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A Labscale Hybrid Rocket Motor
for Instrumentation Studies

Robert Shanks and M. Keith Hudson

Graduate Institute of Technology and Dept. of Applied Science
University of Arkansas at Little Rock, Little Rock, AR 72204 USA

ABSTRACT

An interest in plume spectroscopy led to the
development of a labscale Hybrid Rocket Facil-
ity at the University of Arkansas at Little Rock
(UALR). The goal of this project was to develop
a reliable, consistent rocket motor testbed for
the development of plume spectroscopy instru-
mentation. Hybrid motor technology was se-
lected because it has proven to be safe and in-
expensive to operate. The project included the
design and construction of the labscale hybrid
rocket motor, the supporting facility, the in-
strumentation and computer control of the mo-
tor, and the characterization of this particular
thruster, including the regression rate of hy-
droxyl-terminated polybutadiene (HTPB) fuel
grains. For plume spectroscopy experiments,
the fuel is doped with metal salts, to simulate
either solid motors or liquid engines. It was
determined the labscale hybrid motor produces
a reliable and consistent plume, resulting in an
excellent tool for the development of plume
spectroscopy and other instrumentation.

Keywords: hybrid rocket motor, plume spec-
troscopy, engine health, ground testing, rocket
diagnostics

Introduction

In recent years there has been an increased
interestin engine health monitoring, particularly
by observation of the rocket plume. At NASA-
Stennis Space Center, Space Shuttle Main En-
gines (SSME) are rebuilt after every flight. Sev-
eral studies have indicated that severe engine
wear can be detected by engine plume diagnos-
tics, and the need for these expensive rebuilds
may be eliminated.!! In some types of rocket
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motors, especially solid motors, toxic combus-
tion products may be produced, so it is also en-
vironmentally important to monitor emissions
from rocket plumes.

The University of Arkansas at Little Rock
(UALR) has been developing low cost, rugged
instrumentation for plume spectroscopy for the
last few years. UALR has performed joint work
with NASA-Stennis, Hercules Aerospace and
other aerospace companies. Testing instrumen-
tation at other facilities, which have firing ca-
pabilities, can be accomplished; however, this
is expensive, time consuming, and inconven-
ient, as firing schedules are usually very rigid.
The need for a system to easily test new instru-
mentation and techniques to monitor rocket
plumes provided the motivation to develop this
labscale hybrid rocket motor facility at the Uni-
versity.

The labscale Hybrid Rocket Facility provides
a significant capability for instrument testing,
especially for plume spectroscopy instrumenta-
tion. Most current diagnostic work is aimed at
measuring emissions from solid motors or en-
gine component degradation in liquid engines.
Facilities to test plume-monitoring instrumenta-
tion usually consist of a thruster of one of these
two types. However, hybrids offer greater safety,
reliability, and lower operating costs. Because
UALR has the facilities to cast fuel grains, these
can be doped with different metal salts for seed-
ing the plume. This is necessary for simulating
solid motors or liquid engine component degra-
dation.

The project included the design and con-
struction of a labscale hybrid motor, instrumen-
tation for the motor, the design and construction
of gas flow system to support the motor, a com-
puter control system, and a data acquisition sys-
tem. This facility was constructed on the Uni-
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versity campus and included areas for plume
monitoring instrumentation.

To test the level at which this hybrid facility
meets the needs of the project, experiments were
conducted to determine the quality and reliabil-
ity of the plume produced, as well as the spec-
tral characteristics of the plume when seeded.
Experiments were conducted to determine the
combustion stability ofthe motor with hydroxyl-
terminated polybutadiene (HTPB) fuels and a
test matrix developed to determine the regres-
sion rate of the HTPB fuel over a range of oxi-
dizer flows. The plume was also seeded with
metal salts and spectral data was collected in
the UV-Vis, as reported in a separate paper.”

Conversion Units

1 Ibm = 1 pound mass = 454 grams

1 Ib =1 pound = 454 grams

1"=11n.=1 inch = 25.4 mm

1 psia = 1 pound per square inch = 0.145 kPa

Theory of the Testbed Facility

The test facility as constructed was based
loosely on the Diagnostic Testbed Facility
(DTF) at NASA’s John C. Stennis Space Center
and other ground based test units, such as those
for solid motors. Now a part of the Component
Test Facility, DTF was designed to provide a
testbed for development of liquid engine plume
diagnostic instrumentation. A 1,200-pound-
thrust, liquid-oxygen/gaseous-hydrogen thruster
was used as the plume source for experimenta-
tion and instrument development. Studies have
been performed to ensure the DTF thruster has
been optimized to produce a plume with tem-
perature conditions as much like the plume of
the Space Shuttle Main Engine (SSME) as pos-
sible. The engine is equipped with a plume seed-
ing device, which allows liquid seeding materi-
als (dopants) to be injected directly into the
combustion chamber.”) These materials simu-
late engine component failures, such as occur in
bearings and other structural elements.

Comparatively, the Hybrid Rocket Facility at
UALR provides a testbed for the development
of rocket propulsion system exhaust plume di-
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agnostics instrumentation for solid motors and
liquid engines. A 50-pound-thrust, hybrid-rocket
thruster is used as the plume source. It operates
on gaseous oxygen and HTPB solid fuel. While
the plume visually looks more like a solid mo-
tor plume, the combustion products are similar
to a liquid engine using a kerosene fuel and lig-
uid oxygen. The fuel grain, during casting, can
be loaded with metal salts to provide the same
seeding capabilities as DTF. The facility also
was designed to simulate solid rocket motors.
The fuel can be loaded with chloride salts to
produce hydrogen chloride emissions.

Design and Materials

The facility consists of the labscale hybrid
motor, the gas flow control system, the com-
puter controlled operating system, the computer
data acquisition system, and the instrumentation
on the motor and other systems.

The initial step was the design of the hybrid
motor thruster. Several specifications needed to
be met with this motor. It needed to be fairly
small; this would cost less to build and less to
operate while offering greater safety. Most lab-
scale motors consist of fuel grains 2 inches in
diameter or less, and this size range fits the
needs of this project.

Second, the motor needed to be capable of
simulating the characteristics of larger motors.
This scalability is necessary because most plume
spectroscopy instrumentation is designed to op-
erate on actual propulsion systems. To simulate
those motors well, the hybrid thruster was de-
signed with the capability of producing cham-
ber pressures up to 500 psia, giving plume tem-
peratures and other characteristics similar to
larger motors.

Also, for spectral purposes, the oxidizer to
fuel (O/F) ratio would need to be varied from
below stoichiometric to well above stoichiomet-
ric for the HTPB fuel. To accomplish this, the
oxidizer flow has a maximum mass flow of
10 pounds per minute of gaseous oxygen. This
allows firings under a wide range of chamber
pressures and oxidizer to fuel ratios. The motor
design has a fuel grain 2 inches in diameter and
10 inches in length. It starts with a central cir-
cular port 0.75 inches in diameter. This size

Page 2



HTPB Fuel Grain IF

Screen for Oxygen Diffusion
W 0,0.0,0,0,0,0,0,0,0,0,0,0- 4}/’,/// Fﬁ

i

2.5 Stoinless

Injector Heod Steel Pipe
With ports for Schedule 80
pressure transducer 2.323_ 1.D.
prapanea flow 2.875" 0.D

ond ingniter

Figure 1. Layout of the labscale hybrid rocket motor.
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fuel grain, coupled with the oxidizer flow rates
attainable, can give O/F ratios from 1.5 to 4.5.
This is ideal because HTPB burns stoichiomet-
rically to CO and H,O at an O/F ratio of 2.074.

The motor design consists of two main sec-
tions, the head assembly and the chamber body.
The specifications for the mechanical design of
the chamber body included the following de-
sign goals. The chamber was designed for a
maximum firing pressure of 500 psia. The noz-
zle was designed to eject at 1000 psia in case of
chamber over-pressurization. A 3-times safety
factor was needed for pressure tolerance on the
chamber body (3000 psia). This required a sec-
tion of type 304 stainless steel, 2.5 inch, sched-
ule 80 pipe. In addition to the 10-inch fuel
grain, the chamber body would also have to
house the nozzle and two chambers, one fore
and one aft of the fuel grain. The design is
shown in Figure 1. The head assembly is ma-
chined from a type 303 stainless steel round.
This unit includes a diffusion screen, oxidizer-
flow/nitrogen-purge inlet, propane ignition inlet,
igniter inlet, and chamber pressure transducer
port.

The nozzle is machined from a section of
graphite and is 2.5 inches in length, held in
place by a steel retaining ring and brass sheer
pins. The fore and aft chambers are lined with
silica phenolic tubing used as an ablative insu-
lator. Paper phenolic tubing is used as a sleeve
in casting the fuel grain and is left on the grain
during firing, which eases assembly and disas-
sembly. For casting, the sleeve is held in a Tef-
lon jig, with a Teflon coated rod as a central
port mandrel.
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Gaseous oxygen as oxidant, nitrogen for
purging, and propane for ignition are needed to
operate the motor. The oxygen and nitrogen are
each supplied in a standard K or T cylinder and
the propane in a standard “gas grill” bottle.
Each gas line consists of a pressure regulator on
the cylinder, a purge valve, a pressure relief
valve or check valve, an electronically con-
trolled shutoff valve, and a flow-metering de-
vice. The gas flows are set manually prior to
firing by adjusting the tank regulators. The
flows are started and stopped electronically us-
ing solenoid valves, allowing computer control
of the firing sequence. The oxygen flow system
has the capability of handling a mass flow of up
to 10 pounds per minute at pressures up to
1000 psia. Flow is initiated using a pneumatic
shutoff valve that is operated with nitrogen,
controlled by a solenoid valve. The mass flow
is controlled using a sonic flow nozzle and set-
ting the proper regulator pressure. The actual
mass flow is determined by measuring the pres-
sure and temperature on the upstream side of the
sonic flow nozzle. A pressure transducer and
thermocouple are utilized to make these meas-
urements. The flow of both the nitrogen and
propane are set using regulating valves. A sche-
matic of the gas system is show in Figure 2.

Instrumentation

The function of the entire firing sequence is
controlled and monitored by computer. This
system consists of a 486DX-33 MHz computer
(Gateway, Inc.), a 12-bit analog-to-digital con-
version board (Computer Boards, Inc.), which
includes digital input/output ports, an analog
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Figure 2. Gaseous materials flow system.

Hybrid Motor

isolation board, and a solid-state digital in-
put/output board.

The analog-to-digital board is installed in
the computer and is connected to the remote
analog isolation board. The isolation board ac-
cepts analog inputs from two pressure transduc-
ers (Keller PSI) and four thermocouples. It is
capable of handling up to 8 differential inputs.
One pressure transducer (1100 psia maximum)
measures the oxidizer pressure on the upstream
side of the sonic flow nozzle and one J type
thermocouple takes the temperature at this posi-
tion. The other pressure transducer (1000 psia
maximum) measures the chamber pressure of
the hybrid motor. The output from these pres-
sure transducers is 0 to 5 volts DC. The other
three temperature inputs are from K-type ther-
mocouples and can be positioned where needed
on the motor or test stand. All thermocouple
inputs are fed into 5B-type analog isolation
modules on the analog isolation board. These
modules linearize and cold-junction compen-
sate the thermocouple signal. The output from
these modules is 0 to 5 volts DC so that they
can be input directly to the analog-to-digital
conversion board in the computer.

Journal of Pyrotechnics, Issue 11, Summer 2000

The digital input/output section of the board
controls the gas flow system and the ignition
pulse. The digital output lines go from the
board in the computer to the solid-state digital
input/output board. This board contains up to
eight isolation modules that can control AC and
DC voltage lines. Three of these control AC
lines that operate the solenoid valves that con-
trol the gas flow. A fourth line controls a DC
voltage line that is the igniter pulse line.

The computer firing control system consists
of a graphical user interface screen, shown in
Figure 3, with which the operator can control
and observe all functions of the motor. Func-
tions that can be controlled from the interface
are the operation of the gas handling system,
the firing duration (from 3 to 10 seconds), and
the start of events for the automated firing se-
quence. Data is collected at 25 hertz per chan-
nel. While this is relatively slow, it is sufficient
for a feed back loop to operate the hybrid motor
and allows real time parameter display for the
operator. The real time display includes: cham-
ber pressure, upstream oxygen pressure, up-
stream oxygen temperature, oxygen mass flow
rate, and the temperature at 3 separate points on
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Figure 3. Graphical user interface for the Labscale Hybrid Rocket Motor Testbed Facility.

the motor. A thrust measurement can be in-
cluded in the future, but was not required for
the spectral monitoring experiments.

Data is also collected on a separate 486DX-
33 (assembled in house) computer that is dedi-
cated to this purpose. It also uses a 12-bit ana-
log-to-digital converter board (Computer
Boards, Inc.) installed in the computer. This
board collects pressure data at 1000 hertz per
channel, while temperature data is collected at
100 hertz per channel. This data acquisition
system provides high-resolution data that is
stored to ASCII data files. This data can then be
analyzed and plotted at a later time. This system
is controlled, after initial operator setup, by the
firing control system, allowing greater ease of
use.

Safety

Safety considerations were of the utmost
importance since this facility was set up on the
UALR campus. Safety measures were also de-
signed directly into the facility itself. The first
was the mechanical design of the hybrid motor.
The maximum operating chamber pressure was
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designed to be 500 psia. The nozzle assembly is
held in place with brass shear pins and is de-
signed to eject if the chamber pressure exceeds
1000 psia. This would dump all chamber pres-
sure. The body of the motor is designed to han-
dle pressures up to 3000 psia.

The gas flow system utilizes normally closed
shutoff valves, so that in the case of a power
failure, all gas flow is stopped, terminating
combustion. Check valves are used on the ni-
trogen and propane lines to prevent any over-
pressurization from the combustion chamber.
The oxygen gas line is designed to handle pres-
sures in excess of 2500 psia. It also contains a
pressure relief valve that is set for 1250 psia.

The computer control system has a feedback
loop incorporated into the software. This checks
the chamber pressure 25 times a second. If the
pressure is over a preset level, the oxygen flow
to the motor is terminated. There is also a man-
ual override switch between the computer con-
trol and the solenoid valves. This remains in the
off position until a few moments before the fir-
ing sequence is begun. As a final step, the entire
keyboard acts as an emergency shutoff. Press-
ing any key during a firing will stop the oxi-

Page 5



dizer flow to the motor. If the computer control
system should fail, but the rest of the power
remains on, the manual override switch to the
solenoid valves can be used to stop the oxidizer
flow.

Experimental

After construction of the labscale hybrid mo-
tor, initially manually controlled firings of the
motor were performed, using Plexiglas (poly-
methyl methacrylate) fuel grains. The permanent
facility had not yet been constructed, so these
firings were done to assure proper function of
the mechanical aspects of the motor design.
Once the entire facility was completed, testing
was performed to assure proper functioning of
all parts of the system. The parts included the
gas flow system, the instrumentation of the mo-
tor, the computer control system, and the data
acquisition system. The motor was first tested
to see if the ignition system was performing as
intended. The ignition system was designed to
use a stream of propane injected into the oxi-
dizer flow in the motor head assembly. This
was ignited by a small electric match. The mo-
tor was test fired several times to assure the
combustion stability of the HTPB fuel. In gen-
eral, any changes in HTPB fuel formulation or
control system configuration were followed by
a series of low oxidizer flow, low chamber
pressure tests. After these tests, a thorough ex-
amination of all low pressure data and motor
components was followed by firings at in-
creased oxidizer flow and chamber pressure, up
to the desired 500 psia level.

The first experimental objective was to char-
acterize the regression rate of the HTPB fuel
grains. The regression rate of the fuel in a hybrid
rocket motor can be given by the general equa-
tion:

r=aG’ (1)

where 7 is the regression rate in inches per sec-
ond, « is a constant including the blowing coef-
ficient, G, is the oxidizer mass flux (the oxi-
dizer mass flow divided by the port area), and n
is the regression rate pressure exponent.! A test
matrix was developed to establish the values of
a and n, and hence, the regression rate of HTPB
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fuels in this hybrid motor. This was accom-
plished by running the motor at various oxi-
dizer flow rates, from about 2.5 to 10.0 pounds
per minute of oxygen, with the regression rate
of the fuel being measured. The regression rate
is particularly important for further work when
the plume is seeded. The seeding material is
incorporated into the fuel grain, so that the final
concentration of material in the plume will de-
pend on the oxidizer mass flow and the regres-
sion rate of the fuel.

A series of 30 firings were completed, using
six fuel grains. Each grain was fired either four
or six times at three seconds per firing. It is im-
portant to keep the firing duration short, as the
regression rate varies with the central port di-
ameter. However, the firing duration also needed
to be long enough to reach stable combustion
for the data to be valid. Experimental results
showed a three second firing duration to be a
reasonable comprise to meet the two criteria.
The fuel grains consisted of R45 HTPB, Des-
modur N100 curative, and a few drops of a tin-
based catalyst (no effect on spectral output).
Normally 15% by weight N100 was used. No
opacifier was added to the fuel grains used in
the regression rate study. Havaflex T.A.-117
(Ametek) ablative was applied to the ends of
the fuel grain to prevent end grain burning. This
is important since the post firing port diameter
is determined by the weight loss of the grain.
Tests with and without ablative showed that end
grain burning could contribute to errors in the
measurement. While these errors are small, it
was important for characterizing the motor to
have the highest confidence levels possible.
Future studies may not require this ablative,
depending on acceptable error.

A second part of the overall project, which
is not included in this paper, was to conduct a
preliminary study and characterization of the
baseline spectral emissions of the plume in the
ultra-violet-visible (UV-VIS) region and the
infrared region (approximately 200 nanometers
to 15 micrometers)."” That study included seed-
ing the plume with metals and observing plume
emissions in the UV-VIS region and deter-
mined that metals can be detected at low levels
with good precision. This indicated that the de-
sign was a stable platform for plume spectros-
copy studies.
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Figure 4. Chamber pressure data from the hybrid motor using HTPB fuel.

Results and Discussion

Construction of the labscale hybrid motor
was completed in January of 1993. The motor
was set up on a temporary test stand and fired
using the Plexiglas fuel grains. Since this was
set up on a temporary test stand, no propane
was available for ignition. A different ignition
system was utilized consisting of a small hobby
rocket motor with a firing duration of 250 milli-
seconds. This was arranged so that the oxygen
flow would be initiated, then the hobby rocket
motor fired into the chamber upstream of the
fuel grain, and ignition achieved. The ignition
system worked very well. Eight firings were
completed at low chamber pressures, below
200 psia. These firings demonstrated that the
motor functioned as predicted, that the design
of the motor was sound, and satisfied university
and state safety officials that a rocket motor
could safely be fired on campus.

The permanent facility was completed in
September of 1993. All aspects of the facility
were checked, including the gas flow system, the
instrumentation of the facility, the computer
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control system and the data acquisition system.
This was accomplished by testing all systems
separately, then bringing them together in
dummy runs without ignition or installing the
motor. Once initial testing of the propane igni-
tion system was completed, optimal propane
flow was determined, at which point the igni-
tion system worked as anticipated. The oxidizer
flow is initiated, then after 2 seconds to allow
the flow to stabilize, the propane flow is initi-
ated. After one more second, the igniter is fired,
igniting the propane and starting combustion in
the hybrid motor. Propane is allowed to flow
for approximately 0.5 seconds to ensure even
grain combustion. After the preprogrammed
firing duration, the oxidizer flow is shut off,
extinguishing combustion in the chamber. The
chamber is then purged with nitrogen to assure
complete combustion termination.

A series of HTPB fuel grains were cast and
then fired in the motor. A slight combustion
instability, which is common with hybrid mo-
tors, was noted in the motor for both the Plexi-
glas and the HTPB fuels. With the HTPB fuel,
the pressure oscillates less than 15% of the
chamber pressure during a firing. Oxidizer flow
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Table 1. Regression Rate Data for Hybrid Rocket Motor Using HTPB Fuel.

Grain Run Oxygen Flow | Oxidizer Mass Flux, G, | Regression Rate, r
Number | Number (Ibm/sec) (Ibm/in®sec) (in/sec)
01 01 0.1620 0.2713 0.0407
01 02 0.1400 0.1551 0.0390
01 03 0.1200 0.1044 0.0286
01 04 0.1030 0.0736 0.0260
02 01 0.1760 0.2981 0.0390
02 02 0.0134 0.1426 0.0367
02 03 0.1190 0.0935 0.0230
02 04 0.1010 0.0656 0.0193
03 01 0.1720 0.2900 0.0397
03 02 0.1310 0.1409 0.0333
03 03 0.1160 0.0930 0.0240
03 04 0.1000 0.0655 0.0207
04 01 0.1120 0.1955 0.0347
04 02 0.0990 0.1143 0.0307
04 03 0.0783 0.0689 0.0203
04 04 0.0740 0.0538 0.0197
04 05 0.0578 0.0363 0.0137
04 06 0.0413 0.0236 0.0100
05 01 0.1240 0.2135 0.0360
05 02 0.1060 0.1190 0.0317
05 03 0.0910 0.0803 0.0228
05 04 0.0745 0.0561 0.0193
05 05 0.0575 0.0372 0.0150
05 06 0.0408 0.0237 0.0103
06 01 0.1150 0.1952 0.0387
06 02 0.0989 0.1084 0.0320
06 03 0.0826 0.0687 0.0210
06 04 0.0736 0.0513 0.0173
06 05 0.0585 0.0356 0.0143
06 06 0.0403 0.0222 0.0103

and chamber pressure were increased until the
maximum mass flow of 10 pounds per minute
of oxygen and a chamber pressure of 500 psia
were reached. A typical chamber pressure plot
is shown in Figure 4. This completed the testing
of the mechanical design of the motor and the
check out of the entire facility.

