
amount of 180% of that of TNT for a 50wt.%
atomized aluminum content.

It is known that the explosives containing
aluminum produce a large amount of bubble
energies in the underwater explosion test,
although the amount of the shock energy is
not so large. Stmse showed the possibility of
overestimating the bubble energy due to the
reaction of aluminum in the sample and
surrounding water in which releases hydrogen®.
However, the reaction of aluminum with the
surrounding water has not been experimentally
verified and the influence of the hydrogen on
the bubble energy has not been quantitatively
estimated either. In this paper, in order to
understand the underwater explosion phenome-
non of aluminum and oxidizer compositions and to
reveal the effects of morphology and contents of
aluminum upon the bubble energy released by
underwater explosion, the gas products of the
AVKCIO, mixtures were collected by a balloon and
analyzed with the gas chromatography.
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2. Experimental
2. 1 Materials

Table 1 shows the materials used in this study.
The materials included flake aluminum [Al(f)]
coated with stearic acid, atomized aluminum
[Al(a)] spheroidal particles, and potassium
chlorate [KCIO,] pyrotechnic grade. Their
average particle diameters (and specific surface
area) were 30 #m (3.556m%g), 20#m (0.71m%g),
and 70 #m (0.27m?%g), respectively. All purities
were greater than 99%. Both aluminums were
manufactured by Nakatsuka Kinzoku Hakufun
Kogyo Co., Ltd. Potassium chlorate was manu-
factured by Eka Nobel Elektrokemi. All
materials had been stored in dry air at room
temperature. The sample was mixed in a
rotating mixing machine to form the binary
mixtures. The theoretical zero oxygen balance
for the AVKCIO, mixtures is a 30wt.% aluminum
content.

2. 2 Balloon test
The balloon test was developed as a method to
trap not only the solid reaction products but also
the gaseous and dissolved products from the
underwater explosion®®.  The experimental
arrangement of the balloon test is shown in Fig. 1.
A flexible natural rubber balloon made originally
for weather observations with the radius of 0.31m
and 0.2kg weight (manufactured by The Weather
Balloon mfg. (Kikyu Seisakusho) Co., Ltd., Tokyo,
Japan) was filled with about 0.125m*® water and
was suspended by wire in water-filled cylindrical
open-topped firing tank with a diameter of 1.06m
and a depth of 1.22m. A 1.5g test sample was
loaded in a polyethylene vessel (diameter of
8.8mm and depth of 46.8mm) and a No.6
detonator was inserted into the vessel as shown in
Fig. 2. The charge was suspended within the
water in the balloon and placed as close as
possible to the center of the balloon. The balloon
was purged of any air bubbles and plugged with a
silicone rubber stopper. The balloons were washed
prior to the tests to remove the talc which were
coated on the internal surface on the balloon
during manufacturing.

When the amount of sample was less than
1.5 g, the balloon oscillated with the explosion
bubble, but did not rupture. All gaseous
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Table 1 Samples used in this study
Al cont
Oxidizer Al [S&n%?nt
KCIO Al(D)* 10,30,50
: Al(a)* 10,30,50
Al(f)* : flake aluminum
Al(a)* : atomized aluminum
Electrode Tlgnition device
Polycarbonate pipe Silicon rubber plug
Support rod PVC pipe
W
ater level\\ /Sample vessel
A | /
Ground level [\—=

)

Suspension wire Natural rubber balloon
Cylindrical pool (r=0.31m, water 0.125m3)

(¢=1.06m, d=1.22m, water Im?)
Fig. 1 Samples used in this study

___

Epoxy resin
\

Specimen (1.5g)

! /No.é detonator
Al

Polyethylene vessel
(¢=8.8mm, 1=46.8mm)

Fig. 2 Conditions for gas chromatography
analysis
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products of the explosion were trapped inside
the balloon. After the total gas volume was
measured using a 1000 ml graduated cylinder,
a part of gaseous products were captured in a
gas-sampling bottle for analysis. Product gases
were analyzed by GC/TCD (Shimadzu Co., Ltd.,
GC6AM). Table 2 shows the conditions used
to perform the analysis. ‘

