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PREFACE

The Engineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and funda-
mental data useful in the design and development of Army materiel and systems.
The handbocks are authoritative reference books of practical informaticn and
quantitative facts helpful in the design and development of Army materiel so
that it will meet the tactical and the technical needs of the Armed Forces. The
present handbook is one of a series intended to fill a longfelt need for an au-
thoritative and comprehensive source of information on military pyrotechnies.

It is a common misconeeption to regard militavry pyrotechnics as being
synonymous with fireworks. Military pyrotechnics is rapidly developing into a
science which exploits all appliczble scientific and engineering principles and
practices.

This handbook, Miiitary Pyrotechnics, Part One, Theory and Application,
includes a chapter on the history of the pyrotechnic art, a chapter giving a
general introduction tp the application of pyrotechnic devices to military prob-
lems, and chapters on Physical-Chemical Relationships, Visibility, Production
of Heat, Production of Light, and Production of Smoke.

Material for this handbook, except for Chapter 1, was prepaved by the
Denver Research Institute of the University of Denver, under the direction of
Dr. Robert W. Evans. Material for Chapter 1, History of Military Pyrotechnics,
was prepared by the McGraw-Hill Book Company Technical Writing Service.
All material was prepared for the Engineering Handbook Office of Duke Uni-
versity, prime contractor to the Army Research Office-Durham. The prepara-
tion of this handbook was under the techinical guidance of an interservice com-
mittee with rvepresentetion from the Army Chemical Center, Ballistic Research
Laboratories, Frankford Arsenal, Harry Diamond Laboratories and Picatinny
Arsenal of the Army Materiel Command ; the Naval Ammunition Depot (Crane),
Naval Ordnance Laboratory and the Naval Ordnance Test Station. The chair-
man of this ~ommittee was Garry Weingarten of Picatinny Arsenal.

Elements of the U. 8. Army Materiel Command ha+iug need for handbooks
may submit requisitions or official requests directly to  .blications and Repro-
duction Agency, Letterkenny Army Depot, (‘hambersburg, Penusylvania 17201.
Contractors should submit such requisitions or requests to their contracting
officers.

Comments and suggestions on this handbook are welcome and should be ad-
dressed to Army Research Office-Durham, Box CM, Duke Station, Durham,
North Carolina 27706,
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CHAPTER 1

HISTORY OF MILITARY PYROTECHNICS

1-1 INTRODUCTION

Pyrotechnics is an old eraft that has continued
to assume greater military importance. In their
simplest form, pyrotechnic devices consist of an
oxidizing agent and a fuel that produce an exo-
thermic¢ self-sustaining reaction when heated to
ignition temperature. Man's earliest pyrotechnic
devices may have been the result of an aceidental
mixing of saltpeter (KNOj) with charcoal; or
natural tars and resins, animal fats, voleanic dusts,
salts, sulfur, or other flammable materials.

In modern warfare, some of the important uses
for pyrotechnic devices are: as incendiaries; as
luminous sources for missile tracking; as acces-
sories in aircraft, missiles, and nuclear devices;
to produce sound signals; and to produce visible
luminous and smoke signals, Illuminating deviees
are also used for photography.* Recent adaptations
include devices designed for actuation by radio
signals directed to a missile thcusands of miles
from ecarth.

1-2 EARLY HISTORY 122567

Incendiary and colored smoke mixtures were
used for war, religious celebrations, and entertain-
ment in Arabia, China, Egypt, Ureece, and India
As carly as 2000 B.C., tales
of war in India mention incendiaries, smoke
sereens, and noxious fumes, Later, against Alex-
ander the Great (365-323 B.C.), defenders of an
Indian ¢ity were reported able to ‘*shoot thunder
and lightning from the walls.”” To this day, natural
deposits of saltpeter are abundant in India, and
probably served as a source of this material for
employment in the compositions making these dis-
plays possible.

Knowledge of pyrotechnies traveled from the
East to Europe at the beginning of the Christian
The earliest record of pyrotechnic exhibitions

in very ancient times,

era

in Europe mentions the Roman Circus during the
reign of Augustus (27 B.C. to 14 A.D.). Roman
use of pyrotechnics appears to have been largely
for display. Movable frameworks were fitted with
adjustable parts and desigued to set in motion
various colored lights.

A military use of pyrotechnics that began early
and persisted for many centuries was the use of
fire ships in marine warfare. The earliest recorded
mention of fire ships is from the 4th century B.C,
when the Phoenician seamen of Tyra used them in
battle against Alexander the Great. Later records
show that the Greeks used them against the Turks,
the Crusaders used them at Acre, and the English,
in the 16th century, used them with success against
the Spanish Armada.

1-2.1 GREEK FIRE

One of the earliest and most suecessful means of
chemical warfare was the mixture known as Greek
fire, the use of which is first reported in the 7th
century, A.D. This mixture of sulfur, resin, cam-
phor, and cther unknown combustible substances,
melted with saltpeter, was a powerful incendiary
that also produced suffocating fumes. It was used
in many different ways. Sometimes woolen cords
were soaked in the mixture, dried, and rolled into
balls. The balls were then lighted and hurled by
large engines at enemy ships or tents. Defenders of
cities prepared it in liquid form; poured it into
jars; then ignited the wixture and poured it upon
those besieging the city walls. In open battles,
it was squirted by hand pumps and bellows through
pipes into enemy ranks, or against wooden barri-
cades, In 901 A.D. the Saracens were reported to
have blown it from pipes mounted on the decks of
their ships. Five centuries later, in Emperor Leo’s
attack on Constantinople in 1403 A.D., 2000 enemy
ships were reported destroyed by its use.
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1-2.2 CHINESE PYROTECHNICS

Records of Chinese pyrotechnie items go¢ back
to the 10th century. Rockets and Roman candles
are mentioned in 969 A.D. and, by the 13th cen-
tury, colored smokes for signaling, incendiary-
carrying fire arrows, and rocket-propelled arrows
were employed, The rocket-propelled arrows, fired
in clusters from metal containers, were sometimes
ritted with poisoned razor-sharp heads for attacks
from ambush and the defense of defiles. Other
Chinese weapons of this time included **flying fire
spears’’ equipped with tubes that threw fire for-
ward for about £0 feet. Pyrotechnic devices were
also used in defending cities—the Kin Tarters
are known to have used fire powders and other
pyrotechnic devices against a Mongol attack in
1232 A.D.

1-2.3 GUNPOWDER

The inventor of gunpowder is generally be-
lieved to have been the English philosopher, Friar
Roger Bacon. In 1242 A.D. he revealed the in-
eredients for black powder in defending himseif
against an accusation of witcheraft. Although
Bacon knew of the explosive power of gunpowder,
he apparently did not recognize the possibility of
using it for projection of missiles.

The earliest recorded use of firearms or of gun-
powder as a propellant is in the beginning of the
14tk century. Records of the University of Ghent
in Belgium indicate that the first gun was invented
by Berthold Schwarz in 1313, and commercial
records indicate that guns and powder were ex-
ported from Ghent to England in the following
year. Guns and gunpowder may have been used
in the English invasion of Scotland in 1327, but
the earliest undisputed record of the use of gun-
powder in war is in France at the battle of Crecy
in 1346. Gunpowder was also used as an explosive
to blast fortification walls, the first reported at-
tempts being at Pisa in 1403, and in land mines,
which were described in 1405

When gunpowder began to be used as a pro-
pellant in the 14th to 158th century, the usefulness
of the incendiaries then available declined. Be-
ceuse of the use of gunpowder, armies began to
engage each other at such distances as to prohibit

1-2
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the use of contact or short rauge incendiary de-
vices.

1-2.4 MISCELLANEOUS USES

The first recorded use of screening smoke in
more recent times occurred in 1701, when Charies
XII of Sweden burned damp straw to produce a
smoke screen to cover a river crossing. Elsewhere
in Europe at this time pyrotechuic devices were
being developed for their military value. The
French kings encouraged experiments and tests,
saw that proper records were kept, of which many
are still available, and collected information from
travelers returning from other countries. French
priests returning from China brought detailed
knowledge of the state of the art in that country.?

1-3 18TH AND 19TH CENTURIES®#59

Berthollet’s discovery of potassium chlorate in
1788 began the modern era in pyrotechnics. Po-
tassium chlorate made color effects in pyrotechnie
fiames possible and the introduction of magnesium
in 1865 and alumir.um in 1894 added greatly to the
variety of effects attainable.

In Europe there was also a great interest in
the use of rockets. Several types were developed,
the most suceessful being the Congreve rocket,
which was 30 inches long, 3% inches in diameter,
and carried an incendiary charge. The British
used rockets with pyrotechnic compositions in a
number of campaigns. A rocket corps was part
of the British Army during the Revolutionary War,
and again during the War of 1812. The 1805 ex-
pedition of Sir Silney Smith against Boulogne
ineluded boats fitted for salvo firing of reckets, and
rockets were used suceessfully in the British attack
on Copenhagen and by Wellington’s army.

In the United States at this time, a number of
pyrotechnic devices were items of general am-
munition issue. An 1849 Ordnance manual de-
scribes signals, lights, torehes, tarred links, pitched
fascines, incendiary matches, and other illumina-
tion devices. The manual also lists firestone,
Valenciennes composition, and fireballs-—incendi-
aries, when projected from mortars, designed to
set fire to enemy property. Besides the Congreve
rocket, which came in 2V3- and 314-inch sizes, The
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2L;-inch rocket had a maximum range of 1760
yards and the 3%j-inch rocket had a somewhat
greater range. The rockets were made of sheet or
cast iron and fired from tubes mounted on portable
stands or light carriages. An 1861 Ordnance
manual lists most of the 1849 devices with more
detail and some improvements. Two new items
were also listed: an incendiary projectile filling
called rockfire, which burned slowly and was hard
to extinguish. It was employed to set fire to build-
ings, ships, and flammable stores. Another new
device was the petard, a powder-filled wooden box
that was used to demolish doors, gates, barriers,
and other obstacies.

A number of gunpowder improvements were
made in the United States and Europe during the
latter half of the 19th century. After General
Thomas J. Rodman, U.S. Army, discovered the
prineiple of the progressive vurning of propellant
powder in 1860, powder grains were made in sizes
adapted to the caliber of gun, with larger and
perforated grains used in larger weapons. The
Swedish inventor, Nobel, made many of his im-
portant discoveries at this time. In 1863 he first
manufactured nitroglycerin commereially, and dur-
ing the next twenty years invented dynamite, the
fulminate blasting cap, blasting gelatin, gelatin
dynamite, and ballistite. Another improvement
came in 1886 when Vieille, a French chemist, dis-
covered the means to colloid nitrocellulose and thus
control the grain size of the propellant powder.

1-4 EARLY 20TH CENTURY

An important pyrotechnic development early
in this century was the tracer bullet. Tracers have
been used in all types of projectiles, but their de-
velopment has been most clesely connected with
ammunition for asutomatic small arms. Tracers
were the best devices for directing automatic small
arms fire against fast moving ground targets, In
this vountry, research and development of small
arnts tracers was carried out at Frankford Arsenal.
The U. 8. Navy and Picatinny Arsenal also con-
ducted tracer development for 20 mm, 40 mm, ard
larger guns.

yyyyyy

The German Navy condueted fleet maneuvers
usiig chemieally produced sereening smoke for the
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sereens with success at the Battle of Jutland in
1916. As a result of this success, the Allies and
the Germans developed pyrotechnie screening smoke
for use on both and and sea during World War 1.

1-4.1 WORLD WAR 1

During World War [, opposing troops in
trenches sepaiiated by short distances regularly
employed pyrotechnic devices. Illuminating pro-
jeectiles were used as protection against surprise at-
tack, and signals were used to request, adjust, or
stop artillery fire; to mark e¢nemy and friendly
troop locations; and for emergencies on land, sea,
and in the air,

The advent of the airplane overcame the diffi-
culties of usring incendiaries against distant armies.
Forerunners of today’s inecendiary bombs were
first dropped on London in May 1915 from Ger-
man Zeppelins, and 2 prototype of the portable
flamethrower was used by the Germans sgainst the
French in April and June of that year, although
with little success. L.ater in the war, bombs con-
taining white phosphorus, thermite, and thickened
liquid fuels were dropped from airplanes.

Before and during World War I most pyro-
technie development and manufacturing in the
United States was carried out by private contrac-
tors to the Army or Navy. The Star rifle light, the
Very pistol, position lights, and simple rockets
were the main items used. As the war continued,
the armed services began to test and develop pyro-
teehnic devices for special purposes.

The use of chemical agents during the war re-
sulted in the establishment of a Chemical Warfare
Service in 1918. This organization became a
permanent branch of the U.S, Army in 1920,
and in 1946 its name was changed to the 11,8, Avmy
Chemieal Corps. This technieal service pursued
the development of incendiaries, screening and sig-
naling smokes, flame throwers, and toxic chemical
compounds,

Aberdeen Proving Ground in Maryland was
activated in October 1917, and by I'ecember of
that year was making acceeptance tests of ammuni-
tion and other Ordnance materiel Aberdeen rec-
ords for 1918 list tests of illuminating parachute
prejectiles for the 155mm gun,
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the war, adapted foreign pyroiechnic compositions
to small arms ammunition. Later, it develeped
tracer and igniter compositions and started a well-
integrated program for standardization. These
early tracer compositions were made by a small
batch process, wet mixed, dried, and ground to
produce a stable, uniform composition. These early
compositions were only moderately satistactory in
that the calomel used as a flame brightener pro-
dueed season cracking in brass, and also limited
the life of the composition,

During the war the Navy developed and used
3-, 4-, 5-, and 6-inch illuminating projectiles with
a projection range up to 7 miles, a major advantage
because the Star rifle light was projected to a maxi-
mum range of only $00 yards. The Navy also de-
veloped water markers for use from submarines, as
well as for dropping from aireraft. These markers
consisted of surface burning smoke and flame-pro-
ducing items, colored aerial stars, and surface
marking dyes.

1.4.2 BETWEEN THE WARS

During the period between World War I
and World War 11, arsenals, such as Fieatinny
and Frankford, and the Army Chemical Corps
carried on limited research on military applications
of pyroiechnics. Some universities also assisted
in this work.

Picatinny Arsenal, which had been established
by the Ordnanee Corps in 1879 as a small powder
depot to manufacture and load munitions, began
loading propelant charges in 1896, projectiles in
1902, and propellagt manufacture in 1907. In
1919, it began to develop and manufacture pyro-
the pyrotechnic
research and development effort in the period be-
During this time, it made con-
siderable progress in developing new smoke, flare,
tracer, and delay compositions, and began to ac-
cuntulate  evidence  regarding  the necessity  for
purer ingredients, more careful control of partiele
size, and improved proeessing methods, Other in-

technie  signals, and  continued

tween the wars.

vestigations produced techniques to measure lu-
minosity and color of pyrotechnie flames, reehnical
requirements for specifying ingredicnts, and recog-

nition of the jmportance of avoiding moisture in
Although

pyrotechnic  compositions, there  had

1-4
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been little scientific testing of pyrotechnic de-
vices, the body of data that existed at Picatinny
Arsenal at the outbreak of WW IT was of con-
siderable value 1in developing improved pyro-
technic items needed for the highly mobile forces
of that war.

Aberdeen Proving Ground added development
testing to its proof testing in the 1920’s. In 1921
development tests were reported on green, yellow,
and white siokes, and two years later tests of long
burning white parachute signals were conducted.

About 1933, Frankferd Arsenal refined the
process of making tracer compeositions so that only
the caleium resinate and the hygroseopic strontium
peroxide were wet mixed. Since then, streamlining
of the process has continued and now all ingredi-
ents in the tracer mix are purchased in the required
granulation, blended dry, and charged into bullet
cavities under high pressures. In 1936 Frankford
began developing delay action and dim igniters,
some of which are now standard compositions. Just
before the United States entered Weorld War 11,
frankford greatly improved incendiary mixture
IM-11. This standard incendiary mixture, which
was originally developed by Picatinny Arsenal,
was quickly adepted by the British and was used
by Awerican torees in all small arms incendiary
bullets during World War I1.

The Navy pyrotechnic development between the
wars was centered at the U.S. Navy Yard in
Washington, D. (. Production was carried out at
the Naval Ordnance Plant at Baldwin, New York.
For a time its one product was illuminating pro-
Jeetifes, but in 1930 preduetion of aireraft para.
chute flares was also added. Also, by 1933 the
Experimental Ammunition Unit of the Naval Gun
Factory had developed a number of pyrotechnie
items including emergency identification signals,
aireraft signal cartridges, and ammunition tracers,

1-43 WORLD WAR 11

In 1940, and later with the entry of the United
States intc World War 11, pyrotechniv items such
as flaves, iluminating projectiles, smoke signals,
spotting charges, many types of ground and air-
craft and ineendiaries needed in

signals, were

cHOrmMons quantities.
Flares were widely used to illuminate landing
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fields at night, in rain, and in fog. They were
dropped from aireraft to illuminate enemy terri-
tory; to silhouette ships for observation; and to
locate targets for bombing. Photoflash bombs il-
luminated large areas for night photography.

Smoke screens were used by land and sea forces
for a variety of purposes: aircraft and smoke boats
sereened ships during air attacks and amphibious
landings, concealed wnderwater demolition teams
and taetical mancuvers of ground troops.

By the end of the war pyrotechnies provided
visual communication both day and night between
planes and tanks, tanks and artillery, infantry
and airceraft, and ships and the shore.

Incendiary hullets, bombs, projectiles, and
grenades were widely used in Europe. Allied tac-
ties in bombing German cities employed equal
(uantities of incendiaries and high explosives. On
a weight basis, the incendiary bombs caused five
times more damage than high explosive bombs. The
central parts of more than 50 of Germany’s largest
vities were leveled by fire, Before nuclear weapons
were used fifty percent of 70 Japanese cities had
been burned. More than 99 percent of the total
bomb load dropped on Japanese cities was in.
cendiary, with less than 1 pervent high explosive.
During the war, hundreds of millions of incendiary
bombs, projectiles, and grenades were provided by
the (‘hemieal Warfare Service——over 48 inillion
incendiary hombs alone were sapplied to the U.S.
Army Air Foree,

Flame throwers, which had been developed
during World War I, were improved and used with
success in the campaigns in the Pacific areas during
World War 11,

Picatinny Avrsenal developed many improved
pyrotechnic the nuolitary change
from trench warfare, which had existed in World
War I to the highly specialized wmobile  forees
of World War 1o
military maneuvers and means for providing visual
contmunication elements in-
More efficient flares, flash
charges, and a variety of spotting charges, signals,

itens  to meet

Pyroteehinie ammunition for

awong the various

volved were essential,
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tracers, and troop warning devices were developed
to meet the new tactical requirements. New in-
gredients such as atomized magnesium, resins, color
intensifiers, and others were tested and adopted;
improved techniques to measure luminosity and
color, such as the barrier-layer cell photometer,
were mtroduced,

The Ballistic Research Laboratories had been
established in 1938 to centralize research activities
at Aberdeen Proving Ground and to undertake re-
search in fundamental Ordnance problems. With
completion of a new laboratory in 1941, basice
studies were begun in areas pertinent to pyrotech-
nies such as flame propagation, burning rates, sen-
sitivity of pyrotechnie compounds, and the physical
chemistry of gases.

Naval pyrctechnics development during World
War Il was centered at the Naval Ordnance
Laboratory, then located at the Naval Gun Factory,
Washington, D. (., and production was centered
at the Naval Ammunition Depot, (‘rane, Indiana.
The Navy improved existing items for greater re-
liability and storage characteristies, and developed
such items as chemical delay powders, self-releas-
ing buoyant submarine signals, rescue flares, depth
charge markers, aircraft signal cartridges. and
parachute flares.

1.5 POST WORLD WAR II PERIOD*!*

Funds for research and development of pyro-
technic ttems were limited in the period following
World War 11 ; however, signifivant advances were
aceomplished which made available impreved pyro-
technie deviees, signals, smokes, incendiaries, and
battlefield illuminants when the Korean Conflict
developed in the early 1950's.

Most pyrovechnic research and development to-
day is carried out by the Government at Picatinny
Frankford
Avsenal, the Army Chemical RaD) Laboratories,
the Naval Ordnance Laboratory, the Naval Ord-

Arsenal, Aberdeen Proving Ground,

nanee Test Statien, the Naval Ammunition Depot,
and by Governmment-sponsored agencies,
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CHAPTER 2

INTRODUCTION TO MILITARY PYROTECHNICS

2-1 INTRODUCTION

Modern military pyrotechnies as an outgrowth
of **Greek Fire'" and the ‘‘art of making fire-
works '™ has progressed to the extent where pyro-
technic devices and systems in both offensive and
defensive military operations have become indis-
peusable. It has developed into a science requir-
ing extensive and intensive basic and applied re-
search to meet new conventional and unique mili-
tary and space requirements.

The early modest state of progress was changed
considerably, however, when military operations
became mechanized with the development of the
tank, the bombing plane, the submarine, long-range
artillery, the aireratt vcarrier, other vehicles, and
weapons; and the intreduction of combined opera-
tivns, To coordinate all these forces and to pro-
vide tor visual communications between plane and
tank, tank and artillery, infantry and air force,
both day and night, the development of pyrotechnie
for these purposes was absolutely
essential,  !nereased use of alreraft for bombing
and observation purposes required the use of flares
and photottash bombs which could be released from
rapidly moving planes to iluminate enemy terri-
tory for night photography and observation and to
focate targets for bombing.

A variety of smoke signals, spotting charges,

ammunition

bombardment tares, illuminating shells, ground and
aireraft signals had to be developed to satisfy new
New demands for signaling
vapability required the development of ymproved

tactical reguirements.

colored smokes and signals,

For submarine identification and air-sea rescue
operations, sea water activated, battery-operated,
Houting marking signals were developed with good
e and stabibty. Muany types of simulators for
lund and sea troop trainiug were also developed
and becamne an indispeasable aid in these opera-

tions.
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With the advent of the space age, pyrotechnie
devices have become increasingly important. They
are used extensively for spotting and tracking
rockets and missiles, for recovery operations, and
for special purpuse countermeasures. To meet the
requirements for these applications, it has been
necessary to inve: 'igate pyrotechnic reactions un-
der conditions of jow pressure, low temperature,
greatly reduced quantities of atmospheric oxygen,
varied degrees of confinement, and with different
types of initiating systems.

Basic studies have been undertaken to attain
a fundamental understanding of the preignition,
ignition, and self-propagative reactions of pyro-
technice ingredients. Theories have been developed
which are used as a guide for formulating flame
compositions burning cigarette-fashion, with spe-
cific burning rate requirements. Theoretical and
empirical relationships have been developed to
predict the rvates of propagative burning of slow-
burning pyrotechnics as a funetion of particle size
and composition. Instrumentation has been de-
veloped to evaluate luminous intensity and colors
of pyroiechnic flames, luminous intensity and dura-
tion of flashes, color of smoke elouds, and improved
otitput of pyrotechuic flares. Laboratory studies
include nse of thermal analytical techniques, spee-
trophotometric and chromatographic analyses,

To continne to meet new challenges, prineciples
and theories of engineering and science must be ex-
ploulted and put to practice. Only when this is done
will it be possible to elucidate reaction mechanisms,

performance of pyrotechnie devices and to de-

velop superior compositions and items.h

2-1.1 PYROTECHNIC DEVICES
AND USES!26.7¥,10
The terminal effeet of military  pyrotechnie
iteins sueh as light, heat, smoke or sound results
from an exothermic oxidation--reduced chemical
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TABLE 2-1
TABULATION OF PYROTECHNIC DEVICES

1.

ca

Flares

a. Reconnaissance

b. Observation
Bombardment

d. Deplaning and emplaning cf troops and materiel
Prevention of enemy infiltration or reconnaissance

f. Target identification

g. Battlefieid illumination

h. Marking targets and bomb release lines
Emergency airstrip location and identification

J. Decoys

k. Missile tracking

Signals

a. Between various clements of ground troops

b. Between ground troops and planes, or vice versa
¢. Between planes in the air

d. Search and rescue operations (locate survivors)
e. Submearine to surface or air

f. Precision location of point or time in space for assessment of missile

function
g. Establishment of points on a trajectory

Colored and White Smokes

a. For daytime signaling

b. For sereening

¢. For spotting

d. For marking targets

¢. Thermal attenuvating sereen

f. Dissemination of chemical agents
g. Tracking and acquisition

h. Rescue

Tracers
a. To trace trajectories of projectiles or rockets
For self-destruction of ammunition after a definite time interval

Incendiaries

a. For use against ground targots

b. For use against aircraft tarsets

¢. For emergency decument and equipment destruction

Pyrotechmic Delays

Time delay for explosive trains
Photloflash Bombs and Cartridges
Aerial night photegraphy
Spatitng and Tracking

Ags
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TABLE 2-1 (cont’d)

9. Atmosphere and Space Studies

10. Stmulated Ammunition for Troop Traiming

11. Rocket Igniters

12. Fuel Igniters for Ramjet Engines and Guided Missiles

13. Asreraft Engine Igniters
14, Water Markers

15. Heat Sources

16. Special Devices

reaction within a mixture of a fuel and an oxidant.
Additives or modifiers may be ircluded to produce
more saturated colored flames, to adjust burning
rates, to produce colored smoke clouds, and to
inerease storage life and processing safety.

Pyrotechnic devices are employed in such a
large variety of munitions that classification 1is
difficult. These devices are, however, tabulated,
with their principal uses, in Table 2-1.

2-1.2 CHARACTERISTICS OF PYROTECHNIC
COMPOSITIONS! %487

The applicability of a specific pyrotechni~ mix-
ture for a particular application is governed by
many ‘‘yardsticks.”’ Consideration must be given,
not only to the terminal effectiveness and output
desired, but also to overall performance and re-
producibility, and processing and storage char-
acteristics. Precise and analytical dsetermination
of the various parameters involved requires con-
tinued research to Jevelop improved evaluative
methods.

The more important characteristies of pyro-

luminous intensity threugh an appropriate colored
filter to the total luminous intensity.

e. Visibility. Applied to illurninating and sig-
nal devices; measured in terms of brightness and
other qualities.

f. BEfficiency. Relates the output to the original
weight or volume of compositions; for illuminating
or signaling it is expressed as candle/seconds per
gram or per milliliter ; for smoke-producing devices
efficiency is considered to be the percent of chem-
ical vaporized based either on the weight of chem-
ical originally contained or on the {otal weight of
munition, depending on the requirements of the
evaluator.

g. Color and volume of smoke. Compared to
standard charts or by observers’ ability to detect
and recognize, at prescribed distances, the color
and the total obscuring power (TOP).

2.1.2.2 Processing and Sensitivity (Characteristics

Informetion on the processing, stérage, ship-
ping, and sensitivity characteristics of pyrotechnie
compositions can be found in .Part Two of this

g AW W v e .maw e = e

: m e series, AMCP 706-186. i

technic compositions used for 1nilitury purposes A
may be stated as follows: 2-1.2.3 General Functioning Characteristics ::

a. Ignitibility. The ease with which a pyro- »

2-1.2.1 Performance Characteristics technic 2omposition ignites, determined by standard {

a. Heat of reaction. cal/gm or cal/ce. May be time-to-ignition tests described in Part Two of this ;

used as a basic criterion for selection of fuel-oxi-  series, AMCP 706-186. ~
dizer combinations. b. Hygroscopicity. The ease with which a com- K

b. Burning rate. inches/second inches per pnsition picks up moisture at a preselected tem- .
minute, seconds/inch. Applied to consolidated mix- pecature and relative humidity. ¥
tures and measured as a linear rate. ¢. Reaction characteristics. Fundamentally im- =

e. Luminous intensity. candela or candlepower. portant are the heat of reaction and rate of reaction :

Visible output or illumination in cardela. of a pyrotechnic composition. To make a consoli- .

d. Celor value. The color quality of a colored dated composition burn propagatively, sufficient -
pyrotechnie flame taken as the ratio of the apparent heat must be evolved and the rate of reaction must y

2-3 a
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be of sufficient magnitude to more than compen-
sate for heat losses.

In addition to the heat of reaction and the rafe
of reaction, display characteristies are influenced
by many other factors. Some of the more impor-
tant include:

1. Granulation or particle size of ingredients

Composition of ingredients

Purity of ingredients

Burning surface area

Heat transfer characteristics

Flare case material and configuration

Loading pressure

Presence of moisture

Degree of confinement

10. Ambient temperature and pressure

11. Method of ignition

12. Length-to-diameter ratio

13. Method and energy of dissemination

14. Bomb burster geometry

15. Veloeity, acceleration and aerodynamies of
device

S R

2 ® 2

The importance of a particular influential fac-
tor may vary considerably with the applicaiion.
Factors such as the average particle diameter, spe-
cific surface, shape, and distribution will affect the
burning rate of consolidated pyrotechnie mixtures.
Changes in the general characteristies of the flare
case and the area of the burning surface combine
te influence the output of flame producing items
With pyrotechnic delay compositions, the burning
rate is of primary siguificance z2ud may be varied
by changes in the percentages and particle size of
the ingredients in the composition, incorporating
additives, varying the compaction, and by other
means.  Noncousolidated pyrotechnic photoflash
mixtures used in flash items are influenced by the
method of ratio of length to diameter,
burster geometry, and degree of confinement,

In addition, there are many other factors pe-
culiar to the speeific item under consideration that
may exert varying infuences on performance. In
the design and development of new pyrotechnic
munitions, a’ tresh approach should always be con-
using the data available on existing de-

ignition,

sidered,
vices only as a guideline,

2-1.3 Constituents in Pyrotechnic
Compositions!24.6.7

The constituents upon which the performance
of pyrotechnie compositions and devices is depen-
dent include a basic fuel and oxidizer combination
with other ingredients. These may consist of
dyes, color intensifiers, retardants, binding agents,
water-proofing agents, and substances to create a
speeific effect,

Typical ingredients in each of these categories
are:

1. Oxidizirg Agents. Nitrates, perchlorates, per-
oxides, oxides, chromates and chlorates. These are
all substances in which oxygen is available at the
high temperatures of the chemical reaction in-
volved. In addition, fluorinating agents such as
Teflon and Kel-F are finding use as oxidizing
agents.