The regression rate study was completed in
February 1994. A total of 30 firings were com-
pleted. The fuel grains were weighed before
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and after firing to determine the mass of fuel
used. This mass loss was then converted into a
regression rate for the firing. The ablative sub-
stance applied to the ends of the fuel grains
functioned appropriately, and no end grain
burning was observed. The oxidizer mass flow
was accurately measured for each firing, and
the oxidizer mass flux was calculated. Over the
30 firings, the oxidizer mass flow was varied
from 0.0403 to 0.176 pounds mass per second
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of oxygen. This range of oxygen mass flow,
along with the average port diameter of the grain
over the firing, gives an oxidizer mass flux that
ranges from 0.022 to 0.298 lbm/in.>sec. Re-
gression rates from 0.0100 to 0.0407 inches per
second were recorded. This data is show in Ta-
ble 1 and Figure 5. Chamber pressures varied
between firings from 180 to 400 psia, depend-
ing on oxidizer flow and motor nozzle size.

0.10_ T T T T T T LI LA

0.05 n

M R |
0.01 0.05 0.1
Oxidizer Mass Flux, G, (Ibm/in’sec)

Regression Rate, r (in/sec)

0.01 o
05 1.0

Figure 5. Plot of regression rate data for
hybrid motor using HTBP fuel.

It can be noted from the data obtained that
there exists a group of points that are distinctly
separated from the rest of the data. These six
points are for the initial firings for each fuel
grain. It was hypothesized that because no
opacifier was added to the fuel, the regression
rate of those grains was lower. However, a char
layer had been deposited on the fuel’s surface at
the end of these primary firings. This acted as
an opacifier for the secondary firings, increas-
ing the regression rate. This being the case, the
data from the primary firings were separated
from that of the secondary firings and each set
used to determine the experimental results. A
line was fitted through the set of secondary fir-
ings. While the six points from the primary fir-
ings do not represent enough data to fit a valid
line through them, they do seem to fall on the
line as described in Sutton.'!

For the data presented in Sutton, the con-
stants a and # in the equation governing regres-
sion rate, were calculated to be a = 0.104 and
n=0.681. This gives the equation as follows:
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r=0.104-G**' 2)

Since only six primary firings were com-
pleted, a more involved test matrix needs to be
developed to test the theory that a char layer
develops and increases regression rate.

For the data from the 24 secondary firings,
the constants a and n, were calculated to be
a=10.131 and n = 0.674. When a and »n are ap-
plied to equation 1, this gives

r=0.131-G*" (3)

This data has an error of +8.8%. This gives re-
sults that show a higher regression rate than
shown in Sutton for HTPB fuel. It is speculated
that if an opacifier is added to the HTPB grains,
the primary firings would also show this in-
creased regression rate. This was confirmed by
preparing a fuel grain using carbon black as an
opacifier. The regression rate of this grain on its
primary firing was consistent (-3% error) with
the secondary firings of the other grains. An
oxidizer mass flux of 0.1562 Ibm/(in*sec) gave
a regression rate of 0.0363 in/sec.

Conclusions

A labscale hybrid rocket motor facility was
developed, designed specifically as a testbed for
the development of plume spectroscopy instru-
mentation (Figure 6). The computer control and
data acquisition systems have worked effec-
tively and efficiently to make this facility easy
to operate. The choice of hybrid motor technol-
ogy made it safe and cost effective as well. The
regression rate study showed that the motor
design and fuel give predictable results. This
makes it feasible to dope the fuel grains with
metal salts and calculate the concentration of
metals in the plume. This capability indicates
that the UALR hybrid based facility functions
well as a testbed for the development of plume
monitoring systems. The design of the facility,
as implemented, has proven to be reliable and
to give consistent results. Additionally, the ease
of use and rapidity of set-up (up to 12 or more
firings a day) make this facility an excellent
testbed for all types of rocket motor studies,
such as fuel composition, combustion stability,
and base heating effects. Other oxidizers (ni-
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Figure 6. A typical HTPB firing of the UALR thruster.

trous oxide) could be studied, however, operat-
ing parameters would be necessarily quite dif-
ferent, since cylinder pressures would vary from
that for gaseous oxygen.
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ABSTRACT

A chemical analysis of a selection of fire-
works has been made. The products were cho-
sen to represent the typical use of consumer
fireworks in Sweden 1998. The purpose of the
assignment was to estimate to what extent con-
sumer fireworks contribute to the total emission
of some undesirable elements in Sweden.

Six consumer items were examined (two of
them being multi item kits). Nineteen elements
were analyzed, but focus was made on the envi-
ronmentally undesirable elements arsenic,
cadmium, lead and mercury.

The conclusion was that, as far as arsenic,
cadmium and mercury are concerned, the con-
tribution from consumer fireworks is insignifi-
cant compared with the total emission and
deposition within the country.

The emission of lead, which is a well-known
constituent in crackling fireworks effects, can at
most be 0.8 % of the total emission and deposi-
tion in the country.

The figures in this paper do not provide any
evidence in favor of restricting the lead content

of fireworks.

Keywords: chemical analysis, fireworks, envi-
ronment, pollutant, arsenic, cadmium, lead,
mercury, crackling

Introduction

Fireworks and the Environment

Paracelsus (1493-1541) wrote!! “What is there
that is not a poison? All things are poison and
nothing (is) without poison. Solely the dose
determines that a thing is not a poison.” This is
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the most fundamental and pervasive concept in
toxicology.

When a fireworks composition is burned
most of its ingredients react to produce energy
and new solid and gaseous substances. The
solid substances are spread in the air and will,
sooner or later (depending on particle size and
weather conditions), deposit on the ground. The
actual bioavailability of elements from pyro-
technic emissions has not been determined and
is not part of this study.

Focus was made on arsenic, cadmium, lead
and mercury, since these elements are univer-
sally known to be the most toxic and most dam-
aging of the environmental pollutants.

The Pyrotechnic Investigation

After years of lively debate concerning the
connection between consumer fireworks and
environmental problems the Swedish govern-
ment started an official investigation® aiming
to shed light on the subject. Hansson PyroTech
AB got the assignment to estimate the total
emission of some environmentally undesirable
elements from consumer fireworks in Sweden
during 1998.

The work was based on the following as-
sumptions:

e Consumer fireworks were sold for 250 mil-
lion SEK (about US$30 million) in Sweden
during 1998,

e The consumer got 1 g of pyrotechnic com-
position per SEK.

e The chosen products were representative
samples of what was typically being fired.
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Table 1: Total Weight and Net Explosive Weight of Analyzed Consumer Fireworks Products.

No. | Total Wt. (g) | Net explosive Wt. (g) | Description
1 401 139.2 7 rockets (5 different types)
2 803 143.8 7 rockets (4 different types) + 2 mini cakes
3 652 180.0 25-shot cake
4 729 158.5 25-shot cake
5 4807 689.0 52-shot cake
6 2283 371.5 95 mm shell in mortar
Experimental Table 2: Rough Distribution of Pyrotechnic
Compositions. (Numbers in Weight Percent.)
Elements Composition | 1|23 |4 |5]|6
A standard package of 19 elements was cho- Fusepowder | 2 |1 3| 2| 2| 3| 2
sen for quantitative analysis: Motor powder (39 |44 | — | — | —[—
Aluminium (Al) [ Lead (Pb) Lift charge  |—.|=.]25.033] 21113
Arsenic (As) Magnesium (Mg) Burstcharge | 61 2| 4/ .4]17]31
Barium (Ba) Manganese (Mn) Blue et Rt AL -3 W B
Boron (B) Mercury (Hg) Crackling 24 | = |l=l=l=l=
Cadmium (Cd) | Nickel (Ni) Glitter 6.420. | ) ={2ll=
Calcium (Ca) Phosphorus (P) Gold 121120 ) =117 =
Chromium (Cr) | Potassium (K) Green Bl=]22l=l=l=
Cobalt (Co) Strontium (Sr) Red Cl= 18 =l ==
Copper(Cu) Zinc(Zn) Silver — 4 | —|55]21]| 2
Iron (Fe) Strobe — [ 6|—|—]| —|[52
White 3|—|—|—| —|—
Choice of Products

The products should represent what was
typically being fired in Sweden during 1998.
With support from representative sales figures,
six popular consumer products were chosen for
analysis, see Table 1.

All products were produced in China.

Sample Preparation

The items were dissected, and all pyrotech-
nic compositions were weighed and docu-
mented. See Table 2 for the rough distribution
of pyrotechnic compositions in each item.
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The samples were representative mixtures of
the total pyrotechnic content of each firework.
The compositions from each product were pre-
pared for analysis by grinding and were mixed
by sieving.

Analysis

A certified analytic laboratory'! analyzed
the samples.

The method involved the following steps:

¢ Dissolution of the samples in concentrated
nitric acid in a microwave oven.

e Removal of insoluble matter by filtration.

e Analysis by Inductive Coupled Plasma
spectroscopy (ICP). For technical reasons
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Table 3: Results of Chemical Analysis of Six Different Fireworks Products.
(Amounts in g per kg pyrotechnic composition.)

Element 1 2 3 4 5 6 Mean Value
Al 36 32 59 54 64 43 48
As 0.0024 0.044 0.013 0.010 0.046 0.0030 0.020
Ba 38 12 26 51 37 72 39
B <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Cd 0.0032 0.020 0.0037 0.0044 0.021 0.0035 0.0093
Ca 2.4 3.4 0.85 0.72 0.88 0.57 1.5
Cr 0.028 0.95 0.0076 0.0078 0.5 0.0068 0.25
Co <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
Cu 10.9 0.75 23 10.4 0.77 0.31 7.7
Fe 1.3 9.2 0.58 0.57 0.25 14 2.2
Pb 46 3.2 6.8 2.5 5.3 0.037 11
Mg 21 22 27 30 32 42 29
Mn 0.23 0.5 0.099 0.11 0.25 0.12 0.22
Hg 0.00032 | 0.00044 | 0.00019 | 0.00027 | 0.00051 | 0.00018 0.00032
Ni 0.012 0.808 0.0086 0.0082 0.02 0.036 0.15
P <0.10 <0.10 0.16 <0.10 <0.10 <0.10 <0.11
K 160 190 170 160 180 140 167
Sr 3.2 0.056 9.7 0.096 3.8 0.34 2.9
Zn 0.82 1.5 1.4 1.4 2.5 0.44 1.3

arsenic and mercury were determined by
Atomic Fluorescence Spectroscopy (AFS). Results

General descriptions of the methods can eas-
ily be found in any book of analytical chemis-

try.[S]

The results from the analysis are shown in
Table 3. The amounts are shown as gram of
pure element per kilogram of pyrotechnic com-

position.

Table 4: Estimated Discharge of Selected Elements from Consumer Fireworks in Sweden 1998.
(Amounts rounded off to one significant figure.)

Element kg Element kg Element kg
Al 10,000 Co <1 Ni 40
As 5 Cu 2000 P <30
Ba 10,000 Fe 600 K 40,000
B <30 Pb 3000 Sr 700
Cd 2 Mg 7000 Zn 300
Ca 400 Mn 60
Cr 60 Hg 0.1
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Table 5: Estimation and Comparison of Discharge from Consumer Fireworks to Total Emission
of Arsenic, Cadmium, Lead and Mercury in Sweden 1998.

Arsenic Cadmium Lead Mercury
To air!”] 1300 kg 780 kg 38,000 kg 880 kg
To water™® 830 kg 1800 kg 13,000 kg 920 kg
Hunting!® — — 164,000 kg —
Deposition'” 10—60,000 kg | 10-20,000 kg | 170-760,000 kg | 10-30,000 kg
Consumer Fwks. 5 kg 2 kg 3000 kg 0.1 kg
Contribution from - 1 508004 % 0.009-0.02% | 0.3-0.8%  [0.0003-0.0008 %
consumer fwks. in %

With support from the initial assumptions,
the amount of consumer fireworks sold in Swe-
den during 1998 corresponds to a net explosive
weight of 250,000 kg. Table 4 shows the calcu-
lated total amounts rounded off to one signifi-
cant figure.

Discussion

Comparison with the Total Discharge in
Sweden

To judge the impact of the discharge from
consumer fireworks correctly, it is important to
compare it with other sources of pollution. The
emission of toxic metals is steadily decreasing.
For example, the emission of lead has drasti-
cally decreased since lead-free gasoline was
introduced. The problem is that Northern
Europe receives enormous amounts from Mid-
dle and Southern Europe as deposition with rain
and snow. In Table 5 the discharge from con-
sumer fireworks is compared to the total emis-
sion and deposition of arsenic, cadmium, lead
and mercury in Sweden.

The deposition in Sweden is very difficult to
estimate due to uneven distribution of the fall-
out and because of the randomly spread control
stations in the northern parts of the country.

Table 5 clearly shows that as far as arsenic,
cadmium and mercury are concerned, the con-
tribution from consumer fireworks is insignifi-
cant compared to the total emission and deposi-
tion within the country. The levels are so low
that it is very doubtful that the elements are
added to the fireworks on purpose. Most proba-
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bly they are introduced inadvertently as impuri-
ties.

The emission of lead, which is a well-known
constituent in crackling fireworks effects, can at
most be 0.8 % of the total lead emission and
deposition in the country.

The figures in this paper do not provide any
evidence in favor of restricting the lead content
of fireworks. If all lead from fireworks were
eliminated, there would be no measurable dif-
ference in the lead pollution of Sweden’s envi-
ronment. There may well be very good reasons
for not having lead in consumer fireworks, but,
on the evidence of this paper, increased envi-
ronmental pollution is not one of them.

Increased Sales during 1999

Since the sales probably were doubled dur-
ing 1999 it is reasonable to believe that the
emission of metals from the firing of consumer
fireworks also was doubled. It is furthermore
believed that at least half of the fireworks sold
during 1999 were fired on New Years Eve. This
could mean that 3000 kg of lead were dis-
charged from consumer fireworks that single
night. The emission from display shows was
probably of the same magnitude.

Comments

Low Level Elements

Commercial pyrotechnic formulations sel-
dom contain ingredients at levels below 1
weight percent. Some exceptions are stabilizers
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(boric acid, chromates) and free-flow agents
(amorphous silica). The levels in table 3 imply
that consumer fireworks from China do not
contain ingredients based on As, P, Cd, Ca, Co,
Hg, Mn, Ni or Zn. Metal powders used in pyro-
technics are often of low purity, which can ex-
plain the presence of Co, Mn, Ni and Zn, which
all are common alloying additives.

Amounts of Barium and Strontium

In Table 4 the amount of strontium seems
surprisingly low compared to the amount of
barium. The distribution of red and green ef-
fects is usually equal in consumer fireworks,
which implies that the amounts should be of the
same magnitude. It is possible that the chosen
products were not representative in the
red/green distribution, but there are some other
possible explanations of the difference. First of
all, Chinese green stars are usually made with
about 50 % barium nitrate whereas red stars are
usually made with about 20 % strontium car-
bonate. Also taking in account of the difference
in density (green stars are often a little heavier)
the Sr/Ba ratio should be about 1/3. Further-
more barium nitrate is used for other effects
than just green stars. Chinese recipes for glitter,
silver, strobe and white stars also contain bar-
ium nitrate.!'"

Consumer fireworks in Sweden

Compared to other countries in the Northern
Europe, Sweden has a rather liberal fireworks
regulation. Anyone of at least 18 years of age
can buy shells up to 100 mm, cakes with a net
explosive weight up to 1000 g and rockets with
a net explosive weight up to 250 g.

The reason for this is that most of the coun-
try is thinly populated, and, even in the bigger
cities, open space is never far away. However, a
special permit is required from the police when
shooting inside city borders.
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ABSTRACT

The effects of stoichiometry and particle size
on the thermal stability and sensitiveness of
sulfur/chlorate mixtures have been investigated.
Mixtures containing small particles and ap-
proximately 5% sulfur were shown to be the
least thermally stable. Sulfur/chlorate mixtures
containing a third component have also been
investigated and compositions with up to 70%
added material gave similar low ignition tem-
peratures to mixtures of the two components.
All  compositions containing sulfur/chlorate
were found to be friction sensitive and had lim-
iting loads below the 80 N UN transport crite-
rion. When iron was the third component, the
compositions were also impact sensitive, with
Limiting Impact Energies below the 2J UN
transport criterion.

Keywords: chlorate, sulfur, sensitiveness,
thermal stability, ignition temperature

Introduction

Part 1 of this series!"! discussed the problems
posed by the presence of sulfur/chlorate in fire-
works compositions, and in Part 21! we reported
initial studies on stoichiometric sulfur/chlorate
mixtures (approximately 30:70 S:KClOs). In
this third paper we have extended the work and
investigated the effect on thermal stability and
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sensitiveness of varying both the proportions
and particle sizes of sulfur and potassium chlo-
rate. Additionally, we have examined the effect
of adding a third component to sulfur/chlorate
mixtures. Both the thermal stability and sensi-
tiveness of the resulting mixtures have been
investigated.

Experimental

Mixtures were prepared from materials pur-
chased from laboratory suppliers. The potas-
sium chlorate was high purity (AnalaR) grade,
and the other materials were standard laboratory
grade. Control samples were added to each
block. These were prepared from <500 wm ma-
terials and were used to monitor any changes
due to extraneous effects (e.g., ambient relative
humidity). Testing was carried out up to 200 °C,
the maximum temperature that could be attained
in the blocks. Since initial studies” had indi-
cated that flowers of sulfur had similar proper-
ties to the sulfur used in Chinese production for
a UK importer but was marginally more reac-
tive, this sulfur was used in all the experiments
reported in this paper. Additionally, as it was
the most reactive sulfur, it was hoped that any
subtle changes might be more apparent with this
material.

For the majority of the testing undertaken,
components were ground and sieved to obtain
fractions that passed through a 0.5 mm mesh.
When the effect of particle size was being in-
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vestigated, potassium chlorate sieve fractions of
<63, 63-125, 125-250, 250-500 wm, and a
small amount of >500 um were collected. The
flowers of sulfur only yielded sufficient material
for test in the <63 and 63—125 pum fractions.

Thermal stability of the sulfur/chlorate mix-
tures was measured in open cardboard fireworks
tubes using 2 g samples, as previously re-
ported.”) Sensitiveness” measurements were
made with the BAM (Bundesanstalt fiir Materi-
alforschung und -priifung) friction apparatus
and Fallhammer using standard test methodolo-
gies.*) In our previous work we used probit!”!
analysis to determine the limiting values. While
this gives more information regarding the sensi-
tiveness of the materials, a greater number of
tests need to be carried out. Some compositions
were found to change sensitiveness on standing
(probably due to moisture uptake), and there-
fore the quicker standard method was adopted
for the current experimental programme.

Wet Processed Materials

Some fireworks formulations are wet proc-
essed'® to consolidate the materials (e.g., in star
production). To simulate this, compositions (2 g)
were mixed dry, and then 0.5 cm® water was
added with mixing to form a paste. Such mix-
tures were allowed to air-dry overnight before
being cautiously crushed with the back of a
non-sparking metal spatula to produce powder
that was sampled for test.

Co-Precipitated Potassium Chlorate/Salt
Mixtures

Samples of potassium chlorate were pre-
pared by co-precipitation with barium nitrate,
strontium nitrate or copper chloride. Potassium
chlorate (15 g) was dissolved in 50 cm® of boil-
ing water and 2—4 g of salt (Ba(NO;),, Sr(NOs),
or CuCl,-2H,0) was added. The solution was
carefully poured into 200 cm’ of acetone to
precipitate the mixed salts. The fine precipitates
were filtered and air-dried prior to use.
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Results

The Effect of Stoichiometry

Ignition temperatures for sulfur/chlorate mix-
tures containing between 1 and 70% sulfur were
obtained from duplicate experiments in which
2 g samples were heated at 5 °C hr'.

Table 1. Ignition Temperatures for
Sulfur/Chlorate Mixtures.

Ignition Temperature (°C)

% Sulfur Sample 1 Sample 2
1 142 145
2 145 143
3 134 125
4 138 126
5 123 122
10 119 120
20 122 122
30 123 122
40 123 122
50 123 123
60 125 126
70 127 126

Effect of Particle Size

Sulfur/chlorate mixtures (30% sulfur) were
prepared using the available sieve fractions of
sulfur and potassium chlorate in order to inves-
tigate the effect of particle size on thermal sta-
bility, as measured by ignition temperature (Ta-
ble 2).

Corresponding sensitiveness measurements
were made using the available fractions to in-
vestigate the effect of particle size on friction
sensitiveness (Table 3) and impact sensitiveness
(Table 4). To differentiate the friction sensi-
tivenesses, intermediate loadings were used and
the “standard” BAM limiting loads are shown
in parentheses.
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Table 2. Effect of Particle Size on Temperature of Ignition.

Chlorate Fraction Ignition Temperature (°C)
(um) Sulfur <63 um | Sulfur 63—125 um
<63 119 119 119 119
63-125 119 119 119 119
125-250 125 125 125 125
250-500 134 134 132 137
Control 1(<500) 123 124
Control 2 (<500) 122 127

Table 3. Friction Sensitiveness of Sieved Fractions of Sulfur/Chlorate Mixtures.

Limiting Load (N) for Sulfur Fractions
Material <63 um 63—125 um
<63 um chlorate 8 (10) 7 (10)
63—125 um chlorate 5 (5) 5 (5)
125-250 um chlorate 10 (10) 7 (10)
250-500 um chlorate 7 (10) 14 (20)

Table 4. Impact Sensitiveness of Sieved
Fractions of Sulfur/Chlorate Mixtures

(63-125 um Sulfur).

Chlorate Sieve | Limiting Impact
Fraction (um) Energy (J)
63-125 4
125-250 5
250-500 5
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The Effect of Added Materials on the
Thermal Stability of Sulfur/Chlorate
Mixtures

Fireworks compositions generally contain a
number of components. To enable a large varia-
tion in these components to be accommodated,
mixtures containing 5% sulfur were selected for
this part of the study.

