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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. 
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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, C2H4O, 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 

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 l.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[1]. This work 
is 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. 

 
Fuel 

Grams Oxidized by  
299 g Oxygen (1 m3)* 

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. 

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[4] 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[3] 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.[3] 
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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[2] and other Bureau of Mines 
publications.[3,6] 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.[2] 

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[7] reports similar results. Therefore, po-

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. 

 
Figure 3.  Explosibility data for Alcoa 1401 
Aluminum.[2] 

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.[8] 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.[8] 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[3] for flake and atomized alu-
minum. The data presented on these curves was 
normalized to compare more directly with the 
later work of Cashdollar.[2] (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 (Iex) of dust clouds 
has been defined:[3] 
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 is the maximum dP/dt, 

 Ti is the minimum ignition temperature, 
 Ei 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 

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. 

 
Sample 

Explosivity 
Index 

Al (atomized, 6 µ diameter) 998 
50:50 Mg/Al (milled powder, 

<44 µ) 1250 

Mg (milled powder, <74 µ) 817 
Ti (10 µ diameter) 1037 
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Figure 4.  Explosion data comparing finest  
atomized aluminum with finest flake 
aluminum[3]. 
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The most likely candidates for use in a fuel-
air system are : 

• Ultrafine magnalium 

• Ultrafine flake aluminum 

• Ultrafine atomized aluminum 

• 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. 

 
 
 

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 

2-1/4" ID (3/16" Wall)

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

4-3/8"

3/8" End Plug

MgAl Fuel
Ave. < 20 µ

Flash 
Burst

Ti
Delay

1/4" Plastic Straw
(.004" 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”, is shown in Table 5. 

Table 5.  Size Distribution of the “40 Mesh” 
Granular Titanium. 

Mesh Size Wt. % 
10 to 20 3.4 
20 to 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 
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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 

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[2] to have a thickness 
of one micron and a flake width varying from 3 
to 30 microns. Due to the low density of these 

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

 
Test 

Fuel – Particle 
Size and Type 

 
Ti Delay Size

Over-
pressure 

(psi) 
Dist.
(ft) 

Burst 
Charge 

(g) 
 

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 2.4 – 4.1 3 24 Baseline blast, not bright 
4 200 g Mg/Al “40 mesh” 3.2 – 5.6 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 PGI 
7 330 g Mg/Al[a] “40 mesh” — — 24 Bright but 6 better noise 
8 285 g Mg/Al[a] “40 mesh” — — 24 Similar to 7 
9 360 g Mg/Al[a] “40 mesh” — — 24 Similar to 7 

10 180 g Mg/Al 40 – 60 sph. 1.3 – 2.4 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   80 g Al 807 40 – 60 sph. 3.7 – 6.5 3 24 Bright flash, unburned aluminum 
deposits on front of gauge 

13   80 g Al 807 60 – 100 sph. 2 –3.7 3 16 All aluminum consumed. 

14 180 g Al 105 60 – 100 sph. 2.7 – 4.9 3 16 Subjectively, blast sounded 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    135 g Al 807[a] 60 – 100 sph. 3.2 – 5.6 3 14 Flash impressive 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 µ. 
Al 807 = US Aluminum/US Bronze 807, a flake aluminum, average thickness 1 µ, diameter 3 – 30 µ. 
Al 105 = Alcan/Toyo 105 atomized aluminum, average particle size is 5 µ. 
[a] A larger fuel compartment was used with 3” inside diameter and 1/8” wall. 
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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 

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-

Photo 1.  Perforations obtained with the  
Anderson Blasgage located 3 feet from only 
 24 g of Burst charge, Test 3. 

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

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]. 
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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 

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 

 
Photo 5.  Electron microscope picture of milled Mg/Al alloy used in this study. 
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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 µ) 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 µ,  
std. dev. = 2.03 µ. 

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, I 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 ºF, 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.[9] 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 

2

4
d p d s=i iπ π  

or simply, 

4sp
d

=  

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. 

 

 


