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Control of Pyrotechnic Burn Rate

B. J. and K. L. Kosanke

ABSTRACT

There may be many times when a fireworks
manufacturer will want to adjust the burn rate of
pyrotechnic compositions. Sometimes this may be
for matters of esthetics and other times for safety.
For example, all of the following are unaccepta-
ble:

o Strobe stars that flash with so low a frequen-
¢y that they fall to the ground still burning.

o Color stars that burn so rapidly that they oc-
casionally explode when a shell flowerpots.

e Rockets that fail to lift-off because their
thrust is too low.

e Rockets that explode upon firing because in-
ternal pressures exceed the casing strength.

o Salutes that burn like fountains instead of ex-
ploding with violence.

o Flash powder that explodes when unconfined,
even in small quantity.

In each case, taking action to adjust burn rate
should solve the problem.

Depending somewhat on how they are counted,
there are at least 15 factors that control pyrotech-
nic burn rate. A manufacturer that understands
how these factors act to affect burn rate may bet-
ter anticipate when product performance difficul-
ties will occur. Also, such a manufacturer will be
better prepared to modify product formulations to
correct any problems that do occur. Each of the
burn rate control factors act by affecting one or
more of the following: activation energy, heat of
reaction, and efficiency of energy feedback. In this
paper, the 15 factors are presented, explained and
examples given.

Introduction

In the burning of most pyrotechnic composi-
tions it is necessary to balance competing pro-
cesses to achieve the maximum desired effect. For
example, when flame temperature of a color star
is too low, the result can be low light output be-
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cause there are an insufficient number of electrons
reaching excited states. However, conversely,
when flame temperature is too high, the result can
be bright but washed-out colors because the color
producing molecules have thermally decomposed.
In addition to aesthetic ramifications, safe perfor-
mance can also require a balance between too lit-
tle and too much output. For example, when the
thrust produced by a fireworks rocket is too low,
the result can be an explosion of the rocket at
ground level because the rocket failed to fly into
the air. Conversely, when the thrust is too high,
the result can again be an explosion at ground lev-
el because the internal pressure exceeded the
strength of the motor casing.

One mechanism, useful in adjusting pyrotech-
nic output, is the control of burn rate. Burn rate
determines the rate of energy release, and thus to
some extent the flame temperature of a star. More
directly, burn rate determines the rate of gas pro-
duction from a propellant, and thus the thrust from
and internal pressure within a rocket motor. Ac-
cordingly, an understanding of the ways in which
burn rate can be adjusted, can be useful in modify-
ing pyrotechnic formulations to maximize their
performance and safety. In this article, after a
brief theoretical discussion, which forms the basis
for understanding how each factor acts to modify
burn rate, 15 factors that affect burn rate are pre-
sented, discussed and examples given.

Pyrotechnic Ignition

Pyrotechnic materials are said to exist in a
“meta-stable” state. That is to say, under normal
circumstances they are stable (they do not sponta-
neously ignite); however, once ignited, the com-
bustion reaction is self-sustaining producing an
excess of thermal energy. The reason pyrotechnic
materials do not spontaneously ignite under nor-
mal conditions is that ignition requires the input of
energy into the composition. Once ignited, how-
ever, the pyrotechnic material burns thus produc-
ing energy. This two step energy relationship is
illustrated in Figure 1, which is an attempt to
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graph the internal energy of a tiny portion of pyro-
technic composition during its ignition and burn-
ing. The first step, when energy is added to the
composition to cause its ignition, is seen as an
increase in the internal energy of the material.
Within the formalism adopted for this article, the
minimum energy required for ignition is called the
“activation energy” for the pyrotechnic composi-
tion, and is abbreviated as E,. It is the requirement
for the input of energy, to ignite a pyrotechnic
material that allows pyrotechnic compositions to
be safely made and stored prior to use. If it were
not for this activation energy barrier, fuels and
oxidizers would ignite on contact. In the simplest
of terms, it is possible to think of the required ad-
dition of energy as what is needed to raise the ma-
terial to its ignition temperature. The second step,
when the burning composition produces energy, is
seen as a decrease in internal energy. The net
amount of energy produced during burning is the
“heat of reaction” for the composition, and is ab-
breviated as AH,.

This is the reason these materials are effective
energy producers.