The ultimate purpose of the balloon test was
to obtain data on the explosion of aluminum/
oxidizer mixtures. In order to establish an
experimental baseline, the initial test was
performed using CHNO explosives. A No.6
detonator was chosen as the standard charge
for calibration because it is easy to deal with
and the detonation of the explosives inside
the detonator is not easily influenced by
the external conditions. Moreover, most of the
explosion products do not chemically react with
the surrounding water. The No.6 detonator
used in this experiment consists of 0.2g of
DDNP and 0.4g of tetryl.

2. 3 Underwater explosion test

The experimental arrangement was almost
the same as that for the underwater explosion
test given in previous papers" ™. The test was
carried out in a round pool with a diameter of
8m and a depth of 5m. The charges were placed

at a depth of 2.0m, and 0.5m from a tourmaline
piezoelectric gauge.
the shock waves and the bubble pulses were
measured with the gauge and the pressure-time
histories from the gauge were recorded with A/D
converter connected to a personal computer.

The pressure profiles of

A 1.5g test sample was loaded in a polyethylene
vessel the same as that of the balloon test and
was ignited by the No.6 detonator. The shock
energy (E) and the bubble energy (E) were
determined in the same way as shown in a
previous paper”.

3. Results and Discussion
3. 1 Underwater explosion gas products of the
Al/KCIO, mixtures

The total gas volume and the ratio of each
component obtained from the balloon tests of a
detonator and of the sample charges (1.5g of
AVKCIO, mixtures detonated by a detonator) are
shown in Table 3. Five gas products were
selected for our experiment, such as hydrogen
(H), oxygen (0,), nitrogen (N,), carbon
monoxide (CO), and carbon dioxide (CO,).

In order to estimate the amount of leakage
of the gas products and the contamination to
the sampling gas, material balances between
the calculated values from the compositions of
explosives in the detonator and the elements

Table 2 Conditions for gas chromatography analysis

H, Analysis Column Molecular Sieve 5A
Carrier Gas N2, 40m}/min
Sample mass 0.5ml
Temperature 40%C

CO, Analysis Column Porapak N
Carrier Gas He, 40ml/min
Sample mass 1ml
Temperature 50C

All gases except H, and CO, Column Molecular Sieve 5A
Carrier Gas He, 40ml/min
Sample mass 1ml
Temperature 50C
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contained in the sampling gas were considered as
shown in Table 4. Concerning the results of the
detonator, although the amount of the carbon,
hydrogen and oxygen elements in the sampling
gas were less than those of the calculated values,
the amount of nitrogen showed a good agreement
with the calculated value. It is expected that
CO, dissolved in the water, hydrogen was
chemically converted into liquefied H,O, and
the carbon was chemically converted into solid

carbon. Concerning the results of the AVKCIO,
mixtures, the amount of N was 10~25% more
than the experimental values obtained from the
detonator. It was thought that there was some
contamination, such as air in the sample vessel
that gets into the sampling gas. The balance
of nitrogen is found to be useful to verify
the experimental success, because the sample
composition and the AVKCIO, mixtures does not
contain any nitrogen.

Table 3 Major underwater explosion gas products in the balloon test

Total gas volume Each gas products [vol %]
Sample [x 10-6 mll]