To examine the effect of these materials on
the stability of sulfur/chlorate mixtures a series
of compositions containing sulfur, potassium
chlorate and a third component was produced.
The thermal stability of these mixtures was in-
vestigated by slow heating (5 °C hr'). Under
these experimental conditions, control samples
of 5% sulfur in potassium chlorate (i.e., no third
component) ignited in the range 113—-116 °C.
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Table 5. The Effect of Oxidisers on the Ignition Temperature of Sulfur/Chlorate Mixtures

(<500 um particle size, 5% Sulfur)

Ignition Temperature (°C) for Quantity of Oxidiser

Added Oxidiser 10% 30% 50% 70% 90%
Potassium perchlorate 117 116 117 118 N/I
Potassium nitrate 115 117 — 117 (exo) N/I
Barium nitrate 115 114 115 116 N/I
Strontium nitrate 115 115 116 — N/I

N/I = no ignition
€X0 = non-ignition exotherm

Table 6. The Effect of Fuels on the Ignition Temperature of Sulfur/Chlorate Mixtures

(<500 um particle size, 5% Sulfur)

Ignition Temperature (°C) for Quantity of Fuel
Added Fuel 10% 30% 50% 70% 90%
Charcoal 120 117 128 — —
Aluminium 115 114 115 115 N/I
Magnesium 114 114 115 116 N/I
Iron filings 114 114 113 114 118 (exo0)

N/I = no ignition

exo = non-ignition exotherm

Table 7. The Effect of Other Material on the Ignition of Sulfur/Chlorate Mixtures

(<500 um particle size, 5% Sulfur)

Ignition Temperature (°C) for Quantity of Material

Material 10% 20% 30% 40% 50%
Potassium chloride 115 115 — 116 117
Copper chloride (CuCl,-2H,0) 114 115 117 123 120
Barium nitrate 115 115 116 118 (exo0) 124
Strontium carbonate 115 116 116 120 123
Calcium carbonate 111 113 113 113 114

€x0 = non-ignition exotherm

To investigate whether wet processing exerted an effect, a number of samples were prepared and their

thermal stability investigated by slow heating, Table 8.
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Table 8. The Effect of Wet Mixed Materials on the Ignition of Sulfur/Chlorate Mixtures

(<500 um particle size, 5% Sulfur)

Ignition Temperature (°C) for Quantity of Added Material

Material 20% 40%
Potassium nitrate 114 126
Barium nitrate 115 118
Calcium carbonate 115 115
Copper chloride (CuCl,-2H,0) 113 115

To further investigate the effects of wet mixing, co-precipitated materials were prepared, and ignition
temperatures of the resulting “contaminated” potassium chlorate/sulfur were measured for both 5%
and stoichoimetric (30%) sulfur, Table 9.

Table 9. The Effect of Co-Precipitated Potassium Chlorate on the Ignition Temperature of
Sulfur/Chlorate Mixtures (<500 pm particle size).

Ignition Temperature (°C)

Material Co-Precipitated with KCIO3 5% Sulfur 30% Sulfur
Barium nitrate 104 89
Strontium nitrate 91 94
Copper chloride (CuCl,-2H,0) 100 98

Note: levels of co-precipitated salt are unknown.

Effect of Added Materials on Sensitiveness of

Sulfur/Chlorate Mixtures

Both the friction and impact sensitivenesses
of sulfur/chlorate mixtures with an added com-
ponent were measured using freshly prepared
materials. Additionally, some of the mixtures
were also investigated either after dry storage or
after conditioning at 50 °C and 70% relative

humidity for 1 week.

Table 10. The Effect of Added Materials on Sulfur/Chlorate (<500 um particle size,

30% Sulfur) Friction Sensitiveness.

Friction sensitiveness — Limiting Load (N)
Material Added to Freshly Stored Temperature and
Sulfur/Chlorate Mixture Prepared Dry Humidity Conditioned
Charcoal (30%) 40 40 20
Iron filings (30%) 20 20 40
Aluminium (30%) 20 20 40
Magnesium (30%) 40 40 40
None 10 <5 <5
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Table 11. The Effect of Oxidisers on the Friction Sensitiveness of Freshly Prepared
Sulfur/Chlorate (<500 pm particle size, 30% Sulfur).

Material Added to

Friction Sensitiveness — Limiting Load for
Percentage Additional Material (N)

Sulfur/Chlorate Mixture 20% 40%
Potassium perchlorate 40 20
Potassium nitrate 20 40
Barium nitrate 20 40

Control sample with no addition 20 N

Table 12. The Effect of Added Materials on Impact Sensitiveness (<500 um particle size).

Impact Sensitiveness — Limiting Impact Energy (J)
Material Added to Freshly Stored Temperature and
Sulfur/Chlorate Mixture Prepared Dry Humidity Conditioned
Charcoal (30%) 15 5 4
Iron filings (30%) <1 <1 5
Aluminium (30%) 25 7.5 20
Magnesium (30%) 20 10 5
None 3 10 15

Discussion

Previous work by Conkling!” using differen-
tial thermal analysis measurements indicated
that the ignition temperatures of sulfur/chlorate
mixtures were below 150 °C. Results from our
early work!”! using 2 g samples of sulfur/chlorate
(30:70) in fireworks tubes suggested ignition
temperatures of 115-140 °C. These ignition
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Figure 1. The effect of sulfur content on igni-
tion temperature of sulfur/chlorate mixtures.
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temperatures were dependent on the sulfur used
and sample history. In extending this work,
other variables have now been investigated to
identify their effect on both the ignition tem-
peratures of such mixtures and their sensitive-
ness to mechanical stimuli.

The Effect of Stoichiometry on the Thermal
Stability of Sulfur/Chlorate Mixtures.

Sulfur/chlorate mixtures containing a low
percentage (1-5%) of sulfur showed a reduction
in ignition temperature with increasing sulfur
content, whereas above 5% sulfur there was a
gradual small increase in the ignition tempera-
ture with increasing sulfur content. Figure 1
illustrates the experimental data and indicates
that the minimum ignition temperature is at ap-
proximately 5% sulfur. The majority of subse-
quent thermal stability testing was therefore
carried out on mixtures with 5% sulfur.

Page 21



The Effect of Particle Size on the Thermal
Stability and Sensitiveness of
Sulfur/Chlorate Mixtures

Similar series of experiments were carried
out to ascertain the effect of the particle size of
the components on the reactivity of mixtures of
30% sulfur and potassium chlorate. The sulfur
fractions were limited by the small amount of
material greater than 125 wm. It was possible to
obtain two workable sieve fractions from sulfur
and four from potassium chlorate. Table 2 shows
that particle size has little effect on thermal sta-
bility when the materials are below 125 pum.
When the potassium chlorate sieve fraction was
larger than 125 wm there was an increase in
ignition temperature, presumably due to the
decreased surface area of the material reducing
the reactivity. As firework compositions tend to
be finely divided materials, any sulfur/chlorate
mixtures present in a fireworks composition
could be expected to lower the ignition tempera-
tures of the mixtures provided that there were
no specific interactions with other constituents.

All the combinations of sieve fraction that
were tested for friction sensitiveness were found
to be very sensitive with limiting loads below
the 80 N UN transport criterion.* For compari-
son, a typical explosive (RDX) has a limiting
load of 120 N™® and a typical primary explosive
(lead azide) a limiting load of 10 N. "' Thus,
the sulfur/chlorate mixtures in Table 3 generally
have friction sensitivenesses similar to primary
explosives. The impact study indicated that the
materials from all the fractions tested had Lim-
iting Impact Energies (LIE’s) above the 2 J UN
transport criterion.[*! There was little variation
in impact sensitiveness with particle size and no
consistent trend was observed. For comparison,
a typical explosive (RDX) has a LIE of 7.5 Ji*
and a typical primary explosive (lead azide) has
a value of 2.5 J.* Hence, the sulfur/chlorate
mixtures in Table 4 are less sensitive than pri-
mary explosives to impact.
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The Effect of Added Materials on the
Thermal Stability of Sulfur/Chlorate
Mixtures

It could be anticipated that the inclusion of a
third component in a sulfur/chlorate mixture
would exert some effect on thermal stability and
sensitiveness. There are likely to be some mate-
rials that would stabilise the mixtures, and oth-
ers that would destabilise the mixtures. Also,
certain materials would have no effect by inter-
action but would dilute the material. Bases are
reported to be included in sulfur used in UK
military pyrotechnics to counteract the effect of
any acidity from the sulfur.”” Conversely cop-
per(Il) salts are known!'" to destabilise potas-
sium chlorate. Surprisingly, most tests indicated
that there was little effect on ignition tempera-
ture until high percentages of a third component
were added. For most compositions, the addition
of up to 70% of a third added material had little
effect on the ignition temperatures, which were
similar to those for the basic sulfur/chlorate
mixture. Beyond this level non-ignition exo-
therms or no reaction was observed. Charcoal
showed the most marked stabilising effect, be-
ing the only fuel or oxidiser to increase ignition
temperature by 10 °C at 50% addition. This
may be due to the ability of charcoal to absorb
materials, particularly gases. The other compo-
nents found to give similar stabilising effect
were the bases strontium carbonate and barium
carbonate. Carbonates have been reported as
stabilising sulfur/chlorate-containing composi-
tions in military pyrotechnics."!

Chlorates of many metals (other than the al-
kali metals) mixed with sulfur are reported to
be less thermally stable than potassium chlo-
rate/sulfur mixtures.""" %! It could be anticipated
that the inclusion of barium, strontium or cop-
per salts might lower the ignition temperature
of sulfur/chlorate mixtures if there was an inter-
action with the salt. However, freshly prepared,
dry compositions containing barium nitrate,
strontium nitrate (Table 5) or copper chloride
(Table 7) in sulfur/chlorate did not display re-
duced ignition temperatures. Copper chloride
and the carbonates of both strontium and bar-
ium had a slight stabilising effect when present
in high percentage in the compositions. The
copper chloride presumably exerts an effect by
diluting the mixture, while the carbonates may
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also have a chemical effect by neutralising any
acidic species. Similarly, freshly prepared, wet
processed materials (Table 8) did not produce
compositions with lower ignition temperatures.
However, when the potassium chlorate was co-
precipitated with these salts, the resulting sul-
fur/chlorate mixtures had lower ignition tem-
peratures (Table 10). The co-precipitated mate-
rials may equate to poor quality potassium chlo-
rate, the inclusion of potassium chlorate having
been cited as one of the main causes of many of
the early fireworks accidents.'® In the co-
precipitated materials there will be more inti-
mate mixing of the salts and the possibility of
double decomposition reactions leading to small
amounts of other chlorates being formed.

The Effect of Added Materials on
Sensitiveness of Sulfur/Chlorate Mixtures

Most compositions investigated had friction
sensitivenesses below the UN transport crite-
rion of 80 N and impact sensitivenesses above
the 2 J criterion. However, the inclusion of iron
into the composition produced material that was
below both criteria. The inclusion of hard me-
tallic components in pyrotechnic compositions
has been reported to increase sensitiveness.!'"!
For example, when up to 25% titanium was
added to Black Powder, mixtures were obtained
that had enhanced mechanical sensitiveness.'"”!

Conclusions

The present study has indicated that sul-
fur/chlorate mixtures, with up to 70% other ma-
terial, are likely to ignite at temperatures below
the melting temperature of sulfur (119 °C). This
is low compared with normal fireworks compo-
sitions. Such mixtures are also friction sensitive,
having values well below the UN transport cri-
terion and with some compositions approaching
the friction sensitiveness of primary explosives.
The inclusion of hard metallic materials is
likely to produce mixtures that are not only fric-
tion sensitive but also impact sensitive.
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Errata

Issue 10, Winter 1999
Page 6, Equation 7 should read:
Page 6, Equation 8 should read:

vs = (VandHimg)| pdt
Vs = No(Vard,H/ms)| pydt

Journal of Pyrotechnics, Issue 11, Summer 2000

Page 24



Propellant Chemistry

Naminosuke Kubota

Scientific Advisor, Mitsubishi Electric Corporation, Kamimachiya 325, Kamakura 247-0065, Japan
email: Naminosuke.Kubota@kama.melco.co.jp

ABSTRACT

Propellants used for pyrotechnics are com-
posed of energetic materials that produce high-
temperature and high-pressure gaseous prod-
ucts. The propellants are classified into three
types by their physical structure and the ingre-
dients used: (1) homogeneous propellants con-
sisting of chemically bonded oxidizer and fuel
components in the same molecule, (2) hetero-
geneous propellants consisting of physically
mixed oxidizer and fuel components, and (3)
granulated propellants consisting of energetic
solid particles. While the energy content of a
propellant is determined by the chemical prop-
erties of the ingredients, the physical properties
and chemical processes of the ingredients de-
termine the ballistic characteristics such as
burn rate and pressure and temperature sensi-
tivities.

Keywords: propellant chemistry, activation
energy, burn rate

Nomenclature

a = burn rate constant defined in equation 8
A, =burn area, m’

A,  =nozzle throat area, m’

c = specific heat, kJ/kgK

c¢qs = mass discharge coefficient

¢s = thrust coefficient

d = dark zone pressure exponent
E = activation energy, kJ/kmol
H,,, =heat of explosion, MJ/kg

1 = radiative heat flux, kW/m?

k = reaction order

K, = arearatio defined by 4,/4,

m = mass flow rate, kg/m’s or
reaction order in the dark zone
my = mass discharge rate, kg/s
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m, = mass generation rate, kg/s

M =molecular mass, kg/kmol

n = pressure exponent of burn rate
[OB] = oxygen balance

p = pressure, MPa

Jeoa = conductive heat flux, kW/m?
qeomv = convective heat flux, KW/m?
qreac = rate of heat production, kW/m?
QO  =heat release, klJ/kg

r = burn rate, m/s

R = gas constant, 8.315 kJ/kmolK

T = temperature, K

u = flow velocity, m/s

X = distance, m

Z = pre-exponential factor, (kg/m’s)(MPa)”
K

o = thermal diffusivity, m*/s

B = radiative heat flux factor defined in
equation 26, kW/m’K*

Y = specific heat ratio

I’ = heat flux at the burning surface, kW/m’

o = reaction distance, mm

AH°; = heat of formation, MJ/kg

A =thermal conductivity, kW/mK

A =heat flux in the gas phase or in the
condensed phase, kW/m®

€ = mass fraction

T, = temperature sensitivity of chamber
pressure, K

p = density, kg/m’ or g/cm’

O, = temperature sensitivity of burn rate, K

(0] = temperature gradient, K/m

¢  =temperature defined in equation 32, K

® = reaction rate in the gas phase, kg/m’s
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Subscripts
¢ = combustion
d = decomposition or dark zone
f = flame or fizz zone
g = gas phase
m = melting point
p = propellant, condensed phase, or product
r =reactant
s = burning surface
0 = initial condition

1. Introduction

When a propellant is ignited and burned in a
closed chamber, gaseous species at high tem-
perature and pressure are formed. These ener-
getic gaseous species generate propulsive forces
used for rockets, guns, and fireworks. The spe-
cific impulse (/,) is a parameter used to iden-
tify the energy content of propellants and is
represented by

1, ~(T.IM,)" (1

where 7, is combustion temperature and M. is
molecular weight of the combustion products.
Though I, is also a function of the specific heat
ratio (y) of the combustion products, 7 is rela-
tively constant among propellants. It is evident
from equation 1 that an energetic material that
produces high 7. and high M. combustion
products may not be a useful propellant. A pro-
pellant that generates low 7. can also be useful
if the M., is sufficiently low. For example, a py-
rolant containing metal powders is not used as a
propellant because it generates metallic oxides
with a high M, even though a high T, is gener-
ated by metal combustion.

Solid propellants may be classified into
three types by their physical structures: (1) ho-
mogeneous propellant, (2) heterogeneous pro-
pellant, and (3) granulated propellant. A homo-
geneous propellant consists of fuel and oxidizer
components that are bonded chemically in the
same molecule, and the physical structure ap-
pears to be homogeneous. A typical example of
homogeneous propellant is nitrocellulose (NC)
that is composed of —O-NO, chemical bonds
and hydrocarbon structure. Breaking the O-NO,
bond produces NO, gaseous species, which act
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as an oxidizer fragment, and the hydrocarbon
structure acts as a fuel fragment. The physical
structure of NC is homogeneous, and it is known
as a single-base propellant. The mixture of NC
with nitroglycerin (NG) forms a homogeneous
gelled propellant known as a double-base pro-
pellant. The physical structure of a double-base
propellant is also homogeneous.

On the other hand, a heterogeneous propel-
lant is made as a mixture of fuel and oxidizer
components, and the physical structure of the
propellant is heterogeneous. A typical hetero-
geneous propellant is a mixture of crystalline
particles and a polymeric hydrocarbon, a so-
called “composite propellant”. The crystalline
particles act as the oxidizer component, and the
polymeric hydrocarbon acts as a fuel compo-
nent when these are decomposed. The chemical
reaction that produces heat and combustion
products occurs on and above the burning sur-
face of the propellant.

A granulated propellant consists of numer-
ous granulated grains or powders that are made
from energetic materials. When a granulated
propellant is used for a propulsion system, the
propellant is a loosely packed shape. Black
Powder is a typical example of this class of
propellant. However, in some applications
(model rocket motors, skyrockets, and signal
rockets) Black Powder may be compressed into
a single grain and performs as a heterogeneous
propellant.

These three types of propellants are funda-
mentally different from each other in various
aspects: chemical ingredients, decomposition
processes, burn rate characteristics, combustion
products, etc. In this paper the chemical proper-
ties of propellants, their ingredients, and com-
bustion characteristics are described in order to
understand the ballistic properties of solid pro-
pellants.
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2. Energetics of Propellants

2.1 Generation of Heat Energy

When a propellant burns, heat and combus-
tion products are produced. In general, the heat
produced is evaluated by the “heat of explo-
sion” H,y,. H,y, is defined as the difference be-
tween the heats of formation of the reactants,
2AH°; (reactants), and the heats of formation of
the products, XAH°(products) as represented by

H.,., = SAH®/ (reactants) — SAH°;(products) (2)

Each heat of formation, AH®; is dependent on
the chemical structure and chemical bond en-
ergy of each molecule of propellant ingredient
and combustion products. Equation 2 indicates
that a higher H.,, is obtained when a higher
XAH°s(reactants) is used for the propellant and
also when a lower ZAH®/(products) results from
the combustion products.

Table 1 shows AH®, for typical energetic re-
actant ingredients used for propellants, and Ta-
ble 2 shows AH° for typical propellant combus-
tion products. It is evident from the data in Ta-
ble 1 that higher AH°, (reactants) is generally
obtained with oxidizers or materials containing
nitrogen atoms.

Table 3 shows H.,,, percent nitrogen (N%),
density (p), and melting point temperature (7,,)
for typical energetic materials used as major
components of propellants. To obtain higher
H,,, of propellants, various types of chemicals
are mixed to formulate propellants. The major
chemicals are fuel and oxidizer. The oxidizer
oxidizes the fuel to produce heat and gaseous
products. Even though XAH®, (reactants) of the
fuel and oxidizer may be low, a higher H.,,, is
obtained if the oxidizer has a potential to oxi-
dize the fuel completely. The complete oxida-
tion reaction (i.e., complete combustion) pro-
duces lower XAH°; (products) as the combus-
tion products. Thus, the concentration of oxy-
gen atoms within the oxidizer represented by
“oxygen balance: [OB]” is an important pa-
rameter to identify the potential of oxidizers.
Oxygen balance is the amount of oxygen re-
maining after oxidizing hydrogen, carbon, mag-
nesium, aluminum, etc. to produce H,O, CO,,
MgO, Al,Os, etc. If excess oxygen molecules
remain after the oxidation reaction, the oxidizer
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Table 1. AH°;for Propellant Reactant
Ingredients.

Reactant AH®s (MJ/kg)
NG -1.70
NC —-2.60
HMX +0.25
NH,CIO, —2.52
KCIO, -3.12
NH;NO; —4.56
KNO; —4.87
CTPB —-0.89
HTPB -0.31
GAP +0.96
BAMO +2.46
Cubane +5.47
Al 0
Mg 0

B 0

Table 2. AH°for Propellant Combustion
Products.

Product AH®s (MJ/kg)
CO -3.94
CO, -8.94
H.O) -13.42

N2 0

Al,O5 -16.4

B-O3 -18.30
MgO -14.93

is termed to have a “positive” oxygen balance.
If the oxygen molecules are completely con-
sumed and excess fuel molecules remain, the
oxidizer is termed to have a “negative” oxygen
balance.

Since the reaction of an oxidizer composed
of a C,H,N.O4Cl.S¢ oxidizer is represented by

C,HyN.O4CLS; — a CO,+ 1/2 (b—¢) H,O +
¢/2 N, +e HCl+ £SO, — {(a+ 1) +
1/4(b — ) — d/2} O,
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Table 3. Physicochemical Properties of Ingredients Used for Propellants.