In the simplest of terms, pyrotechnic propaga-
tion can be thought of as continuing self-ignition.
Consider Figure 2, which is a sketch of a stick of
pyrotechnic composition, and which can be
thought of as a series of thin disks of material.
The end disk, designated as reacting material, has
ignited as described above. As this layer of mate-
rial burns it produces energy, most of which is lost
to the surroundings. However, some of the energy
is transferred to the next disk, designated as pre-
reacting material. If the amount of energy deliv-
ered to the pre-reacting layer exceeds its activa-
tion energy requirement (i.e., it receives more en-
ergy than is required for its ignition), then it too
will burn. If this process is repeated for each disk
of composition, then the burning will propagate

Activation Energy

Heat of Reaction

Internal Energy

Energy

In Out

Reaction Progress

Figure 1. Changes in internal energy as a pyro-
technic composition ignites and burns.

In terms of chemistry, the process of ignition
and burning can also be considered a two step
process. The first step can be thought of as when
chemical bonds are being broken between the in-
dividual atoms in particles of fuel and oxidizer.
This requires the input of energy, the activation
energy. In the second step, new chemical bonds
are formed between fuel and oxidizer atoms. This
produces energy which flows from the chemical
system, the heat of reaction. If the new chemical
bonds (fuel to oxidizer) are stronger than the orig-
inal bonds, there will be a net production of ener-
gy. Note that for pyrotechnic materials, the bonds
within fuel and oxidizer particles tend to be weak-
er than those new bonds formed during burning.
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through the entire stick of pyrotechnic material.
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Figure 2. Burning “propagating” along a stick of
pyrotechnic composition.

It is possible to quantify the requirement for
propagation in what could be called the “propaga-
tion inequality”. Propagation within a pyrotechnic
composition will continue only so long as the
amount of energy fed back to the next layer (£p)
exceeds its activation energy, i.e.,

Eg > E, (D

The amount of energy fed back equals the heat
of reaction times the fraction of energy fed back

(Fp), i.e.,
Ep=AH, - F, @)
Thus the propagation inequality becomes,
AH, - Fp> E, 3)

So long as the inequality is met, a pyrotechnic
composition will propagate. However, if anytime
during its burning the inequality fails to be met,
burning will cease at that point.
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There are three mechanisms by which energy
can be transferred from the reacting to the pre-
reacting layers: conduction, convection and radia-
tion. In conduction, thermal energy, as atomic and
molecular vibrations, is passed along from hotter
to cooler regions. The factors maximizing conduc-
tive heat transfer include compacted composition,
metallic fuels, and metal casings or core wires. In
convection, hot gases penetrate the composition
along the spaces between grains (called “fire
paths”). The factors maximizing convective heat
transfer include uncompacted composition, and
granulated or cracked composition. In radiation,
thermal radiation (infrared) is emitted from the
flame (mostly from incandescent particles in the
flame) and is absorbed by reacting composition.
The factors maximizing radiative heat transfer
include abundant solid and liquid particles in the
flame, and dark or black pyrotechnic composition.

Given the relationship in Equation 3, it is clear
that the factors favoring propagation are: high
heat of reaction (much heat produced), a relatively
large fraction of energy fed back (efficient energy
feedback), and low activation energy (low ignition
temperature). When the propagation inequality is
just barely met, burning proceeds feebly and is
easy to extinguish. When the inequality is abun-
dantly met, the burning proceeds fiercely and is
difficult to extinguish.

Factors Controlling Burn Rate

Burn rates are reported as either mass burn
rates or linear burn rates, with units of either the
mass consumed per time (e.g., grams/second) or
the distance the flame front progressed per time
(e.g., cm/second). In this article, unless stated to
the contrary, the term burn rate will mean linear
burn rate.

There are at least 15 factors known to affect
the burn rate of pyrotechnic compositions. These
are listed in Table 1. For each factor listed, the
change in burn rate is produced by chemical ef-
fects, physical effects, or both. More specifically,
the most important of these effects are the three
terms in the propagation inequality: activation
energy (E,), heat of reaction (AH,), and the frac-
tion of energy fed back, (Fz). High burn rates are
generally favored by any combination of low acti-
vation energy, high heat of reaction and efficient
energy feedback. Low burn rates tend to be the
result of the opposite in each case. Table 1 also
suggests which of the three mechanisms typically
predominate for each burn rate controlling factor.
This is indicated with an “X” in the appropriate
column(s).

The remainder of this article is a discussion of
how each of the 15 factors acts to affect burn rate.
Included in Table 1 is a designation of the subsec-
tion of this article where that discussion can be
found. It must be acknowledged, however, that
some explanations have been greatly simplified,

Table 1. Factors Controlling Burn Rates of Pyrotechnic Compositions.