H, 0, N, CoO | co, | CH,

No.6 detonat 320 5.4 5.2 | 45.5 | 43.0 | 2.9 0.5

0.6 detonator 339 5.2 | 4.4 | 43.0 | 43.8 | 3.6 | 0.0

Al /KC10,=10/90 466 2.2 | 35.1 | 36.0 | 22.1 4.7 0.0

427 15.6 | 6.3 | 41.7 | 35.9 | 1.7 0.3

Al(D/KCI0.=30/70 433 22.9 | 3.7 | 37.5 | 34.2 1.7 0.0

598 30.5 | 3.7 | 28.6 | 32.8 | 3.6 0.2

Al(D/KC10.=50/50 587 36.2 | 2.7 | 212 | 3.8 | 1.8 | 0.0

Al(a) /KCl0,=10/90 435 2.0 | 28.2 | 37.5 | 25.1 3.2 0.0

467 19.0 | 4.8 | 36.4 | 34.1 2.4 0.0

Al(a) /KCI0,=30/70 445 a2 | 53 | 313 | 330 | 19 | 00

Al(a) /KC10,=50/50 612 37.6 | 4.8 | 30.3 | 290.4 | 18 0.0

Table 4 Material balances of underwater explosion gas products
Amount of each element [vol.%)]
Sample
P c H N o)

Calculated from a detonator 1.55x107? 8.87X107? 1.08%X10°? 1.59%107?

6.03X 10" 1.64% 10 1.18X10"? 7.70X 107

No.6 detonator 6.53X10"° 1.43X107? 1.18X10"? 8.22X10"°

Al{f) /KC10,=10/90 5. 08X 102 8. 18X 10"} 1.36X10"? 1.92%10"?

" 6.58x107* 5.63%x1073 1.45X107? 9.01x107?

Al(D/KC10,=30/70 §.33X 10" 8.04% 103 1.32X10"? 7.94% 107

8.89%X 103 1.50X10"? [.39X10"? 1.15%10?

Al(D/KC10,=50/50 8.23% 10~ 1.73% 10" 1.30X10"? 9.93% 10~

Al(a) /KC10,=10/90 4.99%102 7.00%X10™* 1.32X10" 1.55X 107
6.93X10"3 7.20X 103 1.38X10"! 9.90%X10°%

Al(a) /KC10,=30/70 §.32% 10 7.67%107 1.35% 10" 8.56 %10

-3 _ - _2

Al(a) /KC10,=50/50 7.74X10 1.87X107? 1.51%10"? 1.05%10
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Fig. 3 shows the influence of the aluminum
content and the morphology of the aluminum
particles on the total volume of gas products from
the explosion of 1.6g AVKClO, mixtures detonated
by the detonator. The plots in this figure show
the amount of gas products produced from both
the sample composition and the detonator used in
each experiment. It was found that there was
little difference in the total gas volume between
AI(H/KCIO; and Al(a)YKCIO, with the same
aluminum content. The total gas volume at 10
and 30wt.% aluminum content, i.e., positive
oxygen balance condition, was almost the same.
On the other hand, the total gas volume at
50wt.% aluminum content, i.e., negative oxygen
balance condition, was 30% more than those of 10
and 30wt.% aluminum content. Thus, the total
gas volume was significantly influenced by the
aluminum content and oxygen balances of the
samples.

Fig. 4 and 5 show the influence of the aluminum
content and the morphology of aluminum
particles on the amount of each gas product. Fig.4
shows the amount of N,, CO, and CO,. These
three products were considered to be produced
from the detonator used to ignite the sample.
Kato et al. suggested that the aluminum reacted
with N, as well as H,0 and CO, and the reactions
contributed to bubble energy release when

Oxygen balance [%]
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Fig. 3 Total gas volume obtained from the
balloon test of AVKCIO, mixtures
as a function of aluminum content
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emulsion explosive containing aluminum powder
were detonated underwater®. However, in our
study, the amount of N, did not change as the
aluminum content increased. As shown in
Table 4, the amount of N elements from explosion
is almost the same as that of the detonator.
Thus, in the underwater explosion of AVKCIO,
mixture, N, did not react with aluminum and
the other gaseous products from the detonator.
On the other hand, the amount of CO increased
with an increase in the aluminum content. This
is because the following reaction occurs as the
sample contains excess aluminum?.

2A1 + 3C0, — ALO, + 3CO 0

However, the amount of aluminum reacted with
CO, based on equation (1) is evaluated to be less
than 0.2%. Thus, in the balloon test of the
AVKCIO, mixtures, the reaction of aluminum with
N, and CO, from the detonator may be negligible.