Short- N Density (p) | Hexp Tm [OB]
Propellant Ingredient hand Formula (%) (g/cm3) (MJ/kg) | (°C) (%)
nitroglycerine NG | (ONO,);(CH,),CH | 18.50 1.59 6.322 13.2 +3.5
nitrocellulose NC | Cy5H14NgO2 14.14 1.67 413 D -28.7
ammonium perchlorate | AP | NH,CIO, 11.04 1.95 1.114 D +34.04
ammonium nitrate AN | NHsNO; 35.0 1.72 1.601 | 169.6 | +19.99
nitroguanidine NQ | CH4N,O, 53.83 1.71 2.88 232 -30.7
triaminoguanidine TAGN | CHoN,O, %868 | 415  |367 |216 | -335
nitrate
cyclotetramethylene | Ly | (NNOs(CH): | 2783 | 100 |53 |275 | —216
tetranitramine
cyclotrimethylene RDX |(NNO»)s(CHa)s | 378%| 182 |540 |204 | 216
trinitramine
hexanitrohexaazatetra- CL-20 | (NNOL)s(CH)s 38.45 204 6.8 260 1095
cyclododecane

D = decomposes instead of melting.
Note: Hey, is for H,O as a gas.

the oxygen balance, expressed as mass percent,
is given by
[OB]=-{(a+ 1)+ 1/4(b—e)—d/2} x
{32/(molecular mass of oxidizer)} x 100%

For example, NG produces excess oxygen mole-
cules during its combustion as given by

C3H5N309 e d
3CO,+5/2H,0+3/2N, +1/4 O,

The oxygen balance of NG is given by
[OB]nG = {+ Y4} x{32/227}x100% =+ 3.52%
The oxygen balance for any type of oxidizer
can be obtained by assuming the oxidized
products as shown above. Table 3 shows the

oxygen balance for some ingredients used in
propellants.
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2.2 Characterization of Energetic Materials

Typical materials containing oxygen and ni-
trogen atoms are known as nitrate esters and
include nitrocellulose (NC) and nitroglycerin
(NG). Nitrate esters consist of —-O—-NO, chemi-
cal bonds in their structures. The oxidizer com-
ponent is oxygen, and the fuel components are
carbon and hydrogen. The oxidized combustion
products are CO, and H,O for which AH°,are
—8.94 and —13.42 MJ/kg, respectively, as shown
in Table 2. The nitrogen atoms in the reactants
produce nitrogen gas for which AH® is zero
(Table 2). Also materials containing a —C-NO,
bond such as trinitrotoluene (TNT:C;H;sN3Og)
and tetryl (C;HsN;sOyg), those containing a —N—
NO; bond such as RDX (C3HgN¢Og) and HMX
(C4HgNgOy), and those containing a -N=N"=N"
bond such as lead azide (Pb(N;),) and glycidyl
azide polymer (GAP:C;H;N;0) are high-energy
materials useful for propellants. These materials
act to produce CO, and N, through the follow-
ing combustion reaction

—C-NO;

—0-NO, - 0=C=0
—N-NO, N=N
—N=N =N"*
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Thus, a high H,,, as shown in equation 2 is ob-
tained by the combustion of materials contain-
ing these chemical bonds.

Crystalline materials such as KNOs;,
NH4NO;, and NH4ClO, are used as oxidizers
due to the high concentration of oxygen atoms
in their molecules. These materials generate
oxidizing fragments when thermally decom-
posed. On the other hand, hydrocarbon poly-
mers such as polyurethane and polybutadiene
generate gaseous fuel fragments when ther-
mally decomposed. Thus, the mixture of an
oxidizer and a hydrocarbon polymer forms a
composite propellant. Accordingly, a composite
propellant generates high temperature gases
during combustion.

The mechanical properties of propellants are
important to produce desirable propellant grains.
The mass burn rate of propellant is dependent
not only on the linear burn rate of the propellant
but also on the burning surface area of the pro-
pellant grain. During pressure transient proc-
esses, such as ignition and oscillatory burning
in a rocket motor, very high mechanical stresses
are produced in the propellant grain. If the in-
ternal grain shape is complicated, these stresses
may damage the propellant grain. The increased
burning surface area caused by unexpected
damage, such as cracks, to the grain increases
pressure in the combustion chamber. Further-
more, the elongation property (elasticity) de-
creases as the temperature decreases. This may
cause damage to the grain when mechanical
shock is applied to the grain at low temperature.
On the other hand, mechanical strength de-
creases as temperature increases. This may al-
low deformation of the grain due to its mass.
Accordingly, the propellant grain geometry
should be maintained by adequate elongation
and strength properties of the propellant.
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3. Propellant Ingredients

3.1 Homogeneous Propellants

Nitrocellulose (NC) is a major energetic in-
gredient used for single-base and double-base
propellants. As shown in Table 3, NC is a ni-
trate ester composed of carbon, hydrogen, oxy-
gen, and nitrogen atoms. The oxygen atoms are
attached as —O-NO, with a nitrogen atom.
When NC is thermally heated, NO, is formed
because the O—N bond is the weakest of the NC
chemical bonds. The remaining oxygen then
forms aldehydes such as HCHO and CH;CHO.
The reaction between NO, and aldehydes pro-
duces heat and the combustion gases that are
used for propulsive forces in rockets, guns, and
pyrotechnics.

In general, NC is produced from the cellu-
lose, {CsH70,(OH);},, of cotton or wood, which
is nitrated using nitric acid (HNOs3) to gain
—O-NO; bonds in its structure as

(CeH;05(OH)3}, + x HNO; —
(C6H70,)4(OH)3, «(ONO,), + x H,O

Through this nitration the —OH contained
within the cellulose is replaced with —O-NO,;
the degree of nitration determines the energy
available to form high temperature combustion
gases. The maximum nitration is obtained when
the nitrogen mass becomes 14.14% within NC.

The major ingredient of single-base propel-
lant is NC. Diphenylamine, (C¢Hs),NH, is also
added as a chemical stabilizer. In some cases, a
small amount of K,SO, or KNO; is mixed as a
flame-suppressor. Ethyl alcohol (C,HsOH) or
diethylether (C,HsOC,Hs) is mixed within the
NC to soften it and to gain an adequate size and
shape of the propellant grain. The grain surface
is coated with carbon black to keep the surface
smooth.

A double-base propellant is also known as
smokeless powder [propellant] when used for
guns and rockets. Two major ingredients are
used to formulate double-base propellant grains:
NC and nitroglycerin (NG). NG, C;Hs(ONO,)s,
is also a nitrate ester characterized with the
—O-NO; structure and is a high explosive. Since
NG is liquid at room temperature, NG is ab-
sorbed by the NC and acts to gelatinize NC to
form double-base propellant grains.
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Table 4. Physicochemical Properties of Nitrate Esters Used for Double-base Propellants.

N | Density (p) | AH°Ar) | Hexp T | [OB]
Nitrate Ester (%) (g/cm®) (MJ/kg) | (MJ/Kkg) | (°C) | (%)
d'et:‘g’g‘;@%c(‘é ljlzr)]lt(;?thoz)z 1429| 138  |-2208 | 4852 | 2 |-4038
tr'et{?'EegSﬂﬁg.iﬁ'gfféN02)2 1167| 134  |-2526 | 3.140 |-19 | 667
t“m?T”,:XI'EOT'Et;‘g”SBg'(gt:’;;‘:(ON02)3 16.46| 147  |-1610 | 5527 | -3 | -345

Since NG is highly shock sensitive, other
types of nitrate esters can be used to formulate
non-NG double-base propellants. Diethylene-
glycol dinitrate (DEGDN), (CH,);O(ONO,),,
triethyleneglycol dinitrate (TEGDN),
(CH;)602(ONO»),, and trimethylolethane trini-
trate (TMETN), CH;C(CH;);(ONQO,); are typi-
cal examples of energetic nitrate esters that are
mixed with NC. Though these nitrate esters are
less energetic than NG, the required mass frac-
tion of desensitizers required is less for the ni-
trate esters than it is for NC/NG double-base
propellants. The physicochemical properties of
these nitrate esters are shown in Table 4.

Two production methods are used to pro-
duce double-base propellant grains: (1) extru-
sion using an external mechanical press and (2)
casting using finely divided NC powders or
NC/NG powders. The extrusion method is used
for grains less than 0.1 kg, typically used in guns
and pyrotechnics. The casting method is used
for grains larger than 1 kg such as rockets. Since
NG is a detonative explosive, the concentration
of NG is kept approximately less than £(0.5) for
double-base propellants. Furthermore, various
chemicals such as plasticizers, stabilizers, and
burn rate modifiers are added to NC/NG mix-
tures to improve the physicochemical properties
of double-base propellants.

The mechanical properties and shock sensi-
tivities of double-base propellants are highly
dependent on the mixture ratio of NC and NG.
Though the specific impulse of double-base
propellants increases with the concentration of
NG, the strength of the propellant decreases. It
becomes difficult to maintain grain shape when
the concentration of NG is as high as &(0.5).
For example, dynamites contain more than
€(0.8) NG, and their grains are very soft and
have high shock sensitivity. When the concen-
tration of NC becomes higher than £(0.6), the
elongation properties become poor. Thus, dou-
ble-base propellants need to contain desensitiz-
ers, stabilizers, and chemicals to improve me-
chanical properties. In order to obtain superior
mechanical properties, plasticizers such as dibu-
tylphthalate (DBP), C,¢H»O4; diethylphthalate
(DEP), C,H 40y; triacetin (TA), CoH 40¢; and
stabilizers such as ethyl centralite (EC),
CO{N(CgH;)(C,Hs)}, are added. Table 5 shows
the physicochemical properties of the plasticiz-
ers and stabilizers used for double-base propel-
lants. These chemicals are used to obtain supe-
rior grain formation and to improve mechanical
properties, shock sensitiveness and chemical
stability.

Table 5. Plasticizers and Stabilizers Used for Double-base Propellants.

N Density (p) | AH%(r) [OB]
Plasticizers and Stabilizers (%) (g/cm®) (MJ/kg) (%)
dibutylphthalate (DBP) CsH2,0, 0 1.045 -3.027 | —224.2
triacetin (TA) CoH1406 0 1.15 -5.606 | —139.4
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Table 6. Ingredients Used for Double-Base Propellants.

Plasticizer (Oxidizer and Fuel)

Plasticizer (Energetic Fuel)

NG nitroglycerin GAP glycidylazido polymer
TMETN [ trimethylolethane trinitrate BAMO bis-azide methyloxetane
TEGDN | triethyleneglycol dinitrate AMMO | 3-azidomethyl-3-methyloxetane
DEGDN | diethyleneglycol dinitrate
DNT dinitrotoluene Binder (Fuel and Oxidizer)

NC | nitrocellulose
Plasticizer (Fuel)
DEP diethylphthalate Stabilizer
DBP dibutylphthalate EC ethyl centralite
TA triacetine 2NDPA | 2-nitrodiphenylamine
PU polyurethane DPA diphenylamine

Burn Rate Catalyst

Burn Rate Catalyst Modifier

PbSa lead salicylate c carbon black (used with lead or
PbSt lead stearate copper salts)

Pb2EH |lead 2-ethylhexanoate Oxidizer (CMDB Propellant)

CuSa copper salicylate AP ammonium perchlorate

CuSt copper stearate HNF hydrazinium nitroformate

LiF lithium fluoride

High Energy Additive (CMDB Propellant)

Coolant (Fuel)

RDX cyclotrimethylene trinitramine OXM oxamide
NQ nitroguanidine TAGN triaminoguanidine nitrate
HMX cyclotetramethylene tetranitramine
CL-20 hexanitrohexaazatetracyclodo-
decane
ADN ammonium dinitramide Opacifier
Combustion Instability Suppressant C |carbon black
Al aluminum
Zr zirconium Metal Fuel
ZrC zirconium carbide Al aluminum

The I, and 7y (T} is the adiabatic flame tem-
perature) of double-base propellants are de-
pendent on the mass fraction of NG, §(NG),
mixed within the NC and other chemicals.
When a double-base propellant is composed of
NG, NC, and DEP (the additional mass fraction
of DEP is 0.10), the maximum /;, and 7} are
obtained at E(NG) = 1.0 as shown in Figure 1. It
should be noted that the /;, and T} of the double-
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base propellants composed of NC and NG
without plasticizers and stabilizers are maxi-
mized at ENG) = 0.75.

Table 6 shows materials used to formulate
double-base propellants. Typical examples of
chemical compositions and energetics of dou-
ble-base propellants are shown in Table 7.
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Figure 1. Combustion performance of

double-base propellant as a function of NG

(the propellant contains an additional mass
fraction of 0.1 DEP).

3.2 Heterogeneous Propellants

When crystalline oxidizer particles are
mixed with a hydrocarbon polymer, a heteroge-
neous propellant, or “composite propellant”, is
formed. Unlike double-base propellants, the
physical structure of composite propellants is
heterogeneous due to the dispersed crystalline
particles within the polymer. As described pre-
viously, at the burning surface of the propellant,
the oxidizer particles generate gaseous oxidiz-
ing fragments, and the polymer generates gase-
ous fuel fragments. Both gaseous fragments
diffuse with each other and react to generate
heat and combustion products. Accordingly,
ballistic properties, such as burn rate and pres-
sure sensitivity, are dependent not only on the
chemical properties of oxidizers and binders but
also are dependent on the shape and size of the
oxidizer particles.

The major oxidizer used for composite pro-
pellants is ammonium perchlorate (AP),
NH4CIO4. When AP is heated, it decomposes as

NH,ClO,4 — NH; + HCI10,4
HCI10, - HC1+2 O,

The oxidizing fragments react with fuel frag-
ments when these crystalline materials are
mixed with fuel components, for example,
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Table 7. Chemical Compositions and Ener-
getics of Typical Double-Base Propellants.

Tf Hexp
NC | NG | DEP |2NDPA| (K) |(MJ/kg)

53.0/40.5] 40| 2.5 |2800 | 4.62

48.0]36.7 [13.0 2.3 | 2200 | 3.78

NH4CIO4 + C,,H,, (hydrocarbon polymer) —
CO, + H,O + N, + HC1

This reaction produces significant heat and
gaseous molecules, which yields a high /;, as
defined in equation 1.

Ammonium nitrate (AN), NH4NO;, is a
halogen-free oxidizer, which produces nontoxic
combustion products. However, disadvantages
of AN compared with AP are hygroscopicity
and crystal structure transitions at 125.2, 84.2,
32.3, and —16.9 °C. These transitions produce
internal mechanical stresses in the propellant
grain, which sometimes damages the grain.
Though potassium nitrate (PN), KNOs, and po-
tassium perchlorate (PP), KClO,4, produce high
temperature combustion products, the combus-
tion products contain potassium oxide (K,O),
which has high M. and significantly reduced /.
PN is a well-known oxidizer used as the oxi-
dizer in Black Powder. PP is also used as an
oxidizer in pyrotechnic compositions.

The binders, used to adhere oxidizer parti-
cles to form propellant grains, are also fuel in-
gredients. Table 8 shows typical polymers used
for composite propellants.

The binders are based on hydrocarbon
polymers that have a relatively low viscosity
during the process of mixing the oxidizer parti-
cles and the polymer before the curing process.
Two types of polymers are commonly used for
modern propellants: (1) polyurethane copoly-
mer and (2) polybutadiene copolymer. Poly-
ether and polyester types of polyurethane co-
polymers are used. The molecular concentration
of hydrogen contained within polybutadiene
copolymers is relatively high, and the heat of
formation is also high. Also, the viscosity of the
copolymer is low enough to allow mixing with
oxidizer particles before curing.
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Table 8. Type of Polymers Used for Composite Propellants.

Polymeric Binder

Basic Polymer Unit

Polyurethane

Polyethylene —CH5sCHs
O
Polyester —{GHE}—L“]—D—
O O

I I
—O—(CH,),—O—C—NH—(CH,),—NH—C—

Polybutadiene

—CHzCH=CH—CHs—

Polybutadiene-acrylonitrile (PBAN) is used
as the binder in the booster propellant of the
Space Shuttle. Carboxy-terminated polybutadi-
ene (CTPB) and hydroxy-terminated polybuta-
diene (HTPB) are used widely for modern
composite propellants. CTPB and HTPB form
regularly distributed matrices of polymers
through crosslinking reactions. For example,
HTPB polymer, HO—(CH,~CH=CH-CH,),—
OH, is cured using isophorone diisocyanate
(IPDI) to form a polymeric binder. Using this
binder, it is possible to achieve a high loading
percentage of oxidizer. To gain superior me-
chanical properties a small amount of bonding

300

Specific Impulse, /g, (s)

T | T
05 06 07 08 09 10

& (AP)

Figure 2a. Specific impulse of AP/HTPB/Al
propellant as a function of the mass fraction of
AP.
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agent is added to adhere each oxidizer particle
to the binder. As shown in Figure 2a, the
maximum /,, 259 s, (p = 10 MPa), is obtained
when the mass fraction of AP, (AP), is 0.89
mixed with a mass fraction of HTPB binder of

0.11.
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Figure 2b. Adiabatic flame temperature
of AP/HTPB/Al as a function of the mass
fraction of AP.
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To gain higher ;, with AP-based composite
propellants, aluminum particles are added as a
fuel component. Though the addition of alumi-
num particles increases the M., the increase of
Ty is the larger effect resulting in higher /;,. The
effect of aluminum addition on the adiabatic
flame temperature is shown in Figure 2b. How-
ever, it should be noted that the maximum solid
fraction within composite propellants is limited
to approximately 0.85 due to mixing difficulties.

When aluminum particles are added to com-
posite propellants, white smoke is generated
due to the combustion product, aluminum ox-
ide. If the smoke is not desirable because of
military requirements or use in a fireworks dis-
play, aluminum particles cannot be used. Fur-
thermore, if the atmosphere is very humid,
white smoke is also generated due to the HCI —
produced as a combustion product. This is be-
cause the HCI molecule acts as a nucleus for
moisture from the atmosphere, and relatively
large-sized water drops are formed producing a
fog or a mist. This occurs only when the humid-
ity in the atmosphere is high or the temperature
is low (below —10 °C). Double-base propellants
are classified as smokeless propellants, and
composite propellants, using AN as an oxidizer
without halogen molecules, are also known as
smokeless propellants.

Since composite propellants consist of crys-
talline particles and polymeric binders, the me-
chanical properties of propellant grains are de-
pendent on the physical and chemical properties
of these ingredients and also of the additives
such as bonding agents, surfactants, cross-
linkers, and curing agents. The binder, as well
as the mass fraction and particle size of the oxi-
dizer, determine the characteristics of mechani-
cal strength and elongation.

The polymers chosen for composite propel-
lants are dependent on application conditions.
Low viscosity is needed to allow high concen-
trations of AP particles, aluminum powders,
and metallic powders used for burn rate modifi-
ers, to achieve high /,. HTPB is considered to
be the best binder to obtain both high combus-
tion performance and superior elongation prop-
erties at low temperatures. HTPB is character-
ized with —OH terminal of butadiene polymer.
Another useful butadiene polymer is carboxy-
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Figure 3. Combustion performance of

AP-CMDB propellant as a function of the mass
fraction of AP.

terminated polybutadiene (CTPB). The prepoly-
mer of HTPB is cured and crosslinked using
isophorone diisocyanate (IPDI) to form HTPB
polymer, useful as a binder. The functionality
of the HTPB prepolymer is also an important
chemical parameter during the process of curing
and crosslinking to achieve superior mechanical
properties of the HTPB binder.

The propellant composed of AP particles
with NC/NG used as a binder is the so-called
“ammonium perchlorate based composite modi-
fied double-base propellant (AP-CMDB propel-
lant)”. AP-CMDB propellant is called a com-
posite propellant because of its physical struc-
ture. However, the binder of NC/NG burns by
itself and produces numerous diffusional flame-
lets around each AP particle at the burning sur-
face. The AP particles act as an oxidizer to in-
crease Ty and /;,. Figure 3 shows the 7y and I,
of AP-CMDB propellants at p = 10 MPa as a
function of §(AP). The base matrix used as a
binder is composed of NC/NG = 1/1. The maxi-
mum 7y and /, are obtained at {(AP) = 0.5.

Table 9 shows the materials used to formu-
late composite propellants. An example of the
chemical composition of a composite propellant
is shown in Table 10.
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Table 9. Chemical Ingredients Used for Composite Propellants.

Oxidizer Binder (Fuel)

AP ammonium perchlorate HTPB | hydroxy-terminated polybutadiene
AN ammonium nitrate CTPB | carboxy-terminated polybutadiene
HNF hydrazinium nitroformate PU polyurethane

PS polysulfide

Curing and/or Crosslinking Agent

PVC polyvinyl chloride

IPDI isophorone diisocyanate
TDI toluene-2,4-diisocyanate Binder (Energetic Fuel)
PQD paraquinone dioxime GAP glycidylazido polymer
HMDI | hexamethylene diisocyanate BAMO | bis-azidemethyloxetane
MAPOQ | tris(1-(2-methyl)aziridinyl) AMMO | 3-azidomethyl-3-methyloxetane
phosphine oxide

Bonding Agent
Metal Fuel MAPO tris(1-(2-methyl)aziridinyl)
Al | aluminum phosphine oxide

TEA triethanolamine
Plasticizer adduct of 2.0 moles MAPO,
DOA |dioctyl adipate MT-4 0.7 mole adipic acid, and
IDP  |isodecyl pelargonate 0.3 mole tartaric acid
DOP |dioctylphthalate

Burn Rate Catalyst

High Energy Additive CAON ferric oxide

RDX | cyclotrimethylenetrinitramine FeO(OH) [hydrated ferric oxide
HMX | cyclotetramethylenetetranitramine NBF n-butyl ferrocene
NQ nitroguanidine LiF lithium fluoride

hexanitrohexaazatetracyclo-

CL-20
dodecane HCI Suppressant
ADN [ ammonium dinitramide Mg magnesium
MgAl magnalium
Combustion Instability Suppressant NaNO; |sodium nitrate

Al aluminum

Zr zirconium

ZrC zirconium carbide

3.3 Granulated Propellants

Granulated propellants are used in a loosely
packed shape containing numerous individual
grains or powders. Though single-base propel-
lants normally are classified as homogeneous
propellants, some propulsion applications use a
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packed shape consisting of granulated single-
base propellant.