Controlling Factor E. AH;, Fr Section
Choice of fuel and oxidizer X X X A
Fuel to oxidizer ratio X B ...
Degree of mixing X C..
Particle size X D .
Particle shape X E
Presence of additives X X X F
Presence of catalysts X G
Ambient temperature X H
Local pressure X N
Degree of confinement X J o
Physical form X K.
Degree of consolidation X L .
Geometry X M
Crystal effects X N
Environmental effects X X ©)
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and less common situations may not have been
addressed. Also, in these discussions, at times the
concept of activation energy may be more of a
construct used to help explain, rather than being
treated rigorously on a scientific level. For addi-
tional information about ignition and pyrotechnic
burning, the reader is referred to previous articles
of the authors' ! and one or more of the standard
reference texts on pyrotechnics.!*”

A) Choice of Fuel and Oxidizer

The choice of fuel(s) and oxidizer(s) can sig-
nificantly affect activation energy, heat of reaction
and the efficiency of energy feedback. According-
ly, the selection of fuel and oxidizer has the poten-
tial for having a major influence on pyrotechnic
burn rate.

Regarding activation energy, a significant con-
sideration is the amount of energy required for an
oxidizer to make its oxygen available to react with
the fuel. Some oxidizers require input of a large
amount of energy, while others actually produce
energy in the process of releasing their oxygen.
This can be seen in Table 2 where the decomposi-
tion energies for a few common oxidizers are
listed. (Note: A negative number indicates that an
input of energy is necessary, while a positive
number means that energy is produced during de-
composition.)

Table 2. Decomposition Energies for a Few
Common Pyrotechnic Oxidizers.

Decomposition

Oxidizer | Product | Energy (cal/g) | Ref.
KNO; | KO —1500 4
Fes0,4 Fe —1150 4
Ba(NO;), | BaO -400 4
KCIO4 KCI 9 4
KCI 87 )
1% k0 410 §

Regarding heats of reaction, when fuels com-
bine with oxygen, different numbers and strengths
of chemical bonds are formed. This can signifi-
cantly affect the amount of energy produced by
the combustion reaction. Table 3 lists heats of re-
action for some common fuels combining with
oxygen.
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Table 3. Heats of Reaction for Some Common
Fuels Reacting with Oxygen.

Heat of
Fuel Product | Combustion (cal/g) | Ref.
Al Al O3 7400 9
Mg MgO 5900 9
PVC — 4400 7
Dextrin — 4200 9
S SO, 2200 9

Regarding the efficiency of energy feedback,
recall that energy can be fed back from reacting to
unreacted material by conduction, convection and
radiation. The choice of chemicals can affect the
efficiency of all three feedback mechanisms. For
example: metal fuels have high thermal conduc-
tivity thus aiding in conductive feedback; organic
fuels produce much gas, which can increase con-
vective energy transfer; and dark colored fuels,
such as carbon, can increase the absorption of ra-
diant thermal energy.

B) Fuel to Oxidizer Ratio

There is always an optimum fuel to oxidizer
ratio, one which produces the fastest burn rate.
This often corresponds to the situation where the
reaction will be essentially complete with little
fuel or oxidizer remaining after the reaction.
When the fuel to oxidizer ratio deviates from this
optimum value, burn rates are reduced. The burn
rate continues to fall as the deviation from opti-
mum increases. This can be thought of as mostly a
result of a lowering of the heat of reaction for the
pyrotechnic composition, although activation en-
ergy and efficiency of energy feedback can also
change. The heat of reaction falls because, as the
fuel to oxidizer ratio deviates from optimum, there
will be an increasing amount of fuel or oxidizer
left over at the end of the reaction. Less energy is
produced, simply because this unreacted material
will not have contributed to the production of
thermal energy. The activation energy may
change because of changes in the heat capacity of
the composition and possibly changes in the igni-
tion temperature. The efficiency of the energy
feedback can change as a result of changes in the
physical properties of the composition as the fuel
to oxidizer ratio changes.

As an illustration of the effect of fuel to oxi-
dizer ratio, consider the burn rates derived from
data reported for mixtures of boron and barium
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chromate,"'” presented in Figure 3. (Note, howev-
er, that this is a case where the maximum burn
rate would seem to occur when there is a consid-
erable excess of fuel.)
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Figure 3. Burn rates for various mixtures of bo-
ron and barium chromate.

wet ball milled for 4 hours, dried and crushed to —
100 mesh with a mortar and pestle. The charcoal
and sulfur for sample D was dry ball milled for 4
hours; then with the potassium nitrate added, and
wet ball milled for 8 hours; then dried and crushed
to —100 mesh with a mortar and pestle. The aver-
age mass burn rates for three measurements of
each sample of rough Black Powder are shown in
Figure 4.