Fig. 5 shows that the amount of O, in the
gas products was relatively high, at 10wt.%
aluminum content, i.e., positive oxygen balance
condition for both ANf)/KClO, and Al(a)/KClO,.
1t was considered that excess KClO, in the sample
thermally decomposed to produce O, and the
reaction was given as follows.

Oxygen balance [%)]
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=

[=]

£

<

0 e i)
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Fig. 4 Influence of aluminum content of the
amount of gas products (N,,C0,CO,)
obtained from the balloon test of
AVKCIO,; mixtures




Oxygen balance [%]

30 15 0 -15  -30
12 T T T T T

O A1 AKNKCIO,
10F | @A AlayKCIO,

Amount of gas products [X 10-3 mol]

0 10 20 30 40 50 60
Aluminum content [wt.%]

Fig. 5 Influence of aluminum content on
the amount of gas products (H,,0,)
obtaind from the balloon test of
AVKCIO,; mixtures

2KCIO,; — 2KCl + 30, (2)

Fig. 5 shows that H, was produced at the 30
and 50 wt.% aluminum contents, i.e., negative
oxygen balance conditions, and its amount
increased as the aluminum content increased.
It was clear that H, was produced from the
reaction of the aluminum in the sample with
the surrounding water because the sample
compositions did not contain hydrogen. The
reaction of aluminum with water is known and
the reaction schemes are very complicated, and
varied with the reaction temperature range'®"'.
Some reaction schemes have been suggested in
previous studies. It is considered that the
reactions of aluminum with water are basically
the same reaction as the hydration of aluminum.
Some possible reactions are as follows:

2A1 + 6H,0 — 2A1(0H), + 3H, (3)
2A1 + 4H,0 — 2AI100H + 3H, 4
2A1 + 3H,0 — ALQO, +3H, (5

It is expected that the main reaction follows
equation (3). It is known that the hydration of
aluminum occurs over 100, without an induction
period. The results of our experiment clarified
that part of aluminum powders in the sample
reacted with the surrounding water during
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the underwater explosion test and the reaction
produced a significant amount of hydrogen.

3. 2 The influence of the hydrogen on the bubble
energies of the Al/KCIO, mixtures

In order to confirm the influence of the
hydrogen from the reaction of aluminum with the
surrounding water on the bubble energies of the
AVKCIO, mixtures, the underwater explosion test
of a 1.5g test sample, which was loaded in a
polyethylene vessel that was the same as that of
the balloon test, was carried out. Fig. 6 shows
the influence of the morphology of the aluminum
particles on the shock energies of the explosion of
AVKCIO, mixtures as a function of aluminum
The shock energies of 1.5g of Al(fy/
KClO, showed a maximum value at 20wt.%
aluminum content, i.e., positive oxygen balance
condition. As the aluminum content increased,
the shock energies significantly decreased at
more than about 30wt.% aluminum content, i.e.,

content.

negative oxygen balance conditions. The trend of
shock energy change with aluminum content of
25g of Al(f)YKClO, was almost the same as that
of 1.5g of ANf)/KCIO,. The difference of shock
energies between 1.5¢ and 25¢g of the mixture may
be due to its low reactivity. On the other hand,
Al(a) mixed with KCIO, showed a maximum value
at 30wt.% aluminum content.

Oxygen balance [%]
05 20 0 -20 -40 -60
. ] ] ] L] I_ 60
o | 70 -z
. ~~A--2gAlQ) | |
= 04 .’l 8, —e—153a0| 1° =
5 ! Q| —a—155 A1) . .
— - (%]
— 03} 0 g
9 c:
g 430 &
% 02p g
2 420 E
7]
0.1 J10
0
00 80

Aluminum content [wt.%]

Fig. 6 Shock energies of AVKCIO; mixtures
as a function of aluminum content
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Oxygen balance [%]
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Fig. 7 Bubble energies of AVKCIO, mistures as
a function of aluminum content