Black Powder is a typical granulated propel-
lant used for propulsion and is used as a propel-
lant for small-sized rockets, guns, and fireworks.
Though the theoretical 7, of Black Powder is
less than that of single-base, double-base, and
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Table 10. Chemical Composition and Combustion Products of a Typical Composite Propellant.

Ingredients (weight %)

Products (mole fractions)

AP HTPB T, K CO

CO, HCI H,O N, H,

80.0 20.0 2358 | 0.251

0.055 0.143 0.244 | 0.075 | 0.213

AP-based composite propellants, Black Powder
is useful for short-duration operations of simpli-
fied propulsive systems. The advantages of
Black Powder are low cost, very low aging ef-
fect, and simple adjustment of propulsive forces
by the amount used.

Black Powder is a mechanically mixed ma-
terial of PN powder (60—80%), charcoal (10—
25%), and sulfur (8-25%) that is pressed,
granulated, and formed as a packed shape for
use. When Black Powder is ignited, combustion
occurs over all granulated surfaces. Thus, the
rate of gas production becomes much higher
than that of conventional propellants used for
rockets. However, this combustion phenome-
non is deflagration, not detonation. The burn
rate of Black Powder is not defined as that of
rocket propellants because of the nature of the
granulated combustion, except when pressed in
some applications. The overall gas production
rate is an important combustion parameter, and
it is dependent on the granulation size of the
powder as well as the density of the packed
shape. The specific impulse, /;,, ranges from 60
to 150 s, and the combustion temperature ranges
from 1400 to 3200 K. These values are deter-
mined by the mixture ratio of the ingredients.

In general, powdered grains made of single-
base, double-base, and triple-base propellants
are classified as granulated propellants. These
are used as gun propellants, and the burn time is
on the order of 10 to 100 ms. The mass burn
rate of these grains is very high because the
web thickness is very thin compared to rocket
propellants, and the burning pressure is on the
order of 100 to 1000 MPa. Though the physical
structures of single-base and double-base granu-
lated grains are essentially homogeneous, these
grains burn independently in combustion
chambers. Thus, the flame structures appear to
be heterogeneous in nature. The shape of each
grain is designed to obtain the desired pressure
versus time relationship during burning. The
reaction products of granulated propellants are
essentially the same as Black Powder, single-
base gun propellant, or double-base rocket pro-
pellant. Table 11 shows the chemical composi-
tion of a typical single-base propellant. Table
12 shows the chemical composition and proper-
ties of typical Black Powder.

Table 11. Chemical Composition and Combustion Products of a Typical Granulated Single-base

Propellant.

Ingredients (weight %)
NC | DNT | DBP | DPA | T, K

Products (moles/kg)

C02 CcO Hzo H2 N2

85.0 | 10.0 5.0 1.0 1598

2.32 | 22.84 5.81 9.55 | 4.39

Table 12. Chemical Compositions and Properties of Typical Black Powders.

Ingredient Percentage Property Range of Values

potassium nitrate 60 — 80 lsp, S 60 — 150

charcoal 10 — 25 Density, g/cm® 1.2-2.0

sulfur 8-25 Flame temperature, K 1400 — 3200
Journal of Pyrotechnics, Issue 11, Summer 2000 Page 36
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Figure 4. Thermochemical data of AP
obtained by DTA and TG showing an
endothermic peak at 520 K and an
exothermic peak at 720 K.

4. Reaction of Propellants

4.1 Thermal Decomposition Process

There have been numerous studies on the
decomposition of propellants and their ingredi-
ents to elucidate the aging mechanisms and
burn rate characteristics. Various types of ex-
perimental techniques are used: (1) differential
thermal analysis (DTA), (2) thermogravimetric
analysis (TG), (3) Fourier transform infrared
analysis (FTIR), (4) Raman spectrum (RS),
(5) gas chromatography (GC), and (6) scanning
electron microscopy (SEM). Since the chemical
process of aging is very slow and the decompo-
sition process for combustion is very fast, the
experimental techniques shown above are ap-
plied at accelerated conditions for aging analy-
sis and at decelerated conditions for combustion
process analysis.

Typical examples of the thermal decomposi-
tion process of AP as obtained by DTA and TG
are shown in Figure 4. These experiments are
conducted to determine the endothermicity
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Figure 5. Arrhenius plot of reciprocal exo-

thermic peak temperature as a function of heat-
ing rate obtained by DTA.

and/or exothermicity of AP decomposition. The
AP sample size was 5 mg in a quartz cell under
an argon atmosphere. The heating rate is varied
from test to test and ranged from 0.08 to
0.33 K/s. An endothermic peak is seen at
520 K, and an exothermic peak temperature is
seen at 720 K using a heating rate 0.33 K/s.

When the heating rate is increased, these
peaks shift toward higher temperatures. As
shown in Figure 5, the plot of reciprocal tem-
perature versus heating rate produces a straight
line that determines the activation energy of the
observed phenomenon. Based on data at differ-
ent heating rates, the activation energy E, for the
decomposition is determined to be 134 kJ/mol.
The activation energy of the burning surface
decomposition is used to determine burn rate
characteristics at high-pressure conditions.

4.2 Characteristics of Thermal
Decomposition

The thermal decomposition process is dif-
ferent for each material. For example, the exo-
thermicity of NG is different from that of NC
even though both are nitrate esters. Also, the
exothermicity of a double-base propellant that
is a mixture of NG and NC appears to be differ-
ent from that of either NG or NC and is also
different from an averaged value of NG and
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NC. This indicates that the thermal decomposi-
tion property of propellant is not an averaged
value of each propellant ingredient. Further-
more, the exothermicity of an AP-based com-
posite propellant is much higher than the sum
of the exothermicity of each ingredient because
an exothermic oxidation reaction occurs be-
tween AP and binder.

Though the aging chemistry of propellants is
complicated, the surface chemistry between oxi-
dizer particles and binder plays a dominant role
in determining the aging period. No definite
methods are available to quantify such a very
slow reaction mechanism, however, one can
estimate it through theoretical analysis based on
the data from DTA, TG, and other thermal
measurement equipment.

The thermal decomposition at the burning
surface of a propellant is more than 10" times
higher than that of DTA and TG heating rates.
Though the data obtained by DTA and TG can-
not be applied to determine ballistic characteris-
tics, these are used to determine the thermal
properties of propellant burning.

5. Propellant Combustion

5.1 Stable Combustion of Rocket Motor
The thrust of a rocket motor is expressed by

F:CA/Alpc (3)

where F is thrust, p. is pressure in the combus-
tion chamber of the rocket motor, 4, is the noz-
zle throat area, and c,is the dimensionless thrust
coefficient, which is determined by the nozzle
expansion ratio of the rocket motor, the specific
heat ratio, and the atmospheric and chamber
pressures.

The mass generation rate in the combustion
chamber, m,, is given by
m.=p, Ar 4)
where r is burn rate of the propellant, 4, is the
burning surface area of the propellant, and p, is

the density of the propellant. The mass dis-
charge rate from the nozzle, m,, is then given by

my =c,A4,p, )
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where ¢, is the nozzle discharge coefficient that
is determined by the combustion properties of
propellant such as combustion temperature, mo-
lecular mass and specific heat ratio of the com-
bustion products.

The mass balance of the rocket motor at
steady-state is given by

m, = m, (6)

From equations 4, 5 and 6, the chamber
pressure is determined to be

p.= ppKnr/cd (7

where K, = A4,/4,, which is determined by the
physical dimensions of the rocket motor design.
In general, the burn rate of the propellant in-
creases linearly as the pressure increases in a In
p versus In 7 plot at constant initial temperature
Ty, where 7 is the burn rate and p is the pres-
sure. Thus, the burn rate is represented by the
experimental law, Vieille’s law or Saint
Robert’s law, as

r=ap" ®)

where n is the pressure exponent of the burn
rate and « is constant at constant initial propel-
lant temperature 7). Substituting equation 8 into
equation 7, one obtains

p.=(ap,K,1c,) """ 9)

The mass balance of a rocket motor is illus-
trated in Figure 6.
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5.2 Burn Rate Characteristics

The pressure sensitivity of the burn rate is
expressed as

n=d(Inr)/d(Inp) atconstant 7,  (10)
The burn rate increases also as 7| increases
at constant pressure. A typical example of the
results obtained by a strand burner at 7 = 233
and 333 K is shown in Figure 7, which is a log p
vs log rplot. The temperature sensitivity of burn
rate, 0 ,, is defined as the fraction of burn rate
increase per K as when the initial propellant
temperature is increased at constant pressure

o,=(n-n) (T -T,)r} (11)

where ry and r; are the burn rates at tempera-
tures 7y and 77, respectively. The differential
form of o, 1S

o, =d(Inr)/dT; at constant p (12)

Substituting equation 8 into equation 12, one
gets
c,= dln(ap")/dﬂ] =(da/dT,)/a
at constant p (13)

When T, of the propellant in the combustion
chamber is changed, p. is changed according to
the relationship of equation 7. The temperature
sensitivity of the chamber pressure 7, is defined
as

ﬂ-k = (pcl _pco)/{(z—i _Té))pc}
at constant K,  (14)

where p,and p,are the chamber pressures at
Ty and T, respectively. The differential form of
equation 14 is given by

7, =d(In p,)/dT, atconstant XK,  (15)

Substituting equation 9 into equation 15, one
obtains

7, =(da/dT})/a(l1-n)=0,/(1-n) (16)

Thus, it should be noted that the initial propel-
lant temperature, 7, and the pressure exponent
of the burn rate n are important parameters in
determining the chamber pressure p, (i.e., thrust
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Figure 6. Mass balance of the mass generation
in chamber and the mass discharge from nozzle
showing the conditions of stable and unstable
burning.

of the rocket motor) as shown by equation 3 at
different initial propellant temperatures. Figure
8 shows a typical result of rocket-motor firing
tests at 7o = 233 and 333 K (constant K,,). The
propellant used is an HTPB/AP composite pro-
pellant composed of §(AP) = 0.84 with ¢, =
0.003/K and n = 0.5 (m; = 0.006/K). It is impor-
tant to note that the chamber pressure increased
from 4.9 MPa (T, = 233 K) to 8.0 MPa (7}, =
333 K).
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Figure 7. Burn rate versus pressure at
different initial-propellant temperatures.
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Figure 8. Firing test results of a rocket motor
at different temperatures.

5.3 Combustion Wave Structure of
Propellants

The burn rate of solid propellant is depend-
ent on various physicochemical parameters
such as propellant chemical ingredients, particle
size of crystalline oxidizers, chamber pressure,
initial propellant temperature, and burn rate
catalysts. A schematic representation of the
combustion wave of a solid propellant is shown
in Figure 9a. In the condensed phase zone
(zone 1), no chemical reactions occur, and the
temperature increases from the initial tempera-
ture (7p) to the decomposition temperature (7).
In the solid phase reaction zone (zone II), the
temperature increases from 7, to the burning
surface temperature (7;), where a phase change
from solid to liquid and/or to gas occurs, and
reactive gaseous species are formed. In the gas
phase reaction zone (zone III), the temperature
increases rapidly from 7 to the flame tempera-
ture (7), where an exothermic gas phase reac-
tion takes place.

During steady state burning of a propellant,
the heat transfer in the combustion wave occurs
as illustrated in Figure 9b. The energy conser-
vation equation in the combustion wave is rep-
resented by

Qeond (%) F Qo (X) + G (¥) =0 (17)

where
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Figure 9a. Thermochemical structure of
combustion wave of a solid propellant.

Distance x

Figure 9b. Heat balance in combustion wave
of a solid propellant.

qcond ('x):/lgd¢/dx (18)
Geons (X) == mC, @ (19)
Greae (¥) = 0,0, (¥) (20)

If one assumes that physical properties A, and
¢, are constant in the gas phase, equation 17 is
represented by

A, d¢/dx—p rc,p+0,0,(x)=0 (21)

where the mass conservation-equation is repre-
sented by

m=pu,=p,r (22)

The over-all reaction rate in the gas phase can
be represented by
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0,6=[o,(x)dr=m (23)

At the burning surface, the heat flux feed-
back from the gas phase reaction (zone III) to
the burning surface (zone II) by conductive heat
transfer is given by

A =20 (24)

where ¢ is the temperature gradient in zone III
at the burning surface represented by

¢=(dT/dx) (25)

s

The heat flux feedback from zone III to zone II
by radiative heat transfer is given by

1, =pT" (26)

The heat flux produced in zone II is given by
T, =p,r0, (27)

The heat flux feedback from the burning sur-
face to the condensed phase (zone I) is given by

Ap:ppcp(Tv_T!)) (28)

The overall heat balance at the gas/condensed
phase interface is represented by

A=A, +1,+T, (29)

The determination of the magnitude of each
term of equation 29 is the center of research on
the combustion study of energetic materials.

If one assumes that the radiative heat flux
feedback from zone III to zone II is much
smaller than the other terms, the burn rate is
obtained by substituting equations 24, 27 and
28 into equation 29 and then solving for

r=o,9/¢ (30)
where

a,=,/p,c, (31)

=T -T,-0/c, (32)

Equation 30 indicates that the burn rate of
solid propellants is determined by two parame-
ters: the gas phase parameter ¢, which is deter-
mined by the physical and chemical properties
in the gas phase, and the condensed phase pa-
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Figure 10. Combustion wave structure of a
double-base propellant.

rameter ¢, which is determined by the physical
and chemical properties in the condensed phase.

5.4 Combustion of Homogeneous Propellant

The combustion wave of a homogeneous
propellant is known to consist of successive
one-dimensional, homogeneous reaction zones.
Figure 10 shows a typical example of the com-
bustion wave of double-base propellants. There
exist four reaction zones: surface, fizz, dark,
and flame zones. The temperature increases
smoothly from the initial propellant temperature
Ty to the burning surface temperature Ty, to the
dark zone temperature T,, and to the flame zone
temperature 7.

At the surface reaction zone (including sub-
surface reaction), NO, is formed due to the
breaking of O—NO, bonds in the nitro groups of
NC and NG. The decomposition of the remain-
ing fragments follows, producing fuel compo-
nents such as aldehydes. These combustible
gaseous species react rapidly in the fizz zone
and produce large amounts of heat. Thus, a
steep temperature rise is observed in the fizz
zone. In the succeeding dark zone, the NO pro-
duced by the reduction of NO, in the fizz zone
reacts slowly, and the temperature also rises
slowly. The NO and the rest of the fuel prod-
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Figure 11. Burn rate of double-base
propellants as a function of pressure showing
that the pressure exponent remains unchanged
when the mixture ratio of NC/NG is changed.

ucts react more rapidly after some elevated
temperature is achieved at some distance from
the burning surface and form the luminous
flame zone. In this flame zone, the final com-
bustion products, such as N, CO,, H,O, etc.,
are produced, and the temperature reaches its
maximum. These reaction processes are largely
dependent on pressure.

The burn rate of a double-base propellant is
approximately a straight line in a log p versus
log 7 plot. As shown in Figure 11, the pressure
exponent is unchanged when the mixture ratio
of NC/NG is changed. Table 13 shows the
chemical compositions of double-base propel-
lants—A, B, and C. The pressure exponent, ,
of the burn rate is determined to be 0.60.

The photographic observation of the flame
structure shows that the luminous flame zone
approaches the burning surface as the pressure
increases. The dark zone length, which is ap-
proximately equal to the luminous flame stand-
off distance, L,, (the fizz zone length is much
shorter than that of the dark zone length), is

30
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Figure 12. Dark zone length versus pressure
for a double-base propellant A.

represented by
Ly=ap’=ap"™ (33)

where d is the dark-zone pressure exponent, m
is the overall reaction order in the dark zone, n
is the pressure exponent of the burn rate, and a
is a constant. From the data shown in Figure 12,
d is determined to be —2.0. The overall reaction
order in the dark zone is determined to be ap-
proximately 2.6. This reaction order indicates
that the reaction in the dark zone is more pres-
sure sensitive than other gas-phase reactions of
which reaction orders are approximately 2.0. It
has been reported that the reaction involving
NO as an oxidizer is a termolecular (or tri-
molecular) reaction (i.e., larger than 2.0). Thus,
the reaction in the dark zone is responsible for
the NO reduction to produce the final combus-

Table 13. Chemical Compositions of Propellants—A, B, and C.

Propellant NC NG DEP 2NDPA | Hey, (MJ/kG)
A 53.0 | 40.5 4.0 2.5 4.59
B 51.3 | 39.3 7.0 2.4 4.21
C 48.0 | 36.7 13.0 2.3 3.47

(a) The percent nitrogen for NC is 12.20%.
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Figure 13. The burn rate of a double-base
propellant increases as the heat of explosion
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tion product.

The temperature gradient in the fizz zone,
(dT7dx), is represented by

(dT/dx)U_ =,0,/p,c,r (34)

where Oy is the heat of reaction in the fizz zone.
The reaction rate in the gas phase is given by

®,= kafexp(—Ef/RTf) (35)

Substituting equation 35 into equation 34, one
obtains the relationship between (d77/dx),, and
pressure as

(d77dv)_, = p*~ (36)

The results of the measurement of (d7/dx),as a
function of pressure show that k&—n appears to
be constant for double-base propellants and is
determined to be A~ = 0.85. Thus, the reaction
order in the fizz zone is determined to be k = 1.7.

As shown in equation 30, the burn rate is
dependent on the flame temperature, 7, at con-
stant pressure. However, the temperature in the
dark zone, T, determines the heat flux feedback
from the gas phase to the burning surface of
double-base propellants. Since the mixture ratio
of NC and NG alters the temperature profile in
the gas phase, the heat flux is also altered. Fig-
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Figure 14. Combustion wave structure of an
AP composite propellant.

ure 13 shows the results of the burn rate and
pressure relationship as a function of H,,,. It is
evident that the burn rate of double-base pro-
pellants is increased by increases of H,,,.

5.5 Combustion of Heterogeneous
Propellant

Heterogeneous propellants consist of crys-
talline oxidizer particles and a polymeric fuel
binder. The decomposition process of these ma-
terials occurs on and above the burning surface
of the propellant. The gaseous oxidizer and the
fuel fragments generated at the burning surface
diffuse and mix together above the burning sur-
face. This binary diffusion process produces a
reactive gaseous fragment that reacts to produce
heat and a combustion product.

Figure 14 shows the combustion wave struc-
ture of an AP/HTPB composite propellant.
Unlike those of a double-base propellant, the
surface and gas phase reaction zones are het-
erogeneous because the AP particles decom-
pose to produce an oxidizer fragment through
the reaction process described in Section 3.2,
and the HTPB binder decomposes to produce
gaseous hydrocarbon fragments at the burning
surface. These gaseous fragments diffuse with
each other to produce reactive gases that com-
bine to produce its final reaction product. Since
the thermochemical properties of AP and HTPB
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Figure 15. Burn rate of AP composite
propellant showing that the burn rate increased
with the mixing of fine AP particles.

are different, the temperatures of decomposition
are different. In addition, the rates of decompo-
sition of AP and HTPB are also different. Thus,
not only the physical structure but also the
thermal structure of the burning surface of the
propellant becomes heterogeneous. As shown
in Figure 14, the time-averaged temperature
increases from the initial propellant temperature
Ty to the burning surface temperature 7, and
then to the flame temperature 7.

The heat feedback from the gas phase to the
burning surface is not only dependent on the
reaction rate of the reactive gases above the
burning surface, but also on the diffusion rate
between the oxidizer and fuel fragments. Ac-
cordingly, the particle size of the oxidizer plays
an important role in the determination of the
heat flux feedback from the gas phase to the
burning surface. The diffusion rate increases as
the AP particle size decreases. As shown in
equation 30, the burn rate is dependent on the
heat flux feedback to the burning surface. Thus,
one can conclude that the burn rate increases as
the AP particle size decreases. Figure 15 shows
a typical example of burn rate versus pressure
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Figure 16. Burn rate of HMX-CMDB propel-
lant as a function of the mass fraction of HMX.

relationship of AP/HTPB composite propellant
as a function of AP particle size.

The flame temperature 7 is dependent on the
mass fraction of AP, {(AP), as shown in Fig-
ure 2b. It is shown that 7} increases as E(AP)
increases at constant AP particle size. However,
Ty reaches a maximum at £(0.87) and thereafter
decreases as E(AP) increases. Since the burn
rate is dependent on 7y as shown in equation 30,
the burn rate becomes a function of E(AP).
Thus the burn rate increases as §(AP) increases
in the range of §(AP) < £(0.87) at constant AP
particle size. Figure 15 shows the results of the
effect of AP particle size on the burn rate of
AP/HTPB propellants. It is evident that the
burn rate increases as the particle size of AP
particles decreases at constant E(AP). In addi-
tion, the burn rate increases as E(AP) decreases
when the same size of AP particles is used.

As shown in Figure 16, the burn rate of
HMX-CMDB propellant increases as pressure
increases when &E(HMX) remains constant.
However, the burn rate decreases as §(HMX)
increases at constant pressure. This indicates
that the burn rate decreases as the energy con-
tained within the unit mass of HMX-CMDB
propellant increases.
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5.6 Combustion of Granulated Propellant

Each grain within a granulated propellant
burns independently. When the grains are com-
posed of a double-base propellant used for rock-
ets, the linear burn rate » of each grain appears
to be the same as the burn rate of the double-
base propellant in a rocket motor. Accordingly,
the combustion wave structure of the granulated
propellant made of a double-base propellant is
the same as that of the double-base propellant.
However, the difference between a granulated
propellant and a rocket propellant is evident.
The mass burn rate m, of the granulated grains
is much faster than that of rocket grains because
the burning surface area A4, of the granulated
grains is much larger than that of rocket grains
as shown in equation 4.

When Black Powder is used as a propellant,
the mass burn rate is much greater than granu-
lated single-base and double-base propellants.
This is due to the high porosity and small size
of each grain of Black Powder. The burn rate is
also dependent on the type of charcoal. Various
charcoals are made from different types of
trees. The porosity of charcoal is dependent on
the type of tree used.