C) Degree of Mixing

When a pyrotechnic composition is poorly
mixed, it will generally have a lower burn rate
than the same composition that is well mixed. In
essence, this is because, while the entire volume
of the poorly mixed pyrotechnic composition may
have the optimum fuel to oxidizer ratio, there will
be many small regions where the fuel to oxidizer
ratio is far from optimum. Within each of these
regions, what was said above for burn rate de-
pendence on fuel to oxidizer ratio applies. In the
final analysis, however, the heat of reaction for
the total amount of composition may not be sig-
nificantly reduced. This is because essentially all
of the material will eventually react, as fuel or
oxidizer physically migrates from region to re-
gion, but this takes time (i.e., the burn rate is re-
duced).

A series of samples of rough Black Powder
were prepared and burned to measure their burn
rates. Each sample was a loose 1 gram pile of —
100 mesh material, ignited about half way up on
one side of the pile using a hot wire igniter. Burn
times were determined by a (field by field) review
of a video recording of the burning. Sample A was
dry mixed by passing several times through a 60
mesh screen. Sample B was dry mixed for several
minutes using a mortar and pestle. Sample C was
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Figure 4. Mass burn rates of samples of rough
Black Powder with varying degrees of mixing.

D) Particle Size

As the size of individual fuel and oxidizer par-
ticles is made smaller, the burn rate increases. It is
difficult to overstate the degree to which particle
size, especially that of the fuel, can affect burn
rate. The particle size effect can be considered to
be the result of reducing the effective activation
energy, because smaller particles require less en-
ergy to be heated to the ignition temperature. Al-
so0, since only those atoms on the surface of parti-
cles are available to react, then, as particle size is
reduced, the fraction of atoms on the surface in-
creases. Further, presumably as a result of an in-
creasing fraction of atoms on the surface of parti-
cles, some researchers have reported increased
heats of reaction for smaller particle sizes.

For a demonstration of the effect of magnesi-
um particle size on the burn times of flares,!'” see
Figure 5. (Note: The author did not specify the
formulation for the flare composition.)
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Figure 5. Burn times for flares made with varying
magnesium particle size.

For most pyrotechnic compositions, it is the
particle size of the fuel, with their typically high
melting points, that has the greatest effect on burn
rate. The reason that the size of oxidizer particles
is of less importance is that most oxidizers melt or
have decomposition temperatures at or below the
ignition temperature of the pyrotechnic composi-
tion. For a comparison of the relative magnitude
of the effect of fuel versus oxidizer particle
size,'"” see Figure 6. These are burn rates for a
loose pyrotechnic composition with strontium ni-
trate (60%), magnesium (25%), and PVC (15%).
Note the relatively small effect of using coarse

25

2 20 . ]

g 15 |- / -

~ L

S 0.l 7

@ 05 / / .

w D 7w
“PreMg  FieMg  Comeelg

Particle Size

Figure 6. Burn rates for a red flare composition
with varying fuel and oxidizer particle sizes.

oxidizer as compared with using coarse fuel. (The
mesh range for the fine magnesium was 200/325
and the coarse magnesium was 30/50 mesh; how-
ever, the author did not report the mesh ranges for
the strontium nitrate.)

E) Particle Shape

Particle shape affects burn rate in much the
same way as particle size does; with a variation of
effective activation energy as the controlling
mechanism. Some shapes (e.g., thin flakes) are
easier to raise to the ignition temperature than are
others. Thin flakes also tend to have greater per-
centages of atoms on the surface. All else being
equal, the order, from lowest to highest burn rate,
are particles of the following shapes: spherical,
spheroidal, granular and flake. As with particle
size, it is the particle shape of the fuel has the
greatest effect on burn rate. Again the reason is
that fuels tend to have melting points higher than
the ignition temperature of the pyrotechnic com-
position, whereas, oxidizers tend to melt or de-
compose at temperatures at or below the ignition
temperature using different fuel particle shapes.

A series of samples were prepared that con-
tained 64% potassium perchlorate, 27% alumi-
num, and 9% red gum. In each case the average
particle size for the aluminum was 20 microns;
however, three different particle shapes were
used: spherical atomized, spheroidal atomized,
and flake. The pyrotechnic composition was
pressed into 1 cm diameter paper tubes using a
constant loading force. The burn times for
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Figure 7. Mass burn rates for a composition us-
ing different fuel particle shapes.
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3.5 gram samples were measured using a stop-
watch, and mass burn rates calculated. Average
results from three measurements of each particle
shape are presented in Figure 7.