2. Fuels. Metal powders, metal hydrides, red
phosphorus, sulfur, charcoal, boron, silicon, sili-
cides. When these substances are finely powdered,
they readily undergo an exothermal oxidation with
the formation of corresponding oxides and the evo-
lution of heat and radiant energy.

3. Color Intensifiers. Highly chlorinated or-
ganic compounds, such as hexachloroethane
{('sCly), hexachlorobenzene (CgCly), polyvinyl-
chloride, and dechlorane (C;oCl,;). These com-
pounds are utiiized to produce specific spectral
emitters in pyrotechnic flames.

4. Retardants. Inorganie salts, plastics, resins,
waxes, oils. These are used to slow down the reac-
tions between the oxidizing agent and the powdered
metal to produce the desired burnins rate. Some
behave merely as inert diluents while others par-
ticipate in the reactioua at a much slower rate than
the main constituents.

5. Binding Agents. R _ins, ..axes, plastics, oils.
These arc added .., prevent segregation and to ob-
tain more uniformly blended compositions. In ad-
dition, they serve to make finely-divided particles
adhere to cach other when compressed into pyro-
technie items and help to obtain maximum density
and burning efficiency. Binders also frequently
desensitize mixtures which are otherwise sensitive
to impact, friction and static electricity.

6. Waterproofing Agents. Resins, waxes, plas-

ties, oils. dichromating solutions. These are used
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TABLE 2-2
COMPARISON OF SOME PROPERTIES OF PYROCTECHNIC
COMPOSITIONS WITH EXPLOSIVES

Impact
[ - ﬂ; = . -
g; 52 F§ s % Ev .
S 82,28 FETE OHE. k. %

Composition = S 855 S 2855 MES @S ad
PYROTECHNIC:

Delay

Barium chromate 90

Boron 10 480 13 0 650 — 12

Delay

Barium chromate 60

Zirconium-nickel alloy 26

Potassium perchlorate 14 497 12 0 485 56 23

Flare

Sodium nitrate 38

Magnesium 50

Laminac 5 1456 74 8 640 60 19

Smokc

Zinc 69

Potassium perchlorate 19

Hexachlorobenzene 12 616 62 8 475 23 15

Photoflash

Barium nitrate 30

Aluminum 40

Potassium perchlorate 30 2147 15 T 700 100 26
HIGH EXPLOSIVE:

TNT 1060 1000 48 475 100 14

RDX 1240 600 60 260 13 5

BLACK POWDER 684 272 8 288 32 16

* 3-second value ** Bureau of Mines *** Picatinny Arsenal

as protective coatings on metals such as magnesium, than one function, thus simplifying the composition

aluminum and zirconium-nickel alloys to reduce of some pyrotechnic mixtures.

their reaction to atmospherie moisture,
7. Dyes for Smokes. Azo and anthraquinone 2-1.4 Comparison of Pyrotechnic Mixtures

dyes. These dyes provide the eolor for smokes used and Explosives' %10 -
for signaling, marking, and spotting. Pyrotechnie mixtures can be devised to preduce -
Many of the above substances perform more as little as 200 calories per gram of mixture or in ol
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excess of 2000 calories per gram. Reaction tem.
peratures exceed 3000°K 1n some cases.

Such amounts of energy and the high tempera-
tures attained can be extremely dangerous. In gen-
eral, because the quantity of gas produced is less,
and the release of energy is at a lower rate, the
terminal effects produced by pyrotechnic composi-

Downloaded from http: QV{WW everyspec com

explosives.

A comparison of some of the more important
properties of pyrotechnic compositions and ex-
plosives is given in Table 2-2, As indicated in this
table, pyrotechnic compositions, in general, are not
as sensitive to heat as explosives. Impact values
listed indicate that some pyrotechnic compositions
are at least as sensitive to shock as explosives.
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The output characteristics of a pyrotechnic
munition are determined, to a large extent, by the
temperatures to which the reaction products are
heated as a result of the chemical reaction between
the fuel and oxidizer. The maximum temperature
of the reaction products depends on: (1) the state
of the products at the reaction temperature, (2)
the heat evolved by the excthermal chemical reac-
tion, and (3) the rate of heat production and heat
loss. Physical-chemical relationships allow the
state of the products, the energy released, and the
maximum reaction temperature to be caleulated.
The rate of heat production and heat loss, which
are iniluenced by the ambient temperature and
pressure, confinement, and many other inter-re-
iated factors, can also be calculated for certain
simple cases. However, for mosi reactions, these
(uantities must be determined experimentally.

The physical-chemical relationships which are
applicable to pyrotechnies are summarized in this
chapter, and pertinent examples are given to il-
lustrate their application.

3-1 STATE OF A SYSTEM

The state of any system (gas, liquid, or solid)
can he described by speeifying a sufficient number
of its properties such as mass, volume, temperature,
and pressure. These properties are elassified as:
(1) extensive properties which depend on the size
of the system, and (2) intensive properties which
are independent of the size of the system. It is
unneeessary to specify all the properties of a sys-
tem in order to characterize its state; two indepen-
dent variables, commonly the intensive variables of
pressure and temperature, are sufficient for a given
amount ‘of pure substance. A mathematical expres-
sion for this relationship is an equation of state
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- whieh, for one mole of a pure substance with vol-
l. .
. ume as th- dependent variable, has the form :
V={(T,p) (3-1)
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CHAPTER 3

PHYSICAL-CHEMICAL RELATIONSHIPS

Similar expressions can be written with 7 and p as
the dependent variable. If a system has n com-
ponents, n-1 composition variables must be speci-
fied.

3-1.1 THE GASEOQUS STATE

The gaseous state is characterized by changes
in volume with changes in temperature and pres-
sure. Gases normally have no bounding surface
and, therefore, tend to completely fill any avail-
able space. A knowledgze of the behavior of gases
with changes in temperature and pressure is es-
sential because of the importance of the gaseous
state at the high temperatures involved in pyro-
chemical reactions.

Gaseous products formed in the combustion of
many pyrotechnic mixtures may range from es-
sentially zero, for most thermites and some types
of delay mixtures, to 15 to 20 percent for light-
producing compositions, to 50 percent for some
smoke-producing mixtures. At the high tempera-
tures produced by the burning of pyrotechnic
compositions, many substances not usuaily con-
sidered gaseous will exist in the gaseous state.
The formation of gas, both as a permanent produect
and as an intermediate product which exists only
during the reaction, is indicated in light-produe-
ing mixtures by the presence of a flame. Gaseous
combustion produets are necessary in smoke-pro-
ducing mixtures to aid in the formation of dis-
persed, particulate matter and to carry this matter
into the atmosphere.

3-1.1.1 Ideal Gases

The behavior of gases at low pressures and
high temperatures is often approximated by an
equation of state known as the ideal gas law:

1%
pv = nRT :FRT (3-2)

where p is the pressure, v is the volume, n is the

3.1
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number of moles, R is the universal gas constant,
T is the absclute temperature, W is the weight of
gas, and M is the molecular weight of the gas, us-
ing any set of consistent units. The density d of
an ideal gas at various temperatures and pressures
is:

W pM

d= — =

v RT (3-3)

The ideal gas law applies, strietly, to a hypo-
thetical gas, which is composed of mass points be-
tween which no forces are acting, At the high
temperatures and relatively low pressures pro-
duced by burning unconfined pyrotechnic com-
positions, the ideal gas law is fairly accurate. At
the higher pressures which may be produced when
a confined pyrotechnic composition is burned, the
behavior may deviate appreciably from that of an
ideal gas.

3-1.1.2 The Un‘versal Gas Constant and Standard
Conditions
It has been determined that one mole of an
ideal gas oceupies 22.414 liters at 273.16°K and
one atmosphere. Then, from Equation 3-2:

pv (1)(22.414) . liter-atm
R—= 22 =270 ()08 —_—
T (373.16) % K mole
(3-4)

The universal gas constant R has the units of
energy per degree-per mole. It may be caleulated
from Equation 3-4 for one mole of gas at standard
conditions. The value of R must be consistent with
the nnits of pressure, temperature, and volume
used in the ideal was law. Some values of R in-
clude:

Units
liter atmospheres

Value

0.08205 :
gram mole degree Kelvin

psia cubie feet

10,73 .
pound mole degree Rankine

1087 calories

JORT
gram wole degree Kelvin
BTU

1.487

pound mole degree Rankine

In some references, including many of those deal-
ing with rocket propulsion, a gas constant R’ may

3-2
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be given in weight units of a particular gas in-
stead of in moles. In this case:

R:'ﬂ

where M is the molecular weight of the gas, and R
is the universal gas constant,.

(3-5)

3-1.1.3 Real Gases

In a real gas, the forces acting between the
molecules as well as the volume of the molecules
cause deviations from ideal behavior. Several equa-
tions of state have been proposed to more closely
approximate the behavior of real gases. Some of
these equations of state include:

Van der Waal’s Equation:

2
<p+f;7‘_,‘—> (0 — nb) = nBT  (3-6)
where a is a correction for the forces between mole-
cules of a real gas, and b, termed the co-volume,
is a correction for the volume of the molecule.
The units used for @ and b must be consistent with
those uscd for the other variables,

Abel’s Equation:

(p) (v — nb) =nRT (3-7)

where b is the eorrection for the volume of the
molecules. This equation, which is a modification
of Van der Waal’s Equation, applicable where the
pressure is high, has been quite widely used for
caleulations involving explosives and propellants.

Virtal Equation:
pr —= nRT(l -+ —?—+ L— + - )

v?

(3-8)

where the coefficients B, C, ete., vary with tem-
perature and are called the second, third, ete.,
virial coefficients, This particular equation is a
very general equation of state for real gases. By
using enough terms, the values caleulated from
the above equation can be made to agree with ex-
perimental data as closely as desired.

Compressibility Facter
The deviation of a gas from ideal behavior can also
be expressed by the use of a compressibility factor
K where:
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Figure 3-1. Compressibility Factors as o Function of Reduced Pressure

N = . (3-9)

oroin terms of reduced variaples

K = (Constant) ( el ">

T (3-10)

it which a reduced variable is thv "U‘iablv divided
by its value at the eritieal point,

= (p pa, T, = T/ T,.), and Voo "/V,. (3-]])

The eritical point is defined when the proper-
ties of a liquid and gas phase which are in equi-
librium become identical. The pooeoand T oguan-
tities, associated with this eritical point, are de-
fined as po.oroand T.. There fore, as predicted by
the Taw of corresponding states, if K is plotted
against peoat aogiven T, a single curve will result
for all wases

as shown in Fieure 241 The com-

pressibility factor estimated  from these  curves

allows a value for any one of the three variables
P roand T to be ealeulated in terms of the other
variables with a fair deevee of ace uracy. The com-
dv.crmnmd experi-
mentally or by caleulation using a suitable equd-
tion of state,

pressibility  factor can  be

3-1.1.4 Gas Mixtures

Gas mixtures are normally treated by Dalton’s
Liaw, i.c..

oA pedee =By,

i=1

Protar = (3-12)
where the partial pressure py, of cach of the com-
ponents is defined as the pressure which would be
exerted if it oceupied the totad volume at the same
temperature, Gus mixtures van also be treated by
the Amarat additive volume Jaw -
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Veotat == V3 + Vo - ----= B (3-13)
i=1

where the volumes of the individual components
V1, Vs, ete., are the volume each would occupy at
the (total) pressure and temperature of the mix-
tare. For ideal gas mixtures, the results obtained
with this equation will be the same as those ob-
tained by use of the additive pressure law., The

Downloaded from http://w.é&eyspéc.cdm' S

{a) The volume of gas produced per gram of mix-
ture burned at standard temperature and pressure
can be calculated from the above reaction and the
ideal gas law. The reaction produces 22 moles of
product gases from 6 moles of NHNQO; (480
grams) plus 4 moles of charcoal (48 grams) or a
total of 528 grams of fuel biock.

Moles of gas per gram of fuel block burned:

22
T 0.041 moles per gram

Volume of gas produced (STP) per gram of
fuel block burned is: h
V—. nRT  (0.041) (0.082) (273)
== 7
= 0.918 liters per gram

(b) Since the actual temperature of the product
gases is 1000°C, the ealculated volume at this tem-
perature and one atmosphere would be considerably
greater:

YALINND

-~

Viooo®o= —%2;;— (0.918) = 4,28 liters per gram
(e) The partial pressure of one of the gaseous
products may be found by using the idesl gas law
and moles of the component desired and the total
volume tor n and V. The partial pressure of carbon
dioxide would be caleulated as follows:

e

Neo 2 [L, T

Peo. — " (2#,_/525) (0.082)(273)

totat 0.918
= (.14 atmosphere

. .. - k4 X
TR e KA PP A e

Since the partial pressure is proportional to the
mole fraction of cach gaseous component, a simpler
method woula be:

P ”
AR ANAY YT h AP

application of both of these laws to real gas mix-
tures is somewhat more difficult.?

3-1.1.5 Sample Calculations

Example One: Analysis of the product gases
produced by a burning Fuel block composition,
containing ammonium nitrate and chareoal, indi-
cates that the reaction taking place could be repre-
sented by the overall reaction:

NH.NOs(s) + 4C(s) — 11H0(g) +-CO(g) + 3C0s(2) + 6Na(g) + Ha(e)

. I\IOIESU( )y

€0y =

/P cta
]\IOIE‘SQ,QM et l)
=3/22 (1)} = 0.14 atmosphere

Erample Two: A c¢ylinder having a volume of
one liter is pressurized to 200 atmospheres with
carbon dioxide at a temperature of 40°C. The
amount of carbon dioxide can be calculated by :
(a) Assuming carbon dioxide behaves as an ideal
oas

puM  (200) (1) (44)
BT = 1(0.082) (313)

) ==

== 343 grams

(h) Assuming that carbon dioxide behaves as a
Van der Waal’s gas:

W 2
M> @

v .
v -— ( M) L l= M RT
D + _—,vT—_

»

For (0., a = 3.59 liters” atm mole—=; b = 0.0427

-

liter mole—?

w\" W
(24') (350 || 1 ( 44) (0.0427)

w
= —— ((.082) (313
T (0.082) (313)

Solving cubice equation in w: w = 625 grams
(¢) Use of the generalized compressibility chart,
Figure 3-1:

Critival pressure carbon dioxide == 72.9 atmospheres
t*ritical temperature carbon dioxide = 304.2°K
‘
Pr = -%(—)—()— = 2.75

72.9
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318 )
= 3558 = 1.03

From Figure 3-1, K == 042
pvM (200) (1) (44)

KET = (042)(0.083) (313) — 008 grams

The experimentally determined value is 835 grams,

3-1.2 THE LIQUID STATE

A liquid, like a gas, has no definite shape aud,
hence, takes the shape of the vessel in which it is
placed. The surface of a liquid, in the absence of
other forees, will tend to contract to & minimum
area and is responsibie for many of its characteris-
tic properties. The moslecules of a liguid are less
mobile than those in gases but more mobile than
those in solids.

In pyrotechniec reactions, liquids are formed
by the melting of solids and eondensation of vapors.
Liquid fuels must be vaporized before sustained
combustion will take place. The burning of many
solid fuels, including rost of the metal fuels, in-
volves the formation and vaporization of a liquid
phase as a step in the combustion process.

3-1.2.1 Vapor Pressure

The pressure cxerted by a vapor, in equilibrium
with a liquid, is the vapor pressure of the liquid.
The vapor pressure increases with temperature
until the eritical temperature is reached above
which the liquid cannot exist. The vapor pressure
at the eritical temperature is termed the critical
pressure. The inerease in vapor pressure with tem-
perature can be approximated by the empirical
equation :*

log p = —— (5-14)

where p is the vapor pressure in milimeters of mer-
cury, T is the absclute temperature ‘K, and ¢ and
b are empirically determined constants for ecach
ligmid. For example, aluminum oxide in the tem-
perature range 1849°07 to 2200°C has constants of
540,000 and 1422 for a ande b, respectively, At

2100°C, the vapor pressure of the liguid would be:

? »
RPN sl

a

PN
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— 0.05223 (540,000)
2373

logp = + 1422

log p = 2.32
p == 210 mm mereury

The vapor pressure of small droplets, such as
mist droplets, is higher than the bulk vapor pres-
sure. If p, is the bulk vapor pressure of the liguid,
the vapor pressure of a droplet p is given by:

2¢M )

rd RT
where v is the surface tension, M is the molecular
weight, d is the density of the liquid, r is the radius
of the drop, R is the universal gas constant, and
T is the absolute temperature.

p :p,,<1 + (3-15)

3.1,2.2 Boiling Point

The temperature at whieh the equilibrium
vapor pressure of a liquid equals the ambient pres-
sure on the surface of the liquid is known as the
boiling point. 1f the ambient pressure is one at-
mosphere, the temperature at which the liguid boils
is termed the normal boiliug point. For many
liquids, the normal boiling point is approximately
two-thirds of the eritical temperature. According
to Trouton’s Rule, the number of calories required
to vaporize one mole of many liquids, including
some of the 1aetals, is abcut twenty-one times its
normal boiling temperature (degrees Kelvin). By
use of Trouton’s Rule, the heat of vaporization of
some of the metal fuels can be approximated if the
boiling temperature is knewn,®

Lithium has a boiling point of 1331°C (1604°K)
and its reported heat of vaporization is 32,190
valories per mole. Applying Trouton’s Rule:

AH gy == 1604 (21) = 33,700 calories per wmnole

3-1.3 THE SOLID STATE

Solids have o fixed shape and volume with the
mdividual units  (atoms, molecules or ions) 80
firmly bound together thut there iy little freedom
for travslational motien, Creystalline solids evhibit
orderly internal arrangements and exhibit a sharp
melting point,
ferent along different axes of the erystal are called
if the properties are the spme, they
Amorphous solids (such as

Crystals whose properties are lif-

anisotropie;

are valled isotropie,

3.5
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glass) may be regarded as super-cooled liquids of
high viscosity. They have indefinite melting points
and undefined internal arrangements,

The properties of solids are important to the
study of pyrochemical reactions, which involve
solid ingredients reacting te produce mainly solid
products. Intermediate steps in the reaciion in-
volve liquid and gaseous phases; however, some
pyrochemical reactions may proceed by a solid-
solid reaction mechanism.

There are 230 possible ¢rystal forms which can
be grouped into 32 classes which, in turn, can be
referred to one of the following six crystal systems:

1. Cubiec. Three axes of equal length inter-
secting each other at right angles.

2. Tetragonal. Three axes intersecting each
other at right angles with only two of the
axes equal in length.

3. Hexagonal. Three axes of equal length in a
single plane intersecting at 60° angles, and
a fourth axis of different length and per-
pendicular to the plane of rhe other three.

4. Rbombie. Three axes of unequal length in-

tersacting at right angles,

Monoelinie. Three axes of unequal length,

two of which intersect at right angles.

6. Triclinie. Three axes of unequal length,
none of which intersect at vight angles.

=

The macroscopic symumetry of crystals is due
to the regularity of the arrangements of the ele-
mental particles (atoms, lons, or molecules) in a
lattice consisting of a three-dimensional repetition
of some structural unit of fixed dimensions. The
unil eell is the smallest nnit of the erystal lattice
which retains all the symmetry of the macroscopie
erystal. In general, there are several possible ar-
rangements  of  clementary  particles which  will
have the symmetry assoclated with a given erystal
system, stuch as the cubie system.

There are three possible arrangements of space
Lattices for the cubic system. As llustrated i
Figure 3-2 they are:

1. Riwple enhiv lattice. Oue struetural unit
at cach corner of the cube.

20 Face-centered  euble lattice,  One unit at
cach corner of the cube aad one unit in the
center of each face of the cube,

/ K
[ ]
. . L4
()} 2) (3)
Simp]e Face-centered Bodv-centered
cubic cubic lattice cubic lattice
lattice

Figure 3-2. Cubic Laitices

3. Bedy-centered cubie lattice. One unit at
each corner of the cube and one unit in the
center of the cube.

X-rays may be used to determine thé internal
structure of crystalline materials, which can be
caleulated by Bragg’s law:

nA = 2 sin ©
where n Is the order of relevetion, 2 is the wave.
lengrth of the X-rays, d is the distance between two
planes, and O is the angle of reflection,

X-ray techniques are employed to identify
many solid produets of combustion from pyro-
technic reactions.! This is especially useful when
analysis of a particular produet’s mixture would
not be practical by wet, chemical methods and

(3-16)

wilere retention of the sample is desired.
Solids can be divided into three classes based

upon their thermal and eleetrical conductivities:
1. Conduetors or metals which have high con-
ductivities which deerease with an increase
In temperature,

2. Insulators which have low conduetivities.

3. Semi-conductors  which  have  intermediate
conductivities which increase with rising
temperature, usually as ¢ 4" where A s
a constant and 7 is the absolute temperature.

The thermal and vlectrical conduetivity of pyro-
techniv ingredients may be contributing factors
affecting the perforntance of a particular item.
The thermal conduetivity, which is of greater
stgpificance, ithaences the conduetive heat trans-
fer characteristies. These properties become very
tnportant i devices dependent on a functional
Such

devices may be normally closed or normally open

transfer of heat such as a " pyro-switeh,”’
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and will either be condueting or nonconducting fol-
lowing the pyrotechnic reaction.

The properties of solids are markedly affected
by defects® in erystal structure. Small amounts of
impurities in an insulating material may make the
material a semi-conductor. Such doped materials
may also exhibit enhanced chemieal activities. De-
parture of a crystalline compovnd from chemicul
stoichiometry, due to incorporation of extra atoms
into the erystal at interstitial sites or to vacancies
caused by the absence of atoms from normal sites,
also results in semi-conductivity.

Point defects, including those in which an ion
moves from its lattice site to an interstitial posi-
tion {Frenkel defect), or those in which a pair of
ions of opposite charge ure miasing from their lat-
tice site (Schottky defeet), do not alter the exact
stoichiometry of the solid but do provide a means
by which atoms can move in the solid phase. Linear
defeets, dislocations, provide anc  -»r means for
atoms to move with respect to each «  r in the solid
phase. These defects provide mechanisms for many
of the processes which occur in the solid state.
They provide sites at which e¢hemical reactions
and physical changes can take place readily. The
point of emergence of a dislocation at the surface
is a site of increased chemical reactivity,

The presence of erystal defects in pyvrotechnie
ingredients can have a marked nfluence on the
course of the reaction and, therefore, influence the
characteristic behavior (including stability and out-
put) of pyrotechnie compositions,

3-2 THERMODYNAMICS

Thermodynamies is the study of the quantita-
tive relationships between heat and other forms of
energy. in oall cases, energy can be expressed as
the product of twe factors, an intensity factor (ie,,
temperature difference), and a capacity factor (e,
heat capacity ), In the regction of a pyrotechnie
composition, the chemical energy is converted into
other forins of energy, primarvily heat and work.
The products of combustion are heated to the reac.
tion temperature, and, if unconfined, work can be
done agiinst the atmosphere.

[n the following paragraphs, certam Lasie laws
of thermodynamies,  thermochemistey,  chemical
equilibrium, the coneept of free energy, ete, are

P NS
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discussed showing their application in the field of
pyrotechnics. Selected calculations, including those
for adiabatic flame temperatures, which are im-
portant to the overall analyvsis of chemical reac-
tions, are also presented.

3-2.1 THERMODYNAMIC RELATIONSHIPS

Thermodyamies is based on three laws and the
implications derived from these laws. The applica-
tion of certain thermodynamic relationships de-
rived from the three laws is a useful tool for use
in predicting the performance and outcome of
many physico-ehemical systems,

3-2.1.1 First Law of Thermodynamics

The first law of theimodynamies is a statement
of the law of conservation of energy, ie., that
energy can be neither ereated nor destroyed.

The first law of thermodynamies can bo ex-
pressed mathematically :

AE = ¢ —w (317)

where ¢ is the energy in the form of heat, trans-
ferred into or out of the system: w is the energy,
m the form of work transferred to or from the
system ; and AF is the change in internal energy.
It the system absorbs heat, ¢ has a positive value;
if the system does work, w has a positive value.
The value of AK depends only on the initial and
final state of the system. The quantities ¢ and w
depend on the path taken from the initial to the
final state. For a eyelic process, e, a process
which has the same initial and final stage, AE = 0
so that ¢ == .

3-2.1.1.1 Heat Effects at Constant Volume and
Constant Pressure

The heat released by a pyrotechnie reaction can
raise the temperature of the reaction products,
vause phase changes, and eause other chemical re-
detions Ciueh as dissociation) to take place, 1f a
chemneal reaction or physical change takes place at
constant volume, and only pressure-volume work
is consideved, the amount of work doue 18 zero and
the heat effecy aceompanying the reaction s equal

to the change in internal energy,

g AE (3-18)

317
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Chemieal reactions, including many pyrotechnic
reactions, and physical changes may also take place
at constant pressure where only pre-sure-volume
work is considered and the heat effect is equal to
the internal energy change plus the work done in
expansion.

gy = AE + pAv (3-19)

In this ease, it is ¢convenient to use auother thermo-
dynamie property, the enthalpy H, defined by:

H=F 4 pV (3-20)
Then, tfor a chemical reaction or phase change oc-
curring at censtant pressure, when only pressure-
volume work is considered :

All = AE 4 pAv (3-21)
and the heat effect at constant pressure is equal to
the change in enthalpy :

gp = AH (3-22)

If gaseous products are assumed to behave ideally :

AH = AE 4 AnRT (3.23)

where An = Xa (products) — Xn (reactants) for
the gaseous materials involved in the reaction,
Therefore, pyrotechnie reactions involving solid
reactants and the formation of gaseous produets
where heat is evolved (exothermie) will have a
higher heat of reaction at constant volume, AE (¢,),
than at constant pressure, AH {y,). In the latter
vase, gp is reduced by the heat egnivalent of the
increased gascous products, AnRT. These reiation-
ships can be used to obtain values equivalent to the
standard heat of reaction from bomb calorimetrie
measurements made at constant volume,
Pyrotechnie reactions take place under condi-
tions of either constant volume, constant pressure,
or vombinations of both. Constant volume condi-
tions oceur for delay systems that are obturated,
and constant pressure systems oceur for tlares, sig-
nals, smokes, and the like. [u photoflash items, such
as cartridges or bombs, the contined composition
functions vnder constant volume conditions when
intiated and it then continues to react at constant
pressure when dispersed as the case ruptures,

AT AT e TLVNREN LT T L T T T N, T L TS Y e N

A . "'-im"?"-"""?w i
© -~ Downloaded from P?ttp://www.everjspec.com T Tt

3-2.1.1.2 Heat Capacity

The heat capacity of a system is defined as the
quantity of heat required to raise the temperature
1°C or, expressed mathematically :

c= %

s (3-24)

Under conditions of constant volume, dqg = dE,
Equation 3-18, and the heat capacity at constant
volume is equal to the change in internal energy
with temperature, or:

oF
Cr= (W)

While the internal energy E is a function of the
three variables 7, P, and v; only two are required
to define the system., A derivative, therefore, with
respect to only one variable T is expressed as & par-

(3-25)

tial derivative

gg)' with the subseript v denoting
the variable to be held constant,

At constant pressure, the heat capacity includes
both the heat ahsorbed to increase the internal
energy plus the heat equivalent of the work term
pdv. Since, under these conditions, dq = dH,
Equation 3-22, the heat capacity at constant pres-
sure is equal to the change in enthalpy with tem-

perature, or:
(', = oH
" - (_'a_.i’—)g

The heat capacity at constant pressure can be
calenlated by equation of the form (either one) :
Cp=a+ bl + eT?

Coz=a+ b1 ¢t (3-27)
where «, b, and ¢ are constants, This type equa-
tion applies over a more or less limited range of
temperatures and for many thermochemical cal-
culations it 1s more convenient to use an average
heat capacity defined by

(3-26)

1
o, B TR (3-28)
Faro 7‘_.' ’1'l
When necessary, (' can be obtained by subtracting
B {(the universa! gas constant) from the value for
¥
.




M
»

’
T Ty

y 4

PP aE A 4

’l

A
SRy
L

-~ -
4
o
[
v
1.,.
‘..
et
d.‘
N -
«
- \ ..
N
" ]
NS
A"hx ~
«
W
.
D"
-'.\
M,
.. a
J p\ «* 0'

Heat capacity values are essential for many
thermochemical calculations involving pyrotech-
nies. The temperature attained by the products of
a pyrotechnic reaction will depend, in part, on the
heat capacity of these products. Caleulations of
the heat balance for a given system utilize the
heat capacity to obtain the enthalpy change in
going from one temperature and/or state to an-
other. The latest tables, however, provide enthalpy
changes directly, making it unnecessary to caleu-
late heat capacities independently,

3-2.1.1.2.1 Heat Capacity of Gases
According to the kinetic theory of gases, the
heat capacity of ideal gases, and of monotomic real
wases such as hellum and argon, to relatively high
temperaiures is:
Co=23/2 R = 3 cal/gmole °K

(', =C, + R =05 cal/gmole °K

(3-29)
(3-30)

Diatomic real gases, ineluding gases such as oxygen
and nitrogen, and linear polytomic molecules Lave
two degrees of rotational freedom in addition to
the three degrees of freedom associated with trans-
lational motion. At normal temperatures the heat
capavities of these gases are approximately :

Cy=5/2 R =5 cal/gmole °K (3-31)
Co=0C,+ R =17 cal/gmole °K  (3-32)

3-2.1.1.2.2 Heat Capacity of Liquids and Solids

Avcording to the law of Dulong and Petit, the
molar heat capacities of solid elements (especially
the metals) ', and ') are approximately 6 calories
per gram-atom per degree-Kelvin. This is in agree-
ment with the values of 3K, e, 5.96 calories per
gram-atom per degree-Kelvin, suggested by kinetic
theory.