In general, granulated propellants are used
to eject projectiles from launch tubes such as
gun projectiles and to burst fireworks shells
because they produce high pressure almost in-
stantaneously. The ejection velocity of a projec-
tile is determined by various parameters: pro-
jectile mass, launch tube length, pressure versus
time in the launch tube. Detailed examination
of the ejection process is accomplished by the
analysis of interior ballistics.
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ABSTRACT

The morphology (size, shape and surface
features) of the constituent particles in a pyro-
technic composition affects its performance.
This is particularly true of metal fuel particles
in the composition. Particle morphology can
also constitute an important part of forensically
establishing a match between materials of
known origin and evidence. This article cata-
logs and briefly discusses some characteristic
features commonly associated with metal fuels
in pyrotechnic compositions.

Keywords: morphology, metal fuels,
forensics, pyrotechnics

Introduction

Morphology is a term borrowed from biol-
ogy for describing the appearance of organisms.
In pyrotechnics and forensics the term is often
used to denote information about the size, shape
and surface features of particles, where knowl-
edge of these attributes is frequently important.
In pyrotechnics, particle morphology influences
such things as the ease of ignition and burn rate
of a composition.!"! While this is true in general,
it is especially true for the fuel particles in those
compositions. This is because the oxidizer(s)
will usually have melted below the ignition
temperature of the composition, whereas the
fuel particles usually will not have. (See Table
1 for examples.) Large particle size, rounded
shape, and smooth surface features all tend to
make ignition more difficult and burn rate
slower. Accordingly, knowledge of a composi-
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tion’s particle morphology is important in any
attempt to predict (or control) the ignition and
propagation properties of a pyrotechnic compo-
sition.

Table 1. Examples of Melting Points (in °C)
of Some Common Fuels and Oxidizers.

Fuel 7. |Oxidizer T,
Aluminum | 660 [Ammonium |y 454
perchlorate
Boron 2300 [Barum 450
peroxide
Iron 1535 |Potassium | 40
chlorate
Magnesium | 649 |OtaSSIUM | 33,
nitrate
Silicon 1410 |Pot@ssIUM | 4460
perchlorate
Titanium | 1660 |S0dium 307
nitrate
Note:

- Tnis melting point in degrees Celsius; values are
taken from references 2 and 3.

- d is the decomposition temperature and means the
oxidizer decomposes before melting.

An important aspect of forensic science is
the recognition and identification of materials,
often for the purpose of determining the source
of the material. Typically this would be accom-
plished by attempting to physically and chemi-
cally compare items of evidence with materials
from known sources. In attempting to determine
whether two materials match, various attributes
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of the two are compared and contrasted. The
degree of certainty of the match is a function of
the number of attributes compared and the de-
gree to which they are identical."” For pyrotech-
nic compositions, one important part of this
matching process should be a comparison of the
morphologies of the materials. Probably the best
known and most complete work on this subject
are the writings of McCrone and Delly." This
multi-volume treatise provides extensive over-
all information. However, of necessity, it tends
to include only a few of the most common
chemicals, and then only in one form. The em-
phasis is on identification of the nature of the
chemical. This is valuable information but it
falls short of what is needed to determine
whether a firm match exists between materials.

This article presents general information
about particle morphology of metal fuel parti-
cles used in pyrotechnics. This is augmented
with a series of electron micrographs as illustra-
tions.

Particle Size

As arule, the size of metal fuel particles in a
pyrotechnic composition is smaller than
100 mesh, and they are often smaller than
400 mesh (see Table 2 for a list of some com-
mon mesh sizes and their openings). An excep-
tion is those metal particles added to a composi-
tion for the purpose of producing spark effects.
This requires that the particles be large enough
so as not to be completely consumed during
their passage through the reaction zone and
flame of a burning pyrotechnic composition. '
Such particles may be as large as 10 mesh. Ta-
ble 3 is a list of metals commonly present in
pyrotechnic compositions. Some examples of
aluminum particle types and sizes used in pyro-
technics and fireworks are presented in Table 4.

All metal powders used in pyrotechnics have
a range of individual particle sizes; for some the
range is narrow, for others it is quite broad.
(Collectively, the figures in this article are ex-
amples of the typical range of particle size for
metal powders commonly used in pyrotech-
nics.) Further, in the authors’ experience, both
the average particle size and the range of parti-
cle size can differ somewhat from lot to lot
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Table 2. Information for Some Common US
Sieve Mesh Sizes.

Mesh Opening | Opening

Number | (in./1000) | (micron)
10 79 2000
20 33 850
40 16 425
60 9.8 250
100 5.9 150
140 4.1 106
200 2.9 75
325 1.7 45
400 1.5 38

Note that the particles smaller than about 400 mesh
are typically only described in terms of their physi-
cal size, usually in microns.

from the same manufacturer. In terms of consis-
tent performance, this can be frustrating for the
pyrotechnists. However, for a forensic analyst
this can help determine the degree to which a
match exists between two materials. (As a word
of caution, it must be recognized that even be-
tween different points within a single drum,
there can be some differences in average parti-
cle size and the range of size, although gener-

Table 3. Metals Used in Pyrotechnics.

Commonly Used | Occasionally Used®
Aluminum Chromium
Boron!® Copper
Iron Manganese
Magnesium Molybdenum
Silicon™ Nickel
Titanium Selenium
Tellurium
Tungsten
Zinc
Zirconium

[a] Many of these are only used in military items,
some of which are being phased out.

[b] Not strictly a metal.
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Table 4. Information about Some of the Aluminum Powders Used in Pyrotechnics."”

Description — Common Name
(Approximate Size Range)

Commonly Used In

Purpose — Effect Produced

Flake — Coarse Flitters
(10—28 mesh / 700—2000 p) | and Fountains

Fireworks Comet Stars, Waterfalls,

Long Duration White Sparks

Flake — Fine Flitters

(20—80 mesh / 200-850 u) |and Fountains

Fireworks Comet Stars, Waterfalls,

Medium Duration White
Sparks

Flake — Bright Fireworks Comet Stars & Fountains | Short Duration White Sparks
(=325 mesh / =35 ) Large Fireworks Salutes Explosive Sound or Report
Flake — Dark Medium Fireworks Salutes Explosive Sound or Report
(=15 ) Military Simulators Explosive Sound or Report
FIaI(<e5—)German Dark Small Fireworks Salutes Explosive Sound or Report
=l

Atomized — Granular Blown

Fireworks Comet Stars & Fountains

Long Duration White Sparks

(50—150 mesh/100-350)

Military Thermite

Heat and Molten Iron

Atomized — Spherical

Fireworks Glitter Stars/Fountains

Delayed Trailing Flashes

(—400 mesh/=30 p)

Composite Rocket Propellant

Energy Production

Atomized — Spheroidal

Fireworks Color Stars

Flame Brightening

(=20 ) Military Photo-Flash Intense Light Production
Atomized — Spherical Fireworks Glitter Stars/Fountains Delayed Trailing Flashes
(=10 ) Military Igniters Thermal Energy

Atomized — Spheroidal

Large Fireworks Salutes

Explosive Sound or Report

(=5 1) Fireworks Color Stars

Flame Brightening

ally these would be rather subtle differences.)

In general, the most expeditious method for
determining particle size of bulk powders is by
performing a sieve analysis. In this process, a
sample of powder is passed through a series of
successively finer sieves (typically in a stack
that is mechanically agitated). The fraction (by
mass) of material that is retained on each sieve
is then reported, along with the amount passing
the finest sieve. However, for mixed materials
such as a pyrotechnic composition, or when
only very small amounts of material are avail-
able, a sieve analysis to report such “mesh frac-
tions” is often not possible. In that case a mi-
croscopic investigation is a common approach,
whereby the physical dimensions of a large
number of individual particles are measured
and reported. For a light microscope this in-
volves the use of a calibrated reticule in the
eyepiece or associated with the slide mounting.
For an electron microscope, the instrument pro-
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vides scale information associated with the im-
ages produced. These procedures can be per-
formed manually. However, in many cases,
computer assisted image analysis can be used.

Particle Shape

A range of particle shapes are used in pyro-
technic compositions, and like particle size,
shape also affects ignition and propagation
characteristics.!"! Details of particle shape can
also provide the basis for forensic comparison
of metal powders. Normally it is the manner of
production of the material that is the determin-
ing factor for particle shape. Atomization
(spraying molten metal through an orifice and
allowing it to solidify as it falls to a collection
area) produces particles that are spheroids. Of-
ten, atomization produces nearly perfect
spheres, see Figure 1. However, when the metal
is quite reactive and when the atmosphere into

Page 48



Figure 1. Illustration of nearly perfect
spherical particles of titanium produced by at-
omization (100x).

which the metal is sprayed is not completely
inert, much less perfect spheres are often pro-
duced. Aluminum, because of its ability to
quickly form a rigid oxide coating, produces a
good example of this. Even when using rela-
tively inert atmospheres, the so-called spherical
atomized aluminum particles are less than per-
fect spheres, see Figure 2. Further, when the
atmosphere used contains even a modest amount
of oxygen, highly distorted spheroids are pro-
duced; see Figure 3.

Depending to some extent on the physical
properties of the metal, mechanical diminution
such as grinding is possible. This produces
metal particles that tend to have sharp angular
features like those illustrated in Figure 4. While
it is somewhat unusual to produce granular
aluminum powders, it is common for some
aluminum alloys, such as those with iron and
magnesium, to be produced by grinding. Be-
cause of their sharp, angular features, particles
that have been ground will be more reactive
than those of the same size produced by atomi-
zation. Also, the sharp, angular features of the
ground particles make them fairly easy to dif-
ferentiate from atomized particles. However,
one type of atomized aluminum, so-called
“blown” aluminum, has surface features (coarse
texturing) that may at first appear somewhat
similar to ground particles, see Figure 5. This
type of aluminum powder is generally atomized
as fairly large particles (20 to 100 mesh / 150—
850 W) and in an atmosphere that has a rela-
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Figure 2. Illustration of so-called spherical
atomized aluminum (500x).

Figure 3. Illustration of so-called spheroidal
atomized aluminum (200x).

Figure 4. Illustration of ferro-aluminum alloy
particles prepared by grinding (200x).
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tively large oxygen content. This causes the
rapid formation of an aluminum oxide crust,
and the resulting particles are far from being
spherical. The diagnostic feature differentiating
blown atomized aluminum from granular alu-
minum powders is the nature of their edges and
surface features. For blown aluminum these
appear rounded and not sharp, as is the case for
ground aluminum particles.

Another type of mechanical particle size re-
duction is by chipping. This may be the primary
intent of the operation, or it may be that the ma-
terial is a byproduct produced when machining
metal parts (turning or milling). These particles
tend to have two dimensions that are relatively
large and a third that is less, either producing
large flake-like particles, or long thin strips of
material. The large flake-like particles are gen-
erally too large for use directly as a pyrotechnic
fuel, but may be suitable for producing pyro-
technic spark effects. Chipped material is often
further reduced in size by a secondary process
such as hammer milling. Figure 6 is an example
of titanium metal turnings that have been ham-
mer milled to break the largest particles into
smaller ones (hammer milling will not reduce
such particles’ thin dimension). That these large
flake-like particles were produced from ma-
chine turnings, is fairly obvious in the higher
magnification micrograph where tool marks are
obvious.

A third type of mechanical particle diminu-
tion is the stamping or milling of already tiny
particles to produce thin flakes. For malleable
metals, this method is quite common, and it is
probably the most common method for the pro-
duction of aluminum metal powders, especially
for those with the greatest surface area to mass
ratios. For the same nominal mesh size materi-
als, flakes tend to have the greatest reactivity as
compared with the other powder forms. This is
because, while one or two flake dimensions
may be substantial, the third dimension is quite
small in comparison. Accordingly flakes can be
raised more quickly to their ignition tempera-
ture, tending to make pyrotechnic compositions
containing them easier to ignite and faster to
propagate. Flaked metal powders have a physi-
cal appearance that is fairly distinct and identi-
fiable, see Figure 7.
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Figure 5. Illustration of “blown” atomized
aluminum particles (100x).

Figure 6. Illustration of titanium metal turn-
ings at two magnifications (100x and 300x).

Metal powders can be produced in other,
less common ways. For example, flaked mate-
rial can be made by stamping from foil; how-
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Figure 7. lllustration of flake aluminum
powder (100x).

Figure 8. Illustrations of titanium sponge, two
magnifications, (100x and 500x).

ever, this tends to produce materials that are too
large and too thick to be of much use in pyro-
technics.
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Surface Features

Particle surface features can significantly af-
fect the reactivity of metal fuel particles. Proba-
bly the best-known example of this is so-called
titanium “sponge”. This is the initial product of
normal titanium production, wherein titanium
tetrachloride is reacted with magnesium metal.
Titanium sponge is quite porous, giving it the
appearance vaguely like that of the biological
organism for which it is named. While this may
not be entirely obvious at low magnification, the
structure and porosity becomes more apparent
at higher magnifications (see Figure 8). These
same features are also easily recognizable as
characteristic of the material. Pyrotechnically, it
is because of the pores and fine surface struc-
tures that titanium sponge ignites easily and can
be propelled at very high velocity through the
air without being extinguished.

Figure 9. Illustrations of surface features of
magnalium, two magnifications (100x and 400x).
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Particle size reduction of especially brittle
metals can produce interesting and characteristic
surface features. For example, fracture patterns
and “whiskers” are seen in Figure 9 of the
50:50 alloy of aluminum and magnesium (often
called “magnalium” in pyrotechnics). While
these surface features are not thought to signifi-
cantly affect pyrotechnic reactivity, they cer-
tainly help characterize the particles. Similarly,
the two examples of surface features mentioned
earlier in this article (coarse surface texturing
on blown aluminum and tool marks on titanium
turnings) are unlikely to have a noticeable af-
fect on pyrotechnic reactivity, but can be diag-
nostic in terms of establishing a match between
materials.

Conclusion

Experience has taught pyrotechnists that
particle size, shape and surface features are im-
portant controlling factors for ease of ignition
(both intentional and accidental) and for burn
rate once ignited. Accordingly, knowledge of
these attributes is an important first step in de-
signing a pyrotechnic composition or altering
the performance of a composition once formu-
lated. From a forensic standard point, these
same particle attributes constitute an important
part of the basis for establishing a reliable iden-
tification of pyrotechnic materials or a match
between known and suspect materials. Accord-
ingly, for pyrotechnists it is hoped that this
short article provided some information about
the physical nature of some of the metal pow-
ders being used. For forensic analysts it is
hoped that this article has suggested some addi-
tional points of comparison that might prove to
be useful in their efforts to identify the compo-
nents of pyrotechnic materials.
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Forensic Testimony:
“Matches”, An Over-Inference of Data?
A Giglio Obligation?

Frederic Whitehurst!
Exec. Dir., Forensic Justice Project, 3233 “P” St. N.W., Washington, D.C. 20007, USA

ABSTRACT

The expert witness who over-infers his data
through the misuse of adjectives of comparison
opens himself up to cross-examination that can
and will discredit his work product. This paper
uses the example of forensic analysis of black
powder explosive to demonstrate that one can
not categorically “match” one Black Powder
sample to another or very often one complex
chemical system to another and that even if this
were possible, such “matches” may have lim-
ited probative value. The paper also explores
the legal obligation of the expert to reveal to
the prosecutor, court and trier-of-fact the limi-
tations of the probative value of the evidence
where those limitations might be considered to
be exculpatory information.

Keywords: Black Powder, forensic analysis,
Giglio, sulfur, potassium nitrate, charcoal

The Problem

While reviewing case opinions in criminal
matters involving forensic examinations, one is
often presented with various adjectives of com-
parison such as “matches”, “consistent with”,
and “identical to”. The expert witness who uses
such terms may find counsel elated at seeing
these adjectives in forensic reports if legal theo-
ries are supported, or disturbed if not. However,
one way or the other, there is a wealth of infor-
mation behind these adjectives of comparison,
which may go unexplored. If the basis for use
of such terms of comparison is brought up dur-
ing trial, counsel may find himself either de-
fending new ground during trial or scoring im-
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portant points in discrediting proffered expert
testimony. One should be drawn to question
whether these words are an indication that data
has been over-inferred by the expert offering
them. One is also drawn to ask, whether the
information behind these words should have
been presented as possible exculpatory informa-
tion to unsuspecting prosecutors before trial
(following Giglio'). Comparison adjectives
left dangling alone to describe the results of
comparisons may not properly educate the trier-
of-fact to the true significance of the data. And
more importantly, the true significance of the
data may not be known by the forensic scien-
tist. For example, Jonakait?! tells us, “The con-
clusions of forensic science are often based on
skimpy, nonexistent, or shoddy research. Fo-
rensic scientists do not give juries a thorough
presentation of information about scientific
technique.”

This paper will address the adjective
“matches” as an example pointing out the very
wide door of opportunity it opens for future
probing during examination. The adjectives, if
not properly supported by empirical data, can
offer counsel the opportunity to point out to the
trier-of-fact what may be a flawed opinion, pos-
sibly even a “forensic scam” being perpetrated
upon the court through the hiding of exculpa-
tory information. This paper will also explore
the legal or Giglio obligation of the prosecu-
tion’s forensic scientists to reveal the empirical
data (or lack thereof) and their total understand-
ing of that data to full view.

The world of man-made products is com-
posed of complex materials constructed with
many components, each with its own manufac-
turing signature. When the forensic expert testi-
fies that two complex materials “match”, coun-
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Table 1. Guaranteed Composition in Weight Percent.

Component Industrial Refined
KCI (potassium chloride) 99.5 99.9

Na (sodium) 0.18 max 0.0150 max
Br (bromine) 0.09 max 0.0600 max
SO, (sulfate) 0.001 max 0.0010 max
Ca (calcium) 0.0075

Ca + Mg (calcium+magnesium) 0.0180 0.0030 max
Pb (lead) 0.0003 0.0003 max
Fe (iron) 0.0005 0.0005 max
Cu, Ni (copper, nickel) 0.0001 0.0005 max
Cu, Mo, V, Ti (copper, molybdenum, vanadium, titanium) 0.00004 0.00001 max

sel is encouraged to ask of what the materials
are composed, which of the components match,
how the expert has determined this, what com-
ponents were not and/or cannot be detected
with the analyst’s tools, and the implications of
not being able to determine if these components
matched or not. As an initial example we will
look at a very simple and very old man-made
material, Black Powder, an explosive.

Black Powder

Though the origins of Black Powder are de-
bated, it was the major explosive used in war-
fare, firearms and industries such as mining
until the late 1800's. The black grains of mate-
rial, which are composed of potassium or so-
dium nitrate, sulfur and charcoal, have been
produced by a number of methods in different
countries for hundreds of years. At first glance
Black Powder appears to be a simple material
of three components. However a closer, “hard
look™ reveals a fascinatingly complex material
of many, many possible subcomponents and
physical characteristics. The expert witness
who opines that two Black Powders “match”
then can be asked to explain what about the
materials is it that matches, and what is the sig-
nificance of that match. Let us explore the
world of information behind the word “match”
when it is applied to two Black Powder sam-
ples.
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We may ask first who manufactures the
components of Black Powder. This knowledge
allows us to check proffered expert opinions
against actual manufacturers’ understanding of
their own products. We can easily determine
the manufacturers of a material and ask a num-
ber of questions. How is potassium nitrate
manufactured? How is sulfur manufactured?
How is charcoal manufactured? What are the
raw products that go into the manufacture of
these materials, and what chemical and physical
signatures do they carry with them to the final
Black Powder mixture? What possible minor
impurities are found in these components that
might change the types of Black Powder in mi-
nor but important ways? Who manufactures
Black Powder itself? How much of the material
is manufactured? What are the physical charac-
teristics of Black Powder? What grades of
Black Powder are manufactured? The expert
who is prepared under oath to render the bare
opinion that Black Powder specimens “match”
should surely have considered these questions
at length and have ready answers, data and the
scientific literature to support his opinion.

Potassium Nitrate

A quick trip to the chemistry library to look
into the Encyclopedia of Chemical Technol-
o™ tells us “Potassium nitrate, which was
essential in the manufacture of black gunpow-
der, was produced centuries ago by the Chi-
nese.... The process involved leaching soil in
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which nitrogen from urine had combined with
mineral potassium. By the time of the Napole-
onic wars, potassium nitrate was a strategic
chemical and was still obtained in the same
manner, primarily from India.” One can cer-
tainly imagine that if potassium nitrate were
still manufactured in this manner it would carry
a lot of impurities out of the soil with it. How-
ever we are not to be treated to such a simple
answer.

We find from the same reference®® that

“Most of the potassium nitrate, KNOs, pro-
duced commercially in the United States is
based on the reaction of potassium chloride and
nitric acid.” So here we have two other materi-
als the origins and purity of which we must
consider. Table 1 lists the composition of potas-
sium chloride: *

One can see that with all of these materials
in the potassium chloride used in the manufac-
ture of potassium nitrate, their occurrence in the
potassium nitrate, derived in part from the po-
tassium chloride, is possible. Indeed, reference
to the certificate of analysis on a bottle of a
Fisher™ Certified Reagent grade potassium
nitrate from lot number 745536, found in the
laboratory in which the author works, notes the
following impurities:

Guaranteed
Composition
Component (wt %)
Fe (iron) .0001%
Heavy metals (as lead) .0001%
SO, (sulfate) .001%
Na (sodium) .005%
Insoluble matter .001%
Cl (chlorine total) .002%
PO, (phosphate) .0001%
Ca + Mg | 002%
(calcium + magnesium)

As small as the percentages are, they are still
measurable and have obviously been measured
in the assay of this reagent grade material.
Counsel should note that Black Powder is made
from technical or industrial grade potassium
nitrate, which may very well have higher levels
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of impurities than the more refined reagent
grade potassium nitrate. Counsel also should
not have to accept the opinion that the materials
are not present in sufficient quantity to measure
and are therefore not important to establishing a
match. That kind of statement should be backed
up with empirical data, data that indicates that
minor components do not change significantly
between batches or grades of Black Powder.
What does “significantly” mean? That is an-
other question for the expert to answer.