F) Presence of Additives

It is possible to think of most pyrotechnic
compositions as a pyrogen plus additives; where
the pyrogen is the fuel and oxidizer, and the addi-
tives are those things that produce the intended
pyrotechnic effect. Some common examples of
additives are: large granular fuels which produce
sparks; agents which produce or enhance colored
flame or smoke; a binder to hold a composition
together, including the residual solvent used to
activate a binder; and a stabilizer or neutralizer to
retard undesirable chemical reactions. Usually the
presence of additives lowers burn rates and the
amount of lowering increases with increasing per-
centage of additives. This can be the result of rais-
ing the effective activation energy, lowering the
heat of reaction, or both.

To see how an additive can act to raise the ac-
tivation energy of a pyrotechnic composition,
consider the case where sodium bicarbonate is
added to a glitter composition as a delay agent.
The sodium bicarbonate decomposes, consuming
energy and releasing carbon dioxide, at 270 °C,
which is its decomposition temperature (7). This

is below the ignition temperature (7;) of the com-
position, which is probably about 350 °C. As a
tiny portion of the glitter composition is heated,
(see Figure 8) initially the temperature of the
composition rises. However, when the tempera-
ture reaches 270 °C the sodium bicarbonate begins
to decompose, consuming energy, thus keeping
the temperature from rising further. After a period
of time, when all of the sodium bicarbonate has
decomposed, the temperature will again rise. At
the ignition temperature, the temperature rises
very quickly as burning begins. Since more ener-
gy is required for the composition to reach its ig-
nition temperature, the activation energy is higher.
As a consequence, more time is required for each
tiny portion of composition to reach its ignition
temperature (i.e., the burn rate is lower). (Note
that the driving off of residual water in a pyro-
technic composition acts in much the same way as
the above example.)
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Figure 8. How an additive can act to raise the
activation energy of a composition.

A quantity of rough Black Powder was pre-
pared by wet mixing, drying, and grinding to —100
mesh. A series of samples were made that con-
tained various amounts of sodium bicarbonate.
The samples were burned by igniting loose 1 gram
piles with a hot wire on the side about half way to
the top. The times for complete burning were rec-
orded. The result of the addition of sodium bicar-
bonate on mass burn rate is shown in Figure 9.
The value for the mass burn rate for the samples
with 20% sodium bicarbonate is uncertain because
the samples generally would not burn completely.
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Figure 9. Mass burn rate for rough Black Powder
with sodium bicarbonate added.

As an example of how an additive can act to
lower the heat of reaction of a pyrotechnic com-
position, consider the addition of a barium car-
bonate to neutralize trace amounts of acid present
in a pyrotechnic composition, or strontium car-
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bonate to act as a color agent. The carbonate is
neither oxidizer nor fuel, and thus does not pro-
duce energy upon burning of the pyrotechnic
composition. Accordingly, on a pound for pound
basis, the composition produces less energy. In
addition, as the composition burns, the carbonate
will consume energy by decomposing, which re-
duces the heat of reaction still further.

While most additives to pyrotechnic composi-
tions lower burn rate, it is sometimes possible to
increase the burn rate of a pyrotechnic composi-
tion with an additive. When this is the case, it is
generally the result of increasing the heat of reac-
tion and/or improving the efficiency of energy
feedback. The use of a small amount of a metal
fuel is a common way this is accomplished. For
example when zirconium is added to a red tracer
mix (R328), a significant increase in burn rate
results,'” see Figure 10. This, presumably, is the
result of both increasing the heat of reaction (high
energy metal fuel) and increasing the efficiency of
energy feedback (high thermal conductivity).
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Figure 10. Burn rate for red tracer mix (R328)
with zirconium added.

G) Catalysts

Catalysts are a special class of additives. They
are chemical agents that increase the rate of chem-
ical reactions, normally without being consumed
in the process. Pyrotechnically, burn catalysts act
to lower activation energy, typically by reducing
the decomposition temperature of the oxidizer
(i.e., the temperature at which oxygen is made
available). Red iron oxide, potassium dichromate,
and manganese dioxide are some burn catalysts
used in pyrotechnics. For example, the addition of
manganese dioxide to potassium chlorate will
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lower its decomposition temperature by 70 to 100
°C.I" A reduction in the oxidizer’s decomposition
temperature, in turn, acts to lower the ignition
temperature of the composition thus increasing its
burn rate. How this occurs is illustrated in Figure
11. If the addition of a burn catalyst acts to lower
ignition temperature (e.g., from 7;; to T}), less
time will be required for any tiny sample of com-
position to be heated to its ignition temperature
(i.e., t; < t;). Accordingly, as a stick of pyrotech-
nic composition burns (Figure 2), less time is
needed for the ignition of each successive thin
disk of composition (i.e., the burn rate increases).