The molar heat capacities of solid compourids
van be estimated by using Kopp’s Rule which states
thut the heat capacity of a solid compound is ap-
proxumutely equal to the sun of the heat capacities
of the constituent elements. Inousing this rule, the
following atomic heat capacities are assigned to
the elements: €, T8 M 23, B, 2.7 S5, 48 0,

)

3.0, 0.0 P, 0408, 044 and all others, 6.2
Other methods are available for estinating heat
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capacities of solids at higher temperatures.® Where
these values are not available, the room tempera-
ture value may be used in conjunction with a value
of 7.25 calories per gram-atom per degree-Kelvin
for the next transition point, assuming a linear in-
crease of C, with temperature.

The heat capacities of molten inorganic sub-
stances do not differ greatly from those of solid
materials. When handbook values are unavailable,
Kopp's Rule may also be applied to compounds by
assigning the following values of atomic heat
capacities to the atoms of the liquid: C, 2.8; H,
43; B,4.7: 81, 58; 0,60; F, 7.0; P, 1.4; 8, 74,
and to most other elements a value of 8.0.

Other methods for estimating heat capacities
of liquids and solids are available.® In most cases,
caleulations are unnecessarv, as the values have
been experimentally determined and may be ob-
tained from handbook tabulations.

The heat capacity of liquids and solids decreases
considerably with a decrease in temperature and
is zero at absolute zero. For temperatures below
50°K, the Debye Equation applies and:

73 calorie
0% degree-Kelvin gram-atom
(3-33)

(. = 464.5

where T is the absolute temperature in degrees-
Kelvin, and 8 is termed the eharacteristic tempera-
ture and is defined by :

AV

ﬁ:k

(3-34)

where kb is the Planck constant, k is the Boltzmann
constant and v, is the maximum vibration fre-
quency. These values may be found in a suitable
handbook.

3-2.1.2 Second Law of Thermodynamics

The second lnw of thermodynami¢s may be ex-
pressed inomany ways. A very general statement
ix that any spontaneous change will render a sys-
tem and its surroundings closer to an ultimate state
of equilibrium from which no further change can
spontanecously oveur. Thut is) any isolated system
left unattended will change teward a condition of
miaximnn probability, In order to obtain a quan-
titative measure of the probability or randomness

39
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of a system, the coneept of entropy has been estab-
lished.

The absolute entropy § ¢f a substance in a par-
ticular state—under specified conditions of tem-
perature, volume and pressure and in a known state
of aggregation; solid, liquid, or gas—Iis propor-
tional to the logarithim of the probability of finding
the substance in that state.

S=kinW (3-35)

where & is Boltzmann's constant, and W is the
probability.

Entropy, like internal energy. depends only on
the initial and final states of @ system and, for an
infinitesimal reversible process, is defined by the
equation:

dg(rev)

d8 = T

(3-36)
where dy(rev) is the heat absorbed from the sur-
roundings in a reversible proeess, i.e.. a provess
carried out in such a manner that it could be re-
versed by an infinitesimal change in external con-
ditions.  Entropy has the same units as heat ca-
pacity, Le., calories per grameatom ver degree-Kel-
vin,

By nsing entropy, the second law can be ex-
pressed mathematically

AN system - AN sur-sundings =0 (3-37)

[Every spontancons chauge in a system, therefore,
s in a2 diveetion sneh that its entropy, plus that of
its surronndings, inercases.  However, if the sys-
tem alene s considered, spentaneity of chemieal
reactions may be treated by taking two driving
forces inio aceount ; a tendeney 1o adopt the lowest
energy ad a tendeney 1o adopt the higheet en-
tropy. 11 the two changes are opposed, the system
will proceed in the divection of the larger change,
I the two quantities are exaetly equal, no change
will ocenr and the systenn s said to be at equi-
librittn, The net driving foree is termed the Work
Funetion or Helmboltz free energy 1 and at con-

stant temperature o0

Ad = AK - TAN {3-38)

Kor a spontitneots presess al constant volume aid

constant temperatore, A s abways negative:

410

(Ad)py <0 (3-39)

For pyrotechnic reactions, many of which proceed
at constant pressure and temperature, the Gibbs
free energy # is a more useful function. The driv-
ing foree or change in free energy is important and
is expressed by:

AF = AH — TAS (3-40)
In this case, the criterion of spontaneity is:
(AF)pp < 0 (3-41)

As a consequence of Equations 3-38 and 3-40, addi-
tional statements may be made regarding the spon-
tanecity of chemical reactions. These are summa-
rized in Table 3-1,

At ordinary temperatures, ertropy effects are
small so they have little effeet on the direction of a
chemical reaction unless the difference in energy
AE or AH between reactants and products is rela-
tively small. At higher temperatures, such as those
resulting from pyrotechnic reactions, the relative
importance of the change in entropy increases until
it becomes a dominant factor. Henee, all chemical
reactions wiich involve an increase in entropy will
occeur spontancously if the temperature is high
enough, A discussion of free energy and the equi-
librinm eonstart is presented in Paragraph 3-2.3.

3-2.1.3 Third Law of Thermodynamics

According to the third law of thermodynamics,
the entropy of a perfect crystalline substance at
0°K is zero. Although it is impossible theoretically
to attain absolute zero, the validity of tne thicd law
has been checked by experimentation. It can also
be shown that the eatropies of ail pure chemical
compounds in tneir stable states at 0°K are zero
because  thele formation from the elements is:
AN, - 0. This law states that absolute entropies
or so-called third law entropas can be determined
from heat capacity data extrapolated to 0°K which
can he used in equilibrium caleulations:

![V
r . .
S= ¥ f R I égi (3-42)

T d7 . . .
where f (', ==, the inerease in entropy, is ob-

"
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SO
: ,i: W TABLE 3-1
:;\‘_ CRITERIA OF SPONTANEITY
[ .2
. ) Conditions Ty ‘¢ of Reaction Criteria
: General Reversible AS (tetal) =0
' Spontanesus AS (tetal) > 0
' E, v constant Reversible AS (isolated system) = 0
Spontaneous AS (isolated system) > 0
T, v constant Reversible A4 =0
Spontaneous AA <0
T, p ronstant Reversible AF =0
Spoataneous AP <0
S, v constant Reversible A =0
Spontaneous AE <O
8, p constant P ~versible AH =20
Spountaneous AH .2 0
tained for each phase by graphical integration and 4. Whether or not the reiction is at constant
AH,, ) _ rolu ‘ .
——T—”, the entropy increase due to a phase change, volume or cor stant pressure
. . specific influe se conditions is de-
W is determined for each of the phase changes. The se .;I:h; ?: ef}lf:o l::'au,izc;:fwt}z:f Eg{;g:mns !
" “nv Debye Equation (Paragraph 3-2.1.1.2.2) is used seribe e paragraphs )
| : ,;-:::::} for the temperature range 0°K to approximately
NI 50°K as experimental data aze difficult to obtain 3-2.2.1 Heats of Reaction

in this temiperature vange, Absolute entropies can
also be caleulated by the method of statistical
mechanies.”

S
FRR 3
> }".

3-2.2 THERMOCHEMISTRY

Thermochemistry is the study of tlie heat effects
accompanying chemiecal reactions, the formation of
solutions, and changes in state such as fusion and
vaporizatien. Since the amount of heat liberated
from a pyrotecinic reaction strongly influences the
characteristic output, en understanding of the
principles and application of thermochemistry is

. of vital importance.

The heat evolved (or absorbed) In a chemical

reaction depends upon:

)
AT
P

DRSS
N
A

v
.

1. The properties of the products and reac-
tants, and the amount of these substances in-

'J‘f.!
"

.
a’a

o

4 volved.
2. The physieal state of the substaaces in-
volved.
3. The temperature and pressure at which the
reaction takes place,
.‘ ' '.'.
& L
par =, ~
. “~
"
-
~
b

[
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e N e S e e R

The heat effect associated with & pyrotechnie
or other chemiecal reaction is the heat of reaction,
The heat of format.wn is the heat of the reaction
associated with the formation of a compound from
its elements. The heat of combustion is the heat of
the reaction associated with the complete com-
bustion of a siubstance in oxygen. The heat of ex-
plosion is the heat of reaction associated with the
rapid explosive decomposition of a material in an
inert atmosphere.

For pyrotechnie reactions at constant pressure,
if only pressure-volume work is considered, the
heat effeci ¢, can be obtained from the enthalpy
change for the reaction as follows:

gp = AH (reaction) = ZH (products)
- ZH (reactants) (3-40)

Tf the reaction is a standard state reaction,
where the reactants in their standard states react
to give the products in their standard states and
the standard heats of formation AH:° (f) of the
elements is assumed to be zero at any given tem-

3-11
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Figure 3-3. Effect of Temperature on Enthalpy Change for Chemical Reaction

perature, then the standard heat of reaction AH,°

(reaction) is:

AH7° (reaction) =
— AH(f)r°

AH((f)p° (produets)
(reactants) (3-41)

The actual choice of standard states is somewhat
arbitrary. Normally, the standard state is the most
stable state at one atmosphere pressure and at the
given temperature. (Most tabular data are given
at 0°K or 298°K.)

Most thermochemical ecaleulations are based on
tabulated standard heats of formation. The heat
~ffeet ut constant pressure (q;) can be calculated
by :

{gp)r (reaction) == AH, (reaction) =
AHr° (reaction) (3-45)
Unless the actual pressuie is high, no appreciable
error is introduced.
Similarly, the heat effect at constant volume
(gy) can be obtained by:

q,,)r (reaction) == AF (reaction)
== AEp° (reaction) = ZAE(f),° (products)
— Z‘AE(]')To (reactants) (3-46)

3-2.2.2 Effect of Temperature on the Heat of
Reaction

SR
As illustrated schematically in Figure 3-3, the é:‘:'.*‘,
heat of reaction at arv temperature T and constant o
pressure is: t
Tp Z
AH,® = AH,°, + % ( f C,dT + AII,,C> (reactants) ,
2
[ ]
T r
+3 ( f C,dT + AH,,,,) (products) (3-47) "
Tr :
where AH,° is the heat of reaction at temperature '
T, AH®py is the heat of reaction at a reference tem- .
.
’ TR ) .\
perature 7'y, % ( f 0, dT 4 AH,, ) (reactants) is N
T .
the heat evolved or absorbed in cooling or heating N
the reactants from 7 to T, including that evolved
or absorbed as u result of phase changes AH,,. E'
iy S
Similarly, ( f C,dT + AH'W.> (products) is the I
TR ’,‘:':"_‘ 3.:4
- ’ -
DN
-
s
o
T \' l‘. -~ \ ‘ﬂ. J.',. *o e \'_‘4
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heat absorbed or evolved in heating or cooling
the produects from Ty to T. According to Equation
3-47, if the heat evolved by cooling the reactants
from the higher to the lower temperature is greater
than the amount absorbed in heating the products
from the lower to the higher temperature, the heat
of reaction at the higher {emperature will be great-
cr than that at the lower temperature.

In cases where reactions begin and end at the
same temperature and where no changes in phase
are involved, the standard heat of veaction at
temperature T' is defined by:

T
AH® = AH,° -+ f AC AT (3-48)

Tr
where A(, = £(, (products) — XC, (reactants),
and Hp°, is the standard heat of reaction at the
reference temperature T, This is known as Kirch-
heff’s Equation and, for small temperature
ranges, heat capacities may be treated as constant
and the equation reduces to:

AHr® = AH° , + AC,(1-Ty)  (3-49)

For other cases, experimental heat capacity data
expressed in the form shown in Paragraph 3-2.1.1.2
must be used ; however, if enthalpy tables are avail-
able, heat capacity data need not be considered as
such.

Where data are required at temperatures above
those listed, it may be necessary to extrapolate the
data to the desired temperature,

3-2.2.3 Enthalpy Tables

Calculations of heat of reaction at different
temperatures are simplified if tabular enthalpy data
are available, Tables 3-2 for solid magnesium ox-
ide, 3-3 for solid aluminum oxide, 3-4 and 3-b for
solid and liguid sodium oxide, and 3-6 for gaseous
oxygen, contain these data. In these tables, stan-
dard heats of formation A °, at different tempera-
tures, are tabulated. In other tables only values
for the enthalpy function, H° — Hy ,°, along with
the heat of formation at some reference tempera-
ture, usually 0°K or 298.93°K are tabulated. The
heat of reaction at any temperature becomes:

AH° = AIIT ° L Z(H® — Hmh, ?) (products)
— 2% (H" — Hyp, ") (reactants) (3-50)
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Theve tables can also be used for caleunlations
of free energy changes for chemical reactions. This
is shown in Paragraph 3-2.3.5

3-2.2.4 Bond Energies’

Bond energy (B.E.) is defined as the average
amount of energy per mole required to break a
particular type ¢f boud in a molecule. Bond ener-
gies may be caleulated when heat of combustion
data are available. However, of greater utility iz
the estimation of the heat of reaction from bond
energy data for compounds for which no enthalpy
data are available. In this case:

AH = B.E. (bonds broken) — B.K. (bonds formed)
(3-51)

Bond strengths or bond disseciation energies may
differ from mean bond energies derived solely
from thermochemical data on molecules and atoms.

3-2.3 FREE ENERGY AND EQUILIBRIUM

A state of chemical equilibrium exists in any
chemically reacting system when no further change
in composition with time can be detected provided
the temperature and pressure are not altered. The
eriterion of equilibrium is thaet the change in free
energy of any possible reaction under these condi-
tions shall be zero.

(AF)pp=0 (8-52)

In order to estimate maximum flame temperatures
from pyrotechnic reactions, a knowledge of the
equilibrium concentrations of the combustion pred-
ucts is required in addition to information on the
heat released. If a state of equilibrium exists among
the product species, the equilibrium eompesition
for the combustion produects is fixed at a given
temperature and pressure (or volume) when the
atomic composition is specified.

I’yrotechnic reactions often involve the oxida-
tion of a meta! to form a refractory oxide. This
reaction limits the maximum temperature attain-
able to the vaporization temperature of the metal
oxide whether this oxide decomposes on vaporiza-
tion, or not. The metals commonly used as fuels
in pyrotechnics decormspose on vaporization. In
most cases, the metal decomposes to yield metal
atoms; however, a few metal oxides, such as alum-
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TABLE 3-2 O
Pty
TEERMODYNAMIC PROPERTIES OF SOLID MAGNESIUM OXIDE -t
Magnesium Oxide (MgO) (Seolid) Mol. Wt. == 28,32
UU—— N Y - [T A keal. mole
T, °K. Ch 8¢ —(F°-H" 30)/T H*-H s AH? AF® Log X,
0 .000 .000 INFINITE -1.235 -142.702 ~142.702 INFINITE
100 1.866 .608 12.488 ~1.188 ~143.156 -140.918 307 .961
200 6.380 3.369 7.184 - 763 -143.559 -138.501 151.340
298 8.908 6.439 6 439 .000 -143.700 -135.981 99.672
300 8.939 6.494 3.439 017 -143.761 ~135.933 99.022
400 10.148 9.252 6.807 .978 -143.706 -133.340 72.850
500 10.854 11.598 1.637 2.031 -143 .654 -130.755 57.150
660 11.323 13.621 8.386 3.141 -143.583 -128.181 46.688
760 11.656 15.393 0.263 4.291 ~143.513 -125.619 39.218
800 11.905 16.966 10.130 5.489 -143.457 -123.067 33.619
900 12.098 18.3%) 10.969 €.670 -143.425 -120.521 20.265
1000 12.251 19.663 11.775 7.888 -145.541 -117.799 25.744
1100 12.375 20.837 12.546 8.119 -145.529 -115.025 22.852
1200 12.478 21.918 13.283 10.362 ~145.538 -112.252 20.443
1300 12.565 22.920 13.986 11.614 -1456 .567 -109.478 18.404
1400 12.638 23.854 14.658 12,874 -176.047 -106.235 16.583
1500 12,701 24,728 15.301 14.141 -176.712 -101.261 14.753
1600 12.756 25.550 15.916 15.414 -176.375 - 96.309 13.156
1700 12.804 26.325 16.505 16.692 -175.034 - 91.378 11.747
1800 12.845 27.058 17.071 17.975 -174.693 - 86.467 10.498
1900 12.882 27.753 17.616 19.261 -174.351 - 81.574 9.383
2000 12.915 28.415 18.139 20.551 -174.008 - 76.699 8.381
2100 12.945 29.046 18.644 21.844 ~173.665 - 71.844 7.477 .
2200 12.971 29.648 19.130 23.140 -173.321 - 67.004 6.656 RSN
2300 12.994 30.225 19.600 24 438 ~172.979 - 62.178 5.908 VERN
2400 13.016 30.779 20.054 25.739 -172.636 — §7.368 5.224 RN
2500 13.035 31.311 20.494 27.041 ~-172.295 - 52.572 4,596 -
2600 13.052 31.822 20.920 28.34¢ -171.956 - 47.790 4.017
2700 13.068 32.315 21.333 29.652 ~171.616 - 43.018 3.482
2800 13.082 32.791 21.734 30.959 -171.280 ~ 38.264 2.986
2900 13.095 33.250 22.123 32.268 -170.945 - 33.518 0.526
3000 13.107 33.694 22.501 33.578 -170.613 - 28.785 2.097
(JANAF Thermodynamic Tables, Interim Table Issued December 31, 1960)
inum oxide, decompose to yield a mixture of other chemical reaction is directly proportional to the
oxide molecules. Typical of the decomposition re- ‘‘active masses’’ of the reacting materials. For
action is the following generai reaction:® any chemical reaction :
M0, (1) =zM(g) +y/20:(g) (3-53) aA +bR 4 ... =9gG+ Hh ...
wheui M represents' a metal element, Since th‘e where the capital letter indicates a chemical species
reactions are reversible, the degree of decomposi-  ,nq the small letter indicates the number of moles
tion: will depend on the oxygen pa:rtxal pressure as of each species.
well as the temperature. _At the h'gh temperatures An equilibrium constant for this reaction, desig-
profl‘f“f{ by pyrotechnic Teactions, many other  ated K, can be written in terms of conceatrations:
equilibria, such as the dissociations of gaseous
products, relatively unimportant at lower tempera- k(f) (&7 [H]?
. K= = > (3-54)
: tures, must be considered, k(r) [A]* [B]
~ . N .
N 3-2.3.1 Chemical Equilibrium where the open brackets [ | indicate a concentra-
: According to the law of mass action as stated tion term, k(f) is the specific rate constant for the
S by €. M. Guldberg and P. Waage,® the rate of a forward reaction, k(r) is the specific rate constant PN
. @
N
3-14
A T e R T T A O T T AT A ML T A T AR e T W A AT
\:“:!".:\.1-‘:\'.'5 ::;"-’_ Iﬂ'-’:‘ff‘s‘?’ .\f.:f:‘zh :‘ :‘f:':";"s." .k{mt\k\{fz{;c:5t\‘i".;.‘.'..‘J:';\._'.‘. i:k.v.‘. FOL PPN '.ni‘:" .
Q5+ @y 0 ® - L B [ @ o ] ® L ® ;i —_
A R R T N A T N S N N R O S I LA RIATA G e ARTCAN "f-'\:k&"" NN XN D
D S A e AN B aS A AN oSl
Ny - ‘;} A “:“‘?“:- _.‘_J'_, ARG A NG g G J\-f‘& ‘-{'\""'. BN YRR N SR SaTe

» ) fay

T N, -1'.- Eow
R . N ™
NI "}«':-'. -, A

EaN



o
- .-

A S S A A S R i~ m» Downloaded from http://www.everyspec.com }'

AMCP 706-185

TABLE 3-3
THERMODYNAMIC PROPERTIES OF SOLID ALUMINUM OXIDE
Aluminum Oxide (alpha Al,O;) {Crystal) Mol. Wt. = 101.960

oo .cal. mole?! deg.__. keal. molet
T, °K. (933 8° ~(F°=H°s)/T H°-H°:0s AH% AF°y Log K,
0 .000 .000 INFINITE -~ 2.394 ~397.494 -307 .494 INFINITE
100 3.069 1.024 24.184 - 2.316 -398.697 -392.241 857.201
200 12.223 5.946 13.711 - 1.553 -399.838 —-385.329 421.047
208 18.889 12.174 12.174 .000 -400,400 -378.078 277.125
300 18.979 12.291 12.174 .035 -400.406 -~377.940 275.316
400 22.986 18.339 12.972 2.147 -400.555 -370.418 202.378
500 25.345 23.752 14.598 4.577 -400.475 -362.891 158.612
600 26.889 28.517 16.529 7.193 -400.304 -365.389 129.444
700 27.969 32.749 18.549 9.940 -400.098 -347.920 108.620
800 28.758 36.537 20.565 12.778 ~-399.889 -340.481 93.011
900 29.354 39.961 22.533 15.685 -399.697 -333.066 80.875
1000 29.814 43.078 24 434 18.644 -404 522 -325.301 71.091
1100 30.176 45.938 26.261 21.644 -404 181 -317.396 63.058
1200 30.464 48.574 28.012 24 .674 -403.823 -309.522 56.369
1300 30.995 51.032 29.689 27.745 -403.437 -301.680 50.716
1400 31.200 53.339 31.297 30.859 -403.019 -293.868 45.873
1590 31.620 55.509 32.839 34.004 -402.581 ~286.086 41.681
1600 31.920 57.559 34.321 37.181 -402.119 -278.334 38.017
1700 32.220 59.503 35.745 40.388 -401.635 -270.612 34.788
1800 32,490 61.353 37.117 43.624 -401.133 -262.920 31.921
1900 32.760 63.116 38.439 46.886 -400.613 ~-255.254 29.359
2000 33.000 64.803 39.716 50.175 -400.075 ~247.619 27.057
2100 33.220 66.419 40.949 53.486 -399.521 -240.011 24.977
2200 33.450 67.969 42.142 56.819 -398.956 -232.427 23.088
2300 33.670 69.461 43.298 60.175 -398.374 -224 872 21.367
2400 33.880 70.898 44 418 63.553 -397.779 -217.339 19.790
2500 34.100 72.286 45.505 66.952 -397.172 -209.834 18.343
2600 34.310 73.627 46.561 70.372 -396.550 ~-202.354 17.009
2700 34,520 74.926 47 .588 73.814 -365.915 -~194.898 156.775
2800 34.735 76.186 48 587 77.277 -526.375 -184.157 14.373
2900 34.940 77.408 49.560 80.760 -535.307 -171.598 12.931
3000 35.140 78.596 50.508 84.264 -534.227 -159.072 11.588
3100 35.340 79.751 51.433 87.788 -533.132 -146.584 10.334
3200 35.5630 80.876 52.335 91.332 -532.028 -134.135 9.161
3300 35.720 81.973 53.217 94.894 -530.908 -121.718 8.061
3400 35.903 83.042 54.078 98.476 -529.777 -109.338 7.028
3500 36.095 R4.085 54.921 102.076 -528.634 - 96.992 6.056

(JANAF Thermodynamic Tables, Interim Tsble Issued March 31, 1964)

for the reverse reaction, and K is the equilibrium
constant. The concentration can be expressed as
a partial pressure or as a mole fraction in addition
to the more common concentration units. For actual
systems, activities or fugacities should be used in-
stead of concentrations.®?

When more than one phase is present, as is true
for most pyrotechnic reactions, the equilibrium is
heterogencous. Since the partial pressures of the
gas phases tn equilibrium with the solid phases are
constant at a given temperature, they can be as-
sumed to be incerporated into the equilibrium con-

stant. The expression in terms of partial pressures
for the equilibrium constant, therefore, will in-
clude only terms for the gaseous materials.

The equilibrinm between phases is an important
type of heterogeneous equilibrium. The free ener-
gies of the vapor and liquid phases are the same
which leads to the derivation of the important
Clansius-Clapeyron Equation :?

dp _ _pAN
dT — RT:

(3-65)

In this equation, p is the vapor pressure in milli-
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TABLE 24
THERMODYNAMIC PROPERTIES OF SOLID SODIUM OXIDE
Sodium Oxide (Nax0) (Crystal) Mol. Wt. = 61.982

_— ——_cal. mole! deg.! keal. mole! —

T, °K. M 8° ~(F°~H°4s)/T H°-H 0 AH®y LK Log K,

0

100

200
208 17.436 17.4990 17.990 .000 - 99.400 -90.125 66.060
300 17 .454 18.098 17.990 .032 - 99.398 -90.087 65.610
400 18.442 23.254 18.687 1.827 -100.647 -86.862 47.4567
500 19.430 27 .475 20.034 3.720 -100.601 -83.417 36.460
600 20.418 31.105 21.584 5.713 -100.428 ~79.995 29.137
700 21.406 34.327 23.178 7.804 -100.138 -76.612 23.918
800 22.394 37.249 24757 9.994 - 99.737 -73.277 20.017
900 23.382 39.944 26.297 12.283 -~ 99,235 ~-69.998 16.997
1000 24.370 42 459 27.788 14.670 - 9R.641 —66.780 14.594
1100 25.358 44 .828 29.231 17.157 ~ 97.966 —53.629 12.641
1200 26.346 47.077 30.625 19,742 -143.685 -59.625 10.859
1300 27.334 49.224 31.974 22.426 -142.423 -52.670 8.8564
1400 23.322 51.286 33.280 25.209 -141.067 —45.817 7.162
1500 20.310 53.274 34.547 28.090 -139.615 -39.0684 5.691
1600 30.298 55,197 35.778 31.071 -138.067 -32.,409 4.427
1700 31.286 57.064 36.975 34.150 ~136.420 -25.854 3.324
1800 32.274 58.880 38.142 37.328 -134.681 - -19.401 2.356
1900 33.262 60.651 39.280 49 .605 -132.846 -13.044 1.500
2000 34.250 62.382 40.392 43.980 -130.916 —-6.791 742

(JANAF Thermodynamic Tables, Interim Table Issued June 30, 1962)

meters of mercury, T is the absolute temperature,
R is the universal gas constant, and AH is the heat
of vaporization in calories per gram-mole. 1f AH
can be considered constani over the temperature
range of interest, then:

—AH .
log p = <~?‘;—%~) (—%—) + (‘onstant

This equation is of the same form as the empirical
equation given in paragraph 3-1.2.1 relating change
in vapor pressure and temperature. An equation
of similar form relates the sublimation pressure
and temperature,

The heterogeneous metal oxide decomposition
equilibrium iilustrated by Equation 3-53 is im-
portant to the study of pyrotechnic reactions. The
expansion for the equilibrium constant for this
reaction in terms of partial pressares K, can be
written :

(3-56)

Ky = {(po,)¥* (pu)” (3-57)

where pg, is the partial pressure of the oxygen and
px i8 the partial pressure of the metal vapor.
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3-2.3.2 The LeChatelier Principle

The LeChatelier principle states that if a stress
is brought to bear on a system in equilibrium the
system will adjust itself to diminish th~ applied
stress. [or example, in the decomposition of a
metal oxide in a confined system, the partial pres-
sures will increase and the reaction shifts to the
left. A higher temperature is required to decom-
pose the oxide.

When heat is absorbed by a chemical reaction,
an increase in temperature favors the reaction; on
the other hand, if heat is evolved by the reaction,
an increase in temperature will favor the reverse
reaetion.

3-2.3.3 Free Energy and the Equilibrium Constant
For any chemical reaction the change in free
energy Is given by

A¥ = RT In Q

K (3-58)

where K is the equilibrium constant.  is a con-
tinuous function similar in form to K (Equation
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TABLE 3-5
THERMODYNAMIC PROPERTIES OF LIQUID SODIUM OXIDE
Sedium Oxide (Na,0) (Liquid) Mol. Wt. — 61.982

~————_cal. mole! deg," .
T, °K. Cp s° —(F°-H )/ T
0
100
200
298 27.000 17.889 17.889
300 27.000 18.056 17.890
400 27.000 25.823 18.949
500 27.060 31.848 20,948
600 27.000 36.771 23.188
700 27.000 40.933 25.433
800 27.000 44 538 27.601
900 27.000 47.719 29.663
1000 27.000 50.563 31.613
1100 27.000 53.137 33.455
1200 27.000 55.486 35.194
1300 27.000 57.647 36.839
1400 27.000 59.648 38.398
1500 27.000 61.511 39.878
1600 27.000 63.253 41.285
1700 27.000 64.890 42.626
1800 27.000 66.433 43.906
1900 27.000 67.893 45.130
2000 27.000 69.278 45.303
2100 27.000 70.596 47.429
2200 27.000 71.852 48.511
2300 27.000 73.052 49.562
2400 27.000 74 .201 50.555
2500 27.000 75.303 51.523
2600 27.000 76.362 52.458
2700 27.000 77.381 53.362
2800 27.000 78.363 54.238
2900 27.000 79.310 55.086
3000 27.000 80.226 55.909

keal. molet

H-HC,4 AR’ AF?; Log K,
.000 - 93.996 ~84.691 62.077
.050 - 93.977 -84.632 61.652
2.750 - 94,320 -81.562 44561
5.450 -+ 93.468 -78.470 34.208
8.150 - 92,587 ~75.563 27.519
10.850 - 91.688 -72.787 22.724
13.550 - 90.777 -70.148 19.163
16.250 - 89.864 —67.624 16.421
18.950 - £8.958 -65.201 14.249
21.650 - 88.069 —62.872 12.491
24.350 -133.673 ~-59.704 10.873
27.050 -132.396 -53.592 9.009
29.750 -131.122 —47 .579 7.427
32.450 -129.851 -41.655 6.069
35.150 -128.584 -35.816 4.802
37.850 -127.317 -30.056 3.864
40.550 -126.055 -24.371 2.959
43.250 -124 797 -18.7565 2.157
45.950 -123.543 -13.209 1.443
48.650 -122.289 - 7.726 804
51.350 -121.041 - 2.297 .228
54.050 ~-119.795 3.070 - .292
56.750 ~-118.554 8.390 - .764
59.450 -117.316 13.649 -1.193
62.150 -116.084 18.866 - 1.586
64,850 -114 .857 24.031 - 1.945
67.550 ~113.637 29.151 - 2,276
70.250 -112.421 34.234 - 2.580
72.950 -111.213 39.269 - 2.861

(JANAF Thermodynamic Tables, Interim Table Issued June 30, 1982)

3-54) but which applies to the *‘concentrations’’
or partial pressures of the products and reactants
at any time during a particular reaction. ¥or real
sases and other substances, the A and  should be
terms of activities or fugacities. If the reaction is
a standard state reaction, the hypothetical reac-
tion in which the reactants in their standard states
at one atmosphere react to give products in their
standard states at one atmosphere, (¢ becomes unity
and
AF° = —— RT InR (3-69)
For a gasecous reaction involving gases which can
be considered ideal :
AF° = — RTInK, (3-60)

where K, is the equilibrium constant in terms of

partial pressures. For example, the equilibrium
coustant for the decomposition of a metal oxide,
Equation 3-57 is related to the standard free energy
change for the reaction, Equation 3-59, as follows:

AF® = —RT In Ky = — RT In (o, )"*(Puis))?
(3-61)

where py, is the partial pressure of the oxygen and
Py is the partial pressure of the metal vapor.
Henee, the stability of the oxide can be calculated
from frequency data.

