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ABSTRACT

This paper examines previously published
information on the heights attained by spherical
firework shells and proposes some empirical
relationships that enable rough estimates to be
made of the height attained from knowledge of
either the mass or the diameter of the shell.
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Introduction

Shimizu'"! has discussed factors that can be
important in determining the height attained by
shells launched from mortars, and has presented
some data illustrating the relationships between
height and the mass of both the shell and its lift
charge.

Related work from Contestabile and co-
workers? has also provided some information,
and studies of this general type have helped to
identify a number of variables that can be im-

portant in determining shell height. For exam-
ple, the fit of the shell in the tube, the composi-
tion and grain size of the lift charge, the mass of
the lift charge, the type of shell, its density, the
mass of the shell, and the length of the mortar
are all factors that can exert an influence.

Kosanke and Kosanke have also reported
work that has examined the role of mortar tilt
angle and wind speed in determining the height
attained by shells.” Additionally, they have
examined the lateral drift of shells from their
predicted paths caused by the tumbling motion
in flight.!*!

As well as the factors affecting shell height
identified above, the burning time of the fusing
arrangement (delay time) will also be important
in determining the height at which the burst
occurs.

A recent paper™ reported noise measure-
ments for a range of fireworks and also contained
some information, see Table 1, relating to the
heights that can be attained by various spherical
shells. These results were examined initially by
plotting the height of burst of each shell against

Table 1. Heights Attained by Various Spherical Fireworks Shells.

Gross Lift Charge Height
Mass, M, Mass, M, (m)
Shell (9) (9) Test 1 Test 2 Test 3
125 mm Green Peony 763.7 76.3 129 190 175
125 mm Purple Peony 754.6 494 224 168 195
125 mm Spanish White 767.6 93.0 106 73 109
100 mm Spanish White 527.4 72.0 62 68 70
100 mm Red Silk 246.4 50.3 98 96 71
100 mm Purple Peony 429.8 37.8 146 132 152
75 mm Spanish White 240.4 38.1 68 62 76
75 mm Purple Peony 176.9 20.9 121 94 118
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both the gross mass (M) and the mass of the
lift charge (M,). The forms of dependence found
prompted the examination of literature data pre-
sented in this paper.

Much of the published data on shell heights
relates to experimental shells which may not
always fit generally accepted design criteria.
These are included in this paper because of the
lack of any other detailed information, but it is
possible that some of the findings may have to
be amended when more results for normal shells
become available.

Discussion

Fulcanellil” and literature from Westech!”
suggest that linear relationships can link M, with
M;,. This would require that the ratio of My/M;
is constant, which is not the case for the shells
listed in Table 1 and was not found by Contesta-
bile® or on examination of Shimizu’s data."

Similarly, the dependence of height attained
on the ratio of propelled mass (M; — M,) to

propelling mass (M,) for shells from two inde-
pendent sources!”! indicates that different rela-
tionships can apply.

Shimizu'" has reported different dependences
on M, of the height attained by 120 and 150 mm
shells, and, although the basis for these obser-
vations was not clear, it was felt that an impor-
tant factor could be that not all the energy pro-
duced by the lift charge is used to drive the
shell from the mortar. It is possible that the ob-
served differences could relate to the relative
magnitude of the losses incurred in propelling
gases from the mortar tube.!"!

The quantity of lift charge used in a shell is
related to its mass and size'™ for ballistic reasons
and also because the magnitude of the effects
from larger shells creates an additional re-
quirement for them to function at progressively
greater altitudes. The height attained by shells,
if optimum fuse burning times apply and no
other considerations predominate, would there-
fore be expected to be related to the energy in-
put at launch. Figure 1 shows that if launch noise
measured at 25 m is used as a rough measure of
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Figure 1. The dependence of height of burst on launch noise for shells with diameters 75 — 125 mm.
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energy input to the shell, then a relationship of
this type holds for those shells of 75, 100 and
125 mm diameter in Table 1 for which launch
sound pressure level measurements are avail-
able.”!