A

N

Temperature

2

Time to Ignition

Figure 11. How a burn catalyst produces an in-
crease in burn rate.

A series of samples were made with potassium
perchlorate plus potassium dichromate (70% total)
and shellac (30%). The amount of potassium di-
chromate varied from 0 to 4%. Four gram samples
of the mixtures were pressed into 1 ¢cm diameter

0.14
0.12 |~ n
0.10 [~ N
0.08 |- N
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Burn Rate (cm/sec)

0.02 |~ N

\ \ \ \ \
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Potassium Dichromate (Percent)
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Figure 12. Burn rates of a pyrotechnic composi-
tion with varying amounts of potassium dichro-
mate.
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paper tubes, using a constant loading pressure.
Pairs of tubes with the same mixture were burned
to determine their average burn rate. The results
are shown in Figure 12.

H) Ambient Temperature

Pyrotechnic burn rates increase as the ambient
temperature rises, because of a reduction in acti-
vation energy. In essence, this is a consequence of
the unreacted composition starting out closer to its
ignition temperature. Accordingly, less energy is
required to bring it to its ignition temperature.
This is illustrated in Figure 13, where two tiny
samples of the same pyrotechnic composition are
heated to cause their ignition. The sample with the
higher initial temperature (7;) requires less time
(¢;) to reach the ignition temperature (7;) than the
sample initially at temperature 75,

—

Temperature

t1
Time to Ignition

Figure 13. The effect of ambient temperature on
burn rate.

As part of a study to determine the characteris-
tics of visco fuse,'” a measurement was made of
the effect of temperature on its burn rate. In this
study, groups of 10 pieces of 12.7 cm long fuse
were cooled or heated to various temperatures and
then burned to determine the effect of temperature
on their burn rate. The results of the study are
shown in Figure 14.
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Figure 14. Burn rate of visco fuse as a function of
ambient temperature.

(I) Local Pressure

Gas generating pyrotechnic compositions gen-
erally produce a flame upon burning. For these
compositions, the nature and relative position of
the flame produced varies as a function of local
pressure. As the pressure is increased, the flame
envelope becomes smaller, the flame burns hotter,
and it is held in closer proximity to the burning
surface. This is illustrated in Figure 15, which is a
representation of a candle burning under varying
local pressure. As the pressure rises, so does the
burn rate, because the hotter flame held closer to
the burning surface increases the efficiency of
energy feedback. Although generally not consid-
ered to burn with a flame, the burn rate for a

Low Normal High

Pressure Pressure Pressure

Figure 15. An illustration of the effect of local
pressure on a candle flame.
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smoke composition (oil red, 50%; potassium chlo-
rate, 30%; and lactose 20%) illustrates the effect
of pressure, see Figure 16.1°!
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Figure 16. Burn rate of a smoke composition as a
function of local pressure.

The relationship between burn rate (R, in
cm/sec.) and local pressure (P, in atmospheres)
can be expressed mathematically as:

4 R=a-P
where a and b are constants depending on the py-

rotechnic composition. Some values for a and b
are given in Table 4.

Table 4. Pressure Dependent Burn Rate Con-
stants for Pyrotechnic Compositions.

Composition a b |Ref.

Smoke Composition (above) | 0.038 | 0.44 | 6
KCIO4 (80%) + Mg (20%) 014 | 039 | 6
KNO; (80%) + Mg (20%) 0.25 | 030 | 6
KCIO4 (60%) + Mg (40%) 033 | 033 ]| 6
KCIO4 (60%) + Al (40%) 043 | 037 | 6
Black Powder 121 1024 | 7

J) Degree of Confinement

The effect of burning pyrotechnic composi-
tions under confinement is complicated. However,
the activation energy is not changed, and neither
is the heat of reaction, unless significantly differ-
ent chemical products are formed as a result of
confinement. Burning of gas-producing pyrotech-
nic compositions under confinement, can be
thought of as burning under conditions where,
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until the confining vessel bursts, the efficiency of
energy feedback is extremely high. During uncon-
fined burning most of the energy produced is lost
to the surroundings as escaping combustion prod-
ucts and radiation. However, when the composi-
tion is confined, essentially all of the energy being
produced is retained, and is available to ignite un-
reacted pyrotechnic material. Also, because the
gaseous products are retained, there will be the
effect of pressure accelerated burning, as dis-
cussed above. Accordingly, confinement can act
to greatly increase the burn rate of gas-producing
pyrotechnic compositions, and it would be diffi-
cult to overstate the effect that confinement has on
burn rate. For gas-less pyrotechnic compositions,
there is considerably less effect from confinement.