3-2.3.4 Free Energy Calculations

Standard free energy changes for chemical reac-
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IS
TABLE 3-6 o
THERMODYNAMIC PROPERTIES OF OXYGEN
Oxygen, Diatomic (0:) (Reference State—Ideal Gas) Mol. Wt. — 32.00
o _cal. mole? degt keal. mole .
T, °K. Cy 8° —(F°~H %) /T H°-H" s AH AF% Log K,

0 .000 .000 INFINITE - 2.07% .000 .000 .000
100 T e 41.522 55.142 - 1.362 000 000 | 1000
200 6.871 46.233 49.641 - .682 .000 .000 .000
208 7.020 49 .004 49.004 000 .000 .000 .090
300 7.023 49.047 49.004 013 .000 .000 .000
400 7.196 51.091 49,282 7 .000 .000 .000
500 7.431 52.722 49 812 1.455 .000 000 .000
600 7.670 54.008 50.414 2.210 .000 000 .000
700 7.883 55,297 51.028 2.988 .000 .000 .000
800 8.063 56.261 51.629 3.786 000 .000 .000
900 8.212 57.320 52.209 4.600 000 .000 .000
1000 8.336 58.192 52.765 5.427 .000 .000 .000
1100 8.439 58.991 53.295 6.266 .000 000 .000
1200 8.527 59.729 53.801 7.114 .000 .000 000
1300 8 60.415 54.283 7.971 .000 .000 000
1400 8.674 61.055 54 744 8.835 .000 .000 .000
1500 8.738 61.656 55.185 9.706 .00¢ .000 000
1600 8.800 62.222 55.608 10.583 .000 .000 .000
1700 8.858 62.757 56.013 11.465 .000 .000 .000
1800 8.916 63.265 56 .401 12,364 .000 .000 .000
1900 8.973 63.749 56,776 13.249 .000 .000 .000
2000 9.029 64.210 57.136 14.149 .000 .000 .000
2100 9.084 64.652 57.483 15.054 .000 .000 .000
2200 9.139 65.076 57.819 15.966 .000 .000 .000
2360 9.194 €5.483 58.143 16.882 000 .000 .000
2400 9.248 65.876 58.457 17 .804 .000 .000 .000

2500 9.301 66.254 58.762 18.732 .000 .000 .000 e

2600 9.354 66.620 59.067 19.664 .900 .000 .000 "

2700 9405 66.974 59.344 20.602 .000 -000 .000 oy

2800 9.456 67.317 59.622 21.545 .000 .000 .000 Nt
2000 9.503 67.650 59.893 22.443 .000 000 .000
3000 9.561 67.973 60.157 23 .446 .000 .000 .000
3100 9.596 68 .287 60.415 24.403 .000 .000 .00G
3200 9.640 68.592 60 .665 25.365 .C00 .00 .000
3300 9.682 68.889 60.910 26.331 .000 .000 .000
3400 9.7%0 69.179 61.149 27.302 .000 .000 .000
3500 9.762 69.461 61.383 28.276 .000 .000 .000
3600 9.799 69.737 61.611 29.254 .000 .000 .000
3700 9.835 70.006 61.834 30.236 .000 .000 .000
3800 9.869 70.269 62.053 31.221 .000 .000 .00
3900 9.901 70.525 62.267 32.209 .000 .000 000
4000 9.932 70.776 62.476 33.201 .000 .000 .000
4100 9.961 71.022 62.682 34.196 .000 .000 .000
4200 9.088 71.262 62.883 356.103 .000 . 000 000
4300 10.015 71.498 63.081 36.193 .000 000 .000
4400 10.03¢ 71.728 63.276 37.196 .000 .000 .000
4500 10.062 71.954 63.465 38.201 .000 .000 .000
4600 10.084 72.176 63.652 39.208 .000 .000 .000
4700 10.104 72.393 63.836 40.218 .000 .000 .000
4800 10.123 72.606 64.016 41.229 030 .000 .000
4900 10.140 72.814 64.194 42.242 .000 .000 .000
5000 10.156 73.019 64.368 43 .257 .000 000 .000
5100 10.172 73.221 64.540 44.274 .000 .000 .000
5200 10.187 73.418 64.708 45.292 .000 .000 .000
5300 10.200 73.613 64.875 46.311 .000 .000 .000
5400 10.213 73.803 62.038 47.332 .000 .000 .000
5500 10,225 73.991 65.199 48.353 .000 .000 .000
5600 10.237 74.175 66.358 49.377 .000 .000 000
5700 10. 247 74.356 65.514 50.401 .000 .000 .000
5800 10.258 74.535 65.668 51.426 .000 .000 .000
5900 10.267 74.710 65.820 52.452 .000 .000 .000
6000 10.276 74.883 65.670 55.479 .000 .000 .000

(JANAF Thermadynamic Tabl:s, Interim Table Imued March 31, 1961)
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tions AF;° can be caleulated from the gtandard
free energies of formation, AFr°(f):

AFz° = S4F7°(f) products = ZAF7°(f) reactants
(3-62)

Staundard free energy of formation of the eiements
in their standard state at one atmosphere pressure
and at the given temperature is taken as zero.
The standard free energy change and the assori-
ated equilibrinm constant (Bquation 3-58) are
functions of temperature. The change in free
energy, the enthalpy change AH, and the tempera-
ture are related by the Gibbs Helmholz equation

which, for a standard state reaction, is:
AH° -- AF°  —dAF° _ d(BTinK)
T ar - ar

If AH® can be considered constant over the range
of temperature, or is an average valu:

(3-63)

AF° AH® N _
B = log K, = -+ W—{- Constant (3-64)

If AH® cannot be treated as a coustant over the
temperature range, the calculation of the change in

-

AFp" = ZAFy°

The reference temperatures normally used are
298°K or 0°K. The free energy change at these

3-2.4 ADIABATIC FLAME TEMPERATURE

The heat produced by an exothermie reaction
raises the temperature of the products formed to
the reaction temperature. This maximum tempera-
ture ean be calculated from a knowledge of the
equilibrium composition of the combustion produets
and of the energy released by the reaction. The

. < Bownioadéd from hitp:Tmww.
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the equilibrium constant with temperature is more
complicated.

3-2.3.5 Tabulated Free Energy Values
Calculations involving free energy changes at
any temperature are made easier if tabulated values
are available for the standard free energy of for-
mation at various temperatures. Tables 3-2, 3-3,
3-4, 3-5, and 3-6 contain this information in ad-
dition to the information oun standard enthalpies of
formation. In these particular tables, the stan-
dard free energies of formation of the compound
from the elements in their standard states, along
with the equilibrium constant for the formation
reaction, are tabulated for various temperatures.
In other tabulations the free energy functior

. FTII

Fr°

is tabulated for various temperatures

along with the standard free energies of formation
at some reference temperature, where T is the reac-
tion temperature and Tj is the reference tempera-
ture.

Then :
(3-65)

F.,ﬂ‘_) reactants
T

two temperatures is related by:

(3-66)

(1’298 — H

598 ) reactants

caleulations assume adiabatic conditions, i.e., no
heat is lost to or gained from ihe surroundings,
and all the heat released is utilized in raising the
temperature of the produets and unreacted reac-
tants to the {lame temperature. At constant pres-
sure, where the heat effect associated with a given
reaction is equal to its enthalpy change:

Ty
AH7® == AHy , ° (reaction) + XAH (diss) 4 SAH,. + T | C, (products) dT (8-67)
- q'R
¢
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Figure 3-4. Enthalpy of Aluminum Oxide Versus
remperature

where AH, 1:0 is the enthalpy change for the reac-
tion at a reference temperature Ty ; ZAH (diss) is
the summation of the enthalpy changes associated
with the dissociation of gaseous products and with
ionization if the flame temperatures are sufficiently
high: £AH,. is the summation of the enthalpy
changes associated with phase changes in the reac-

T

tion products; and }Jf » (produets) d7 is the

Te
smount of heat necessary to raise the reaction
products to the flame temperature.
Before calculating the enthalpy change for the
reaction, equations must be obtained for the molar

3-20
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composition of the combustion products allowing
for all elements and equilibrium relationships.1
The calculation of the adiabatic flame temperature
is an iterative process for which use of a high
speed computer is recommended.

For simpler cases, where the number of product
species is small, the flame temperature can be cal-
culated by a trial and error process until a tem-
perature is found at which all the energy released
by the chemical reaction will be absorbed.

The ecaleulation of the adiabatic temperature
for some chemical reactions, including those involv-
ing the oxidation of metals, can be simplified by
preparing an enthalpy or heat-content graph. This
graph consists of a plot of the heat content (above
the selected refersnce temperature for the reaction
products) as a function of temperature, using
tabulated values for Hp° -—HTR°; Hr® —H° or
heat capacity ; heat of fusion; heat of vaporization;
and heat of disscciation. The heat of reaction is
located on the ordinate of the plot and the hori-
zontal line is drawn from thig value until it inter-
seets the heat content curve.)! The adiabatic flame
temperature is read from the abscissa.

3.2.5 SAMPLE THERMODYNAMIC
CALCULATIONS

The following sample ecaleculations have been
selected to illustrate the application of thermo-
dynamics to pyrotechnic reactions.

Ezample 1. The adiabatic flame temperature
for aluminum burning in a stoichiometrie amount
of cxygen can be calculated as follows. The overall
stoichiometrie reaction is.

2A1 (S) + 1502 (g) —> A1203 (ﬂ)

The heat of reaction at 298°K is the same as the
heat of formation of Al;O3 (8) ~ 400 kilocalories
per mole. (See paragraph 3-2.2.) The heat con-
tent plot for this reaction is given in Figu=e 3-4
where the reference temperature is taken as 298°K.

Approximately 400 kilocalories are released in
the formation of solid aluminum oxide at the
reference temperature of 298°K. As shown in
Figure 3-4, approximately 140 kilocalories of this
energy are required to raise one mole of aluminum
oxide to its boiling point. The difference (400 to
140 kilocalories) is consumed in vaporization of the
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Figure 3-5. Enthalpy of Producis of Magnesium-Air
Reaction

ligunid aluminum oxide. The vaporization of
ALO; (1) at approximately 3800°K may take place
as follows:
Al04(1) — 2A10(g) + O(g)?
For this reaction, the standard enthalpy change is:
H%qg0x — 456 kilocalories per mole

As there is not enough energy available to vaporize
all the aluininum oxide, the maximum temperature
is limited to the boiling point of aluminum oxide, or
approximately 3800°K,

AMCP 706-185

o)

e

Ezample The adiabatic flame temperature
for magnesium burning in air (20% oxygen, 80%
nitrogen) can be calculated in a similar manner.
The reaction, in this case is:

Mg(s) + .502(g) + 2N2(g) — MgO(s) + 2N:(g)

The heat of reaction at the reference temperature
of 298°K is the heat of formation of MgO(s), or
144 kilocalories per mole. Figure 3-5 is a heat con-
tent plot for the products of this reaction where
it is assumed that magnesium oxide vaporizes by
dissociation into atoms. It must be noted that the
nitrogen in the air must be heated to the flame
temperature. The adiabatic flame temperature is
limited to the boiling point of magnesium oxide,
about 3400°K. Ii the magnesium were burned in
pure oxygen, the calculated adiabatic flame tem-
perature would still be limited to about 3400°K.

Example 3. Compositions containing magne-
sium and sodium nitrate are used in many illu-
minatiag flares. There are several possible ways
tov this reaction to proceed which, in turn, deter-
mine relative amounts of magnesium and sodium
nitrate required for the stoichiometric (balanced)
chemival reaction. Two of the possible stoichio-
metric reactions are:

1. 8Mg(s) -+ 2NaNO;s(s) — 5MgO(s)
+ Nax0(s) + Na(g)

and:

2. 6Mg(s) 4 2NaNOs(s) — 6MgO(s)
+ 2Na(s) + N2(g)

For the first reaction, ihe ratio of the weight of
sodium nitrate required to weight of magnesium is:

and for the second reaction is:

2(85) .

— . — },166

6(24.3) 1.16

The heat of reaction for the first reaction at 298°K
is:

AH %9 == [5¢ — 143.8) -+ —994] — [H(0) + 2( — 115.0) | = -~ H88.4 kilocalories
. -t s
and for the second reaction is:
AH 90 == [6( - 148.8) 4 2(0)] — [6(0) 4 2( — 1150} = - 632.8 kilocalories
3-21
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From the heat content plots for the two reactions, in the hot (over 2500°K) portions of the flame £
. . . . +*
Figures 3-6 and 3-7, the adiabatic flame tempera- plume can be selected from thermodynamie con- -
ture is nearly the same for both reactions: approxi- siderations in the following manner.
mately 3280°K for the first reaction, and 3400°K At 2500°K, the free energy change associated
(the boiling point of magnesium oxide) for the see- with the reaction:
ond reaction.
. . . Na-0(1) = 2Na(g) .50,
The reaction equation which best represents 20(1) (® + 2(&)
the reaction to produce the producis which exist is given by Equation 3-62 (Paragraph 3-2.3.4).
AF 5000 = [2(0) 4+ 5(0)] — [1( 4 13.649)] = — 13.649 kilocalories
nd by Equation 3-64 (P -2.34 ]
a Yy Hquation (Paragraph 3-2.3.4) However, the first reaction better represents the
13.64 — (2)(2.3)(2500) log K, overall reaction to form the products which are
— 18649 = 1000 stable at room temperature since similar caleula-
K,=154 tions indicate that NasO(s) is the more stable
sodium-containing species at room temperature.
Also: Kp = (Pya)® * (Poy) % = (4Po,)? + (Po,)* Erample 4. TM-11 is a widely used incendiary
ixture. It consists of 50 percent magnesium-
and: (Py,) = .746 atm iy , .
(Po,) aluminum alloy (50/50) and 50 percent barium
Since the caleulated (Po,) is greater than the nitrate by weight. This mixture is fuel rich and
partial pressure of oxygen in the air, 0.2 atmo- if al'l the fuel is to. bum,‘ e)ftra oxygen must be
sphere, the compound NayO (1) is not thermo- o.btamed from the air. If it 1§ .assumed that suffi-
dynamically stable at 2500°K. Therefore, these cient oxygen is a.vailable to oxx.dlze the metal fuels,
calculations indicate that the second reaction better a balanced I‘f‘ﬂCtl()Il can be written. ..
represents the stoichiometry of the overall reae- On a b:‘lSlS of 200 grams of IM-11, the moles of =
tion leading to the formation of the product species cach constituent are: Ba(NOa)z, 100/2614 = 0.38; Ny
) AMe 50)/94 39 — ¢ . 50 /9 — .
present at a flame temperature of 2500°K. Mg, _"“/')4'32 = 2.06; Al, 50/2697 = 1.86. Ac
cordingly, the reaction is:
2.06Mg + 1.86Al + .38Ba(NO3)s 4+ 1.480: + 5.92N» — 38Ba0 + 6.30N, -+ 2.06Mg0O + .93A1,0;
The heat of reaction at 298°K is:
AH®g9y = [.38( — 133.5) 4 6.3(0) + 2.06( — 143.7) -+ .93( — 400.4) ]
— [2.06(0) 4 1.86(0) + .38( — 237.06) + 1.48(0) 4 5.92(0) | = 628.6 kilocalories
The heat content diagram for this system is shown ) .
o C A tion, to be burned at low altitudes where oxygen
in Figure 3-8, As indicated on this diagram, the . . . :
T ) . . is available from the atmosphere, can be estimated
adiabatic flame temperature is approximately . . .
3400°K by assuming that the amount of magnesium in
' . v el excess of the stoichiometric amount which can be
Liess heat is evolved if it is assumed that oxygen . oy . .
. L . ) ) vaporized by the stoichiometric reaction, based on
from the air is not available for the reaction. - . . : :
; oo - L . the amount of sedium nitrate, can burn in the air.
Erample 5. The optimum composition for a N . . :
) . . . Lo . For the magnesium-sodium nitrate system the
magnesium-sodium  mtrate lluminating composi- e . L a .
stolehiometric reaction is (see Example 3)
6Mg(s) 4 2NaNQOy(s) = oMgO(s) - 2Na(x) + Na(g)
for which the heat of reaction AH ®.y 13 632.8 kilo- which could be vaporized by this amount of energy
calories. The number of moles of magnesium z 1s:
-
1.92 - “1
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Figure 3-6. Enthalpy of Products of Magnesium-Sodium Figure 3-7. Enthalpy of Products of Magnesium-Sodium
Nitrate Flare (Reaction 1) Nitrate Flare (Reaction 2)
AH® a0y 632.4 o
— YT —— - = 15.52 moles
AlllMg (v)1390°K — My (5)2958°] K] 40.75
s0 that the weight percentage of magnesium for
the optimum composition would be:
6 -4 A y
,,,,, O ) (OIW Mg - X 100 == 75.5%
o) (MW Mgy F S(MWNaNU,)
where MWW stands for the molecular weight, . .
culations on these sheets are for a reference tem-
perarure 298.15°K and one atmosphere pressure,
-2.6 SUMMARY OF THERMOCHEMICAL
CALCULATIONS 3-3 CHEMICAL KINETICS
Results of thermochemical calewlations such as Chemieal kineties is concerned with the veloe-
those illustrated in the foregoing examples, ean be 1y of reactions und the intermediate steps (mech-
“- swmmarized as shown in Tables 3-7 and 3-8, All cal- anisms) by which the reactants are ultimately
L
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TABLE 3.7 SN
EXAMPLE OF THERMOCHEMICAL CALCULATIONS: e
LANTHANUM-POTASSIUM PERCHLORATE REACTION
THERMOCHEMICAL CALCULATIONS*
% Mol Wt AHf Density, g/ml
REACTANTS
Lanthanum (s) 72.6 138.92 0. 6.15
Potassium Perclilorate(s) 274 138.55 103.6 2.52
PRODUCTS
Lanthanum Oxide(s) 85.5 325.84 454 6.51
Potassium Chloride(s) 14.5 74.56 104.2 1.99
REACTION CALCULATIONS
8La + 3KCl0y —> 4Las04 + 3KC(Cl
Stoichiometrie: 8(138.92) 4 3(138.6) —> 4(325.84) 4 3( 74.56)
Thermal : 8(0) + 3(103.6) —— 4(458) + 3(104.2)
Wt Reactants, g 1521.2
Theoretical Density (cale.), g/ml 4.41
Heat of Reaction (cale.), Keal 1834
cal/g 1205
cal/ml 5330 ‘
Adiabatic Temp (cale.), °K App. 4750 |
Gas Volume (cale.), liters 0 o~ :& !
EQUIVALENTS g !
10gLla = 0.445 g KClO, = 1742 cal .
1.0 g KClOy, = 2,650 g La = 4400 cal
THEORETICAL OPTIMUM COMPOSITION :
Lenthanum, % 85 "
Potassium Perchlorate, % 15 !
* All calculstions refer to 298.15°K, ;
‘
[
converted into the products. As most pyrotec:inic 3-3.1 MOLECULARITY OF REACTIONS ’
reactions involve heterogeneous systems, the rela- The simple, intermediate reactions by which .
tively simple kinetic equations developed for  the regetants are ultimately converted into products T
homogeneous systems are useful but not adequate. can be classified as: .
These equations do, however, provide background .
for understanding of the chemical kineties involved i. Unimolecular. A reaction in which only one :T
in a heterogencous reacticn. It is to be noted that molecule reacts to yield the product(s).
d | the rate of 4 pyrotechnic roaction, which is affected 2. Bimolecular. A reaction in which two mole-
- by external temperature, pressure confinement, cules (of the same or of different kinds) =
\::' composition, particle size, consolidation, and other react to yield the product(s). s
interrelated factors, is usually best determined ex- 3. Termolecular. A reaction in which three

perimentally. molecules react to form the produet(s).
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TABLE 3-8 "
EXAMPLE OF THERMOCHEMICAL CALCULATIONS:
ZIRCONIUM-OXYGEN REACTION

AR

. THERMOCHEMICAL CALCULATIONS* .F.
¥
% Mol Wi AHf  Density, g/mi 4
REACTANTS -
Zirconium (s) 74.3 91.22 0 6.49 KL‘
Oxygen (g) 25.7 32.0 0 .
PRODUCTS o
Zirconium Oxide(s) 100 123.22 261.5 5.6 -
-1.\
&= REACTION CALCULATIONS -
X Zr(s) + Oz(g) — 7rOa(s) :3;-
Stoichiometric: 91.22 4 32 -—— 123.22 b
N Thermal: AHr 0 4+ 0 — 2615 tf:'
Wt Reactants, gs 123.22 R
i Theoretical Density (cale.), g/ml - E_:_;
(] Heat of reaction (cale.), Keal 261.5 ‘_
N cal/g 2120 o
P Adiabatie Temp (calc.), ° App. 4500 .
g ‘: - Gas Volume, liters/g 0 n}
'-4 ‘-‘,‘ .‘l‘ ‘:*N
AR EQUIVALENTS B
R
OnegZr == 0.346 g 02 = 2860 cal N
Oneg O, = 2.89 gZr = 8250 cal Y
Rt
* All calculations refer to 208.15°K, ;‘:':
O
N
(There are few, if any, termolecular reae- tions, k is the specific rate constant, and the ei- ~
tions. ) ponents m, n, and o, are empirically determined. :,:::.
y . .. . For gaseous reactions, concentrations are often ex- )
The over.1l reactions occurring in the burning of a . . . e
. . P, pressed in terms of partial pressures Similar Y
pyrotechnic composition counsist of a sequence . . . NG
_ . . . . ] expressions could be written for the disappearance w
of many simple intermediate unimolecular, bi- .
. of other reactants or for the appearance of any of
molecular and ternivlecular reactions. i
the products. "~
- . . - '.-‘
- 3.32 ORDER OF REACTION The overall order ‘o‘f the reaetfon 1’s the sum of o
0 The insts ) ] ) the exponents of the ‘‘concentration’’ terms. The S
b N .u. ll‘lstd;)ltdllv()lls rate o.r a chemical reaction, order of a reaction, with respect to one reactant, is '-;’
t.-‘ as measured by the rate of disappearance of one of  tho exponent of the concentration term for that AN
‘!-r_: its reactants. can be written : reactant. Examples are: e
?- —d4 m n (o d[A] I
i g k4™ [B|*[C]e. (3-68) Zero Order: i =k (3-69) Wi
»"_. "..."
o , , o , AN
. w\h«-ro the minus sign indicaces the disappearance The reaction rate is a constant and is independent el
N of reactant A, the symbol || indicates coneentra- of the concentration of the reactants. ‘:-:.:-
@ —
oo i
~ 3-25 .
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Figure 3-8. Enthalpy of IM-11 incendiary Mixture

First Order:

(3-70)

The reaction rate is proportional to the concentra-
tion of a reactant. In this case, half-life (the time
required for one-half of the reactant present at any
given time to disappear) is independent of the
initial concentration.

A

Second Order:
—d|A]
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Figure 3-9. The Relationship Bstween HMeat of Reaction and
Heat of Activation

The reaction rate is proportional to the produect
of the concentrations of two reactznts or to the
concentration of one reactant squared.

Only a very few resctions follow zero, first,
second, or third order reactions. Most chemical
reactions, especially &t the high temperatures in-
volved in most pyrotechnic reactions experimentally
determined, are complicated combinations of many
simpler reactions. These complications include
consecutive reactions, reverse reactions, and side
reactions. Hence, it is possible for the order of a
reaction to be fractional 12

3-3.3 INFLUENCE CF TEMPERATURE
ON REACTIOUN RATES
The reaction rate is strongly dependent on tem-
perature. A quantitative relationship proposed by
Arrhenius relating the specific rate constant and
the absolute temperature is:

— E,
K:sexp[ ET ]

where & 15 the specific rate constant, s is a constant,
F, is the activation energy, R is the gas constant,
and T is the absolute temperature. Another some-
what more complicated relationship, based on the
tlieory of absclute reactions rates, ig:18

(3-73)
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i =hiA] |B} (3-71)
or:
— Al , .
*‘-(—ZT = klA}® (3-72)
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where & 1s the specific rate constant, B is the gas
constant, N is the Avogadro’s rumber, b is Planck’s
constant, 8, is the entropy of activatior, H, is the
enthalpy of activation, and T is the absolute tem-
perature. The relationship between the heat of
activation for the forward and reverse reactions
and the heat of reaction:

AH (reaction) == AH, (forward) -~ AH, (reverse)

is illustrated in Figure 3-9 for an exothermic
reaction.

3-3.4 CHAIN REACTIONS

Theoretical and experimental results indicate
that atom-molecule and radical-molecule reactions
normally require much smaller activation energies
than reactions between two molecular species. A
variety of chemical processes proceed by mech-
anisms  whiceh
in a sequence of reactions forming a chain. These
processes include thermal and photo-chemical de-
compositioic processes, polymerization and depoly-
merization processes under the influence of heat
and light, as well as a variety of oxidations and
halogenations involving hydrocarbons which can
give rise to the production of flames and ex-
plosions.

which may be a free radical, free atom, or an ex-
cited molecude  or
suitable primary reaction, This chain carrier reacts
with a molecule to produce another molecule and
another chain carrier which, in twrn, reacts with
another molecule to produce another chain earrier,
As long as the chain remains unbroken, the disap-
pearance of one chain carrier is accompanied by the
of another
can be broken by the removal of the chain carriers,
as the result of reactions between vhain carriers
or between the chain carrier and other reactive
materials, or by the collisisn of a chain carrier
with the wall of the containing vessel.

formation
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In some cases, the reaction of a chain earrier
with a molecule may produce more than one chain
carrier. This multiplication of the number of chain
carriers, or chain branching, can lead to an in-
finitely rapid rate for the reaction. Explosions
resulting from chain branching are definitely dif-
ferent from thermal explosions. In a thermal ex-
plosion, because of the exothermal nature of the
reaction and the difficulties attending heat removal,
the temperature of the system rises rapidly and
an extremely rapid reaction or explosion may re-
sult. A branched chain explosion can take place
¢ven though isothermal eonditions are maintained.

3-3.5 HETEROGENEQOUS REACTIONS

In heterogeneous systems, reactions take place
at phase boundsries. While the kinetics of chem-
ical reactions involving more than one phase is less
developed than that for homogencous systems, the
overall process includes at least three steps:

e
. Y . .

1. Transport of reactants to the phase bound- .
ary. *
2. Reaction at the phase boundary. .
involve free radicals or atoms 3. Transport of producis away from the phase X
boundary. }
As indicated earlier, a series of reactions will have 5
relatively simple kineties if the rate of one step is .
much slower than any of the others. Heterogeneous ;
reactions, therefore, are divided into two general :
types: (a) transport rate cortrolled, and (b) phase "
boundary reaction rate controlled. "
Reactions involving a gas as one of the reactants »
In a straizht chain reaction, a chain carrier— are frequently phase boundary reaction rate con-
trolled at low temperatures and pressures; how- kt
atom—is procdieed by some ever, many of these reactions become transport
rate controlled at higher temperatures. For con- b
densed phase reactions, the transport rates will be -
even slower so that reactions are often transport -
rate controlled even at low temperatures. f;:
3-3.6 IGNITION AND PROPAGATIVE \
chain carrier. The chain BURNING :":
The burning of solid propellants and eonsoli- N
dated pyrotechnic mixtures are similar in many =
respects. When raised to their ignition tempera- J
ture. they undergo preignition reactions followed h
by an iguition reaction. If conditions are favorable, C:f
LY
."1
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the reaction front moves at a nominally constant
velocity. Propagative burning involves recurring
ignition as the reaction front progresses, therefore,
ignition and propagative burning processes must
be considered together.