However, the limited data in Table 1 indicate
that the height of burst decreases with M, for each
size of shell, as was reported by Shimizu!"! for
150 mm shells containing more than 60 g of lift
charge. This may reflect the different design ap-
proaches of the manufacturers of specific fire-
works since a number of groupings are discerni-
ble (e.g., white shells are characterized by high
M, and low heights of burst for each shell size).

It is possible to examine these results in a
wider context by comparison with additional
published work. Figure 2 summarises Shimizu’s
data, including some work with large diameter
shells (ref. 1, Table 35). Although different
modes of construction may have been employed
for the shells and a number of other variables
could be important in influencing performance,
the general trend indicates an increase in burst
height with M, up to a height of about 400 m,

when considerations relating to visibility by the
audience may start to predominate as a design
issue. The form of Figure 2 is in agreement with
that reported by Shimizu!"! (for 150 mm diame-
ter shells) and by Contestabile” (for 140 mm
diameter shells with M; = 1361 g); in both stud-
ies the height attained by the shells was seen to
decrease at high values of M,.

Shimizu has also examined the dependence of
the height attained by shells on their mass, and
attempted to obtain an indication of the optimum
shell mass to give a maximum height. From the
published results!"! for 120 mm shells, it is ap-
parent that in order to attain a maximum height,
the mass of the shell must be greater than 550 g.
For 150 mm shells, Shimizu concludes that a
maximum height of about 280 m would be ob-
tained with shells having a mass of 1.2 kg.

The heights reached by those aerial fireworks
in Table 1 for which the gross mass was known
were plotted on the same graph as results from
the literature, primarily those published by Shi-
mizu. The resulting dependence, Figure 3, indi-
cates that, even with some variation in the per-
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Figure 2. The relationship between height of burst and the mass of lift charge for a range of shell

sizes.
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formance of individual shells of a particular
type, height increases with M; and an optimum
height of about 400 m is reached as M, ap-
proaches 5 kg. Although the range of shell
masses in the study by Contestabile and co-
workers®?! was limited, data calculated for the
heights of the (mainly dummy) shells were found
to be evenly distributed about the line summa-
rising the general form of the dependence in
Figure 3. As a result of sample variability, Fig-
ure 3 contains insufficient data to substantiate
previous proposals'? that for each shell size
there is a certain mass that will give a maxi-
mum height.

Details of the determination of shell burst
heights from acoustic measurements have been
presented in the literature!” and work has re-
cently been published"” reporting the applica-
tion of an electronic method.''"! The results for
the mean height obtained using this technique are
plotted with Shimizu’s data and the mean val-
ues from reference 5 in Figure 4.

It has previously been reported!!! that shells
burst at heights of 100 feet per inch of shell
diameter, and this relationship was subsequently
modified by Kosanke, Schwertley and Ko-
sanke!'” to incorporate a 150 feet correction
factor for shells having diameters of less than
12 inches (305 mm).

Published data indicate substantial variations
in the performance of shells of the same type,
e.g., in 8 trials with 255 mm shells!"” the high-
est burst height was 422 m and the lowest 206
m, and different modes of construction between
shell types will also exert an influence. Never-
theless, Figure 4 suggests that there is a strong
correlation between mean burst height and shell
size. The dependence shown passes through the
origin and yields the approximate relationship
of 1.4 m of height per mm of shell diameter.

The general relationship in Figure 4 for
spherical shells may also apply to cylindrical
shells since a height of 105 m has been reported
by Kosanke and Kosanke for a 100 mm cylin-
drical shell.""”
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Figure 3. The dependence of height of burst on shell mass.
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Figure 4. The dependence of the mean height of burst of shells on diameter.

Conclusion

Even though many variables (e.g., mode of
construction, fuse burning time, mortar diame-
ter) can affect the performance of firework
shells, examination of literature data for the
heights attained has indicated that common em-
pirical relationships may link the height of burst
with the shell diameter and the gross mass for a
range of spherical shells.
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