K) Physical Form

The physical form of the pyrotechnic composi-
tion can make a great difference in its burn rate.
Mostly this effects the efficiency of energy feed-
back and was discussed in more detail in an earli-
er article on burn types.”! Generally, for gas pro-
ducing pyrotechnic compositions, granulated
compositions (with so-called fire paths) have high
burn rates; large solid masses of composition
(with no fire paths) have low burn rates; and fine
powders, which can experience burn type transi-
tions, can have highly unpredictable burn rates. Of
the three feedback mechanisms, convective ener-
gy feedback is the most important. For granulated
materials, where fire paths exist, the hot burning
gases produced by the reaction can rapidly pene-
trate between the grains into the unreacted com-
position, igniting more material in the process,
producing more burning gas, penetrating further,
in an accelerating process. In this way all of the
pyrotechnic composition can come to be ignited
very quickly.

In an experiment to demonstrate the tremen-
dous effect physical form can have on burn rate,
two transparent plastic tubes, 0.32 cm in diameter,
were filled with Black Powder. In one case, loose
2Fg Black Powder was poured into the tube; in
the other case, meal powder was loaded into the
tube in small increments and compacted by high
pressure to form a dense solid mass. The com-
pacted material burned at a rate of about 1
cm/second; whereas, the granular material burned
at a rate more than 1000 times greater, explosively
shattering the open tube.

Shimizu points out that burn rate is dependent
on the cross sectional dimension of fire paths.™
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Both small and large cross sectional areas result in
relatively low burn rates; however, in between,
the burn rate can be very much greater. He dis-
cusses this using the burn rate of quick match as
an example. For quick match, the fire path is the
space between the black match core and the loose
paper sheath. Figure 17, adapted from Shimizu,'®
illustrates the effect of varying the gap between
the match core and the paper wrap. When there is
no fire path gap, the burn rate is relatively low;
then as the gap between match and paper increas-
es, the burn rate rapidly increases to a maximum
value; there after, further gap increases result in a
lowering of burn rate, back to the value for burn-
ing in open air.

Max. Burn Rate

Burn Rate

Open Air
Burn Rate

Fire Path Gap

Figure 17. Quick match burn rate as a function of
fire path gap.

L) Degree of Consolidation

Degree of consolidation is sometimes referred
to as loading pressure and is related to the degree
of compaction of pyrotechnic composition as it is
made into grains or packed into a device. The ef-
fect of varying loading pressure is to change the
efficiency of energy feedback. However, whether
higher loading pressure increases or decreases the
burn rate depends on the nature of the pyrotechnic
composition.

If the pyrotechnic composition is gas-
producing and convective heat transfer is an im-
portant mode of energy feedback, then high load-
ing pressure generally decreases the burn rate by
decreasing gas permeability. That is to say, even
in quite tightly compacted compositions, some
fire paths remain. These will tend to have small
diameters, and will be blocked after short distanc-
es, but they do aid in the convective feedback of
thermal energy. As the loading pressure is in-
creased, these residual fire paths become thinner
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and shorter, reducing their effectiveness in aiding
energy feedback, and thus decreasing the burn
rate.

As an example, consider the effect of increas-
ing loading pressure on the burn rate of granular
Pyrodex® (HF-4) when pressed into 1.2 cm
tubes.!"! (Pyrodex® is a Black Powder substitute,
based on potassium perchlorate, often used in
muzzle loading weapons.) Figure 18 is a graph of
the result of increasing loading pressure on both
the average linear and mass burn rate. Measure-
ments were made using groups of three samples at
each pressure. Note the significant decrease in
linear burn rate. Note further the near constant
mass burn rate; this is the result of the density of
the pressed composition increasing as it is com-
pacted more tightly by the increased loading pres-
sure.
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Figure 18. Linear and mass burn rate of Pyro-
dex® as a function of loading pressure.

Presumably it is the collapse of the fire paths
between the initial grains of powder that is re-
sponsible for the change in burn rate. Thus it may
be interesting to consider the effect of using pow-
der with different particle sizes. Figure 19 is a
graph of the result of using three different granu-
lations of Pyrodex® compacted into 1.2 cm tubes
with a loading pressure of 225 MPa.!"*! Note that
only the —60 mesh material is significantly differ-
ent. This might have been predicted, because this
is the powder with the smallest and probably wid-
est range of grain size. Accordingly, when com-
pacted, this material should have the smallest and
most frequently blocked fire paths.
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Figure 19. The effect of grain size on the linear
and mass burn rate of Pyrodex®.