3-3.6.1 Ignmition

The overall process of ignition involves heating
a portion of the combustible-—such as a propellant,
pyrotechnic mixture, or a combustible material in
air—to its ignition temperature, the minimum tem-
perature required for the initiation of a self-sus-
taining reaction. While the overall ignitior process
can be stated simply, the inechanism of ignition
is not known in detail. An ignition stimulus, which
can be reduced to the effect of heat absorption,
starts 4 sequence of preignition reactions involving
crystalline transitions, phase changes, or thermal
decomposition of one or more of the ingredients.
In many cases involving propellants and pyro-
technic mixtures, a gaseous phase is formed and
combustion starts in the gaseous phase. This is
true for wood and similar materials where combus-

Mg — NaNOy!
2.2%—18%

10.0 r
80 |-
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Figure 3-10. Ignition Time-Temperature Plots for a Binary
Pyrotechnic Mixture
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tion starts in the gaseous phase after the formation ~ '..:*':-_ gt

of gaseous combustible intermediates by thermal where ¢ is the time to ignition at the temperature T ',.:i;f f‘;‘f
decomposition of the fuel. Combustion of liquid in degrees absolute; K,, the activation energy, is a :

fueis also starts and takes place in the gaseous  constant; B is the universal gas constant; and A H’\"

phase. is a constant, depending upon the material. A %

The preignition period begins with the appli- large number of propagatively reacting systems, ‘

cation of the ignition stimulus and ends with the  such as explosives, propellants, and pyrotechnic H’“

start of self-sustaining combustion. During this  compositions follow this type of equation. The 1‘

period, the rate of heat trunsier to, the rate of value obtained for activation energy for the ignmi- ':'"”:

heat production in, and the rats of heat loss from  tion process can be considered a measure of the W

that portiorn of the material being ignited, are seusitivity of the composition to heat. It will de- Cy}:

important. As {he temperature rises, the rate of pend, partly, on the specific experimental condi- . :1."'-'

the heat producing reactions will increasz as pre- tions. i

dicted by the Arrhenius equation (Equation 3-73). Time to igniticn is often measured’®'® by l:i;

The rate of hea’ loss will also increase with tem-  quickly immersing the sample in a suitsble con- -

perature but, because of the exponential form of the tainer into & liquid such as molien lead maintained e

Arrienius equation, a temperature may be attained  at a constant temperature and observing the time ;-;j:

at which the rate of heat generation is greater than 1o ignition. As shown in Figure 3-107 the results :- N

the rate of heat loss and ignition will result. obtained are presented in an Arrhenius type plot .::--‘:

The time to ignition can be expressed by an in which the natural logarithm of the ‘ine to ig- r

equation similar in form to the Arrkenius eyua- nition is plotted against the reciprocal of the abso- PR

tion 1814 lute temperaiure. An average value for the activa- '.-:.":.

tion energy for igniiion can be obtained by: ,.'_\.'::»

a L

b= 4 exp RT E, = [2.3(slope) |R F‘
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Figure 3-11. Model for Burning of Aluminum Particles

where the factor 2.3 is the conversion factor for

- ,\ natural logarithins into common logarithms and B
‘:*‘-:'.\:f is the gas constant expressed in cal per degree-
) mole.

By using the data plotted in Figure 3-10, the
activation energy E, for ignitior: of the magnesium-
sodium nitrate system can be calculated in the fol-
lowing: manner:

Slope of line:

M= YT 2.3(log 6 — log 2)
T ag—uxy  1073(1.118 -— 1.064)
0.7782 — 0.3010
— 23X 103< = )
Y =23 X 108 <——°'47r72 ) — 20.55 X 107
,,.;’ - 0.054
! :; Activation energy:
.:: E, — (20.35 x 10%)2
o = 40.7 X 108 cal/mole
- = 40.7 Keal /mole
+@
e 3-3.6.2 Burning of Metal Particles®
L:-'\' A primary characteristic of the buirning of a
e metal is the limitation of the temperature attained
-3 o~ by the boiling point of the resultant oxide. Al-
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though the heats of combustion of metals are rela-
tively high, most of the heat energy obtained from
this reaction is used up by the heat of vaporization
and dissociation of the oxide. Two models for metal
particle combustion which have been proposed based
on studies of the burning of aluminum differ mainly
in the treatment of the condensed oxide formed by
the combustion reaction.!8

As hollow oxide spheres are formed in the com-
bustion of aluminum, one of the models for self-
sustained combustion consists of a vaporizing drop-
let of aluminum which is surrounded by a bubble
of molten aluminum oxide, The reaction rate is
determined by diffusion through the alumina
shell.1®

The other model consists of a vaporizing drop-
let of aluminum surrounded by a detached reaction
zone where the condensed alumina produect ap-
pears as fine droplets. The reaction rate is con-
trolled by the vapor-phase diffusion of aluminum
and atmospheric oxidant to the reaction zone.2?
This model, which appears to be most in agree-
ment with the experimental data obtained for burn-
ing aluminum particles,'® is illustrated schemat-
ically in Figure 3-11.

Within the limitation of this model, it is pos-
sible to predict conditions favoring vapor-phase
flames, surface eombustion, or no combustion. For
those conditions resulting in vapor-phase combus-
tion, the burning rate of spherical droplets W can
be expressed as:*!

W = ko (3-77) .

where r is the radius of the droplet, k¥ is a constani
involving, among other factors, the latent heat of
vaporization, and n is a constant normally having
a value near 1.

L

»

2

3-3.6.3 Burning of Solid Propellants (
The burning of solid propellants has been exten- -
sively studied and, in some cases, the mechanism b
of burning is reasonably well established. Solid ‘:
propellants can be classified into two general "
types, homogeneous propellants and composite pro- ,'I

pellants. Homogeneous propellants are ecommonly
called double base, or colloidal propellants, be-
cause they consist of a colloidal mixture of nitro-

e

1

‘i."

cellulose and an explosive plasticizer, usually nitro- o
r

*
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glycerin, Relatively small amounts of other ma-
terials are added to improve the properties of the
propellant. A composite propellant resembles a
pyrotechnic mixture in that it is an intimate mix-
ture of a fuel (reductant) and an oxidizer. It
consists of a finely divided, solid oxidizing agent
in a plastie, resinous, or elastomeric matrix which
normally provides the fuel for the combustion reac-
tion. Solid reducing materials are sometimes in-
clnded and other minor constituents may be added
to modify the properties of the binder or to change
the burning characteristics.

Combustion processes in solid propellants, as
in pyrotechnic mixtures, are complicated because
of the several processes involved in the transforma-
tion of the solid material, at ambient temperatures,
into gaseous, liquid, and solid combustion products
at the flame temperature. In general, for all solid
propellants, the temperature of the prepellant a
short distance below the burning surface is not
affected by the combustion of the propellant. In
propagative burning as the burning surface ad-
vances, the unburned propellant is heated, and the
temperature of the material increases to the point
where the propeilant decomposes into volatile frag-
ments, In some cases, liquefaction may oceur prior
to the chemiecal reactions which comprise the com-
bustion process.

The solid phase processes for double base pro-
pellants, which take place in a 10— to 10~2 centi-
meter thick layer, are completed at relatively low

ATt T N T e e T L - 4 m

Tm = MAXIMUM REACTION TEMPERATURE
Ti = MINIMUM IGNITION TEMPERATURE

Ty = FUSION TEMPERATURE

T,y = TRANSITION TEMPERATURE

To = AMBIENT TEMPERATURE

AZ, AZ", AZ", AZ™ = LENGTH OF ZONES
= REACTION 2GNE
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Figure 3-12. Model for Steady Stafte Progressive Burning

as for a double base propellant, the burning of a
composite propellant involves the formation of ac-
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temperatures, nea: 600°C., The gas phase reactions tive gasef)us intermediates from the fuel and oxi- -
can be considered as taking place in three zones. dant, which then react. -T
The first zone exists adjacent to the burning sur- :.-
face, and is called the fizz zone, where some exo- 3-3.6.4 Rate of Propagative Burning? f~'_:
thermic reactions may take place. In the second The steady state burning rate of a propagative j::::
zone, called the preparation or dark zone, activated burning system is determined, basically, by the o
intermediates are formed without heat production. temperature produced by the reaction and by the e
When a sufficient concentration of activated inter- amount of heat transferred, mainly by conduction, o
mediates is developed, the final reaction oceurs to the unburned composition. These quantities, in ':.:‘
in the flame zone; this reaction produces the con- turn, are influenced by the ratio of ingredients, ex- :_
stant pressure combustion temperature. The thick- ternal pressure and temperature, rate of chemical :-‘:
ness of each of the zones increases with a decrease reaction, thermal econductivity, particle size dis- s
in ambient pressure. tribution, and the porosity of the consolidated com- -
The burning of composite propellants, as well as position. N
pyrotechni¢ mixtures involving intimate mixtures If it is assumed that heat transfer by radiation ;
of fuel and oxidizer, is more complicated than the and diffusion of material can be neglected—and if (
burning of a double base propellant. In general, heat losses from the side are insignificant—the P F‘
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model for steady state propagative burning illus-
trated in PFigure 3-12 is applicable. It is further
assumed that the burning composition can be sep-
arated into reaction and preignition zones defined
by the limits of the maximum reaction temperature,
the minimum ignition temperature, and the am-
bient temperature, respectively.

Heat, produced as a result of chemical reactions
in the reaction zoune, is transferred to the adjacent,
unreacted composition in the preignition zones,
thus affecting physical transitions and initiating
preignition reactions. It is assumed that the tem-
perature gradient across the reaction and preigni-
tion zones is constant with time, and that the posi-
tion of these zones changes linearly with time.
Other assumptions are that the specific heat,
thermal conductivity, and density of the composi-
tion remain essentially constant over the tempera-
ture ranges involved.

For this model, the following equation can be
obtained for the linear rate of burning V:

” EQNmt[AllisexP[ ] (3-78)
EDC,. T

where @ is the heat of reaction; s is the Arrhenius
frequency factor; N; is the number of fuel particies
per unit volume; n; is the number of molecules of
ith species, which has an activity A4,; and z; is the
order of the reaction. E, is the energy of activa-
tion, R is the universal gas constant, T the abso-
lute temperature, D the density, C, the mean spe-
cific heat, and /T the temperature gradient. Aec-
cording to this equation, the rate of propagative
burning is directly proportional to the net heat of
reaction, specific rate, concentration of reactants,
and specifie surface, and is inversely proportional
to the density of the composition, mean specific
heat, and temperature gradient across the reaction
and preignition zones. The rate of burning is also
proportional to the thermal conductivity.

The effect of particle size on the rate of propa-
gative burning can be estimated by asswmning that
the rate of the chemical reaction is proportional
to the rate of change in volume of the spherical
particles and that the rate of change in the radius
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these conditions, A; in Equation 3-78 is equal to
the mass of a metal particle m, and z; is equal to
0.67 (as the surface area of a particle is propor-
tional to its volume to the 0.67th power) plus &
constant A, defined by the equation.

dr/dt = k(m)*

Other reaction parameters will remain essentially
constant when the particle size of the metal fuel
is changed, and:

(8-79)

u My (h + 0.67)
Vu=V, N, (m,)

The subseript « refers to the mixture with an un-
known burning rate, and the subscript s refers to
standard. The constant A in the above equation
often has a value of about 0.18, More accurate re-
sults are obtained if & is determined experimen-
tally for each mixture.

"he derived equation does not include a pres-
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of a reacting particle can be expressed as an ex- sure term; however, several of the parameters .
ponential function of the particle mass, Under whicn influence the burning rate are affected by ?
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changes in ambient pressure. The pressure depen-
dence of the burning rate v, for many similar
propagative burning reactions at higher pressures,
is sometimes given as:

v = bp" (3-80)
or by: ’

v=a- bp"

where @, b and n are constants, and p is the pres-
sure. At the lower pressure normally encountered
in burning of pyrotechnic items, the relationships
between the linear burning rate and the pressure
may be more complicated.

3-4 THERMOANALYTICAL TECHNIQUES?*

The thermoanalytical techniques of different’al
thermal analysis (DTA) and thermogravimetry
analysis (TGA) are versatile experimental tools
which are finding increased application in chemical
research. Differential thermal analysis involves the
heating of either the ingredient or the mixture
under study and a thermally inert refcrence ma-
terial to elevated temperatures at a constant rate,
while continuously measuring the temperature dif-
ferences between them as a function of sampled
temperature and time.

Although the techniques of DTA have been
widely used in the study of clays, minerals, and
soils, relatively little work has been reported uti-
lizing this method to investigate and characterize
the thermal decomposition of inorganic com-
pounds. In Figure 3-13, a schematic diagram
illustrates the basic measurements required in
DTA. The temperature differential between an
inert reference compound—e.g., ignited Al,Oy—and
the material under study is measured and re-
corded as they arz both heated to elevated tempera-
tures at a constant rate. The differential tempera-
ture is measured at 7', and the sample temperature
at T,g.

The reference material chosen should be therm-
ally inert and undergo no endothermal or exo-
thermal reactions over the temperature range under
consideration. Consequently, the inert sample heats
at a rate equal to that of the furnace. When the
sample heing enalyzed undergoes an endothermal
reaction, its temperature remains relativel, con-
stant or increases very slowly. Therefore, since the
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temperature of the inert sample is constantly in- .
ereasing, an endothermal differential temperature “

results. Conversely, av exothermal resetion causes r
the satmple temperature to increase more rapidly y
than the reference temperature, and the result is an K
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Figure 3-15.3. Differential Thermal Analysis Curve for the
Ingredient Laminac 4116

at the came rate and no differential temperature is
ubserved. Dehydration of a hydrated or hygroscopie
substance is an endothermie pf'ocess as are those
of fusion boiling. Transitions involving trans-
formations from one crystal lattice to another, or
the free rotation of ions in a laitice are, most often,
endothermal processes; however, there are several
isolated exceptions to this general rule. Decomposi-
tion reactions may be either endothermal or exo-
thermal depending upon the system and *empera-
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tiare under consideration. Oxidation of a material
such as a metal powder by a gas, e.g., oxygen or
nitrogen, invelves the evelution of heat and is,
therefore, an exothermal reaction. Oxidation-re-
duction reactions normally are exothermal proces-
ses, partirularly when considering reactants such
as metal fuels and solid oxidants. Since these types
of phenomena are indicated by the DTA curves
obtained, these curves may be used to characterize
the system under study in terms of its thermal re-
actions, both physical and chemical. Integration of
areas under endothermal bands also has been used
to obtain a semi-quantitative estimate of the
amount of one or more of the ingredients present.

Thermogravimetry consists of continuously
weighing a sample as it is heated, either at a con-
stant temperature or to elevated temperatures at
a constant rate. Curves are obtained as a funetion
of tempereture or time. Since thermogravimetric
curves are quantitative representations of weight
changes, they can be velated to the chemieal and
physical changes taking place in the sample as it
is heated, and can often be used to determine the
nature of the intermediate and final reaction prod-
ucts.

Typical results obtained by thermogravimetric
and differential thermal analyses techniques are il-
lustrated by the results obtained in a study of the
pyrotechnic illuminating mixture composed of 54
percent magnesium, 36 percent sodium nitrate, and
16 percent Laminac.** The thermogravimetric stud-
ies under normal atmospheric conditions indicate
thai all three ingredients undergo thermal reac-
tions involving weight change as a function of
furnace texmperature, as illustrated in Figures 3-
14.1 through 3-14.3. Sodium nritrate exhibits a
weight loss at temperatures from 700°C to 1000°C
which corresponds to a complete conversion to
sodium oxide. The curve also shows a point of in-
flection at about 850°C due to the concurrent de-
composition of the intermediate product, sodium
nitrite. Magnesium shows a continuous gain in
weight which begins at about 625°C anJd continues
o071 past the maximum temperature. The ecurve
varies in slope, becoming perceptibly steeper at
650°C, and markedly less steep at 680°C. This
weight gain is attributed to the successive forma-
tion of magnesium nitride and magnesium cxide.
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Figure 3-16.1. Differenticl Thermal Analysis Curve for the
Magnesium-Sodium Nitrate Mixture (Curve [)
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Figure 3-16.2. Differential Thermal Analysis Curve for the
Sodium Nitrate-Carbon Mixfure

Polymerized Laminac first sliows a r~ontinuous
weight loss, extending from about 100°C to 500°C,
which markedly changes in slope at 350°C. This
less is followed by another loss, ending at 625°C,
which represents a loss in weight equivalent to the
initial weight of the sample. This loss 18 due to
vhemical degradation of the polymer to carbon,
which is then completely oxidized.

The DTA curves for the ingredients are illus-
trated in Figures 3-15.1 through 3-15.3.

3-34

" ‘Downloaded from htfp:/fwww.éveryspec.com ™ - -

Mg-NoNG, I
0%/ 40%

OIFFERENTIAL TEMPERATURC (°C)
(=2
T
1
-3
-

TEMPERATUIRE (°C)

.

/¥
.

...'A
RS

Figure 3-16.3. Differential Thermal Analysis Curve for the

Magnesium-Sodium Nitrate Mixture (Curve 1)

NaNO,— LAMINAC

32 47 70% / 22%

268

DIFFERENTIAL TEMPERATURE X°C)

TEMPERATURE (°C)

Figure 3-16.4. Differential Thermal Anolysis Curve for the \V«"‘f\

Sodium Nifrate-Laminac Mixture

dothermic erystalline transition at 270°C, imme-
diately followed by endothermie fusion at 306°C.
The differential thermogram of magnesium shows a
double exothermic peak Leginning at about 565°C,
which may be due to the formation of magnesium
nitride or magnesium oxide on the surface of the
inetal, or to reaction with the glass tube. The
double peak culminates in the endothermie fusion
of magnesium. The DTA curve of polym rized
Laminae displays only one broad, endothermic
band, beginning at about 250°C, with a peak tem-
perature of 371°C. However, it appears as though
several overlapping reactions are responsible for
the heat absorption. At 305°0, a colorless liquid
condenses on the upper part of the sample tube. At
332°(, there are dense, white fumes escaping from
the tube. At 479°C, after the endotherm is over,
the sample gives off dense, yellow fumes and some
¢harring is observed in the tube.

As shown in Figures 3-16.1 through 3-16.5, the
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Figure 3-17.1. Differential Thermul Analysis Curve for the
Magnesium-Sodium Nitrate-Carbon Composition

DTA evideuee of the thermal decomposition of the
Laminac present by several shallow endotherms
prior to the sharply endothermie fusion of mag-
The magnesium fusion endotherm is fol-
reaction, probably the
The absenve of any
exothermal peak prior to magnesinm fusion sug-
gests that, although the Laminae does not react
with the bulk of the wetal, it protects the solid
magnesinm with air. The four
mixtures did ignite. For all

nesiun.
lowed by an exothermal

oxtdation of molten magnesinm,

from reaction

binary fuel-oxidant
the ignitible sodium nitrate compositions ran on
the time-base endotherms

apparviatus, the vorre-

sponding to the crystalline transition of sodium
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Figure 3-17.2. Differential Thermal Analysis Curve for the
Magnesivm-Sodium Nitrate-Laminac Composition

nitrate are very small because only very small sam-
ples were used. The fuel-rich system 60-40 mag-
nesiwum-sodium nitrate, (furve 11, used in the test,
ignited at 560°C. The DTA curve shows the endo-
thermic erystalline transition of sodium nitrate at
265°C, and its fusion at 305°C, in addition to the
sharply exothermic ignition. The stoichiometric
mixture, Curve I, for the reaction:

Mg 4+ NaNO3 - MgO 4 NaNQg

containing only 22 percent magnesium, ignited at
613°C and displayed endotherms at 270° and 310°C
which were caused, respectively, by the crystalline
transition and fusion of sodium nitrate. Sodium
nitrate-Laminge ignited with an apparvently small
evolution of heat at 417°C that may have been due
to a combination of small sample size and forma-
tion of gaseous products, The differential thermo-
gram exhibits the erystalline transition of sodium
nitrate at 268°C and its fusion at 297°C, A broad,
shallow endotherm, during which a colorless and
then a yellow liquid condeuses on the sample tube,
in ignition. The sodium nitrate-carbon
system exhibits the erystalline transition of sodium
nitrate, suceessfully followed by sodinm nitrate
fusion, and then ignition at 467°C,

DTA curves for the two ternary compositions
Figures 3-17.1 and 3-17.2, The mix-
ture containing magnesium, sodium nitrate, and
carbon is very similav to the sodium nitrate-carbon
hinary niixture; e, it ignited at 455°C immedi-
ately following the erystalline transition and fusion
of the sodium nitrate. The mixtare containing mag-
nesiwm-sodium nitrate-Laminac ignited at 489°¢,
The first therma! phenowona observed were the

cuhminates

are shown
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crystalline transition and fusion of sodium nitrate
at 270°C and 299°C, respectively. There was a
small, sharp exothermal reaction beginning at
373°C, and another beginning at 450°C, with peak
temperatures of 405°C and 485°C, respectively.
Ignition occurred as the system was recovering

from the second exothermal reaction. These and
related results indicate that it is not feasible to )
write preignition or combustion reactions for the

systems containing Laminac due to the complexity

of the polymer and the uncertainty of its com-

bustion produects.
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4.1 INTRODUCTION

in the design and development of military
pyrotechnic devices for illmminating a seleeted
area, and for visnal signaling when other methods
of communication are impractical or impossible,
an understanding of human visual performance
is important. The complex ‘asks performed in
modern military operations require sufficient light
in order that unfamiliar objects can be located
and recognized against their backgrounds
Signaling by methods which depend on sight gre
commoniy used in military tacties, in training ex-
ercises, and in evaluation of performance of mili-
tary items during develupment programs. These
signals derive from packaged units desigred to
stmoke, flame, ov iight, or otherwise to give
visual Pidieation of some event, e.g., the marking of
a particalar spot on the ocean, or to trace the tra-
Jertory of issiles or other mo\ing drvices. They
may he coded by color to vonvey information re-
lating to differsnt types of everts or a sequence of
events. For example, a red signal might be used
to indicate the arming of a fuze and a green signal
to indicate when funetioning oceurs. Signals for
matking purposes car be used to aid in tracking
enemy submarines, to allow submerged submarines
to make thetr positions knowu, to locate tow tar-
wots, amd to call attention to survivors of air erashes
or sinkipgs,

\‘l.li(

4.2 VISION

tnasmuch as vision is a sensation recorded by
the eye, 1t is important to consider some of the
properties  and of the eye. The
funetioning of eyve iuvolves a complex of
physieal, and psycehological factors.
stimulus to
produce & scosation which, in the ssmplost case, Is a
of

Vhe eye contiins two types of receptors, the vods

characteristies

the

physiological,

Liaght taihag upon the eye acts as =
[l

sensition bhrightness
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CHAPTER 4

VISIBILITY

and the cones. The central portion of the retina,
the fovea, is populated exclusively by counes, and is
the area of color perception. The region immedi-
ately surrounding the fovea is known as the para-
fovea and contains the rods, which do not recog-
nize colors. The eye has two distinet states—the
light-adapted state and the dark-adapted state.
The eye is in the light-adapted state wheu the field
luminance is about 10-* candella per square foot,
and is dark-adapted at luminances below this. How-
ever, the eye is not fully dark-adapted until it has
been exposed to the low level of luminance for
about 30 minutes. Only two to three minutes are
required for the iransition for the dark-adapted to
the light-adapted state.

In the light-adapted state both the rods and
cones are receptive to light. In the dark-adapted
state only the parafovea, composed of rods, is ac-
tive, with the results that color differences are not
recognized and that faint signals are best seen when
off to a side (looked at ““out of the corner of the
eye’") rather than when looked at directly.

4.2.1 BRIGHTNESS CONTRAST

An objeet can be distinguished from its back-
ground (or from another object) because it has a
different color or brightness. [t has been shown
experimentally that differences in brightness are
usuvally much more important than differences in
The brightuess contrast € is defined by the
equation :

color.

3 - B
o= BB

g (4-1)

where £ is the brightness of the object and B’ i
the brightness of the background. If an object is

not as bright as its background, the hrightness con-
trasi s negative and approaches a value of —1 as

a et When the object is brighter chan its back-
wratind, the contrast may be very large, for ex-
+4-1
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3 \ T T T T T T T T , )
., L \\ ) o=z (Cy2 - C2)% (4-2) »
~N ; .
g | \\K 1 where 7, is the brightness contrast, and C, is the
! e, achromatic brightness contrast, equivalent to the
3 A e ‘ .
. «&\4\ N 1 chromatic component of the contrast. As chromatic
° \\ v <Y N 1 components of contrast are rarely over 25 percent
i I\Ji\\.\\\\& L of. the total and ave invariably associated with
o ‘ N \Q\ o i brightness contrasts greater than 25 percent, visi-
- ——_ 1y . o . .
) \\, M bility, under field conditions, depends primarily on
i B the brightness contrast. This is especially trae for
I SR 1 ; i ) ; L 1 objects viewed at a distance sinece the scattered light

<€ 5 -4 3 -2 o 2 3 from all sources tends to still further ditute the color
LG B (c.an-.,/u‘) . L

’ contrast. Where brightness contrasts are limited,

as in the case of signal flags or panels, color dif-

ference may increase visibility. However, at or near

ample, a bright light on a dark night. The bright- the limit of visibility, the hues of chromatic target

ness contrast in daylight or in artificially produced are not perceptible. This is particularly true for

Figure 4-1. Thresholkds of Brightness-Contract for 80%
Detection for Five Angular Fields (Minutes of Arc)

white light, where the difference in brightness is violet, blue, green, and yellow stimuli. Orange,
due mainly to the amount of light reflected by red-purple, and red appear reddish or brownish
the object as compared to its background, seldom under these circumstances.

exeeeds a value of 10. If an area has been camou-

flaged, ihe b.rlghtness co'ntrast may be 0.1 or }fzss. 4-3 ATTENUATION OF CONTRAST
If the brightness ratio B/B’ approaches unity,

| YA

a ctage is reached where an object can no longer The ajpparent contrast. (both l?rlghtness ard
achromatic) between an object and its background e

be distinguished from its background. : duced wh cowed th W i hich Lo
While the threskold contrast varies with each 1§ reducec when viewe rough a mearim whic 7‘:-1-,

individual, average values as shown in Figure 4-1 scattzers z%nd absorb light. For a. .homogeneous
depend on the angle which the object subtends at medium hke} ‘thc atmp sphere, containing both the
the observer’s eye and the mean level of illumina- observ?r a.nd the object, the amount of contrast
tion. Wor daylight conditions, a8 value of 0.02 is t:eductmn s govern.od by the bfllance betheen the
generally accepted as an average value for the light transmitted from the object, _and its back-
threshold contrast or limen. ground, and the space light contributed by the

Visual acuity is often expressed as the re- intervening medinm. ‘If the medium is §tratiﬁed‘,
ciprocal of this angle in minutes of are. An acuity as would be the‘ case wiien a smoke sereen 1s.located
value of 1.0 is accepted as a standard for normal between' the Ob']('('t_ and the ol?sorver, reflection due
visivn even though, under ideal conditions, much to multiple-seattering may still further reduce the
greater detaill can be resolved. apparent con.trz.zst. . .

[Ip to about one-fifth secend, the nhotochemical In general, '_f ,thp inherent bx'.lghtness .contrast
reciprociiy 'aw applies and the product of the il- between twu objects, or of an object and its back-

. . . . . o 1Is give i - 4
lumination times the duration is a constant. It hes i"rf)"l"d’ 18 given b.‘)(’v qu;l&flohl 4 l,1 the ?parent
. . » Wy U S R y we at 2
been demonstrated in threshold measurements of rightness contrast ", when viewed at a distance,

(S
il i

.- If

-
-
-
Y

e

. . will be:
visual performance that, in those cases where ill e
the duration is longer than one-fifth second (as is (B —B)e 8
triie for most cases of interest in pyrotechnies) Co= —— “he 1 (4-3)
g B HSO At H Py LY 9 R U y B‘,/__g +(I

this Is not applicable.
where R is the brightness of the first object and B’

4-2.2 OVERALL CONTRAST is the brightness of the sccond objert or the back-
The overall contrast (', between an object and ground, $ is the seattering coefficient, « is the dis-
its background is approximately : tance, and 7 15 the glare scattered and reflected by .-
S
4.2
T T T R T T L A R T T e L e T TN T T
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(slanit) range R; C is their inhereat contrast; B '
. is the brightness of the object; B’ is the brightness [
of the background (or second object); and § is :
. 190 r——1 T T =T ] the scattering coefficient. {
oL . ] If the atmosphere is optically homogeneous, )
ZEI ] i.e, the apparent brightness of the sky iz not )
pras - changed by moving toward or away from the .
so b “4,,? . . horizon, this equation reduces to: é
g 2ol %, - Co = Coo S
i where €, is the apparent coutrast at a distance z. :(
o 4 The meteorological range, the horizontal range {
E . for which the transmission of the atmosphere is .
i - two percent, i1s given by : :
. ]
) Xp=-—L moez— 392 (4-6) k
@ B 1
0z | . The meteorological range is the distance at which a ;'a
large black object, which has an inherent contrast *:
o ] L 1 ‘ l of —1, can just be recognized against a daytime i
0 1000 2000 3000 4000 'S000 €000 7000 sky. Visibility, as normally reported, is about 34 E_
YARGET DISTANCE IN YAROS . . . M
the meteorological range. The meteorological ranges »
for typical weather conditions are given in Table t
-~ 4-1. S
_::»i:, 1f the object is viewed against backgrounds b.
e Figure 4-2. Apparent Cenirast as a Function of Distance other than the sky, the expressions are more com- 8
plicated. The apparent contrast at an effective ;,_
a cloud in the same direction as tha light from the Qistance B of a target against any background is o
object. The object will be visible only if the ap- given by : :-
parent contrast is greater than the threshold cun- ) N
trast or ‘‘limen’’ for the particular total illumina- C7 = — : Y _ 4-1) [;'
tion leve). 14 (Bu/B’) (e 1) »
where (! is the inkerent contrast between the ob- F:
4-3.1 ATTENUATION OF CONTRAST jeet and its background, By /B’ is the ratio of the BN
BY THE ATMOSPHERE brightness of the horizon sky in the direction of the ;',2
The apparent contrast between two distant  object to that of the background, and B is the scat- F:
objects, or a distant object and its background, i tering coefficient. If the ratio By/B' is one, this o~
reduced as shown in Pigure 4-2 when they are equation reduces to the equation applicable to the -
) viewed through an atmospheri¢ aerosol. This re- visibility of an cbjeet against the horizon sky. ~
duction in apparent contrast limits the maximum The calculation of the visibility of an object, e
distance at which targets and signals cau be seen, when viewed from above, is complicated due t‘? the o
}::- The most general expression for the reduction s?ratiﬁcation of t‘he atmosph.ere. If this stratlﬁca- '-:
N of contrast by the atmosphere is: tion can be considered continuous, the secattering Lo
-q coefficients will vary regularly and in a predictable
> C; = _B_, Co—8% (4-4) manner. Normally, however, this is not true, and .-.
";:' B the effective optical range R is taken as the hori- 1::-:
'5;: (’5; is the appareat contrast between two objeets, zontal distance containing as many scattering :
:;:: L or an object and its background at the effective particles as are found in the slant path B. The ,'-::f
._\ LIPS Ta
qt —
S 43 -
o o
5 %
Ry R R S T e N
[ R I __._ @ L o o o ® L] L o ] 9 -8
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TABLE 4-1 ?f;ﬁ:t}‘
METEGRCOLOGICAL RANGE FOR TYPICAL WEATHER CONDITIONS i
Daylight  Attenuation
Visual Cocfficient, B, Tronsmission,
Weather Range, V. Per Sea Mile Per Sea Mile
Dense fog 50 yards 156.4 0.024
Thirk fog 200 39.1 0.0210
Moderate fog 500 15.6 0.02¢
Light fog 7000 7.82 0.022 w
Thin fog 1 sen mile* 3.91 0.02 ]‘
Haze 2 1.95 0.141 1
Light haze 3 1.30 0.272 X
4 0.98 0.376 X
Clear 3 0.782 0.457 !
6 0.651 0.521 i
7 0.559 0.572 .
8 0.488 0.614 :
9 0.434 0.640 .
Very clear 10 0.391 0.676 :
11 0.356 0.700 i
12 0.326 0.723 )
14 0.279 0.756 .
16 0.244 0.783 e -
Exceptionally clear 18 0217 0.805 -\.r‘ "
20 0.196 0.823 FORAR
24.1 .162 0.83 0
371 0.105 0.90 v
1.8 0.051 0.55 4
Theoretically pure air 167 0.02:34 0.976 ,‘
Y
* 1 sea mile equals 1.15157 statute miles or 6080 fect. ::
effeetive optical range R is related to actual path the smoke may occupy only a relatively narrow 5
by : region between the target and the observer. Under o
‘ _ 21,700 — RBsin & these circumstances, the iutensity of illumination: . :
k= Sin O ( 1— '[“—‘)1 700 ~]) (4-8) may vary greatly depending on the rclative loca- F:
where ® s the angle that the slant path R males tion of the object, th(?_ o'bser\:er, ‘the smoke eloud. "
with the horizontal. Plots of this egunation for und t'ho source(s) of l_llu‘mlnatlon, 5o t',hat'th(* S
various values of O, applicable for intermediate quantity of smoke required for cbseuration i a ;"
vahies of the slant range B, are presented in Figure highly variable quantity. Because of the compli- C:
4-3. The values of the true altitude are indicated  ¢ated way in which the incident light is seattered 0
by the dashed lines on this diagram. as a funetion of angle and because of multiple :
scattering, the degree to which light will pene- -
4-3.2 OBSCURATION OF VISION trate a cloud can only be approximated. While a -
BY ARTIFICIAL SMOKE CLOUDS major fraction of the light scattered by particies n
The influence of artificially produced smoke near the optimum size for a screening smoke is -
clouds on visibility is comiplicated by the fact that seattered in the forward direetion, some light is r\
RS
S -
4-4 Se”
D S R AR X e DA
i S ML S L) e
SERCACAE 3 - &
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CONTRAST (%)

Figure 4-4. Brightness Requirements as a Function of
Acuity and Contrast

scattered in the backward direction. If a cloud is
of a sufficient depth and concentration, essentially
all of the light not absorbed by the cloud will re-
turn to and be scattered from the same side of the
cloud that it entered and the cloud will behave as
a white body diffusely reflecting the light which
falls upon it.