Sulfur

In the Encyclopedia of Chemical Technol-
0™ we read, “Sulfur has been known since
antiquity... One contemporary use was devel-
oped in 500 BC, when the Chinese used sulfur
as an ingredient of gunpowder.” And further we
read,®® “Sulfur occurs in a number of different
allotropic modifications, that is, in various mo-
lecular aggregations which differ in solubility,
specific gravity, crystalline form, etc. Like
many other substances, sulfur also exhibits dy-
namic allotropy, i.e. the various allotropes exist
together in equilibrium in definite proportions,
depending on the temperature and pres-
sure...The particular allotropes that may be pre-
sent in a given sample of sulfur depend to a
large extent upon its previous thermal history,
the amount and type of foreign substance pre-
sent, and the length of time that has passed for
equilibrium to be attained.”

These are statements full of the wonderful
potential for exploration. One must ask what
type of sulfur did the manufacturer use in his
product. Whereas the commercial manufacturer
of Black Powder may be limited to the use of a
particular type of sulfur in the United States
(that typically being a low acidity sulfur com-
monly referred to as sulfur flour), what limits
can one place upon the foreign and homemade
Black Powder manufacturers? There is also
mention of impurities. What impurities exist in
sulfur? An expert in a particular type of mate-
rial might reasonably be expected to have con-
sidered this question in the past just as he might
have been expected to consider the impurities in
potassium nitrate. After all, if an expert is going
to say that the chemical composition of two
materials such as Black Powder match, then he
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can reasonably be expected to have some un-
derstanding of what those chemical composi-
tions are. And then we can ask what allotropes
are present in the sulfur that is in the Black
Powder. Interestingly the Encyclopedia® notes
the many grades of sulfur as follows: amor-
phous sulfur, bright sulfur, brimstone, broken
rock sulfur, colloidal sulfur, crude sulfur, dark
sulfur, dusting sulfur, elemental sulfur, flour
sulfur, flowable sulfur, flowers of sulfur, Frasch
sulfur, insoluble sulfur, lac sulfur, liquid sulfur,
molten sulfur, native sulfur, precipitated sulfur,
prilled sulfur, recovered sulfur, refined sulfur,
roll sulfur, rubbermaker’s sulfur, run-of-mine
sulfur, screened commercial sulfur, slated sul-
fur, specialty sulfurs and wettable sulfur. Now
who would imagine that sulfur could come in
so many grades? Dare we ask if the different
grades might have different impurity signa-
tures? Any expert who professes to know that
two Black Powder samples “match” without
describing those characteristics that match
might be inclined to have asked and to have
answered that question. Or possibly the
“match” did not include consideration of trace
impurities.

Charcoal

The most impressive complex component of
Black Powder is charcoal. It is this component
that contains the greatest wealth of opportunity
for examination, both legal and scientific. The
Handbook of Charcoal Making'® defines char-
coal as “The residue of solid non-agglomerating
organic matter, of vegetable or animal origin,
that results from carbonization by heat in the
absence of air at a temperature above 300 °C.”

The definitions also include those of char-
coal’s components as follows: [

1) Content of Volatiles: If charcoal is
heated to 900 °C under confined condi-
tions, it will lose weight because hy-
drocarbons and nitrogen are driven out.
This weight loss is extremely important
to industrial charcoal consumers when
defining the utilization properties.

2) Ash content: The ash is composed of
the natural minerals contained in al-
most any organic matter and contami-
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nations. The quantity is related to the
composition of the raw material mix,
e.g. wood branches with a high propor-
tion of bark will give high ash contain-
ing charcoal. Charcoal ashes are distin-
guished by their solubility in water and
by chemical analysis.

3) Sulphur and phosphorus content: The
low sum of these substances normally
found in charcoals makes them espe-
cially attractive for use in blast iron
furnaces and for metallurgical pur-
poses.

4) Pyrolysis Oil: The oil varies very much
with the type of raw material. It con-
tains more than one hundred different
substances, which once made it a valu-
able feedstock for the chemical indus-

try.
With these definitions we realize that char-

coal could be considered the most complex
component of Black Powder.

An important field of research in Black
Powder charcoals has been conducted by mili-
tary laboratories in attempts to better define the
power of this explosive.”! Black powder is used
as an initiating charge, providing rapid and effi-
cient ignition, and as a propellant for some mili-
tary projectiles. If the Black Powder is not well
characterized and does not perform consis-
tently, then high explosive rounds may fall on
friendly lines or may not hit intended targets.
The work of Ronald Sassé et al. for the U.S.
Department of Defense is particularly instruc-
tive in characterizing Black Powder. In Sassé’s
papers™® " we see a treasure of information that
can be explored by counsel. Charcoal used in
Black Powder originates from different vegeta-
ble sources. These sources invariably originate
from different areas and therefore nutrient envi-
ronments. Each batch of charcoal is conse-
quently very likely different. Even the manu-
facturer who uses the same type of tree for his
charcoal utilizes trees that originate from differ-
ent sources. These sources imprint their own
nutrient and growth signature on the charcoal
product and, if batches of charcoal are blended,
such blends may create their own signatures.
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Expert testimony that is offered that Black
Powder samples “match” should raise questions
concerning the chemical and physical charac-
terization of the charcoals found in the Black
Powder. Remembering that charcoal particles
will have different contents of organic and in-
organic chemicals as well as different shapes
and structures, counsel can ask for the data that
totally defines these characteristics. If they have
not been defined then a dangling “match” must
be better defined.

Black Powder, The Product

Black powder utilized in the United States
originates from a number of sources. The larg-
est of those sources is Goex, Inc. ') The GOEX
Black Powder plant in Moosic, Pennsylvania,
started producing Black Powder in 1912. Ko-
sanke''” advises that there are also sources of
Chinese, German, Russian, Brazilian, Scottish
and homemade Black Powders in the United
States at this time as well as Black Powder that
originates from military surplus. A simple re-
view of the GOEX sales brochure notes that
Black Powder comes as superfine black sport-
ing powder, military powder, fireworks powder,
blasting powder and commercial powder. Each
of those headings has subclasses. Under super-
fine black sporting powder one finds cannon,
Fg, FFg, FFFg, FFFFg, and cartridge powders.
Under military Black Powder one finds type
Mil-P-223P powder further subdivided into
class 1 through class 8 propellant composition,
type JAN-P-663A subdivided into type I fuse
and type Il fuse powders, and type JAN-P-362
powders. Under fireworks powder one finds
1Fa through 7Fa, meal D, fine meal and extra
fine meal. Under Blaster Powder one finds
1FBB, through 4FBB powder. Under commer-
cial fuse powder one finds powders with speeds
of 85, 108, 111, 116, 124, 126, 132, 140 and
165 seconds/yard.

As the reader can see, these powders, though
all composed of potassium or sodium nitrate,
sulfur, and charcoal may have different charac-
teristics. For instance, no two Black Powder
granules, which have the appearance of black-
ened coarse grains of sand, are exactly alike in
size and shape. Sassé¢ and Rose can therefore
tell us that there is a size distribution of these
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powder particles in any one product type."

According to information the author received
from a representative of GOEX, because of this
size distribution, particles of one size may be
found in more than one type of Black Powder.
For example, particles of a particular size that
are found in FFg may also be found in FFFg
powder. Therefore while noting that particles
from two different sources of different types of
Black Powder match in size, the expert must
also honestly put forth the information that
other sources of different types of Black Pow-
der are not excluded as possible sources. It
would also be helpful to let counsel and the
trier-of-fact know just how many other sources
of a particular type of Black Powder there were.
This may be impossible as the Black Powder
particles fracture in the can.'* Another problem
with Black Powder size comparison may very
well be in comparing uninitiated Black Powder
with Black Powder particles found in residue
from exploded improvised explosives devices.
If powder can fracture in the can, one can be
certain that it will fracture when subjected to
explosive forces.

Though quantities of Black Powder that ex-
ist in the United States are not known accu-
rately, one can get an estimate from looking at
Black Powder usage as well as the published
scientific literature on Black Powder. Jon
Uithol, of the National Muzzle Loading Rifle
Association'*! advises that there are three to
seven million muzzle loading state hunting li-
censes issued per year in the U.S. These fire-
arms utilize Black Powder or substitutes such as
Pyrodex ™"l and Clean Shot™.!"% Black pow-
der is sold in units as small as one pound. This
would indicate that millions of pounds of Black
Powder presently exist in this country as pur-
chased product. Rose notes about Black Powder
“the civilian consumption alone must be more
than a thousand metric tons annually”.!'”!

A Range of Choices

The Federal Judicial Center’s Reference
Manual on Scientific Evidence!"™ asks the ques-
tion “Have alternative explanations been ruled
out?” explaining, “Alternative explanations and
confounding factors should be examined and
ruled out to avoid reaching an erroneous con-
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clusion. However, it is never possible to rule
out every alternative explanation.” Another
source!'” describes Judge Weinstein in Agent
Orange®™ recognizing that unless research
seeking to establish causation for one agent also
takes into account other factors that may ex-
plain the plaintiff’s injuries, the finding may
improperly overestimate causation. Because the
evidence presented failed to take into account
factors other than Agent Orange dioxin that
could have caused the veteran’s illnesses, it was
not scientifically valid, and Judge Weinstein
properly excluded the evidence as legally unre-
liable.” This is very much on point here. Com-
plex materials and their components are manu-
factured in many forms with many uses, and
with upper and lower limits of acceptance of
physical and chemical characteristics. Those
limits translate into products having different
chemical and physical characteristics even
though produced on the same production lines
for identical purposes. When those limits are
very tight, differences are difficult if not impos-
sible to detect with modern analytical tools. The
result of this is that alternative explanations
cannot always be ruled out no matter how thor-
ough the analysis is. In the case of Black Pow-
der, the manufacturers’ upper and lower limits
must be carefully controlled so that the powder
initiates only upon command and not spontane-
ously, resulting in unplanned damage and/or
death. The range of differences in Black Pow-
der do exist, however, and preclude absolute
matches.”") The analyst is compelled to deter-
mine the limits of ranges and if possible to de-
termine if suspect materials fit within those
ranges and therefore could have originated from
the same sources. Ultimately, however, the sci-
entist reaches the point at which available tech-
nology cannot assist in the further characteriza-
tion of materials. At that point the legal system
must determine if the scientist should be com-
pelled to report that failure and its in light of
what alternative explanations for the data can-
not be ruled out. Apparently Judge Weinstein
would suggest that alternative explanations that
cannot be ruled out should be presented as evi-
dence.
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Giglio v. United States

One would assume that a prosecutor would
want to know the weaknesses of opinions pre-
sented by forensic experts if for no other reason
than to avoid problematic revelations during
testimony on cross examination. But does the
forensic scientist have a duty to present his total
understanding of data or just that part that gives
strength to the prosecutor’s theory of guilt?

One approach to the reporting of limitations
of scientific protocols is that established under
Giglio. It is strange that a forensic scientist
would even have to consider the law in dealing
with the completeness of his reports. One
would hope that there would be no taint of bias
and that the scientific opinions would be ren-
dered objectively. However as noted in the Brit-
ish case Regina v. Judith Theresa Ward,* “the
disclosure of scientific evidence was woefully
deficient. Three senior RARDE scientists took
the law into their own hands and concealed
from the prosecution, the defense and the court,
matters that might have changed the course of
the trial.” Forensic scientists do at times take
the law into their own hands and become parti-
san. Therefore guidance in the reporting of the
significance of forensic evidence might be nec-
essary.

We are taught in “The Prosecutor’s Duty of
Disclose: From Brady to Agurs and Beyond*!
that Giglio and progeny establish that “Gener-
ally a prosecutor ‘should know’ of a piece of
evidence if it is in his possession or in the pos-
session of any agency involved in the prosecu-
tion.” Other agencies can include other prosecu-
tors in the office,* law enforcement offi-
cers,” and any other investigative agencies
involved in criminal prosecution.”® This would
naturally include government forensic laborato-
ries. And in footnote 130 of this article, quoting
U.S. v. McCord,*™ “The prosecution involves
all agencies of the federal government involved
in any way in the prosecution of criminal litiga-
tion.” Giglio and progeny establish that failure
to present exculpatory information is not ex-
cused as a result of the prosecutor having no
personal knowledge of such information while
members of the agency assisting in the prosecu-
tion do have such knowledge. What does this
say for forensic scientists who present their
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findings as “matches” without describing the
underlying meaning of the adjective? Do these
scientists have an obligation to present the un-
derlying meaning of the data that establishes the
match? If the matches are not absolute should
the level of uncertainty be exposed to the
prosecutor? If the level of uncertainty is un-
known should that also be reported to the
prosecutor? If forensic scientists are not willing
to report the significance of their data objec-
tively, then how can the prosecutor decide if
Brady material and Giglio obligations exist as a
result of scientific investigations?

What obligation does the prosecutor have to
provide possibly exculpatory forensic informa-
tion? Agurs'™™ teaches that:

Although there is, of course, no duty
to provide defense counsel with unlim-
ited discovery of everything known by
the prosecutor, if the subject matter of
such a request is material, or indeed if a
substantial basis for claiming materiality
exists, it is reasonable to require the
prosecutor to respond either by furnish-
ing the information or by submitting the
problem to the trial judge. When the
prosecutor receives a specific and rele-
vant request, the failure to make any re-
sponse is seldom, if ever, excusable.

But how does defense make specific re-
quests about complex scientific information that
may be exculpatory in nature, or may prove or
be favorable to establishing innocence. The
“matching” of complex forensic samples is
generally not a skill that is employed outside
the government’s own laboratories. How can
defense counsel even know to ask about the
morphological structure of the charcoal in
Black Powder samples, or the volatile organic
compounds, or the pyrolysis oils, or the impu-
rity content of potassium nitrate, or the size dis-
tribution characteristics of particular types of
Black Powder? Generally, neither prosecution
nor defense counsel have appropriate back-
grounds to delve into or understand this type of
information.

Agurs®*! identified this situation in describ-

ing the prosecution’s failure to disclose alleg-
edly favorable evidence that the defense had not
specifically requested. This failure could be
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inexcusable under Giglio, and yet the prosecu-
tor, defense and court never pick up on the fail-
ure when forensic evidence is concealed. One
can imagine testimony that established that two
Black Powder samples “matched” and yet the
“match” was only in qualitative content of po-
tassium nitrate, sulfur and charcoal. A trier-of-
fact could wrongly infer from this testimony
that both Black Powder samples had unique
characteristics that set them apart from all the
other hundreds of thousands, possibly millions,
of pounds of Black Powder in existence in the
United States. Without explaining the meaning
and limitations of “match” and without the
prosecutor or defense counsel being able to see
through the problem, the trier-of-fact might not
be able to place the proper weight on evidence
and injustice might result.

What evidence would be considered excul-
patory? It would not take a great leap of faith to
believe that if Black Powder were found at a
crime scene and at a defendant’s residence that
the defendant would argue that there are thou-
sands of tons of Black Powder available and in
the hands of the American public and that the
Black Powder found at the crime scene did not
originate from the defendant’s Black Powder.
The expert who opined simply that the two
Black Powder samples “matched” could very
well mislead the trier-of-fact into believing that
the two samples of Black Powder originated
from the same source. That expert would be
concealing evidence that very well could be
considered to be exculpatory. One can also
imagine the trier-of-fact who has been led by
the expert to believe that two Black Powder
samples “match” most likely originated from
the same source. Under these circumstances,
any information that revealed the limited
weight of that evidence could be considered
favorable to the defense. Such evidence, if un-
successfully concealed, might even lead jurors
to question the credibility of the proffered ex-
pert. Imagine the trier-of-fact who has been led
to believe through the “dangling adjective of
comparison” that two samples originated from
the same source. Imagine now the effect on that
same trier-of-fact when she learns that there are
thousands if not millions of possible sources of
the same material, that the analyst can not, in
reality, determine if the two materials are
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chemically and physically identical, and that
the analyst did not present that information in
his report or in his testimony.

Solutions

Counsel should look behind the adjectives
of comparison, demanding to know what they
mean. Forensic scientists should report their full
understanding of the meaning of the compari-
son adjectives, remembering that the oath is to
“Tell the truth, the whole truth, and nothing but
the truth.” A list of possibly useful exploratory
questions is presented as a guide, using Black
Powder as an example:

1) Of what is Black Powder composed?

2) What analytical techniques were used to
determine the composition of these pieces
of evidence?

3) What information about the components
did each of these analytical techniques and
instruments present?

4) Are each of the materials used in the manu-
facture of Black Powder pure? How is pu-
rity defined or determined?

5) If not, then did the instruments measure
these impurities?

6) If the instruments did not measure the im-
purities, how can one be sure that the Black
Powders “match”?

7) What does “match” mean?

8) If you did not or cannot measure impurities
such as pyrolysis oils and minerals in Black
Powder particles, then how can you say that
the particles match without revealing in
what specific ways they do match?

9) Are all Black Powder particles the same
size and shape?

10) If they are not the same size, then what is
the size distribution of the particles that you
analyzed and how did you measure the dis-
tribution?

11) Was the Black Powder used in an impro-
vised explosives device that exploded?

Journal of Pyrotechnics, Issue 11, Summer 2000

12) Wouldn’t such an explosion break apart
powder particles?

13) If you say that it would not, please present
your empirical data and results of your sci-
entific analyses to show that an explosion
would not fracture larger Black Powder
particles into smaller particles?

14) Did you conduct a scanning electron micro-
scope comparison analysis of the morphol-
ogy, size and shape of the charcoal in the
Black Powder particles that you had as evi-
dence?

15) Did you determine whether the Black Pow-
der particles that you had were manufac-
tured with charcoal from different types of
trees?

16) If you did not, why didn’t you before you
simply said that the two powder samples
matched?

17) Do you know what types of trees are used
for the charcoal used in the manufacture of
Black Powder particles? If you do, then
would you name them?

18) Did you look for these different types of
wood charcoal? How do you recognize the
different charcoals?

19) Did you measure the density and hardness
characteristics of the Black Powder parti-
cles, which you say “match?” If not, why
not? If so, can you provide the data and ex-
plain how you conducted that measure-
ment?

20) If you believe that the Black Powder parti-
cles “match” and yet you have not meas-
ured all the characteristics of the particles,
can you explain what is the basis for your
saying that the particles match?

21) Can you explain why even though you
were not able and/or did not measure some
very important characteristics of the Black
Powder particles, you still wrote a labora-
tory report that said the Black Powder par-
ticles matched and did not further explain
the significance of the “match?”
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Summary

Adjectives of comparison such as “match”,
“consistent with” and “identical to” can be mis-
leading to triers-of-fact and can be used to
prove almost anything. The expert witness who
opines that two materials match opens the door
very possibly to cross-examination that could
be easily used to discredit the witness. Cross-
examination can delve into the physical charac-
teristics and chemical components of the match-
ing materials, the instrumental data from analy-
ses of the materials and into the basic scientific
foundation for the opinion rendered.

We are left with a question as to whether
Giglio obligations of the prosecutor require that
the prosecutor’s experts reveal the basis for
their use of comparison adjectives in their re-
ports to the prosecutor. These revelations would
seem to be necessary in order that the prosecu-
tor be able to decide if information held by
members of his team was favorable to the de-
fense. Such information would normally be
found in scientific reports from other disci-
plines and should not be left out of forensic re-
ports.
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Study on Various Polyesters as Binders for
Pyrotechnic Composition

J.P. Agrawal*, S.N. Singh, D.B. Sarwade, V.A. Mujumdar & NT Agawane
High Energy Materials Research Laboratory, Sutarwadi, Pune 411 021, India

ABSTRACT

Two tracer compositions were formulated
based on magnesium, strontium nitrate and so-
dium nitrate with unsaturated non-halo and
halo polyesters as binders. They were charac-
terized for mechanical properties, thermal be-
haviour, burning rate, luminous output, and
impact, friction and spark sensitivities. The data
show that the composition with chloropolyester
as binder is better for tracer compositions.

Keywords: polyester, halopolyester, binder,
tracer composition

Introduction

Polymeric binders play multiple roles in py-
rotechnic compositions and, in general, contrib-
ute towards better mechanical strength!' and
moisture-absorption resistance, which leads to
improved shelf-life.’** They also contribute
significantly to the performance of tracer com-
positions by increasing the reaction rates. A
literature survey reveals that a number of syn-
thetic binders such as polyesters, epoxies, sili-
cones, thiokols, have been studied in place of
natural binders in search of more luminous effi-
ciency.”! The use of halogenated resins as bind-
ers in various tracer compositions has recently
been reported,’® and it has been concluded that
the polyester resins give higher luminosity,
while fluorinated polymers contribute to the
combustion exothermicity leading to faster burn
rates.

The literature on binders for tracer composi-
tions indicates that polyester resins are promis-
ing,”! but a comparative account of non-halo
and halo polyesters has not yet been reported.
This study was therefore undertaken with a view
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to make the comparison. This article reports the
data generated on pyrotechnic compositions
based on magnesium, strontium nitrate and so-
dium nitrate with unsaturated non-halo and halo
polyesters as binders.