Conversely to the above examples, if a pyro-
technic composition produces little or no gas upon
burning and conductive heat transfer prevails,
higher loading pressure generally increases the
burn rate. This is because, for such a pyrotechnic
material, added compaction increases thermal
conductivity, increasing the efficiency of energy
feedback, and thus increasing the burn rate.

M) Geometry

Geometric effects are changes in burn rate
brought about by changes in size and shape of the
pyrotechnic composition. For the most part, this is
the result of small changes in the efficiency of
energy feedback. For example, as the size of a
grain of composition increases, a slightly greater
percentage of the radiant thermal energy produced
during burning is radiated back to heat the burning
surface. This is illustrated in Figure 20. In the case
shown on the left, almost all of the radiated ther-
mal energy is lost to the surroundings. The case
illustrated on the right is an attempt to consider
the effect when a much larger block of composi-
tion is burned. However, for simplicity, only the
burning of the same small portion (seen to the
left) is considered. In this case, almost all of the
thermal energy radiated in a downward angle will
strike the surface of the composition, thus con-
tributing to the feedback of energy. The effect is
to increase the burn rate for larger blocks of pyro-
technic composition. In an experiment to demon-
strate this effect, meal powder was compacted into
tubes using a constant loading pressure per sur-
face area. Two different size tubes were used,
with diameters of 0.8 and 1.6 cm. Four trials of
each, resulted in an average burn rate for the larg-
er sample which was about 10% greater; a small
but real difference.

Page 286

~—— Radiated
Thermal x
Energy

"~ X~
4

Flame

Composition —=

Figure 20. Radiant energy feedback for blocks of
pyrotechnic composition.

Another example of geometric effect is the
“erosive burning” that occurs along a hole or
channel running through a grain of pyrotechnic
composition.”! For purposes of this article, geo-
metric effect is also taken to include effects such
as caused by the thermal conductivity of inert ma-
terials in or surrounding the pyrotechnic composi-
tion. For example, because of increased thermal
energy feedback, a composition pressed into a thin
metal tube (or having a metal wire internally
along its length) will often have an increased burn
rate compared with one pressed into a paper tube
(or without the wire).

N) Crystal Effects

Crystal effects include a number of diverse ef-
fects all relating to properties of crystal lattices.
One crystal effect may result from the ability to
store some of the energy from milling or grinding
in a crystal lattice.”) Following the accumulation
of this lattice energy, there seems to be a tempera-
ture dependent relaxation time during which the
stored energy is lost. During the period when sig-
nificant energy remains stored in the crystal lat-
tice, the effective activation energy for the materi-
al is reduced, potentially increasing burn rate.
Other crystal effects can be the result of using ma-
terials with different methods of manufacture,
which produce crystals with different lattice struc-
tures, different numbers of defects, and different
amounts of trace impurities. Another possible
crystal effect, which may be important in some
transitions from burning to explosion, is the piezo-
electric effect. It is felt by some that this has the
potential for significantly increasing energy feed-
back by converting compressive pressure forces
into an electrical ignition stimulus.!"*
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0O) Environmental Effects

Most changes in burn rate that occur during
storage are the result of the factors discussed
above. For example, during repeated temperature
cycles, cracks may be produced in a rocket pro-
pellant. The resulting (often catastrophic) increase
in burn rate is indirectly discussed in Section K.
The crack produces a fire path which increases the
energy feedback to unreacted composition. Simi-
larly, the deterioration of a star with a metal fuel,
which slowly oxidizes during storage, can be
thought of in terms of additives (Section F). In
this case fuel and oxidizer are being converted to
mostly unreactive chemical products. Although
these types of environmental effects can act to
change burn rates, and are important considera-
tions in the storage of pyrotechnic materials, they
are generally not seen as mechanisms to control
burn rate.

There is at least one environmental effect that
actively controls burn rate; that is wind speed. The
speed at which a burning pyrotechnic moves
through the air will affect the fraction of energy
fed back. Consider the case illustrated in Figure
21; in the case of the moving star, the flame will
be pushed away from the star by the air movement
past it. That this occurs is confirmed by Figure 22,
which is a photograph of a group of stars pro-
pelled through the air from an exploding shell. It

is fairly clear that the stars (dark dots) have their
flame envelopes (light areas) trailing behind them.
The effect of this is to reduce the fraction of ener-
gy feedback, and thereby lower the burn rate. In
other cases the effect of a wind over the burning
surface will be to supply extra oxygen for burn-
ing, which in some cases can act to increase the
burn rate.

Figure 22. A photograph of high speed burning
stars.

Flame

Stationary Burning Star

%

Burning Star in Motion

Figure 21. An illustration of the effect of air
movement past a star.
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