For a thinner cloud, part of the incident light
will penetrate to the target and background. The
apparent contrast of the target against its back-
ground, in this case, is:

Cr=L(1—f)(M —M)e— 5% (4.9)

where I, is the effective intensity of the incident
light, M is the reflectivity of the target, M is the
reflectivity of the background, B is the secattering
coefficient, K is the effective distance from the tar-
get to observer, and f is the fraction of inci-
dent light which penetrates to the target. The
amount of light reaching the target, as well as the
aiienuation of the contrast between the target and
its background, depends on the number of scatter-
ing particles which, in turn, depends on the produet
of the concentration of the smoke and the thickness
of the cloud.

reduce the illumination on the target and back- e
ground, will increase the effectiveness of a smoke
screen.

4-4 VISIBILITY GF TARGETS AND SIGNALS

The distance at which a ship, low-flying air-
craft, shoreline, or other target, and also the dis-
tance at which a signal can be seen against its
background depends mainly on (1) the perceptual
capacity of the observer at the level of brightness
to which his eyes ave adapted and (2) the apparent
contrast between the target and its background
and the angle it subtends at the eye of the observer.
The angle, subtended by a target area, depends on
the size and shape of the object. For a circular
target at a distance of X yards, the angle « sub-
tended by a circular target 4 square feet in area, is :

_1293\/A4 (4-10)
b'¢

— minutes of are
As the apparent contrast is also a funetion of the
distance, caleulations intended to determine the
range at which a target or signal can be sighted
must be a series of successive approximations. In
addition, because of the curvature of the earth,
the target or signal, or the observer, must be ele-
vated for sighting long distances. The geometrical
range for various heights is given by :*

X = 1.325(H 4-h)

'/'

e,
i

AW T VoW e v e w e = = —

(4-11)

where H is height of target or signal in feet, & is
height of observer in feet, and X is the distance
in miles.

4-4.1 VISIBILITY OF TARGETS
UNDER ARTIFICIAL ILLUMINATION®

It is impractical to require that normal visual
acuity (resolution of one minute of visual are) be
maintained when the illumination is provided by
pyrotechnic flares since there is a practical limit
to the intensity. The intensity should be such that

NS S N Y s B AN B 2 an ot sn b S0 S0 L Is

The offectiveness of a smoke sereen also depends ~ targets, having a size and a contrast with the
on the relative location of the smoke target back-  background that is typical of field conditions, can
ground and light source. The effect of these changes ~ be readily located and recognized. Intensities _
in relative loeations is complicated, and has not greater than this minimum are excessive. As shown '
been worked out in detail. In general, anything in Figure 4-4, illumination levels between 0.1 and "
which tends to increase the effective brightness of 10.0 foot-lamberts (FL)*, which can be obtained '~
i - LN
the smoke ¢loud, as well as anything that tends to * NOTE 1 millilambert ~ 1 foot-lambert. o
AT
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TABLE 4.2

REFLECTANCE VALUES (IN PERCENT) OF VARIOUS TERRAIN
FEATURES AND BUILDING MATERIALS

Object Wavelength sn Microns

I. Natural Terrain

a. Soils: 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Dry yellow earth 8 16 37 55 69 76 82
Wet yellow earth 5 9 250 42 58 67 176
Dry sand 18 28 37 45 52 56 58
Wet sand 10 15 26 32 37 41 43
Dry red earth 8 8 20 28 33 35 37
Wet red earth 6 6 12 28 22 24 25
Dry brown earth g8 11 15 19 21 23 24
Wet brown earth 4 6 11 14 15 17 19
Dry loam ¥ 12 18 20 20 21 22
Wet loam 5 6 7 9 10 11 1
b. Vegetation:
Grass 6 8 10 13 55 67 170
Evergreens 3 4 7 6 24 24 24
Straw 7 15 24 33 3% 44 46
Dead grass 7T 13 20 26 31 35 37
Dead brown leaf 6 9 11 27 43 51 69
Dead yellow leaf 6 10 23 39 45 48 51
¢. Perrain as seen from 4,000 feet:
Green field 4 7 10
Brown. field 3 4 5 |
Yellow-green vegetation 5 8§ 15 j
Light sand 12 16 21 |
Sandy ground 8 12 14 .
Wet mud 5 8 9 :
Mud covered with water 4 7 6 J
Pond water 3 2 1 '
Water with suspended material 3 4 5 .
Dark voleanie rock 6 6 7 !
Black asphalt runway 4 4 4 .f
P
I1. Building Materials .
a. Paints: 4 4 4 4 .
Black 6 6 11 12
Earth brown 9 15 45 47
Karth yellow 6 7 19 21
Earth red 15 24 42 43 !
Sand 16 21 37 41 -
Desert sand 7 9y 16 16 r
Field drab 4 7 11 9 .
Olive drab 4 6 7 5 )
Forest green
4.7 ~
SRR A A I IENSRE O A S O SR S A O e S
o @ L @ o ® ® ® .
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4 e
s TABLE 4-2 (cont’d) Al
_s:" -~
" Object Wawvelength in Microns
_,‘ 1. Building Materials (Continued)
" a. Paints (Continued) : 04 05 06 07 08 09 1.0
" Dark green 5 7 6 6
Sky gray 33 40 48 4H
Haze gray 35 33 2¢ 24
Blue gray 25 27 25 22
Ocean gray 22 20 13 13
Sea gray 14 13 12 10
Slate gray 3 10 9 7
Sea blue 7 6 5 4
Red 5 5 25 175
b. Materials:
Concrete tiles (uncolored) 28 35 37 37 37 37
Concrete tiles (black) 9 9 9 9 9 9
Slates (silver gray) 19 20 21 21 21 21
Slates (blue gray) 12 13 14 14 15 16
Slates (dark gray) 10 12 12 12 11 10
Clay tiles (Dutch light red) 23 51 64 66 66 65
Clay tiles (red) 11 28 35 37 40 40
(lay tiles (red-brown) 13 25 30 33 40 41
Dark concrete 13 16 20 17 RN
Light concrete 25 32 37 38 \_‘1:";,‘
Galvanized iron 23 2 27 25 et
Dirty galvanized iron 9 9 9 9 9 9
Aluminurn 45 49 52 33
Steel 29 31 3¢ 3
Granite 10 15 20 22
Asbestos cement 35 43 45 44 41 37
Weathered wood 9 11 8 10
Weathered asphalt 9 10 11 11 1 11
Basalt 5 6 7 6
quite readily with pyrotechnic illuminants, should 4-42 VISIBILITY OF SIGNALS
be adequate to detect and identify objects sub- The requirements for visibility of a signal vary
tending approximately 5 minutes of visual are considerably from cne application to another. It
against a terrain background, provided the con- is not always possible, nor necesspry, to provide
trast is greater than 0.1. When the target and its a signal which is visible at extreme ranges. How-
background arve illuminated by the same light ever, it is desired that a signal produce the maxi-
source, this contrast will (as is true for daylight mum visual effect over as long & distance as pos-
illumination) depend on the reflectance values for sible and, in some cases, for as long & period as ;
~ the target and background. Values for typical possible, In addition, it is cften necessary to )
) ::- materials which might be found in the field are modify signal performance to meet practical size '
‘ _‘E given in Table 4.2, and weight restrictions, These restrictions are ;
PO
=2
4-8 " !
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Figure 4-5. Effect of Direction of lilumination on the
Luminance of a Smoke Columr

extremely important for signals carried ahboard
aireraft or submarines.

4-4.2.1 Visibility of Smoke Clu1ds

The visibility of a relatively small dense smoke
cloud, such ax woul? be produces as a signal. de-
pends on the ahilit  of the smoke particle: to
scatter light, or rficet hy multiple scattering, .o
the direction of the obscrver. Factors which de-
termine, to i large extent, the visibility of a smoke
cloud include: (1) illumination of the smoke cloud,
and (2) contrast of the cloud against a back-
ground.

The effective brightness of the cloud depends
on the relative location of the observer and cloud,
as well as the inteusity and directioe of the inei-
dent light. This effect is indicated in Figure 4-5
for a relatively dilute, laboratory smoke column.
These results, due to the tendency toward forward
scattering, indicate tha: a smoke column is many
times as bright in the irection of the sun as it is
opposite to the sun. e effect of the relative di-
reetion of the sun ar  swmoke is also illustrated i:

Figure 4.6 where, :xpected, the time of dis
covery is the least v en the relative positiors re-
suli in a maximuin oud brightness. Colur of &

relatively dense <l . results frem multiple scat
absorpr- n. The color intersity i

- less because of the
If the particles mak-

tering ai
dilure clond ma cedueca

nul iple-seattering cfficiency.

ag up the c¢hud are the wror - size (to: small,
wormally), the cdor produced ay be anged
am Jor suppress-.L The apparent color of the

with distance and, near the limit

cloud will chan
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Figure 4-6. Effect of Relative Direction of Sun and Smake
on Time of Discovery

of visbility, will be ¢ “ectively the same color as the

hot ‘zom,

4.42.2 Vi vy of Light Sources

Hastors wh inflnence the visibility of a light
ware  are ¢ sentially the same as for any other
ojeet. The v hility of an illuminated visual
ange of wppro. m. ol: one degree or less is de-
peniddent principally upor the total light emitted

t the area. For a steady ,.int source.
C

F= o =235

& 100 HY2 lur,ens/em?

(4-12)
whore F is the thieshold value of flux density (in
lumens per square centimeter), € is the threshold
intensity of tice souree (in candles), X is the dis-
tance frcm source to observer (in centimeters),
and 77 is the background brightness (in candles
per s juare centimeter). The illumination pro-
duced at the observer’s eye is reduced because of
stmospherie attenuation in accordance with the
lowing equation:

1, o X\
?-;-«xp[ 3.912 (Y—R)J (4-13)

where I, is the intensity of the source and Xy is
the meteorological range. This equation is valid
only wher: .V i8 la~ge enough that the light may be
considered - a poivt source. The maximum angu-
lar ize of the light souree, which can be con-
sider 0 as a point source, varies with the adapta-
tion brightness as given ‘n Teaule 4-3.
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TABLE 4-3
EAXIMUM ANGULAR SIZE OF LIGHT SOURCE AS A FUNCTION
OF ADAPTATION BRIGHTNESS

Adaptation brightness
(foot-lamberts)

1,600
100
10
1

16!

10— b

10--¢

101

10-°

Mazximum angular size
{(minutes of arc)
0.708
0.708
0.750
0.891
1.30
2.82
6.68
8.55
15.0

A flashing point-source light, where the flashes
are of short duration (less than 0.2 second), must
have, in general, a higher candlepower than a
steady light in order io be seen. It has been found
that the threshold intensity ¥, requirsd for visi-
bility of a light of duration ¢, seconds, 15 given
by :*

Ft, = F, (t, +021) (414)

where F, equals the threshold intensity of a steady
light. Thus, when a flash lasts several seconds so
that 0.21 is negligible, the threshold is the same
as for steady light. However, as shown in Table
4.4, for small values of #, where ¥ will be larger
than F,, this is no longer true. These ratios are not
changed greutly for candlepowers up to 30 times
threshold for flash durations from 0.05 second up
to 1.0 or 2. seconds.

values of 7' as low as 1.0 second) because of the
lower visibility of short flashes (aceording to
Blondel and Rey). If T is greater than 1.0 second,
the finding time is also longer because the eye
may pass over the light location during the off
interval. It was found that a light of ten times
threshold intensity was almost always located at
the first flash while three flashes were needud if the
light were only five times the threshold.

The effect of selective transmission by some
types of stmosphere is also important when con-
sidering colored lights, Table 4-53 indicates the
magnitude of selective absorption of components
of sunlight by the atmosphere.

4-4.3 ESTIMATION OF VISIBILITY
The estimation of visibility can be simplified
by the use of nomographic visibility charts pre-

-:‘ or sitaations in which it is not known where a pared for this purpose. A chart for circular tar-
} flash will appear in the field of view, the finding gets, which has been adapted from the more com-
"" time is gaite important. The iwo varisbles of ma- plete charts available, is given in Figure 4-7. To
9 Jor importance in the conspicuity (short finding use this chart for determining visibility aleng a
_::{ time) of a flashing light of a candlepower well horizontal path, a straightedge is laid across the
oo ahove threshold intensity are: (1) the time interval chart in sueh a manner that it connects the value
': between ‘ﬂashes 7, and {2) _fhv -duu.tion of each of the inherent contrast between the objeet and its
s ﬁa:qh L, in seconds. A flashing light is most con- background with the value of the sky-background
Mo spicvous when 7' lies between 0.5 and 1.0 second brightness vatio (this sky-background ratio is unity
;-'_‘_ and £, is between 0.25 and .75 second.” Decreas- if the backgronnd of the target is the horizon
.

i y - I A Teas] NP a . o N : . [ ) . X ~ . .
i mg T or increasing {,/T increases the finding time sky), extended to interseet the zero liminal tar-

:').: because of reduction of flicker. If ¢, is below 0.5 wet divtance line. The straighiedge is then re-
\‘:} second, the average finding time is increased (for located o that it conueets this point with the
t’ [
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TABLE 44
VISIBILITY OF FLASHING LIGHT COMPARED TO STEADY LIGHT

Flash Duration, Ratio of Flashing Light

seconds to Steady Light
1.0 1.2
0.5 14
0.4 i.b
0.3 17
0.2 2.0
0.1 3.1
0.05 5.2
0.025 94
0.01 22.0

TABLE 4-5
ABSORPTION OF SUNLIGHT BY ATMOSPHERE

Wavelength, Angstroms Percentage Transmitfed

4000 475
4500 55.3
5000 62.4
6G00 68.2
7000 75.6
8000 80.1

Thes~ figures represent the relative transmission for the difrerent
wavelengths during the day under average clear conditions with the sun
at the zenith, and they may vary greatly under other conditions. It must
be remnembered that a light signal can be seen at a much greater distance
than the distance at which its color can definitely be distinguished.

value for the meteorological range. The intersec-

tion of the straightedge and the curve for the

A can be calculated, for turgets which subtend a
eye, by the equation:

small angle at the observer’s

»

- correct general illumination level locates the lim- o,

; : inal target distance. A= (J?..) (A sin8) (4-15)
h The procedure for estimating the visibility for

i, slant paths is som~what more complicated, espe- where R is the first approximation of the optical

cially if the atmospheve is stratified. If no optically
dissimilar strata are present, the optical slant range
can be determined in the same manner as the visual

slant range estimated by use of the nomograph, B
is the corresponding slant range for a sighting path

range, along a horizontal peth. The actual slant
range can then be approximated by the use of Equa-
tion 4-18 or Figure 4-3. Because the slant range
is normally greater than the optical slant range,
the effeetive area of the target is less than its actual
area and the predieted slant range will be high.
A better value can be obtained, if an effective area

which makes an angle 8 with the ground, and A
is the area of the target. This value for A is now
used to calenlats g better value for the optical
slant range R and corresponding slant range R.

The nomographs are also useful when stratifi-
cation of the atmosphere causes an effective discon-
timuity in the nmeteorological range-altitude rela-
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TABLE 4-6
SKY BRIGHTNESS

Ambient
Condition
Hazy*
Clear
Light Overcast
Heavy Overcast
Twilight
Jeep Twilight
Full Moon
Quarter Moon
Starlight
Overcast Starlight

Brightness,
millilamberts
10,000
1,000
100
10
]
0.1
0.01
0.001
0.0001
0.00001

* The maximum brightness condition which is likely to be «iicoun-
tered is that of the sky on a slightly hazy day at noon$

TABLE 4-7
SKEY-GROUND RATIO

Sky-Ground

Sky Condition Ground Condition Ratio
Overeast Fresh Snow 1
Overcast Desgert 7
Overeast Forest 25
Clear Fresh Snow 0.2
Clear Desert 14
Clear Forest b

tionship. Let it be assumed, for example, that there
is & ground haze which has a top at 5000 feet, and
that the meteorological range is five times grecter
above the haze boundary than below it. For this
type of visibility problem, a line is construeted
on the optical slant range diagram, Figure 4.3,
from the origin to the intersection of the curve tor
the desired viewing angle 8, with the dashed line
representing the true altitude of 5000 feet. A
second curve (which has five times the slope of the
original curve) is drawn starting at this point.
The relationship between K, the optival slant range,
and R, the slant range, follows the resultant curve.
If the actual boundary of the ground haze is dif-
fuse, the sharp change in slope can be rounded

LI I .. LIS B ] LI SN o e ™ - . ~a
NN '.'.\'.-."-,"\'--,‘.-_'.~ ‘.\'. . ".-":\:\-' ‘-‘\.“-‘.Z'\.‘ Tat
.- Lol S I A S T L T DR S 0 TR PRI YN
R AN | J @ ® ® L

off. Because of the problems involved, the estima-
tion of slant ranges is less satisfactory than the esti-
mation of horizontal range. Where experimental
values are not avaiiable, typical values for the sky
brighiness are given in Table 4-6 for various am-
bient conditions.  Typieal values for the sky-
ground rativ are given in Table 4-7.

It is to be noted that the nomograph predicts
a distanee at which the target is liminally visible.
If the contrast value is divided by two before using
the nomograph, the result obtained is the sighting
range, the distanee at which the cbjee vcan be
seenn with  threshold For the object
to be vasily seen, the contrast values should be

confidence.

.

divided hy at least four.
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= TABLE 4-8
INCREASE IN ILLUMINATION REQUIRED FOR
POSITIVE RECOGNITION

loaded from hilp:/Aimw.€VeTySpec.Com "F- T4% a4 s W m WL 0 0 0 e

Field Factor

Candlepower

5-10

20-30

100-1H)

Applied to Threshold

Detectibslaty of
Light Source
Light source difficult to find even if leca-
tion is known.

Light souree moderately difficult to find if
location is approximately known and ob-
server s on steady platform and has long
time fer search.

Light souree easy to find tnder circum-
stances above,

Light soured easy to find under reasonable
¢ireumstances  at  night, for example,
search field no greater than 100 degrees,
observer can give his full attention. Diffi-
cult to find in daytime unless observer
knows where to look.

light source can be found under strenu-
ous cireumstances at night, and under
most circumstances in the daytime if the
search fleld is not too large.

weneral, less visible,

Square objects are as visible as ctreular objeets
of the same area. Objects of other shapes are, in day, when the meteorological range is 20,000

foot-lamberts will be liminally visib'e on a clear

yards, can be esiimated in the following manner:

wdoiat,

A
A,

r's

o a_.a
-

L

RO

RO
S B AR

2 ‘ 4 .
ARG

Y yyy

cu‘.'.

Figure 4-% is a visibility chart for predieting
the range at which signal lamps and other point
sourcves of light will be minally visible. To use
this chart, a straightedge 1 placed across the chart

that it conneets 1he meteorological range wich
the nstensity ot the light source. The intersection
of this straight Yine with the curve for the proper
sky vrightness fevel is the hminal target distance.
IFor sigmaling purposes ar this distanee where posi-
tive recognition is required, the illumination value
should be inereased a= indicated in Table 4.8

4-44 ILLUSTRATIVE EXAMPLES

La. The distance at which a uniform circular
target of 100 square feet witl a brightness of 10

As sky brightness on eclear dayr is approxi-
mately 1000 foot-lamberts, the contrast of target
against skv as background is:

10-1000

e — . = - Y
1000

The sky-ground ratio is 1.0 since the object is being
viewed against sky. To obtain liminal target dis-
tance from nomograph, conneet (as shown in Fig-
are 4.9 with a straightedge a sky-ground ratio
of 1.0 with a contrast of 0.99 and mark intersec-
tion of straightedge with the zero liminal dis-
tanee line. Conneet this point with the meteoro-
logical range of 20000 yards. The limdnal targst
distance is read where this straight line intersects

4-15
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with the curve for the ambient illumination, 103
foot-lamberts. The liminal target distance, in this
case, is approximately 11,000 yards.

Lb. TkL: sighting range is calculated in the
same way £ ot that the effective contrast is:

0.99
— = 0.495
The sighting range is approximately 9,000 yards.
le. Wic distance at which this target could
be seen easily under field conditions:

In order for a target to be seen easily, the
contrast vilues must be divided by at least 4.0.
Under difficult field conditions, the contrast value
might have to be divided by a number as large as
100. The effective contrast range, therefore, is

0.99

000 = 0.01

.99
from —0-2— = 0.25, to

and the distance at which the target could be seen
casily might be as low as 2,000 yards (2,000 to
7,500 yards).

2. The distance at which the same target would
e liminally visible under the same conditions, if
it were to be observed against a background having
a brightness of 200 foot-lamberts can be caleu-
lated. (Since the target and backeround are both
illuminated by the same light source, the reflectance
of the background is approximately 20 times that
of the target.) In this case, the sky-ground ratio
is HM0/200 = 5.0, and the contrast is:

10-200

ST 0.95
500 = 0.95

As indicated in Figure 4.9, the determination of
the liminal range is the same as outlined for Ex-
ample 1.a, The liminal distance under these con-

o e D PRI TR Tt SR S A Bt A e A - L W e Y K AA R
e T e e PR T e T T e ‘Downloaded from’http://www.everyspec.com ™=+ " . ) Sl . Ak

ditions is approximately 6,900 yards. The sight-
ing distance and the distance at which the target
could be seen easily would also be ecalculated in
the satue manner as illustrated for Example Lb.
and lL.c.

3. The distance at which a signal having an
intensity of 2,500 candles would be liminally vis-
ible on a foggy night when the meteorological
range is 5,000 yards, can be estimated nsing the
signal light nomograph. A straightedge is placed
across the nomograph for signal lights so that it
conneets the meteorological range, 5,000 yards, with
the candlepower, 2,500 candles, as shown in Figure
4-10. The liminal distance is given by the inter-
seetion of this line with the curve for the illumina-
tion level 10~% foot-lamberts.

4. The intensity required for a spotting charge
to be seen at 2,000 yards over water and toward a
rising sun on a clear duy, can bhe estimated by
use of the signal light visibility nomograph. Un-
der these conditions, the illumination level would
approach 104 fcotinmbeit. The meteorological
range is assumed to be approximately 30,000 yards,
a clear day. The intensity required for a light
souree to be liminally visible under these condi-
tions is obtained from the signal light nomogtaph
by connecting the meteorological range, 20 miles,
with the point of intersection of a liminal target
distance of 2,000 yards, and the curve for the gen-
eral illumination level (approximated by dotted
curve on Figure 4-10). 'The intersection of this
line with the zero liminal distance line gives the
candlepower required, about 4,000 candles. In
order to be seen readily under these field condi.
tions, the intensity values should be multiplied (see
Table 4-8) by 100 to 150, vielding a required in-
tensity of 4 X 10 to 6 X 10% candles.$
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CHAPTER §

PRODUCTION OF HEAT

5-1 HISTORICAL SUMMARY!%.6.7.8

The systematic use of incendiaries extends back
into ancient times when practically any readily
combustible material was used for both offensive
and defensive operations. Incendiary-type com-
positions were used in fireballs, pots, or crude
bombs and hurled against the enemy by means of
a catapult, or as headings for slings and bow ar-
rows, and other purposes, Some of the earlier
combustible materials used included cil, pitch,
sulfur, resinous woods, and straw. ‘‘Greek fire,”’
an incendiary mixture which prebably contained
readily flammable substances such as pitch, resin
and petroleum, along with quicklime and sulfur,
was used in the 17th century against ships, tents,
barricades, cities, and personnel. It was espe-
cially valuable as an incendiary because it was
difficult to extinguish since as water reacted with
the quicklime and also spread the petroleum.
These types of incendiaries were of definite value
in all of the wars fought during the Middle Ages
and their importance was not diminished until
gunpowder was introduced in the 15th century.

During the 16th, 17th, and 18th centuries,
the basic ingredients in incendiary mixtures con-
tinued tv be sulfur and saltpeter to which were
added a number of flammable materials such as
resin, pitch, tallow, beeswax, linseed oil, and tur-
pentine. For many years the recognized incendiary
projectiles were known as ‘‘carcasses.”’ In their
earliest form they consisted of cylindrical bags

ployed by the British in the American Revolu-
tion as well as by the armies involved in the many
European conflicts of the 19th century. The
United States Army had incendiary items of
ordnance issue in the early part of the 19th cen-
tury. During the American Civil War, the in-
cendiary projectiles developed by the Union Army
and fired against Vicksburg, Charleston, and
Petersburg were of limited value. A flammable
liquid was also developed which could be used
with a flame thrower. These flame throwers
reached Bermuda Hundred, Virginia, early in
1865, and may have been used in later battles of
the Civil War.®

in general, however, from the beginning of
modern times down to World War I, incendiaries
were not extensively used due to the increase in
battle distances, resulting from the introduction of
firearms. In addition, the defensive use of armor
and earthworks left little material that would burn
on the battlefields. These problems were not solved
until the advent of the World War L

While both the French and German Armies
had developed incendiary artillery projectiles be-
fore World War [, these projectiles were not used
to any extent in the early days of the war, prob-
ably because they were ineffective against military
targets. The first incendiary munitions used in
this war evidently were incendiary bullets and
antiaireraft artillery projectiles directed against
observation balloons, and flame projectors against

R

ground troops. These devices, along with in-
cendiary bombing from aireraft, were first used

or containers of canvas coated with pitch and
bound with iron hoops. The name was suggested
because of the likeness of these iron hoops to the
ribs of a corpse. Later, their shape became spher-
ical; however, their filling remained the same—
a mixture of saltpeter, sulfur, resin, antimony
sulphide, and tallow—until carcasses became obso-
lete toward the end ot the 18th century.

Rockets  with incendiary charges were em-

. /':u Ot

by the (iermans in 1915,

Intensive research and development prograins
were established by all the principal belligerents
in order to obtain improved incendiary muni-
White phosphorus was effective  against

P
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tions.

L

©W. D. Miles, **The Civil War,”’ Part 1, Chemistry and
Engineering News, Vol 39, No. 14, April 3, 1961,
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readily combustible material such as balloons. It
was also very effective against persconnel as it pro-
duced painful burns and hence caused a de-
moralizing effect far in excess of the casualties
produced. Therniite and modified thermite mix-
tures were widely employed, especially in cou-
nection with an additional incendiary raterial
such as ‘‘solidified oil.”” Other mixtures contain-
ing an inorganic oxidizer such as potassiur or
barium nitrate, barium or lead oxide, or potas-
sium chlorate, and a fue] such as carbon, sulfur,
magnesium, aluminum, or organic combustibies,
were used in small arms incendiary bullets and
with less success in drop bombs.

Solid oil (oil mixtures solidified with colloidal
additives) and flame projector liquids consisting
of a heavy viscons oil or tar and a more fluid and
flammable liquid were alse developed but saw only
limited use during the war.