Experimental

Materials

Chemicals conforming to the following specifi-
cations were used for the study.

i) Magnesium [Mg] (Grade V) conforming to
Commonwealth Specification (CS) 5035A
having an average particle size of 63 um
with a purity of 98%.

ii) Strontium nitrate [Sr(NO;),] conforming to
Joint Services Specification (JSS) 1052
(1964) passing Indian Standard (IS) 125 um
sieve, purity of 97% with moisture content
1% (maximum) and insoluble matter in wa-
ter 0.25 % (maximum).

iii) Sodium nitrate [NaNQO;] conforming to JSS
1095 (1968) passing IS 125 um sieve, pu-
rity of 97% with moisture content 1%
(maximum) and total impurities 1% (maxi-
mum).

iv) Polyvinyl chloride [Caliplast 370] con-
forming to Indian/Military Explosives
(IND/ME) 741(a) (1977) passing IS 75 um
sieve, with bulk density 0.4 g/cm® (mini-
mum) and volatile matter 0.5% (maximum).

v) Tetrachlorophthalic-anhydride- and
phthalic-anhydride based unsaturated poly-
esters were synthesized in the High Energy
Materials Research Laboratory by a process
given elsewhere.®
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Preparation of Tracer Composition:

1) Chemical Composition: The composition
formulation in percent and the amount for a

200 g batch is as follows:
Ingredient % g
Magnesium 53 | 106
Strontium nitrate 22 44
Sodium nitrate 13 26
Polyvinyl chloride 2 4
Resin (binder) 10 20

il) Drying of ingredients: Oxidizers [Sr(NOs),
and NaNQO;] were ground, sieved and dried
in an electric oven at 100+2 °C for 8 hours.
The ingredients were again sieved through
IS 125 um sieve. Polyvinyl chloride (PVC)
was dried in a water-jacketed oven at
60=£2 °C for three hours and sieved through
IS 300 um sieve.

iii) Coating of Mg Powder: The coating of Mg
with polyester resin was done as given be-
low. Either Polyester resin or chloropolyes-
ter resin (20 g) was premixed with catalyst
(2%) and accelerator (1%). Mg powder
Grade V (106 g) was placed in a bowl and
coated with polymeric binder. Premixed in-
gredients as stated above were added to
coated Mg and hand mixed for half an hour.
The whole mixture was then passed through
IS 600 um sieve five times to get a homoge-
nous composition. The composition was fi-
nally dried/cured for 18 hours by spreading
in aluminium trays.

Characterization
Mechanical Properties:

The compositions were consolidated into
pellets of 20 mm diameter and 20 mm height
under the load of 3 tons with a dwell time of 15
seconds. The compression strength and percent
compression of the pellet were recorded using
Instron UTM (Model-1185) as per the Ameri-
can Society for Testing and Materials (ASTM)
method.?
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Thermal Characterization:

i) The heat of combustion was determined by
PARR Bomb Calorimeter (300 ml volume)
by igniting 1 g of the sample in air as per
the ASTM method.!""

ii) Differential Thermal Analysis (DTA) was
carried out using an apparatus fabricated in
this laboratory; the details are described
elsewhere!"" Five milligrams of pyrotechnic
composition were placed in an open plati-
num cup and heated simultaneously with an
equal amount of reference sample (calcined
alumina) in another cup. The temperature
difference between the test and reference
sample was measured as a function of tem-
perature. To calculate the activation energy
of the ignition process of the pyrotechnic
composition, DTA runs were recorded at
five different heating rates (i.e., 5, 10, 15,
18 and 20 °C/min). The peak maxima (7,,)
thus obtained at different heating rates for
various pyrotechnic compositions are given
in Table 2. The energy of activation of igni-
tion was determined using the Ozawa!'”
and the Kissinger'"”! methods. In the Ozawa
method, a curve was plotted between the
logarithm of the heating rates () versus the
reciprocal of the peak maxima temperature
(i.e., log B vs. 1/T,,), which gave a straight
line, and the energy of activation (£) was
calculated from its slope;

Slope = 0.4567/1.987 X E

In the Kissinger method, the energy of acti-
vation was calculated by plotting the curve
between In [S/T,,,2 vs. 1/T,,, which is also a
straight line. The activation energy was then
calculated from the slope, similar to the
Ozawa method.

Burning Rate and Luminous Output:

The compositions were pressed in paper-
lined steel tubes of 20 mm diameter and 30 mm
length, under 15 tons of dead load with a dwell
time of 15 seconds. The tracer compositions
were electrically ignited, and their luminous
outputs and burning times were measured using
a photometer, (Photometer, Model 550 from M/s
EG & G, Massachusetts, USA).
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Table 1. Mechanical Properties, Burn Rate and Luminosity of NHP and CP Based Tracer

Compositions.
Linear | Mass
Compression Burn Burn
Composition strength Compression | Rate Rate | Luminosity Efficiency
based on (MPa) (%) (mm/s) | (g/s) | (cd x10%) | [(cd-s/g)x 10]
NHP 32.0 5.8 4.7 3.48 6.329 1.81
CP 41.23 6.7 4.3 3.19 3.692 1.167
Sensitivity: based on non-halo polyester (NHP). This is at-

1) Impact sensitivity was determined by the
fall-hammer method using a 2 kg weight on
20 mg samples, and the height for 50% ex-
plosion was recorded.!"*!

il) Friction Sensitivity was determined on the
Julius Peter apparatus using 10 mg samples,
and the minimum weight, for which five
samples did not ignite, was recorded.!"”!

iii) Spark sensitivity was determined by plac-
ing 10 mg samples between two electrodes
that were spaced at a distance of 2 to
2.5 mm. The energy of the spark was varied
from 15 mJ to 5 J, and the ignition or non-
ignition of the samples was recorded.

Results and Discussion

The data on mechanical properties (Table 1)
indicate that the tracer composition based on
chloropolyester (CP) has higher compression
strength and percent compression than the one

tributed to greater tensile strength of CP com-
pared to NHP"®' and is reflected in the com-
pression strength of the tracer composition.

Differential thermal analysis data reveals
that the 7; and T,, are less for the CP-based
composition than the NHP-based composition
at all the heating rates. This may be due to the
involvement of chloropolyester in the ignition
process of the composition. It is consistent with
the activation energy of the CP-based composi-
tion being less than that of the NHP-based
composition (Table 2). Further, heat of combus-
tion data on show that both the compositions
release approximately the same amount of heat
(Table 3).

The impact, friction, and spark sensitivity
data (Table 3) suggest that both compositions
are reasonably safe with respect to impact, fric-
tion and electrostatic charge. However, the CP-
based composition is more sensitive to impact
and friction as compared to the NHP- based
composition. This is because chloropolyesters
are generally rigid as compared to their coun-

Table 2. Peak Inception Temperature (7;), Peak Maxima Temperature (7,,) and Activation
Energy of NHP and CP Based Tracer Compositions.

Heating Rate Activation Energy
(°C/min) (kcal/mol)
Composition Ozawa | Kissinger
5 10 15 18 20
Based on Method Method
NHP T, 436 442 451 462 457 34.27 331
Tm 453 458 463 476 479
T 424 429 445 443 447
P ' 1. 29.
c Tm 442 446 458 465 469 31.0 98
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Table 3. Sensitivity and Heat of Combustion of NHP and CP Based Tracer Compositions.

Friction Impact Spark
Sensitivity (kg) | Sensitivity (cm) | Sensitivity (J) Heat of
Composition (does not (height for 50% (does not | Combustion
based on ignite until) | Explosion/Ignition) | ignite until) (callg)
NHP 28.8 162.5 3.5 2029
CP 24.0 127.0 3.5 1982
terpart non-halo polyesters.'*'"! As a result, References

they behave like grit particles in pyrotechnic
compositions leading to increases in their im-
pact and friction sensitivity. Similar behaviour
is observed in differential thermal analysis.

The data on luminosity and luminous effi-
ciency (Table 1) indicate that the NHP-based
composition gives more luminous output. But,
as a practical matter, flares filled with NHP-
based compositions do not ignite easily, proba-
bly due to the higher activation energy of NHP.
Further, the CP-based composition intensifies
the red colour of the flame, presumably due to
the presence of chlorine atoms, which aid in the
formation of the red-colour-emitting species.

Conclusions

Tracer compositions are required to give
bright red light for better visibility of the tracer
both during day and night; therefore, chlorin-
ated binders are preferred, as chloro groups en-
hance the red colour of the flame. Moreover,
the CP-based tracer composition has better me-
chanical properties than the NHP-based compo-
sition. As the tracer compositions have to burn
under spin and mechanical stresses, composi-
tions with higher mechanical strength are pre-
ferred. While the NHP-based tracer composi-
tion gives higher luminous output, it is difficult
to ignite, and hence the composition may fail to
burn.

On balance, the more intense red colour of
the CP-based composition, coupled with its
greater mechanical strength, make it the better
choice for tracer use.
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Communications

Brief technical articles, comments on prior articles and book reviews

Shell Altitude vs.
Mortar Length

Ron Dixon

Four-D Enterprises, Inc.
10510 El Comal Dr., San Diego, CA 92124

Introduction

During the mid 1980’s, I was the President
and General Manager of San Diego Fireworks,
Inc. At many of our Pyrotechnic Safety and
Training Seminars, [ was asked about the corre-
lation between mortar length and altitude at-
tained by aerial shells. Further, I have over-
heard many theories relating to a “vacuum”
created within a mortar, if that mortar is longer
than some optimum length. Others have made
statements indicating that exceptionally long
mortars would project shells well beyond “nor-
mal” altitudes for given sizes of shells.

Upon reaching saturation of these various
theories, our staff decided to perform some basic
tests to see if any of these theories had merit.

Prior to making the determination to conduct
this field test, we had the opportunity to view
videotape produced by a Japanese firm. This
videotape showed shells being fired from a thick-
walled glass mortar. Our observations indicated
that there was a considerable amount of gas gen-
erated by the lift charge and that the vast major-
ity of this gas was produced well after the shell
had left the open end of the mortar during launch.

Although our methods were not purely sci-
entific, in that we did not use precise measure-
ment instruments, we did use devices that were
recognized in the industry as acceptable and
would be able to determine if the theories were
in fact accurate or erroneous. We were not look-
ing for precise data, but data sufficient to deter-
mine if these theories warranted further investi-
gation.

Journal of Pyrotechnics, Issue 10, Winter 1999

Approach

The decision was made to purchase a ten-
foot length of mortar tube material. The material
selected was three-inch i.d. HDPE, a currently
approved mortar material by the California State
Fire Marshal (CSFM) for use in the public dis-
play fireworks industry. This section of tube was
fitted with a three-inch o.d. wooden plug that
also met the CSFM regulations.

This mortar was used to launch three-inch
aerial shells supplied by a manufacturer that we
had determined, from past experience, provided
consistent quality shells and that demonstrated
the most repeatable lift times, when tested for
choreography purposes annually. Further, we
wanted to be sure to use shells from the exact
same production lot, in order to minimize any
variations in the product used. We selected a full
case of three-inch shells manufactured by Yung-
Feng Fireworks. The variety was a Green Chry-
santhemum.

The shells were fired using a Daveyfire
SA2000 B Electric match that had the head in-
serted into the lifting charge of each shell. The
wire leads from the match were routed through
a 1/8-inch hole placed in the base of the mortar,
just above the wooden plug. This routing was
done to eliminate any potential interference with
the launching of the aerial shell. We determined
that the gas loss from the 1/8-inch hole was in-
significant.

Following each firing, the mortar was cleaned
to remove any remaining shell lift bag debris. It
was then shortened by six inches. The mortar
was again loaded, placed upon a firm plate of
steel to minimize recoil, and attached securely
to a steel post set vertically in the earth. This
was done to assure vertical stability during re-
petitive firings. This process was repeated until
the mortar length reached 12 inches (one foot).
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Altitude Measurement

In order to measure—simply, but reasonably
accurately—the altitude attained by the shells,
we used a commercially available protractor
manufactured by Estes Rocket Company, for
determining the altitudes of model rockets. The
Estes product name was the “Altitrak Altitude
Finder” part number 2232.

This device can be calibrated for use at one
of three different distances from the launch site
to the measurement site. The device is cali-
brated for use at 75, 150 or 300 meters from the
launch site to the measurement site. The three
different distances are for three different ranges
of altitudes produced by their products. It is
recommended that the user select the distance
from the launch point to the measurement point
that most closely equates to the expected alti-
tude of the device being measured.

The device is aimed at the product being
launched and a trigger is pulled back, which
releases the measurement pendulum. The prod-
uct is tracked to the point at which it reaches its
apex and the trigger is then released, which cap-
tures the position of the pendulum. The altitude
is determined by reading the appropriate scale
on the pre-calibrated quarter rings on the de-
vice. We selected the range of 150 meters from
point of launch to point of measurement.

Data Measured

The Table 1 presents the mortar length versus
the altitude measured. Figure 1 is a graph of the
same data.

Conclusion

Looking at the data and excluding the last
data point at the 12-inch mortar length, we find
the average altitude was 163.2 meters. The low-
est point recorded was 141 meters and the high-
est point was 186 meters.

We expected some deviation due to other
minor characteristics such as shell spin, slight
wind drift, and variations inherent in the less
than precision method of measurement.
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Table 1. Mortar Length vs. Altitude.

Mortar Length Altitude
(feet) (meters)
10.0 141

9.5 157
9.0 186
8.5 142
8.0 169
7.5 147
7.0 167
6.5 171
6.0 178
5.5 159
5.0 175
4.5 166
4.0 156
3.5 164
3.0 170
2.5 172
2.0 155
1.5 163
1.0 74

However, we found that there was no direct
correlation between mortar length and attained
shell altitude until the mortar was cut to less than
1.5 feet (18 inches) in length. Further, we also
found that there is no apparent vacuum created
when mortars are excessively long.

Subsequent to our rather crude tests, a formal
test was published.!"! This article presents data
that is consistent with the data we recorded. The
Kosanke and Schwertly data was gathered us-
ing a device called the “Pyro-Meter I1”.

The Pyro-Meter uses electronic counters,
latching mechanisms, and optical eyes to pre-
cisely measure such altitudes. Their data indi-
cated that the average burst height for a 3-inch
shell was 124 meters with a maximum altitude
of 140 meters and a minimum of 110 meters.
We believe variations between the Kosanke and
Schwertly data and our data are attributable to
the type of shells used (ball versus cylindrical,
which affects wind drag) altitude of the test site,
humidity (which affects air density), etc. This
also assumes the mortar used in their test was at
least 1.5 feet in length.
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Figure 1. Graph of mortar length versus
altitude attained for three-inch shells.

The Effect of Sample
Containers on the Ignition
Temperature of
Sulfur/Chlorate Mixtures

D. Chapman and J. E. Fletcher

Health and Safety Laboratory, Harpur Hill, Buxton,
Derbyshire, SK17 9JN, United Kingdom
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ABSTRACT

In this communication we report the lowered
thermal stability of sulfur/chlorate mixtures in
contact with glass surfaces. Ignition tempera-
tures as low as 100 °C were found in glass test
tubes and are about 15 °C less than for the same
mixture in a cardboard fireworks tube.

Keywords: chlorate, sulfur, thermal stability,
ignition temperature, glass

Introduction

In our study!"! of the thermal stability of sul-
fur/chlorate mixtures under a number of differ-
ent conditions we used cardboard fireworks
tubes to hold the test samples. Ignition tempera-
tures in the region of 115-120 °C were com-
monly found, and the variation in the results
was attributed to, particle size distribution in
the samples.”” Tanner™ has previously reported
ignitions at 82-91 °C when sulfur/chlorate mix-
tures, in cardboard, were heated by a lamp. Sto-
rey observed low ignition temperatures at
about 100 °C and non-ignition exotherms as low
as 75 °C for sulfur/chlorate mixtures in unspeci-
fied vessels.

In an attempt to investigate the effect of con-
tainer material on the ignition temperature of
sulfur/chlorate mixtures, we have examined
glass and stainless steel tubes. In this short pa-
per we report the effect of these tubes on the
thermal stability of 2 g sulfur/chlorate mixtures
(sulfur 30%) and compare the results with those
obtained in cardboard fireworks tubes.
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Table 1. The Effect of Container Material on the Ignition Temperature of Loose
Sulfur/Chlorate Mixtures (30% Sulfur, 70% Potassium Chlorate).

Ignition Temp (°C)
Containment Notes Tube 1 Tube 2
Open Pyrex glass tube * 110 110
Sealed Pyrex glass tube * | Rubber bung in top of tube 107 108
Open steel tube 121 —

Composition contained 30%
Open cardboard tube powdered glass (from a Pyrex 125 129
test tube)

Open cardboard tube control samples 120 121

* Glass test tubes taken from “laboratory stock” (i.e., clean, previously used and not pre-treated).

Results and Discussion

The first series of tests (Table 1) indicated
that the use of glass test tubes produced lower
ignition temperatures than any other container.
It is likely that some previous work on sul-
fur/chlorate could have been carried out in glass
vessels and we believe that this may have con-
tributed to the low non-ignition exotherms and
ignition temperatures.* Interestingly, the addi-
tion of powered Pyrex glass (not sieved to give
a specific fraction) to the composition in the
cardboard tube did not result in the reduction in
ignition temperature observed when the basic
composition was placed in glass tubes.

A second series of tests was carried out us-
ing a fresh batch of potassium chlorate (Table 2).
The control samples (cardboard tubes) had a
lower ignition temperature, which we attribute
to a change in the particle size distribution of the
potassium chlorate."” In this second series, glass
tubes of different histories and types were inves-
tigated. In all cases the contact between the glass
and the sulfur/chlorate mixture produced a re-
duction in the ignition temperature. This effect
was more pronounced with “new” test tubes and
appeared to reduce with freshly washed glass.

Currently we have not found a suitable ex-
planation for the observed effect of glass on the
reactivity of sulfur/chlorate mixtures. However,
this note has been produced to warn pyrotech-
nicians of the heightened risk when this mixture
is placed in glass containers.
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Tanner™ heated sulfur/chlorate mixtures us-
ing a lamp with the material contained in card-
board salvaged from books of matches. It is
likely that the temperature measured in the bulk
of the sample (82-91 °C) was lower than that at
the surface. Storey' reported exotherms as low
as 75 °C for mixtures of sulfur and chlorate. Re-
examination of the thermal traces suggests that
these were non-ignition exotherms since the
subsequent exotherms at about 100 °C or higher
were more energetic and therefore more likely
to have been ignitions.

Contact with a glass surface is not the sole
explanation for low temperature reactions of sul-
fur/chlorate mixtures. Other contributing factors
could include source, acidity and history of the
sulfur sample, particle size distribution, heating
rate and relative humidity.
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Table 2. The Effect of Pre-Treatment of Glass on Sulfur/Chlorate Ignition Temperature

(30% Sulfur).

Ignition Temp. (°C)

Tube type Pre-treatment Tube 1 Tube 2
Pyrex None, “new tubes” 101 100
Pyrex None, “previously used” 110 108
Soda Glass None, “new tubes” 100 101
Pyrex New, washed with distilled water 104 104
Soda Glass New, washed with distilled water 101 102
Pyrex New, washed DECON 90, rinsed distilled water 111 111
Soda Glass New, washed DECON 90, rinsed distilled water 113 112
Control samples in cardboard fireworks tubes ignited at 115 °C

© British Crown copyright, 1999
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Guide for Authors

Style Guide

The Journal of Pyrotechnics has adopted the
ACS Style Guide [ISBN 0-8412-3462-0]. It is not
necessary that authors have a copy; however, a
copy can be ordered through a local bookstore.

Manner of Submission

Submissions should be made directly to the
publisher at the address at bottom of page. Upon
receipt of an article, the author will be sent an
acknowledgment and tentative publication date.
For specific requests regarding editors, etc.
please include a note with that information.
Preferably the text and graphics will be submit-
ted electronically or on a 3-1/2" diskette or CD
in IBM format with a print copy as backup. The
Journal is currently using Microsoft Word 2000,
which allows for the import of several text for-
mats. Graphics can also be accepted in several
formats. Please also inform us if any materials
need to be returned to the author.

General Writing Style

e The first time a symbol is used, it is pre-
ferred to write it out in full to define it [e.g.,
heat of reaction (AH,) or potassium nitrate
(KNO3)].

e Avoid slang, jargon, and contractions.
e Use the active voice whenever possible.

e The use of third person is preferred; how-
ever, first person is acceptable where it
helps keep the meaning clear.

Format

In addition to the authors’ names, please in-
clude an affiliation for each author and an ad-
dress for at least the first author.

A short abstract is needed. (An abstract is a
brief summary of the article, not a listing of
areas to be addressed.)

Include 3 to 7 keywords to be used in a refer-
ence database: However, multi-word names and
phrases constitute only one keyword (e.g., po-
tassium nitrate and heat of reaction are each one
word).

Use of SI units is preferred. If English units
are used, please provide conversions to SI units.

Figures, Photos, and Tables are numbered
consecutively. For submission, place them at the
end of the text or as separate files. During page
composition, they will be inserted into the text
as appropriate. For graphs, please also submit
“raw” X-Y data.

References cited in the text are referred to by
number (i€., “Smith!" states”; or “the research®”
shows ...”). In the reference section, they will
be ordered by usage and not alphabetically. It is
preferred that a full citation, including author,
title, book or journal, publisher for books, and
volume and pages for journals, etc. be provided.
Examples:

1) A.E. Smith, Pyrotechnic Book of Chemis-
try, XYZ Publishers (1993) [p nn—nn (op-
tional)].

2) A.E. Smith, R. R. Jones, “An Important
Pyrotechnic Article,” Pyrotechnic Periodi-
cal, Vol. 22, No. 3 (1994) [p n—n, (op-
tional)].

Editing

The Journal of Pyrotechnics is refereed.
However, the editing style is friendly, and the
author makes the final decision regarding what
editing suggestions are accepted.

More Information

Contact Bonnie Kosanke, Publisher, the Journal
of Pyrotechnics, Inc., 1775 Blair Road, White-
water, CO 81527, USA.

or

email bonnie@jpyro.com
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