There are two possible ways to cause a reaction
between aluminum and water. First, the unre-
acted aluminum powder with contacts water on
the surface of a bubble during the first bubble
oscillation. Second, the unreacted aluminum
powder contacts with water while the bubble
is rising to the surface after the first bubble
oscillation. If the first one is correct, there
should be a correlation between the amount of
hydrogen and the bubble energy. Fig. 7 shows
the influence of the morphology of the aluminum
particles on the bubble energies of the explosion of
AIVKCIO, mixtures as a function of aluminum
content. The bubble energies of Al(f) mixed with
KCl0, showed a maximum value at 25wt.%
aluminum content, i.e., positive oxygen balance
conditions. On the other hand, Al(a) mixed with
KCI0, showed a maximum value at 30~50wt.%
aluminum content, i.e., negative oxygen balance
conditions. It is clear that there is no correlation
between the amount of hydrogen determined by
the balloon test and the bubble energies.
Moreover, Fig. 8 shows the calculated conversion
ratio of aluminum in the sample to the reaction
with water and to the bubble energy. The
conversion ratio of aluminum with water is based
on the amount of hydrogen and equation (3).
The conversion ratio of aluminum to the bubble
energy is based on E,/AH. AH is based on the
following equation.
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Conversion ratio of aluminum

0.7
0.6 o Alff) reacted with H,0O
°r e Al(a) reacted with H,0
o5k A  Alf) converted to E,,
’ A Al(a) converted to E,
04 &
A
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A A
0.2} La 8
A
N 1
0.1 r o N a
0.0}
e
_01 [} 1 1 1 1 [

0 10 20 30 40 50
Aluminum content [%)]

60 70

Fig. 8 Conversion ratio of aluminum to the re-

action with water and to the bubble
energy as a function of aluminum content
of AVKCIO,

2 Al + KCIO, — ALO, + KCl (6)

The heat of reaction, 4 H has a maximum value,
when the oxygen balance is nearly zero (the
aluminum content is about 30 %).
the aluminum content increases, the conversion
ratio of aluminum in the reaction with water
increases linearly, and oppositely that to the
bubble energy decreases. Thus, there is no
correlation between these conversion ratios and
the heat of reaction, 4 H. And the tendency
shown in Fig.8 showed that the aluminum not
converted to the bubble energy should reacted
with water, although the reaction had little
influence on the bubble energy. Moreover, it is
suggested that there is an other reason for the
large bubble energy observed during the
underwater explosion test of aluminum/oxidizer
mixtures'® .

In a previous paper”, we reported that a strong
light emission was observed during the first
bubble oscillation of the gas bubble from the
underwater explosion of the AVKCIO, mixtures
using a high-speed video record. Moreover, we
reported that the band spectra of AlO were
observed inside the light of the first bubble
oscillation using a spectroscopic method'”.
AlO is one of the intermediate gaseous reaction

However, as
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products of aluminum/oxidizer mixtures based on
an equilibrium calculation'”. These facts show
that the combustion of the aluminum particles
does not finish instantaneously, but continues
to burn from the surface into the inside of the
particles while the gas bubble was expanding and
contracting. The total amount of intermediate
gas product from the combustion of aluminum
becomes large. That is, it is considered that the
large bubble energies of the aluminum/oxidizer
mixtures are caused not by the reaction of
aluminum with the surrounding water, but by
the afterburning of aluminum powders inside the
gas bubble during its expansion. We need to
quantitatively estimate the influence of the
afterburning phenomena of aluminum on the
bubble energies.

4. Conclusion

From the experimental investigation of under-
water explosion gas products of aluminum/
potassium chlorate mixtures using the balloon
test, the following conclusions can be drawn:

(1) A part of aluminum powder in the aluminum
Joxidizer mixtures reacted with the sur-
rounding water during the underwater
explosion test and the reaction produced a
remarkable amount of hydrogen.

(2) There is no correlation between the amount
of hydrogen detected by the balloon test and
the bubble energies and it is understood
that the reaction of aluminum with water
provided only a small contribution to the
bubble energy release.
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