In spite of the tactical and strategic possibili-
ties associated with the use of aerial incendiary
bombs, only a limited amount of the development
work on incendiary munitions was directed to-
ward design of improved munitions of this type.
Two general types of aerial incendiary bombs
were developed. The first was the relatively large
bomb filled with an incendiary mixture, often
thermite and solid oil, designed to penetrate and
set fire to buildings and heavy construetion. The
second was the secatter type of incendiary bomb
which consisted of ineendiary units in a large
bonib, or a cluster of small bombs {the latter being
the wore suceessful of the two techniques), to
start fires over a relatively large area.

The increasing use of military aireraft resulted

an inereased Interest in small arms incendiary
ammunition since the employment of incendiary
ammunition was cousidered to be one of the better
ways for destroying airveraft. The first small arms
round designed for air-to-air combat was probably
the British Pomeroy projectile with « kieselguhr
dynamite filler which had both high explostve
and incendiary functions, and was very effective
against German airships. The earliest incendiary
small arms projectile used by the United States,

adupted from a Briush design, employed phos.
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a limited amount of rvesearch and development
was performed on incendiaty munitions in the
United States. The white pbosphorus filling for
caliber .30 inceudiary ammunition was replaced
with a tracer composition. Developmeut work on
incendiary compositions was actively resumed in
the United States in 1936,

Gleneral interest in small arms ineendiary am-
munition was renewed during the early years of
World War JI. The DeWilde-Kanfman bullet,
designed in Switzertand by 1939, represented a
major step forward in the development of small
arms incendiary axamunition in that it would fune-
tion as desired against realistic targets. To elim-
inate the scrious manufacturing and han Hng
probiems associated with this design, it was nodi-
fied by British scientists to use the U.S.-developed
IM-11 incendiary mix. Modifications of the British
desigin were made later by the Unitad Stales Ord-
nance Department to improve functicning char-
aecteristies and to adapt the design to manufacture
by mass produciion tecimiques. These modific -
tions, including some chauges in the incendiary
composition, resulted in the U.S, M1 Incendiary
Projectile which played an important role in win-
ning the Battle of Britain by defeating the Ger-
man air attacks. The development of wmodified in-
cendiary  smwunition, ineluding armor-piercing
incendiary ammunition, was started in 1943 ; how-
evor, only a small quantity of these items had
heen produced by the end of the war.

In the Batile of Britain, the Germans used a
1-kilo magnesium bomb against British citles with
great effectiveness. A very offoctive 4-pound mag-
nesium bomb had been developed by the British;
the United States did not as vet have a
satisfuctovy incendiary bomb, As 4 consequenee,
the DBritish MK-UT magnesivin bomb  was  re-
designed for mass production. A t-pound thermite

however,

bomb was developed as 4 substitate for the some-
what superior magnesiioe bomb and was used in
raid on Jf
spotnd magnesium bomb o was also

General Doolittle's historie apan i April
1942 A smull Y
developed and when used in clusters was consideced
to he more effective against vrban German targets

than the heavier meendiavies which had been de-
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phorus as the ineendiary material, veloped  for indastrial targets, They were also §

b the period hetween the two Workd Wars, only successful against Japanese industrial targets b S
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penetrated too far to be highly effective against
Japanese dwellings:

The development of a small petroleum in-
vendiary bomb was started and led te the develop-
ment of the 6-pound napaim bomb which was used
with speetacular success in the strategic bombing
of Japan. Other petroleum incendiary mixtures
were d2veloped, including the IM mixture which
contained finely divided magnesium. Against both
Europe and Japan, incendiary bowmbs proved to
he very effective weapons, especiaily when ap-
proximately one-fifth of them contained explosive
charges to discourage fire fighters.

Flame throwers were first used in the Pacific
theater on Corregidor by the Japanese against
American troops who were not equipped with the
weapon, Due to its proven effectiveness and the
development of napalm, it was soon used by the
United States for combat operations in all theaters
of operation, cither as a portable urit or mounted
on vehicles.

After Wortd War [l, research and develop-
ment directed toward the improvement of small
arms incendiary ammunition were continued. Em-
phasis was directed toward developing improved
ammunition with an inereased cffeotiveness per
round against jet planes at hirxher altitude s, This
work proved valuable during the Korean Conflict
when small arm incendiaries vere used in the air
conflict  against enemy  jet airevaft. Other in.
cendiary weapons, including incendiary bombs and
Hame throwers, also were used wideiy an! cffee-
tively in thiv contliet by the United Natvions forees.

Phe effort applied in the development of in-
cendiagry weapons has resulted in peace-time unses
{for these sweapons. Pyyogel cor goop), which con-
tains finely  divided magnesium, and which was
used i the TM petroleunt incendiary mixture, has
beei: tound 1o atd in the burning ont of forest
wtings, The flame thrower is of value in fighting
Tovest fires and in destroving anwanted vegeta-
tion. Studies into the canses of death by flame
careied oot duoving Waorld War H bave dirvected
attention of eivilian fircrmen to unsuspected hazards
in fiehtime fires of various kinds,  Also, research
on the effeetiveness of  ineendiary  annuunition
deainst aiveraft bas been of value In connection

with aireraft fires,

eryspec.com - -
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Starters, igniters and first fires, as adjuncts to
other pyrotechnic devices, have had a history
cinsely associated with such deviees. Information
describing the development of early Chinese fire-
crackers includes descriptions of fuses containing
potassium nitrate (saltpeter), charcoal and sulfur.
In the 18th century mixtures of potassium nitrate,
sulfur, charcoal, and iron filing: were widely used
for pyrotechnic purposes. They were readily ig-
nited and for this parpose a type of quickmatch
was employed.

The guickmatch was made from cotton thread
or string, moistened with vinegar or brandy and
coatew with a mixture consisting of 16 parts po-
tassium nitrate, 3 parts charcoal and 1 part sulfur.
The mixture was worked into the thread by hand,
after which it was dried and ecut into suitable
fengths. It was theu connected to the pyrotechnic
device and nsed as its igniter

At the beginning of the 19th century phos-
phorus-tipped sticks, that ¢ould be readily ignited
by friction, were made available and were the fore-
ruunner of present day matches.

Friction starters wers developed later in the
19th century. These employed as a bhead a mixture
of potassium chlorate and sugar with gum arabic
as a4 binder. In the form of matches, these were
ignited by drawing them through a folded piece
of sandpaper.

Typical pyrotechniec munitions i the 19th cen-
tury consisied of rockets, flares, and fireballs which
vould be ignited by a mixture of potassium nitrate,
sulfur, and arsenic sulfide, whieh, in turn, was -
nited by a quickmateh.

During World War 1, pyrotecinie munitions
were  Geveloped  which used  compositions more
difficult to ignite than ecuvlier compositions. In
the period between World War 1 and World War
[T, Hmited eff st was made to produce more satis-
factory ignition mixtures for pyrotecinie muuni-
tions. A considerable part of this effort was
dirceted toward the development of satisfactory
starter mixtures for HC smoke nixtures and for
therpite-type incendiaries. During World War 11,
emphasis was again directed, mamly, toward de-
veloping compositions which would meet the 1m-
medtate needs of the troops. A relatively small
amount of (ffort has been expended since World
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War II, particularly in connection with the de-
velopment of new illuminants.

In addition to their value as a source of heat,
the utility of combustion processes as a means for
measuring and controlling time intervais was
recognized early in history. The ancient Chinese,
Greeks, and others used open vessels of oil, erude
candles, and similar deviees, to ignite either ex-
plosives or flammable material at a distance or
at some delayed time. In addition to their mili-
tary applications, such delayed reactions—cul-
minating in the sudden production of fire, smoke,
or a minor explosive phenomenon—were an im-
portant part of many early religicus ceremonies.

The introduction of gunpowder stimulated the
development of svmewhat more sophisticated delay
devices. A string or paper impregnated with an
oxidizer and elongated trails of powder were some
of the earliest pyrotechnic delay trains. Present
quickmatch and firecracker fuses are of this type,
however, they are normally used as transfer media
rather than timers. Fuses consisting of an in-
gredient such as black powder, contained in a
tubular cover, will burn reliably and at reason-
ably reproducible burning rate.  Safety fuse is of
this type. It is a lightly vrapped train of potas-
stum nitrate and black powder burning at a rate
of 40 to 120 seconds per yard. The tubular cover
now is often impregnated fabric. An effort is
usually made to seal against moisture by the use
of wax and plastic coatings. The development of
these fuses made possible lavish firework displays
by crudely timing the sequence of events starting
with the propagation of the display into the air
followed by a sequenve of bursts making up the
firework displzy. In addition, their use provided
the necessary time required for safety of the per-
sonnel igniting extensive ground displays.  Fuses
of essentially the same type wers also nsed in con-
neetion with the carly commercial explosives used
momnine and construction.

The v of
wis stacted
artilery in wilitary operatior .
filled with
wanden  plug
also filled with
nited by the prooelling chavge wndg burned stowly

projectiles containing  explosives

sometinie after the atroduction of

Barly projectiles

were gurpowder and ciosed with a

containing o =mall  aneter hole,

nowder This eru - fuse was jg.

sl

until the projectile arrived at or close to the tar-
get. Similar crude delay trains were developed
for incendiary and other projectiles used in early
naval warfare when ships were made of wood.
Their purpose was not only to delay functioning
until a projectile reached its target, but also
to further delay functioning so as to maximize its
effectiveness in damaging thke enemy ship.

With the development of improved ammuni.
tion, more complicated fuse systems with improved
reliability and timing accuracy were required.
The earliest pyrotechnic delays which wers rela-
tively accurate consisted of carefully produced
black powder trains or black powder rings. The
delay train was used in fuses requiring a set
delsy while the ring delay was most often used in
those items requiring setting immediately before
use. In spite of the many proplems associated with
the use of black powder delay compositions, due
mainly io their hygroscorie °nd corrosive nature,
they served as the basis of most pyrotechnic delay
trains throughout World War !},

Burning black powder liberates large amounts
of gaseous products which, in most fuse designs,
are vented to the atmosphere. In the development
of ammunition, especially antiaireraft ammunition
during World War I, it was found that the burn-
ing rate of black powder was affected considerably
by the rotational speeds of the projectile as weli
as the varying ambient pressures. Therefore, the
develepment of a more satisfactory fuse powder
composition was started with a low priority after
World War 1.

The tirst nongaseous delay powder—consist-
ing of red lead, silicon, and glycerin (84/15/1)—-
v a8 developed in 1931, Since this composition
boarned too fast, slower burning puwders centain-
ing lead chromate, silicon, and linseed oil (89,10/1)
were developed. Lack of personnel and funds, how-
ever, prevented a comprehensive, systematic study
of the many possible inorganic exothermic reactions
before the start of World War 1I. As a result,
black powder was again widely used in delay ele-
ments during World War II.

In 1942, a4 comprehensive study of possible
zasloss delay mixtures was started.** While this
study was in progress, an urgent need developed
for delay powders to be used in the bombs used
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in ‘‘skip bombing.”’ A composition—containing
manganese, barium chromate, and sulfur-—-which
had been prepared on a laboratory secale, proved
satisfactory in spite of the many difficulties en-
countered in proceeding from a laborvatory to a
production scale®® The Navy developed, under
contract, a delay mixture containing nickel, zir-
conium, potassium  perchlorate, and barium
chromate which was used satisfactorily in hand
grenades. While these delay powders—developed
under wartime conditiens-—were used operation-
ally, they were far from optimum.?¢

Work after the end of World War II was di-
rected toward the development of more satisfactory
gasless delay compositions. The availability of
certain powdered metal fuels—e.g., zirconinm-
nickel alloys and boron—not available earlier,
helped in the development of the presently used
more satisfactory delay powders.

The development and use of thermal bat-
teries®™*% prequired a controlable heat source to
melt the electrolyte which is solid at normal tem-
peratures and to activate the battery. Early
thermal batteries were activated by weighed quan-
tities of loose heat powder, similar to delay compo-
sitions, introduced directly (ato the battery eases.
Shghtly improved results were obtained when the
battery was divided into compartments and the
loose heat powder added to each compartment.
Better results were obtained when the heat powder
was mixed with inorganic fibers and made into
heat paper by conventional paper making tech-
nigues,*8:27

5-2 INTRCDUCTION

Pyrotechnic burned, release
chemical energy The heat
energy rveleased 1s used for the production of light,
smoke, gas, and sound. Although the heat effects
produced in the surroundings by these items are

mixtures, when
in the form of heat.

usually rnedental and 1ay be undesirable, there
are a mpember of pyrotechnic items in which the
production of heat is the primary funetion,

Pyrotechnie heat producing mixtures can be
divided into two general categories, namely

1. Comwpositions which produce heat at a high
rate

i Brmtions masturees which can be initiated
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by mechanical, chemical, electrical, or other stimuli
of low energy and produce sufficient heat to cause
the ignition of otuer, less sensitive mixtures.

b. First fires, starters, igniters, and similar
less sensitive, but relatively easy-to-ignite mixtures,
sormaliy activated by the heat produced by an-
other {hermal source, The sensitivity level of these
mixtures is such that sufficient quantities can be
used to supply the heat necessary for ignition of a
third mixture or main charge consistirg of a pro-
pellant or pyrotechnic composition. A similar se-
quence of ignitious is also common to explosive
items.

¢. Incendiary mixtures which sre used for
destructive ignition of combustible maverials,

2. Compositions which produce heat at a low
rate:

a. Ieat powders -vhich produee & controlled
amount of heat for applications such as the activa-
tion of heat batteries or a controlied evolution of
gas, and for other purposes.

b. Delay mixtures which are used to ac-
curately control the time interval between initia-
tion and final funetioning.

The rate and control of the heat oatput from a
pyrotechnie¢ mixture, as well as the heat transfer
mechanisms involved, are very important in the
performance of its function. In this chapter, these
characteristies are emphasized as regards existing
heat producing pyrotechnic devices,

5-3 THEQORY

The two important means by which energy can
be transferred are heat and work. Both of these
energy forms are transient in nature since they
exist only when there is an exchange of energy
between two systems or a system and its surround-
ings, If this trausfer takes place without g trans-
fer of mass, and not as a result of a temperature
difference, the energy is said to have been trans-
ferred through the performance of work. If the
exchange is due to a temperature difference, the
energy s said to bave been transferred in the form
of heat.

The amount of cnergy transferred as heat from
it burning pyrotechnie naxtures depends on: (1)
the amount and rate of energy released, (2) the
products formed, (30 the temperature veached by
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the products, (4) the method by which the energy
is transferred, and (5) the characteristics of the
material being heated, whether unbhurned pyro-
techniec mixture or other combustible.

5.3.1 AMOUNT OF ENERGY RELEASED!

The energy released by the reaction of a pyro-
technic mixture ean be calculated by the methods
outlined in Chapter 3 (Paragraph 3-2.2.1) of this
handbook or can be determined experimentally by
bomb calorimetric measurements.

Certain generalizations can be made from the
results of these calculations involving metals and
oxidizers which might be considered for heat pro-
ducing mixtures. For a given fuel, the heat evolved
per unit-volume of the mixture (calculated from
the theovetical density for the mixture) depends
on the oxidixer used, as is indicated in Table 5-1
which is a summary of the heat evolved when alum-
inum reacts with various oxidizing agents. In
general, for a given oxidizer action the heat evolved
depends on the oxidizer anion in the following de-
creasing order:

(104 > ClOy > NO3 > A'nOy >
Cl‘()4

S04 > Cr.07 >

As also shown in Table 5-1 for a given oxidizer
anion, copper salts yield more heat than lead com-
pounds and either of these yields more than so-
dium, Hotassium, caleinum, or barium compounds
when reacted with the same fuel. While copper
salts appear best, they are not commonly used
because of the difficulty invelved in their ignition.
The reactions are listed in order of the heat evolved
in (slories per cubie centimeter of mixture; the
heat evelved per gram of mixture is also given, for
comparison. In each case, the calculated heat of re-
action s based on a particular (most comimon)
the indicated val
nes would vary where different stoichiometries are
possible.  Since the oxidizer exerts the greatest
mfluence on the heat of reaction, the replacement
of aluminum with other reducing agents would
result in an arrangement similar to that shown
in Table 5-1.

The amount of oxygen available from a given
amount of oxidizer is the basic criterion upon
Three classes of oxi-

stoichiometry for the reaction;

which oxidizers are judged.
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dizers which have been widely uzed in incendiary
compositions are the inorganic nitrates, perchlo-
rates, and peroxides. The total and available oxy-
gen for some of these oxidizers are given in Tables
5-2* 5-3, and 5-4. Many of the potentially good
oxidizers listed in these tables contain large quan-
tities of water in their normally oceurring crystal-
line forms. This reduces the available oxygen from
a given quantity of oxidizer and can affect hurn-
Ing (as an inert) as well as stability in storage.
Approximate decomposition temperatures are also

TABLE 5-1
HEATS EVOLVED FROM REACTIONS OF
ALUMINUM AND VARIOUS
OXIDIZING AGENTS

Reaction Cal/cc Cal/g
Al 4 NaCiG, 7,000 2,600
Al 4 NaClOsg 6,300 2,500
Al 4+ KCl10, 6,100 2,400
Al -+ Pb(NOs)2 5,800 1,500
Al + KCl104 5,400 2,200
Al 4. PbO, 4,900 700
Al + CuS0y 4,700 1,400
Al + CuO 4,600 900
Al 4+ NaNO; 4,100 1,800
Al 4+ Ba(NOs), 4,200 1,400
Al -+ PbSO, 4,200 800
A’ + KNug 4,000 1,800
Al + CaS0, 3,800 1,300
Al + KMnQO, 3,600 1,300
Al + FeyOy 3,500 900
Al + MnO, 3,400 1,100
Al 4 BaSO, 3,400 900
Al + Fe30, 3,400 800
Al 4 Na,S0, 3,300 1,200
Al + PbsO, 3,300 400
Al 4 Na0, 3,100 1,600
Al + K,S0, 3,100 1,200
Al 4+ NH,NO; 3,000 1,600
Al -+ Na.('rO, 2,800 1,000
Al b K,Cr0, 2,800 1,000
Al -} BaOas 2,600 600
Al 4 PbO 2,500 300
Al + BaCr0O, 2,400 660
Al + K.CrO, 2,200 800
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TABLE 5.2
OXYGEN CONTENT OF VARIOUS NITRATES
Approzx.
Deeomp. Ozxygen Ozygen
Density  Temp, Contained Available

Nitrate g/ee °¢ g/g g/ce g/g g/cc
Liguid 0, 1.4 — 1.00 1.14 1.00 1.14
Liquid Oy 1171 — 1.00 1.0 1.00 1.711
Aluminum (4 Ho0)? -— 130 a7 —_— .32 —
Ammonium 1.73 210 .60 1.04 20 .35
Barinm 3.24 600 .37 1.19 .31 99
Berylinm (-+ H.0)! — 100 ML —_ .39 -—
Caleium (4 Ho0O)? 2.36 560 59 1.38 A8 114
Chromium (4 H.0)! -— 100 a1 -— 32 —
Jobalt (4 H,ON e 100 .59 — 44 —_—
Copper {4 H.0)! - 150 .51 — 42 —
Tron (Ferric) ( - H.O ! — 100 47 — .59 —
Lead 4.5 470 29 1.3 24 1.10
Lithium {4 Ha0)! 2.38 260 .69 1.65 .58 1.38
Magnesium (4 H:0)! — 106G 5 — .62 —
Manganese _ 1354 54 — .40 —
Potassium 2.11 400 47 1.00 .40 .84
Sodium 2.26 350 .56 1.28 47 1.06
Strontium 2.99 600 A5 1.3R .38 1.13

' (H,0} indicates that a hydrate of the
presented in the table, however, are for the

given in these tables, The thermal decomposition
of many of the possible oxidizers has been studied
in detail®

In Table 3-5, reactions are shown between var-
ious metallie and nonmetalliec reducing agents, and
The heats evolved from reactions
other agents

barium peroxide,

of  these materials with oxudizing
would generally rank in the same order,
wome of the combinations included i Table
5-5, such as barium peroxide with tin, chromium,
and zine, are 50 insensitive that the peroxide would
decompose before ignition ocevrred,  Conversely,
red phosplorus and sulfur with peroxides c¢an be
sensitive to the point of spontancous decomposition
and vonstitute @ hazard. The equivalent heat value
wiven in th s table is the heat evolved for the re.
piven in the equations, divided by the

quivalent weights of reducing agent

actions, as
number of

in the equation. The equivalent heat has been
AT AN A L N T e S e e e
N L e e AP VL VY

nitrate is a common form of the salt.

All data

anhydrous salt,

used as a measure of the reducing power of these
compounds.

It should be noted that combustion of liquid
hydrocarbon fuels such as gasoline and kerosene,
which wese widely used as incendiaries during
both World War Il and the Korean Confliet, re-
sults m the evolution of about 10 kilocalories per
This is considerably better on a weight
basis than for the incendiary materials:
thermite, (0.8 kilocalories per gram, and magne-
sinm, 0.6 kilocalories per gram. However, the
temperature reached by the hydrocarbon-oxygen
reaction is less than that reached by incendigries
incorporating metal fuels.

gram,
metal

5.3.2 HEAT TRANSFER

The efficiency and performance of pyrotechnie
devices are considerably influenced by the various
modes and rates of heat transfer present through-

5-7
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TABLE 5-3 wis
OXYGEN CONTENT OF VARIOUS PERCHLORATES
Approz.
Decomp. Ozxygen Ozygen
Density Temp, Contained Available
Perchlorate g/cc °C g/g g/ec g/9 glce
Liquid O: 1.14 — 1.00 1.14 1.00 1.14
Liguid Oj; 1.71 — 1.00 1.71 1.00 1.71
Ammonium 1.95 —_ 0.54 1.06 0.27 0.53
Barium (H.0)! — 500 38 —_— .33 _—
Cobalt (Hz0)!® 3.33 — .50 1.65 .40 1.34
Copper — 110 27 — 16 —
Iron (H.0)? — — .62 — .29 —
Lead (H.0)! 2.6 100 31 .99 24 .63
Lithium (H,0)! 2.43 410 .60 1.47 53 1.28
Magnesium (Ho()! 2.60 — b7 148 .50 1.30
Potassium 2.52 400 46 1.16 .40 1.02
Sodium (H20)?! 2.49 480 H2 1.26 46 1.16

' (H,0) indicates that u hydrate of the perchlorate is a common form of the salt. All data
presented in the table, however, are for the anhydrous salt.

TABLE 5-4
OXYGEN CONTENT OF VARIOUS OXIDES AND PEROXIDES

Approx.
Decomp. Ozxygen Oxygen
Dengsaty, Temp, Contained Available
O.ride oy Peroride g/ce °C alo g/ece alg g/ce
Liguid O, 1.14 1.00 1.14 1.00 1.i4
Ligquid Oy 1.71 - 1.00 1.71 1.00 i.n
Barium Peroxide (H.0)?! 496 - 19 94 09 47
Caleium Peroxide (HaO)! - 280 H - 22 -
Chromium Trioxide (HoO)! 2T 190 A 1.30 24 6D
lodine Pentoxide 4.80 300 24 1.156 24 1.15
Iron (FesOy) D12 e 30 1.54 -
Lead Dioxide 938 29¢) A3 126 07 .63
) Manganese Trioxide : A7 . 23 ——
l. Potassium Peroxide 274 - 29 81 14 30
: Sodium Peroxide (H.O)! R 41 1.15 20 HY ‘
.. Strontium Peroxide (HoO)! : : 27 14 - ;
= -
:-; ' (Ha0) indicates that « hydrate of the perexide is a common form f this material. Al
[:. data presented in this table, however, are for the anhydrous furm of these peroxides. ‘;‘“.'..“,‘, ‘
} -
: a)
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TABLE 5-5
HEAT OF RE4ACTION OF REDUCING AGENTS
WITH BARIUM PEROXIDE

Heat of Tqnivalent
Reaction Heat
Equation (Kg-cal) {Kg-cal)

BaQ: + Mg —» BaO + MgO 126.7 63.4

2Ba0s2 4+ Zr — 2Ba0 - Zr0. 219.3 54.8

3Ba0, - 2Al1 — 3Ba0 + AlO; 321.8 53.6

5Ba0. - 2red P — 2Ba0 - Ba. (PO4). 487.6 48.8

2Ba0s 4 Ti~— 2Ba0 + Ti0- 186.2 46.6

2Ba0. + Si— 2Ba0 4 Si0, 162.6 40.7

BaOs 4+ Mn — Ba0O 4 MnO 77.1 38.6

3Ba0s 4+ 2Cr — 3Ba0 + Cry04 2i4.8 35.8

BaO. 4+ Zn — BaO 4 Zn0O 64.1 321

2Bal)s 4 Sn— 2Ba0 4+ SnO. 99.3 24.8

5Ba0s -+ CaSiz — 5Ba0 4 (a0 + 28i0, 236.7 923.7

3Ba0; 4 2Fe — 3Ba0 + Fe,;04 140.3 23.4

BaO. 4 ('d — BaO + ¢dO 45.8 22.9

3Ba0: -+ W - 3Ba0 4+ WO, 137.5 22.9

3Ba0s 4+ Mo — 3Ba0 4 Mo(), 118.3 19.7

Lean 2Ba0s + 25 — Bal 4- Bas0O, 156.8 19.5
s ‘BaOy 4- Ni > Ba0 + NiO 39.0 19.5
ROy BaOz - Co— BaO 4 CoO 38.1 19.1
3Ba0y + 28b = 3Ba0 + Sba0y 107.8 18.0

3B, + 2Bi — 3Ba0 4 BiOy 8.9 13.2

BaOs 4Cu — Ba®) - Cu0) 16.4 8.2

2Ba), -+ 28¢ — Base 4- BaRet), 4.3 6.8

transferred by this method i usually small when
compared with the amount transferred by other
means. The rate of heat trausfer ¢, at which heat
flows across an area .4, 18 given by
dt

B
dr

out the system. Although extremely complicated
mechanisms exist in some cases, @ knowledge of the
problems involved is important to the improve-
ment of pyrotechnte compositions and hardware
design.

Heat is transferred by one or by a combination g == (5-1)
of the three baste mechanisms: conduetion, con-

veetion, and radiation. During propagative burn- where A is the thermal conductivity, and dt/drx

i, only one of these modes is voutrolling.

5-3.2.1 Conduction

fu onduetion, the heat energy is transterred
by molecular motion and free clectrons. Materials
like the metals, which are good conductors of heat,
have a well-ordered erystalline structure and are
rich in free cleetrons, Al materials conduet heat
the amount

to ~ome extent. In higuids and gases,

LR o\ SR NG PN PR LS A
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is the temperature gradient at the point of in-
terest. The rate expressions for a general three-
dimensional case are more complex.

The thermal conductivity of the pyrotechnic
minture has been showu to influence the buruing
rate due to a preheating of the unburned compo-
sition { Paragraph 6-3.5). The amount of preheat-
ing is usually a funetion of the metal content of
the mixture due to its higher thermal conductivity.

5-9
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The degree of consolidation also affects the rate of
heat transfer.  The heat conduction along solid
flares has been measured® by imbedding thermo-
couples in the composition at the time of compac-
tion. From these data it was possible to construct
a model for relating the instantancous temperi-
tinre at a point in the flare to that of the reaction
zone,

Conduction heat transfer as well as radiation
influence the on-target combustion efficiency of
certain types of incendiary mixtures. The rate of
energy release of the fuel-oxidani reaction, inti-
macy of eontact, and chemical-physical properties
of the target influence the heat transfer rate.

Ieat is transferred by conduction as well as
by the other modes in ignition trains, delays and
heat powders, and should be taken into c¢onsidera-
tion in establishing design criteria.

5-3.2.2 C: nvection and Radiation

Convactive and radiative modes of heat trans-
fer in pyrotechnies are more closely associated
with post-combustion phenomena. Convective heat
transfer effects are less important and will only
he mentioned briefly. Transfer of heat energy by
convection results from the gross movement of the
fluid transfer medium. The amount ¢ of heat
transferred by convection can be expressed by the
general equation :

g = hA (AT) (5-2)

where h is the heat transfer coefficient, which may
be a complex function of a large number of prop-
erties including those relating to the fluid motion ;
A is the cross-sectional area; and AT is the tem-
perature difference. Conveetive heat transfer ef-
fects may exert an influence on the luminous out-
put and efficieney of Hame plumes by moving oxy-
gen into the combustion area and/or by cooling.
These effects are usually slight and their measure-
ment extremely complicated.

Heat transfer by radiation does not require a
transfer medium. The amonunt of energy emitted
from a heated surface which has blackbody char-

acteristies 1s:
g =sAT* (5-3)

where o is the Stefan-Boltzmann constant, A is

B et et S Jheoe T o it |
SO .

the area of the emitting surface, and 7 the absolute
temperature, A graybody, or nonselective radiator,
is one in which its emissivity is independent of the
wavelength, At a given temperature, the amount
of energy emitted per uait area at any wavelength
is less than that from a blackbody. The net heat
exchange between two bodies in vhich both the
hot and cold body are graybodies is:

(5-4)

Anet == In — (¢

where the net heat exchange is the difference be-
tween the amount of heat  transferred by radia-
tion to the cooler body, lesr the amount ¢ trans-
ferred from the cooler to the hotter body. This may
be written also as:

(net = Ehar-l"h—):-tlhO'Th‘ -- .E, anﬂ_n_)nA,-O‘Tp‘ (5-5)

or by application of ths reciprocity theorem:

Qnet = Ehacl”n---ypAh“(Th4 —T#)

— EapFoypde (T — T4 (5-6)

where E is the emissivity, « is the absorptivity, ¥
is the fraction of the energy emitted by a radiating
body that is absorbed by the absorbing body, A is
the arca of the emitting surface, s is the Stefan-
Boltzmann constant, and 7 is the absolute tem-
perature. The subseripts b refer to the hotter body,
and the subseripts ¢ refer te the cooler bedy.

Radiation heat transfer is important in post-
combustion phenromena of pyrotechnic flares sinece
it is the primary mechanism by which heat is re-
turned to the reaction zone. This feedback is im-
portant to the maintaining of propagative birning
and maximum possible efficiencies in these type
reactions. As already indicated, radiative heat
transfer mechanisms also influence the efficiency
of vertain tyvpes incendiary mixtures. In this case,
it is expedient to produce radiating specivs which
will be readily absorbed by the target.

5-3.3 HEAT EFFECTS

If heat is transferred to or from a system, the
temperature of the system usually changes. The
magnitude of the teinperature change depends on
the mass of a system and its heat capacity. These
quantities are discussed in Pavagraph 3-2.1. Trans-
fer of heat may also cause phase changes sueh as
erystalline transition, melting (or freezing), vap-
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erization (or sublimation), aud dissociation. The
energy involved in these changes in stete may be
large in comparison with those involved in the
atsing or lowering of the temperature of the
system. Changes in state brought about by the
absorption of heat may be extremely tmportant in
initiating cembustion sinee the fuel and oxidizer
must in some cases be converted into the gaseous
state for the combustion process to proceed.

5-4 INCENDIARIES

Incendiary devices are used to initiate destruc-
tive fires in a large variety of targets, While air-
craft, buildings, industrial installations, ammuni-
tion, and fuel dumps are amoug the principal tar-
wots for incendiary attack. incendiaries have proved
to be effective against personnel, armored vehicles,
and tanks. In many cases, the psychological fear
of fire increases the effectiveness of an incendiary
attack as personnel may abandon relatively safe
positions and vehicles thus exposing themselves
to the action of other weapons.

Incendiary compositions and incendiary de-
vices can be classified in many ways depending on
their composition and use. In this handbook, in-
cendiaries are grouped into three large classes
based on their use:

1. Small arms ineendiary ammunition used pri-
marily against aircraft and fuel dumps.

2. Other inceendiary munitions ineluding bombs,
grenades, mortar and artillery projectiles; to
initiate fires in buildings, industriai installa-
tions, ammunition, fuel dumps and other targews
in the combat zone, in areas behind the combat
area. and in the zone of interior of the enemy.
3. Special ineendiary deviees used for covert
purposes, in connection with guerrilla opera-
tions, and for the destruction of material and
documents.

5-4.t SMALL ARMS INCENDIARY
AMMUNITION®

Small arms incendiaries are used primarily for
starting destructive fires in aireraft fuels. The
burst produced serves, basically, as an ignition
sourve for the fuel carried by the aireraft since it
s nunhikely that a small arms incendiary burst of
sufficient intensity or duration would weaken air-

AMCP 706185

eraft structures, I is important that the bullet or
projecti'e proviae a hole in a self-sealing fuel tank
so that somme fuel is spilled and ignited by the
burning incendiary material. This emphasizes the
importance of widespread distribution of burning
particles and long burst duration. Most small arms
incendiary compositions are mixtures of metal, or
metal ailoys. and an oxidizing compound. These
mixtures when initiated, in contrast to some other
incendiaries, usually burn rapidly; often with ox-
plosive violence. Unfuzed incendiary rounds up to
20 mm wsizes are usually initiated by the heat pro-
duced from the crushing of the metal nose by im-
pact while 20 mm and larger sizes are providea
with fuzes which are initiated by inpact.

The functioning of a thin metal nose, nonfuzed,
small arms incendiary bullet ¢an be divided into
three separate stages:

1. Initiztion of incendiary compositions by bul-

let impact on target.

2. Rapid burnine and heating of the composi-

tion and its eombustion products until a maxi.

mum teraperature is reached and the burning
contents burst from the bullet jacket.

3. Cooling of the produets from their mazimum

temperature to the minimum effective tempera-

ture, i.e., the minimum temperature necessary
for fuel ignition.

The chain of reaetion with fuzed incendiary
rounds, such as 20 mm, is similar to that deseribed
except that the sensitive fuze starts ignition upon
impact.

The degree of penetration before initiation of
the burst is determined, primarily, by the sensi-
tivity of the bullet and its ability to carry through
target arcas to the interior of the aireraft. The
physical size of the incendiary burst produced also
affects its burst location in the aireraft. This has
been feund to be especially important in the case
of sparking-type incendiary compositions since they
spread throughout a target area and produce a
very large and effective burst volume,

For many incendiary compositions, for which
the burning time is very short, the effective burst
duration 1s the time required for the produects to
voul to the minimum temperature required for fuel
ignition. In other mixtures which conitain relatively

5-11
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: TABLE 5-6 W
e ﬂ SUMMARY OF LIMITS OF FLAMMABILITY OF VARIOUS GASES T
- AND VAPORS IN AIR AND IN OXYGEN
Ozygen Percenlage Below
Which No Miziure is
Limits in Aqr, ¢ Limits 1n Ozygen, %, Flammable
Nilrogen as Carbon
Diluent of dioride as
Gas or Vapor Lower H agher Lower Higher A1r Diluent of Aur
HYDROCARBONS
Methane. . . 5.3 (5.0 14 15 5.1 6L |.... 12.1 14 .6
Ethane. e 3.0 | . .. 4 12.8 15 30 |...... 66 |... .. 10 13 .4
Propane ....................... 2.2 | . 95 ... ..., 2.3 |...... 55 1.1 14.3
Butane.................. ... ... 1.9 ... ... 85 ... ... 1.8 ;... .. 49 ... .. 12.1 14.5
Isobutane..,........A.......... 1.8 (... ... I S 1.8 48 ... ... 12.0 14.8
Pentane . . 1.5 1.4 T8 (oo 12.1 14.4
Isopentane ..... 41 o 7.6 |
2-2 Dxmethyl propane ............ 1.4 {.... .. .. T8
Hexane. ......................... 1.2 Lo 7.5 | oo 11.0 14.5
Dimethyl butape. .. ............ .. 1.2 |..... ... 7.0 Lo
2-Methyi pentane. .. ... .. .. ... .. 1.2 ). 7.0 oo
Heptane....... ....... ... ... ... 1.2 1.1 6.7 | oo e
2-3 Dimethyl peatane. ... .........| 1.1 6.7 ..o e
Qctane. ......... ............... YO |
Iso-octane. .......... ... ... ..... 1.1 1.6 |...... .. 6.0 ...
Nomane....... . .. ...... ... oo .8 N o P I S PO N DU
Tetramethyl pentane ........ RN .8 o 2.9 oo
Diethyl pentane. . . . o I A P 57 .
Decane. . ....... .... e .8 N P 5.4 oo
Ethylene..... ... ... .. 3.1 2.7 32 34 3.0 |...... 80 ... 10.0 14.7
Propylene.... ... . .. ... .. .. ... 2.4 2.0 10.3 1 2.1 |...... 53 |...... 11.5 14.1
Butylene.........................| 2.0 .. ..... Q6 ..o
Buteme-1. ........................| 1.6 |... .. .. 9.3 |..... ... 1.8 |...... 58 ... 11.6 14.0 .
Butene-2. .. .. ... .. ............. 1.8 (..., .. 9.7 ... 1.7 (..., 55 ...l -
lsobutylene. .. ... ... .. e 1.8 ... 88 1o e
b-n-Amylene. . .. ... .. ... .. 1.5 L 8.7 |
Butadiene. ...................... 20 |.... ... nms ... g 10.4 13.1
Acetylene. .. ... ... ... ... ... 2.5 2.3 ... .. 81 b e
Benzene. . .. ... ...l 1.4 ... ... 70 | 11.2 13.9
Toluene. .. .......................0 1.4 | I T 6.7 |
o-Xylene. . ..... ... ... .. Y 1.0 6.0 | ..
Ethyl benzene. . ......... ... ... ... 1O o
Styrene........ ............. ... 1.1 6.1 .. s e
Butyl benzene. . ......... ... ...... S .8 58 ...
Naphthalene . . Y P I T 5.9 RN R L S P
Cyclopropnne 2.4 | 104 [........ 25 ... Beop 11.7 12.0
Ethy! cyclobumne Y2 7.7 | oo oo e
Ethyl cyclopentane ................ 1.1 .o 6.7 (... e
Cyclohexane ............. .......| 1.3 [ .. .. ... 8 o
Metbyl cyclohexane ,,,,,,,,,,,, L2 e
Ethyl cyciohexune . . ¢ 2 PR 6.6 | ... e
M/XTURES
Water gas. . T 72 o
Carburetedwatergas.‘........”.. 556 |........ 36 o
Pitisburgh natural gas. ... ... ... 4.8 |..... ... 135 Lo e 12.0 14.4
Other natural gases. .. . ..........13.8-6.5. . . .. 1297 | e
Benzige. .. .............. ... .. B O B Y S Y P ISP PPN P
Gasoline. ....... ... ... .........| 1.4 | . .. .. 7.6 | 11.6 14 .4
Naphtha. . ............ ... . ... ... 0.8 ... ... 2 R Y
Kerosene. . ....... ... ... ........ e i A PO S5 Lo
s Coalgaa......................... 5.3 |........ kP Y I 7 70 1.6 14.4
[] Coke-ovengas.. . ....... ... ... . .. 4.4 ... . . S O U DA AP N P, e
5 Blast furnacegas. . ............. 3B ... 4 o
- Producergas. ... ............... 17 0-35 | 70 70-80 ... b
. Oilgas................ ..........| 4.7 .. ... .. B e
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slow-burning metal fuels, the burning time is an
appreciable part of the total burst duration.

5-4.1.1 Ignition and Combustion of Aircraft Fuels

It is generally accepted®'? that the combustion
of a hydrocarbon: (1) occurs in the gas phase,
(2) involves a chain-reaction mechanism which in-
cludes the formation of unstable species such as
free atoms and free radicals, and (3) can occur
only when the concentration of the hydrocarbon
vapor in the air falls within certain well-defined
limits, as illustrated in Table 5-6.!' Normal varia-
tions in atmospheric pressure do not appreeciably
affect the limits of flammability ; and, for most mix-
tures, there is a straight line relationship between
the limit of flammability and the initial tempera-
ture of the mixture 2

For fuel concentrations within the lammability
zones, a fire or explosion can result from contact
with an incendiary source when the temperature of
this source isx sufficiently high. Various methods
have been tried to determine the minimum igni-
tion temperatures for various liquid fuels. A popu-
lar experimental procedure f{or such determina-
tions involves confinement of the fuel vapor and
air mixture in a suitable container and application
of external heat until the mixture ignites. In gen-
eral, the hydrocarbons of a higher molecular weight
tend to ignite at lower temperatures. There ex-
ists, however, an ignition lag!® (Paragraph 3-3.6.1)
which is dependent upon several variables.

Grades JP-1 and JP-3 aviation fuel have mini-
mumni ignition temperatures between 400°F and
500°F, with an associated ignition lag from 100 to
200 seconds. Aviation gasolines have minimum
ignition temperatures of 800°F to 950°F with an ig-
nition lag of 2.0 to 2.5 seconds.™ The ignition lag
for all hydrocarbon fuels becomes less with increas-
ing temperatures. At the minimum ignition tem-
perature of gasoline, about 900°F, the ignition lag
for kernsene is in the range of 2 to 10 seconds.!®
Fires, therefore, can be initiated and propagated
in a flammable kerosene vapor and air mixture as
readily as in a gasoline vapor and air mixture if
both mixtures are within the flammability zone.
Consequently, factors which control the formation
of fuel vapor are of primary importance in de-

termining ignition characteristies.
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The energy required to vaporize a given quantity
of kerosene is somewhat less than that for gaso-
line. The energy must be available, however, at
somewhat higher temperatures because of the lower
volatility of kerosene. The energy made available
for evaporation of fuel by the flame of a self-
propagating fire is roughly the same for gasoline
and kerosene inasmuch as heat of combustion for
hoth fuels lies in the range of 20.000 to 22,000
BTU per pound.

1t is well established!® that fires can be initiated
by an incendiary bullet penetrating self-sealing
aviation fuel cells above the liquid level, if the free
space contains air, perhaps because of a4 previous
puncture or air leaking into the tank. Rarely, if
ever, has a fire been started inside the tank by an
incendiary bullet striking below the liquid level.
In faet, during developmental tests of incendiary
ammunition, care was always taken to strike the
tank below the liquid level with a second shot if
the first shot failed to ignite, All effort was toward
developing an ineendiary bullet with one shot ig-
nition capability below liquid level as this was
most difficult to achieve. Success was achieved
when incendiaries of long burst duration and long
particle burning time were developed. These long
burning particles ignite the small spurt of fuel
which is forced through the bullet hole after 30 to
50 milliseconds by the pressure wave set up inside
the tank by the bullet.

Flame will propagate in kerosene mist-air mix-
tures for a wider range of concentrations than in
kerosene vapor-air mixtures. It is impossible to
obtain a concentration of kerosene mist in air
too rich to be ignited if the temperature is be-
low the flash point of kerosene. However, at
temperatures high enough to produce a vapor
concentration in &ir near the upper lhmit of
flammability, the mixture may be so rich that it
fails to propagate. The initiation of a mist ex-
plosion takes place after the evaporation of mist
droplets near the ignition source from a local vapor
concentration within the explosive limits. This
vapor ignites to form the initial ame front. Propa-
gation of the flame proceeds by evaporation of
droplets which form ap inflammable gas mixture
in the preheating zone in advance of the flame

front.
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Figure 5-1. Constant Ignition Probability Regions About a
Fuel Jet of Gasoline or Kerosene

Studies of phenomena associated with the pene-
tration of liquid fuel tanks show that hydro-
dynamic forces resulting from the impact of a
projectile on an aircraft fuel cell produce a pres-
sure wave in the stored lignid. A high, positive
pressure is near the point of tank penetration a
few miliiseconds after impaet by the projeetile.
The fuel spray emerging from the hole made by
the projectile has the normal characteristics of
filament jets with droplets forming at the leading
edge of the filament. A

The basic factors which account for the differ-
ences in flammability characteristics of aireraft
fuels are the relative volatility and viscosity of the
fuels. The relatively low volatility and high vis-
cosity of kerosene make it considerably more diffi-
cult to ignite than gasoline. Results of tests (with
fuel jets designed to simulate the fuel spray made
as a projectile penetrates a fuel tank) presented
in Figure 5-1 indicate that the probability of a
pusitive ignition is greater for gasoline than for
kerosene at any point in the volume surrcunding
the axis of the jet. The type of fire occurring with
the gasoline jet is usually different than that oc-
curring with kerosene. Most gasoline fires propa-
gate re~idly through the fuel spray. Little, if any,
unbarned fuel is left in the area. In contrast,
nearly all kerosene ignitions are localized, seldom
propagating more than a few inches from the point
of henition so that most of the fuel is left un-
burned.

The effectiveness of incendiary ammunition alse
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depends strongly on the ambient pressure and the
supply of oxygen from the atmosphere since these
factors are important if a seif-sustaining fire is to
result from the action of incendiary bullets. In-
formation obtained from tests in partially inert
atmospheres, both in altitude chambers and in actual
flight tests, indicates that damaging fuel fires can-
not be started at very high altitude. Studies with
several purc fuels indicate that the relationship be-
tween spark minimum ignition energy H and
pressure for a fuel-air mixture can be represented
by :18

k

H= —
4

(5-7)

where p is the pressure, k is a constant which de-
pends on the nature of the fuel, and n is another
constant having a value of about 1.62. Even if
fires are initiated at high altitude, the nature
of the fires, especially at the higher airflows, might
be diffused and low in temperature, thus limiting
the damage produced.

5-4.1.2 Nature of a Small Arms Incendiary Burst

As already indicated, the burst produced by
the functioning of small arms incendiaries is funda-
mentally an ignition source for starting a destrue-
tive fuel fire in an aircraft. The amount of
energy transferred to the fuel depends on the
nature of the combustion process (the temperature
reached and the characteristics of the produets of
combustion), the mode of energy transfer process,
aud the efficiency with which the energy is ab-
sorbed by the fuel.

The maximum temperature reached in an in-
cendiary burst is a measure of both its relative
intensity and duration, as a result of chemiecal
reactions which occur within the burst to the end
of its cooling eyele. A consideration of the burst
temperature, and the effects of the physical and
thermodynamic properties of incendiary mixture
ingredients and their reaction produets, comprise
an important area of study concerning an incendi-
ary burst. The temperature produced by an
incendiary burst can be estimated by calculations
using the methods outlined in Paragraph 3-2.5. 1t
is necessary to assume, arbitrarily, the amount of
atmospheric oxygen available for combustion of the
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incendiary mixture. The extreme conditions are
either: (1) that the only oxygen available for
combustion is that contained in the mixture com-
ponents due to insufficient time for the diffusicn of
atmospheric oxygen into the tlame; or (2) that
the surrounding air supplies the additional oxygen
required for complete combustion of the reactants.
The actual condition is probably somewhere be-
tween. Limited experimental data obtained for
bursts in controlled atmospheres indicate that the
surrounding atmosphere does not enter appreciably
into the incendiary reaction so that condition
(1) is the better assumption. The difference in the
results is small, however, because of ihe necessity
for heating the nitrogen ¢f the azir under assump-
tion (2). (See also Example 4, Paragraph 3-2.5.)

The rate of heat transfer from the burst cloud
to its surroundings depends also upon the method
by which the heat is transferred. Heat can be
ransferred by combustion, convection, and radia-
tion; however, at temperatures above thc ignition
temperature of aireraft fuels, hear transfer by
radiation is probably the dominant methcd. Radi-
ant energy emitted by the liquid, solid, and gaseous
species in an incendiary burst is a complicated
function of wavelength, pressure, geometry, and
chemical composition of the emitting molecular
aggregate, as well as of temperature. However,
based on experimental results, it can be assumed
that the incendiary burst cloud radiates as a gray-
body with a relatively high cimissivity.

The rate of heat transfer from an inecendiary
burst cloud, radiating as a graybody may be ex-
pressed by :

EuEsﬂ'(,{I‘n‘ - Ts'i)A
Ey 4-Eg— EyEy

dQ/d9 = (5-8)
where A is the total radiacing srea of the com-
ponents in the burst cloud, 4 is quantity of heat
radiated by the incendiary burst cloud during time
interval d9, ¢ is the Stefan-Boltzmann constant,
E is the emissivity, and T is the absclute tempera-
ture. The subseript B refers to the burst and the
subseript & refers to the surroundings. By com-
bining this equation with the equation d@ — mCdT
where (' is the overall average specific heat—i.e.,
equals the heat evolved per gram, including that
from phase changes, in the cooling of the reaction
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products from the maximum temperature reached
by the incendiary burst to the minimum effective
temperature divided by the temperature differ-
ence-—and neglecting Tt since it is very much
smaller than 7% integration yields:
0t — (___1_ _ 1 )_@__@B"FES—EBEB)C
7.8 ) 3 ocEgE A

(5-9)

If it is assumed that the radiating area A and
emissivities K, and E¢ have average values which
may be assumed constants for the various bursts,
the terms outside of the parentheses may be con-
sidered a constant K and:

1 1
If & is assumed to be 10® (4 == 2 X 10%m?, Ep =
0.9, Es=0.1 and m = 1), the curves in Figure
5.2 result where it is assumed that the minimum
effective temperature is 800“K.

If the adiabatic flame temperature can be cal-
culated or experimentally obtained and if the heat
of reaction is known, Figure 5-3 can be used to
estimate an average specific heat. If Figures 5 2
and 5-3 are combined, Figure 5-4 results. As can
be scen, the cooling time varies directly with the
average specific heat. The curves also indicate that
any increase in the burst temperature above 2000°K
results in only a small increase in the cooling time.
Change in cooling times resulting from transfor-
mations is difficult to determine because the details
of the cooling mechanism are not known.

Experimental cooling curves for incendiary
mixtures are given in Figure 5-5.1* IM-11, 50
percent barium nitrate and 50 percent magnesium-
aluminum alloy, is one of the standard mixtures
used in incendiary bullets. IM-23, 50 pereen.
potassium perchlorate and 50 percent magnesiun
alloy, contairs no barium nitrate and its caleu-
lated temperaiure is higher than that for TM-11.
IM-63—50 percent calcium peroxide, 45 percent
red phosphorus, and 5 percent aluminum hy-
droxide—does no¢ contain either barium nitrate or
alloy, and has a considerahly lower theoretical
maximum temperature than IM-11. Tt is to be
noted that 1IM-103, 50 percent red phosphorus and
50 percent magnesium-aluminum alloy, does not
contain an oxidizer.

(5-10)
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Figure 5-3. Cooling Time to 800°K as a Function of

Figure 5-2. Maximum Temperature, T, as a Function of Teniperature and Heat Capacity, C

Heat of Reaction and Average Specific Heat, C plosive material in addition to its incendiary filier
material.

Magnesium-aluminum alloys have been an es-
sentia! ingredient in most of the successful inecendi-
ary mixtures, and have replaced both white phos-
phorus incendiaries and tracer compositions.
Tracers, first used as incendiaries, employed a
filler consisting of two parts magnesium and seven-
teen parts barium peroxide for incendiary pur-
poses. U'ntil the development of the highly satis-
factory incendiary filler based on a magnesium-
aluminum alloy (50/50) fue!, with barium nitrate
as the oxidizer, changes in tracer mixtures used
as incendiaries were limited to those whiech would

5-4.1.3 Smal! Arms Incendiary Fillers

Small arms incendiary ammunition, which new
includes ammunition through 40 mm, has been
developed, like other ammunition, to meet the par-
ticular needs of the using Services. lmportant
modifications and improvements were made through
the years in response to changes in Service needs
or anticipated changes in Service requirements.
Early developments in small arms incendiary am-
munition fillers have been discussed in the his-
torical review of incendiaries (Paragraph 5-1).

Rensitive explosives—including mercury ful-

-
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2
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minate, lead azide, and PETN-—were employed in
sorte early invendiary fillers. Other explosives—
including tetryl, MOX, TNT, Haleite, and EDNA
—also have been tried in smaller nonfuzed in-
veadiary ammunition but have not proved satis-
factory. High explosive incendiary ammunition
10 20 mm and larger sizes contains a purely ex-

5-16

improve the performance of metal-oxidant com-
positions. Numerous incendiary mixtures have been
tested for use in small arms ammunitiou in the
period since the beginning of World War I1. A
detailed card file listing of the incendiary mixtures
which have been given an IM number (approxi-
mately 1000) is maintained at Frankford Arsenal.
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",~:‘_:::::- L L B L figure indicate that an increase in burst duration
' 40 C:20 - and coeling timz results with coarser and with
» FC,cal /g °K e atomized or spherical particles. Firing tests con-
. E“ B N _ firm these results. Evaluations of magnesium-
¥ aluminum alloys other than 50/5G show that the
°o i T 50/50 alloy is superior for a variety of applica-
O 30 — tions whether ground or atomized.
© - ) 4 In an attempt to develop improved small arms
(o) | ’ ineendiary mixtures, a large number of metals and
-~ 7 alloys were evaluated for their effectiveness as in-
o) ] C=1.,0 T cendiary fuels with severa! oxidizing agents, as
u 20 = reported in detail in Refarence 6. Some of these
= 5 i mixtures produced incendiary bursts which have a
- N C=0.7 | longer duration than those produced by IM-11.
These mixtures also have proved to be more effec-
g - N tive than IM-11 in comparative tests against air-
-~ 0 ~ craft targets.
-J
) R _
g L C=0.2 | 54132 Oxidizers
| R A wide variety of materials kave been used
as oxidizers in inesndiary mixtures. An oxidizer,
o) H 'R T W S M S S S £ o .-produced items which loaded
o 1000 3000 5000 or use in mass-produced items which are loade
by automatic machines, must meet a variety of
oo HR HEAT OF REACTION, cal/g requirements in addition to being able to supply
,::\:\:\j the necessary quantity of nxygen.
et Figure 5-4. Cooling Time fo 800°K as a Function of Heu? The effects of oxidizer particle size on in-
of Reaction and Specific Heat, C cendiary bursts have been studied. Iucendiary
mixtures containing oxidizer particle; of compara-
5-4.1.3.1 Fuels tively large size (100 to 200 mesh) could not be
Incendiary corpositions containing magnesium- ignited unless the mixture contained finely divided
aluminum alloy have been the basis of most of the (less than 325 mesh) alloy fuel particles. Mix-
standard incendiary compositions investigated an- tures containing fine or medium-sized berium
til recent years. Studies have indicated that an nitrate particles would not burn except when
alloy of 50/50 proportions, prepared by grinding mixed with coarse alloy. Alloy particle sizes in
with a particle size range from 60 to 325 mesh, the range specified fur IM-11 reacted erratically
is optimum for a wide variety of applications. with either a narrow range coarse or a fine barium
The eftects of variation in the granulation of the nitrate powder. Specification prade alloy reacted
magnesium-aluminum alloy were cvaluated early best with barium nitrate which eonsisted of both
in the program, leading to the development of fine and coarse particle sizes. The cooling dura-
IM-11 (composed of 50 percent magnesinm-alum- tions of the incendiary burst for the few mixtures
inum alloy 50/50, and 50 percent barium nitrate) which could be ignited increased as the particle
which was the basic incendizry mixture used in size of the barium nitrate was increased, but these
Werld War I, Figure 5-6 shows tke cooling changes were relatively small,
curves and burst duration (the time from ignition Some of the alkali metal and alkaline earth
until burst cloud cooled to 1540°K) curves for nitrates have been more widely employed than
mixtures which contain either the ground or cther types of oxidizers because they are available
atomized alloy in a variety of mesh sizes with at low cost, contain large quantities cf available
some barium nitrate. The results presented in this oxygen, are safe, and can be handled easily.
- - .‘
) 5-17
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Figure 5-5. Time-Temperature Histories for IM-11, IM-23 and IM-103

Barium nitrate has been incorvorated in over 200
incendiary mixtures, including the widely used
IM-11 filler, and has been utilized in proportions
ranging from one percent to 65 percent of the
total mix. This nxidizer is stable to approximately
600°C, has a high ecritical humidity, is easily
handled, and is available at moderate cost. Some
compositions in which barium nitrate is used as
the primary oxidizer are improved, from the stand-
point of incendiary functioning, by the addition
of a small quantity of a more reactive oxidizer
such as ammonium nitrate or potassium per-
chlorate. Ammonium nitrate has been used in
several incendiary mixtures as an oxidizer, how-
ever, it has a relatively low decomposition tempera-
ture and tends to sensitize incendiary mixtures
in which it is used. Other nitrates are potentially
good oxidizers, but are not widely used because of
some undesirable characteristie, such as being rela-
tively hygroscopic nr uneconomieal,

The alkali metal perchlorates are the second
most widely used group of oxidizers for incendiary
mixtures.” Potassium perchlorate has been used in
many incendiary fillers in proportions varying
from 2.5 percent to 75 percent of the total mixture.
Potassium perchlorate has essentially the same
total and available oxygen content as barium ni-

5-18

trate but exhibits a lower decomposition tempera-
ture. Mixtures containing potassium perchlorate
tend to be more sensitive and to burn faster than
mixtures which contain only barium nitrate as the
oxidizer. Ammonium perchlorate has also been
used as an oxidizer. This material is considered
to be an explosive since the hydrogen contained
in the compound can be oxidized rapidly as the
decomposition of ammonium perchlorate takes
place. This oxidizer-explosive has been used ex-
tensively in the MGX series of metalized ex-
plosives and probably contributes to the explosive
energy of these compositions, as well as providing
oxygen for the burning of the metallic fuel which
provides the major incendisry effect of MOX-
loaded ammunition. Ammonium perchlorate is a
rather sensitive oxidizer and, therefore, is some-
what hazardous to handle. Gther perchlorates have
been used: but, in general, they are hygroscopic
and, therefore, are difficult to handle in production
loading equipment.

Some peroxides and less stable oxides can be
used as oxidizers in incendiary mixtures. Lead
dioxide is probably the most important member
of this group, and it has been used in several
incendiary fillers. It tends to sensitize mixtures
in which it is used, although by itself it is safe
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Figure 5-6. Cooling Curves for Mixtures Containing
Various Particle Sizes and Shapes of Magnesium Alumi-
num 50/50 Alloy

and easy to handle. Less oxygen is available from
lead dioxide than from many of the nitrate and
perchlorate oxidizers. Tts high density has made
lead dioxide useful for applications where an in-
¢rease in bullet weight is desirable.

A few additional oxidizers that have been eval-
uated in incendiary mixtures are worthy of men-
tion. These include potassium chlorate, which is
a relatively good oxidizer excent for its sensitivity
and incompatibility with certain fuels, notably red
phosphorus; strontium chromate, potassium di-
chromate, and potassium permanganate have also
been used. None of these has been found to be
fully satisfactory as oxidizers for incendiary mix
applications.

One of the most intriguing applications of
oxidizing materials to the destruction or damaging
of aireraft structures is the direct reaction of an
oxodizing agent with the fuel contained in the
aireraft. The idea is appealing because of the
potential chemical energy release since only oxygen
or an oxidizing agent is placed in the projectile
and no space is required for fuel. Many rather
difficult practical problems are involved in adapt-
ing this principle to realistic target conditions
using standard projectile components and fuzing
mechanisms. of the chemicals
whivh might be useful in this connection include
(¥, CIFy, BrRy, HCIO,, OF., OuFy O3F. NORE,
C1OLF, and NFy.

Some oxidizing
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5-4.1.3.3 Binders, Lubricants, and Other
Incendiary Mixture Additives

The first metal-fuel ineendiary compositions
used in small arms ammunition contained only the
metal-fuel and a suitable oxidizer. The mass pro-
duction of small arms incendiary ammunition dur-
ing World War II ecreated probiems concerning
pelleting of incendiary mixtures, sticking of com-
pression punches, lumping of mixtures during
handling, and failure of mixtures to flow properly
in the automatic loading equipment. These prob-
lems were met by adding binders, lubricants and
flow promoters to the then standard compositions.
The amount of additive present in the composi-
tions was small and did not impair the incendiary
functioning of the ammunition, and they were es-
sential to the successful mass production of in-
cendiary ammunition. Without these additives
it would have been impossible to achieve the high
level of ammunition quality that was maintained
during World War I1. Since then, the require-
ments for mass produced ammunition have become
even more stringent.

The t